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Heterogeneous contributions can jeopardize cooperation in the public goods game
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When studying social dilemma games, a crucial question arises regarding the impact of general heterogeneity
on cooperation, which has been shown to have positive effects in numerous studies. Here, we demonstrate that
heterogeneity in the contribution value for the focal public goods game can jeopardize cooperation. We show that
there is an optimal contribution value in the homogeneous case that most benefits cooperation depending on the
lattice. In a heterogeneous scenario, where strategy and contribution coevolve, cooperators making contributions
higher than the optimal value end up harming those who contribute less. This effect is notably detrimental to
cooperation in the square lattice with von Neumann neighborhood, while it can have no impact in other lattices.
Furthermore, in parameter regions where a higher-contributing cooperator cannot normally survive alone, the
exploitation of lower-value contribution cooperators allows their survival, resembling a parasitic behavior. To
obtain these results, we examined the effect of various distributions for the contribution values in the initial

condition and we conducted Monte Carlo simulations.
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I. INTRODUCTION

Evolutionary game theory provides a mathematical and
theoretical framework to understand the dynamics of coopera-
tive behavior in a competitive environment. In this framework,
individuals are seen as rational players who usually interact
with each other aiming to maximize their own gains. One
of the central questions in this field is how cooperation can
emerge and persist in such a context, where individuals are
motivated by self-interest and are exposed to the pressures
of natural selection [1]. Despite the numerous contributions
made to this field, the underlying mechanisms which allow
cooperation continue to be the subject of intensive research.

Public goods games (PGGs) are a classic model used in
game theory to study the evolution of cooperation. In a PGG,
participants must decide how much to contribute to a com-
mon pool of resources. The total contribution is multiplied
by a factor greater than 1, reflecting the positive feedback of
cooperation, and then divided equally among all participants,
regardless of their individual contributions. This creates a
dilemma, as participants have an incentive to free ride and
not contribute, while the overall outcome is improved by
cooperation. An example of a real-world interaction that is
often described by the dynamics of PGGs is the provision of
public goods and services, such as education, health care, and
environmental protection [2]. In these contexts, individuals
must decide whether to contribute to the provision of these
goods and services, and their decision is influenced by the
level of contributions made by others.

Many mechanisms have been proposed to sustain co-
operation, such as memory [3], spatial reciprocity [4-9],
punishment [10-12], reward [13], aspiration [14,15], com-
mitment to contribute [16], voluntary interactions [17], and
heterogeneity [18-25].
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Typically, studies of the PGG assume that all players
contribute equally. However, this assumption does not re-
flect real-world situations where the distribution of wealth
in society is heterogeneous, with some individuals possess-
ing significantly more resources than others. To address this
issue, researchers have explored the impact of heterogene-
ity in the distribution of contribution values on cooperation
levels in the PGG. For instance, some studies have ex-
amined situations where the contribution depends on the
number of cooperators (C) in the group [26,27] and have
observed an increase in cooperation levels. In addition, the
effect of using a uniform distribution for the contribution of
cooperators [28] was investigated and it was demonstrated
that increasing the range of the distribution can lead to a
greater benefit for cooperation. Heterogeneity in players’ con-
tributions, depending on the players’ age, was explored in
Ref. [29], yielding an enhancement in cooperation for some
situations.

At a first glance, a topic that may appear unrelated to
heterogeneity is the effect of noise in regular lattices [30-32].
However, as we demonstrate in this paper, different contri-
bution values in the PGG can be interpreted as distinct noise
scenarios when the update rule follows the Fermi function. In
this work, we investigate the PGG in the classical homoge-
neous scenario where all cooperators contribute a fixed value
of ¢ and explore how it affects the amount of cooperation.
When dealing with heterogeneous scenarios, we assume that
initially each cooperator contributes according to a given dis-
tribution, while defectors consistently contribute nothing. A
crucial aspect of our model is that the players always copy the
contribution value when switching strategies. Through Monte
Carlo simulations, we reveal that contribution heterogeneity
can actually hinder cooperation in some parameter regions.
However, our study also uncovers interesting phase transitions
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and second-order free-riding effects. These findings shed light
on the complex relationships between wealth disparity, coop-
eration, and the provision of public goods and services.

II. MODEL

Here, we study the heterogeneous focal public goods game
(FPGG, also called pairwise interactions [33]), in which
cooperators (C) may contribute distinct values, whereas
defectors (D) contribute nothing. For the FPGG in a regular
lattice, a player’s payoff, Iy, is calculated by summing
the contributions from all their first neighbors, including
themselves. Next, all contributions are multiplied by a factor
r and the resulting value is equally distributed among all G
members of the group. Finally, each cooperator pays a cost,
thus resulting in

G
.
Mo, =5 a—c (1)
k=1
- G
Mp =23 e )
k=1

where ¢y, is neighbor k’s contribution (¢, = 0if it is a defector)
and we denote the central player and their contribution by C,,
and c;, respectively. We initialize the simulation with an equal
fraction of randomly distributed cooperators and defectors.
Uniform, Gaussian, and Bernoulli discrete distributions of
the contributions are used among the cooperating half of
the initial population when dealing with the heterogeneous
scenario. When referring to a homogeneous case, we use a
fixed ¢; = c for all cooperators in the population.

The system evolves as follows: first, a player X and one
of their neighbors Y are randomly chosen, and their payoffs
are calculated from the equations above. Player X adopts Y's
strategy and contribution value (cy) with probability

1
1+ e (My—Ty)/K’

Wy .y = (3)
where K is the noise associated with irrationality. The same
process is repeated N times, characterizing one Monte Carlo
step (MCS), where N is the total population size. We used
tmax = 10° MCS, which is sufficient for the system to achieve
the stationary state, and K = 0.1. Averages were performed
over 100 random initial conditions where appropriate. The
simulations were performed on the square lattice with von
Neumann neighborhood (G =5) and on the triangular
lattice (G = 7), both with N = 100? and periodic boundary
conditions.

III. RESULTS
A. Homogeneous case

First, we address the effect of a homogeneous contribution
value for all cooperators in the population. In this case,
Egs. (1) and (2) become

Me = NS — ¢, )

Mp = =Ng, ®)

where N/ are the number of cooperators in player i's group
and contribute the same value ¢ each. If we substitute Egs. (4)
and (5) into Eq. (3), ¢ factors out, enabling us to define an
effective noise K’ = K/c. Therefore, a simulation with fixed
K = 0.1, but with a varying contribution value ¢, can be inter-
preted as viewing the system under different noise scenarios.
Figure 1 shows the phase diagram (r x c) for the steady-state
densities of cooperation on the square [panel (a)] and trian-
gular [panel (b)] lattices. For each c, there is a corresponding
critical value r. below which cooperation is unviable. For the
square lattice, there is an optimal intermediate contribution
value (¢, & 0.4,1.e., K’ &~ 0.25) that sustains cooperation with
re, ~ 4.3. In contrast, the triangular lattice exhibits a distinct
behavior, where r. decreases monotonically as the contribu-
tion value ¢ increases. Both observations are consistent with
well-known results: previous studies have established that
regular lattices with zero clustering coefficients, such as the
square lattice, exhibit an optimal noise value that can sus-
tain cooperation [31-33]. Conversely, in lattices with non-null
clustering coefficients, such as the triangular lattice, a deter-
ministic scenario is the best for cooperation to persist, in the
sense that the critical r tends to the lowest values in this case.

A qualitative understanding of the above results can be
achieved by recalling that the square lattice has only one im-
portant deterministic transition, occurring at r = G, whereas
the triangular lattice has two such transitions at r = G/2 and
G, as illustrated in the Appendix of Ref. [9]. In the regime
where r > G, cooperation dominates in the low-noise case
(¢ > 1) for both lattices. Thus, the introduction of noise
can either harm cooperation or maintain the domination un-
changed. On the other hand, for low values of r such that
r < G for the square lattice and r < G/2 for the triangular
lattice, cooperation becomes extinct, and therefore the intro-
duction of noise can only benefit cooperators or maintain their
extinction.

For the triangular lattice, between these limits (G/2 < r <
G), cooperators coexist with defectors in the low-noise case.
Here, the introduction of noise can have different effects,
depending on the parameter values. This is, in fact, the case,
since cooperation is favored slightly below » = G and com-
promised above the » = G/2 transition. Were it not for this
second transition at r = G/2, the results for the triangular
lattice would be similar to those of the square lattice, since
it also has a locally optimal intermediate contribution value
if we restrain ourselves to the range r £ 5.5 and the phase
diagrams are similar above this value, presenting a maximum
in cooperation density in both cases if r < G.

B. Heterogeneous case

Consider a population consisting solely of cooperators with
varying contribution values. In this scenario, when a player
adopts a neighbor’s strategy, they also adopt their contribution
value. As a result, cooperators with similar ¢; values tend to
cluster together. We can use the phase diagrams presented in
Fig. 1 to gain insight into the behavior of this heterogeneous
population.

Figure 2 illustrates a specially prepared initial condition
of cooperators, C,, with different contribution values (c;): 0.5
(light red), 1 (light blue), and 2 (dark blue), in the absence

024111-2



HETEROGENEOUS CONTRIBUTIONS CAN JEOPARDIZE ...

PHYSICAL REVIEW E 108, 024111 (2023)

(a) 6 1
5.5
r s -
45k 4 |
4 1 2 3 4 5 ’

=
N
w
A
ul

FIG. 1. The phase diagrams of the equilibrium cooperation density for the square lattice with von Neumann neighborhood (a) and for the
triangular lattice (b) show the combined effects of the multiplicative factor, r, and the contribution value, ¢, on cooperation for homogeneous
populations. These diagrams illustrate that there exists an optimal contribution value (¢, &~ 0.4) that minimizes the corresponding critical r
value above which cooperation can occur for the square lattice case (r,, = 4.3). On the other hand, for the triangular lattice, the critical r value

decreases monotonically as the contribution increases.

of defectors. In general, we observe that lower-contribution
cooperators behave similarly to defectors. Consequently, for
sufficiently small r, the Cy s cooperators dominate the pop-
ulation (top row). When r is sufficiently large, we observe
coexistence between Cy s and C, (middle row). In this case,
C, forms clusters within a sea of Cys, creating a situation
that resembles the classic C vs D game. For smaller r values,
where C, cannot survive, we find that Cys and C, can also

coexist. Moreover, the second row in Fig. 2 demonstrates that
C can initially coexist with both Cj 5 and C; individually, but
its density eventually declines until it becomes extinct when
all three contribution values are present. This implies that Cy s
and C, exhibit some synergistic effect that jeopardizes the
survival of C; cooperators. This observation is crucial and is
further explored in the subsequent sections of this paper. Fi-
nally, for larger r values, we see that C, starts to predominate

FIG. 2. Temporal evolution of cooperators in clusters with different ¢ values on the square lattice: ¢ = 0.5 (light red/light gray), ¢ = 1.0
(light blue/medium gray), and ¢ = 2 (dark blue/black). The top row shows the dominance of the lower-contribution cooperators for r = 3.7.
The middle row illustrates the coexistence between the lowest- and the highest-contribution cooperators for » = 4.78. Finally, the bottom
row illustrates the regime where higher-contributing cooperators begin to dominate (r = 5.1). The number of MCSs taken during each time
evolution varies, highlighting the unique characteristics of each situation. The last column corresponds to 300 MCSs for the first row and 1300

MCSs for the other two.
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FIG. 3. Equilibrium density of cooperation as a function of r.
The solid line corresponds to the heterogeneous case, where coop-
erators initially contribute with values of 0.5, 1, and 2, uniformly
distributed. The dashed lines represent the homogeneous cases for
each individual contribution value. We observe that there are dom-
inance regions for all possible C’s. In the light-gray rectangles, we
identify the parasitism regions, where higher-contribution coopera-
tors survive at the expense of lower-contribution ones, where they
cannot survive on their own (see inset for the case between C;, which
increases with increasing r, and C 5, which decreases). Specifically,
the higher-contribution C’s can exploit any lower-contribution co-
operators, but for different values of r. However, in the dark-gray
rectangles, coexistence regions appear where C; coexists with Cys,
and C, can coexist with both.

in the population (bottom row). An important observation is
that the higher-contribution cooperators always cluster within
the sea of lower-contribution cooperators, suggesting that the
notion of cooperators and defectors depends on whom the
game is played against. In the Appendix, we provide a quanti-
tative analysis of the payoffs that shows that, in the absence
of defectors, the lowest-contribution cooperators behave as
defectors, while a higher-contribution cooperator behaves like
a cooperator with a different contribution value.

Coexistence and parasitism

Next, we study a mix of different contribution cooperators
in the presence of defectors. In principle, different cooperators
could coexist if r is higher than both their homogeneous 7,
values. However, due to the behavior discussed previously,
different C’s can jeopardize one another. The equilibrium
density of cooperators as a function of r is presented in Fig. 3
for both homogeneous cases (with ¢ = 0.5, ¢ = 1.0, and ¢ =
2, dashed curves) and the heterogeneous case (solid curve),
where cooperators contribute the aforementioned values with
equal probability in the initial configuration. First, when r
is only slightly above the critical value (r., &~ 4.3) of the
lowest-contributing cooperator, Cy s, all other contribution C’s
become extinct. As r approaches, but still remains below, the
critical value (r. &~ 4.58) of Cy, a coexistence phase emerges
for Cy s and Cy, despite the fact that the latter cannot survive
alone. This is due to a parasitic behavior between them, which
occurs in the first highlighted light-gray region. As we further
increase r, at some point it will become higher than both
homogeneous critical values of Cy 5 and C;, characterizing the

beginning of the coexistence phase between them. At some
point for a high enough value of r, C; cooperators will be
favored and coexist with defectors alone. For r close to, but
still below, the critical value (7. &~ 4.8) of C, cooperators, a
similar parasitism mechanism occurs and now C, cooperators
take advantage of Cy 5 or C; cooperators (in different regions).
Above all of the homogeneous r,. values, we observe another
coexistence region between C, cooperators and Cys or C;
(right dark-gray rectangle).

From the inset of Fig. 3, it is clear that the higher-
contribution C’s benefit from the lower-contribution ones.
Besides being able to survive in regions where they would
be extinct when only in the presence of defectors, we ob-
serve that their presence decreases the density of Cys when
compared to their homogeneous equilibrium density. Overall,
this lowers the total density of cooperators in this region. In
addition, Fig. 3 indicates that the critical r value required
to maintain cooperation in a heterogeneous scenario is de-
termined by the lowest homogeneous r, value among all
cooperators, since when r is low all cooperators with a homo-
geneous 7, > r cannot survive. This finding is consistent with
a similar model that used uniformly distributed contributions
taken from U(1 — o, 1 + o) [28], where U (a, b) represents
a continuous uniform distribution in the interval [a, b]. In that
study, increasing o, which eventually makes U encompass our
optimal contribution value (cy =~ 0.4), reduced the critical r
required to sustain cooperation until it eventually plateaued
for a sufficiently high o value.

Figure 4 shows snapshots of the time evolution for the
parasitism and coexistence between C, and lower-contribution
cooperators. In the first row (r = 4.77), we show the parasitic
behavior where C, cooperators close to the lower-contribution
C’s survive while an isolated cluster of C, is driven to ex-
tinction. The second row shows the region where r is greater
than all homogeneous critical r, values (r 2 4.8). While C,
cooperators survive on their own because there are no higher-
contribution C’s to hinder their growth, they will harm all
other lower-contribution C’s. To see which other cooperators
survive with them, we can refer to the case with fewer strate-
gies for the same r region. With only D, C, and C; in the
population, the r values in question are high enough to favor
C, with the exception of r = 4.8 (data not shown). For this
value, C; cooperators can coexist with C,. However, in the
case D, Cy 5, and C, (data not shown), the r values are still in
the coexistence region between Cy s and C,. Therefore, C, can
coexist with both strategies for r = 4.8, but only with Cy s for
higher values of r.

C. Homogeneous vs heterogeneous cases

By comparing the homogeneous cases with the hetero-
geneous one, represented by the dashed and solid lines in
Fig. 3, respectively, we observe that heterogeneity can favor
cooperation, leading to a higher equilibrium density for r < 5,
when compared to the homogeneous case with ¢ = 2. This
is due to the high density of the lower-contribution cooper-
ators that compensate the low density of high-contribution
cooperators when alone. On the other hand, when com-
pared with the homogeneous case with ¢ = 0.5, the presence
of high-contribution cooperators prevents the expansion of
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FIG. 4. Time evolution of a cooperator clusters with ¢ = 0.5 (light red/light gray), ¢ = 1.0 (light blue/medium gray), and ¢ = 2 (dark
blue/black) in the sea of defectors (dark red/dark gray) on the square lattice for simulation times ¢ = 1, 200, 500, 1000, and 10 000 (MCSs).
The top row illustrates the parasitism region (r = 4.77), where high-contribution cooperators (C,) can only survive if they are in close proximity
to lower-contribution C’s. The bottom row shows the coexistence region (r = 4.81), where the highest-contribution cooperators, C,, survive

both in contact with Cy 5 and on their own.

lower-contribution ones, resulting in a worse scenario for
cooperation.

In summary, determining whether heterogeneity is ben-
eficial for cooperation depends on the reference point. To
obtain a more definitive answer, it is useful to compare the
heterogeneous case to the homogeneous case at the optimal
value. Figure 5 illustrates this scenario for various initial dis-
tributions. Near the critical point (r, ~ 4.3), high-contribution
cooperators do not hinder the optimal C’s since they are
unable to survive at such low r values. However, for distribu-
tions that do not encompass optimal cooperators, the critical
r will be higher, as previously discussed. As r increases,
higher-contribution C’s begin to survive and can jeopardize
cooperation, as shown in the figure.

As demonstrated in Fig. 3, various coexistence, parasitism,
and dominance regions exist for different C’s. As a result, for
continuous distributions of the initial contributions, we expect
a superposition of all possible scenarios, making predictions
for each sample challenging, as indicated by the large standard
deviations of the cooperator’s equilibrium density in Fig. 5. In
the inset of Fig. 5, we present the mean equilibrium contribu-
tion among samples and its standard deviation for the uniform
U (c,, 5) case. Both of these quantities increase as r increases.
For low r values, only one type of C with a contribution close
to the optimum survives. However, as r increases, higher-
contribution C’s become viable, leading to a decrease in the
density of cooperation compared to the homogeneous opti-
mal case. For intermediate r values, a range of contributions
can survive, which also increases with r. Now, contributions
closer to the optimal value survive for some samples, explain-
ing the increase in the average density of cooperation. For high
enough values of r, only the highest contribution is favored
and, therefore, survives alone, matching the homogeneous
¢ =5 curve. In Fig. 5(b), we also display the contributions
that survive for each sample. Interestingly, we observe four
distinct regions that describe the individual contributions: for

r < 4.7, only one contribution survives with defectors; for
4.7 < r < 4.8, two contributions can coexist; for 4.8 < r <
4.9, three contributions can coexist; and for r > 4.9, either
two contributions coexist or one survives alone. Despite this,
all possible scenarios are worse than the homogeneous one at
the optimal contribution value for cooperation below r = 5.
This behavior is consistent for other distributions, including
Gaussian and the uniform U (0, 5) (data not shown). There-
fore, in terms of equilibrium density and critical r value,
heterogeneity can only harm cooperation compared to the
optimal homogeneous case.

It is important to note that the results presented above
are specific to the square lattice, but they can be expected
for all lattices with a null clustering coefficient [33], where
optimal noise values exist. For lattices with a non-null clus-
tering coefficient, the deterministic scenario is known to be
the best for cooperation in terms of the critical r value.
Therefore, the best scenario for cooperation is expected to
be achieved with a sufficiently high contribution, which cor-
responds to low noise and, consequently, to the smallest
possible r. value. Above this value, the dynamics will not
change as the deterministic scenario has already been es-
tablished. As discussed previously, Fig. 1(b) confirms this
behavior for the triangular lattice. For the heterogeneous case,
high-contribution cooperators will generally be preferable
for cooperation since the deterministic case is the best. It
is important to remember that higher-contribution C’s have
an advantage over lower- contribution C’s. Now, the higher-
contribution C’s that survive the initial steps and manage to
cluster will always survive alone. Therefore, compared to a
homogeneous case, heterogeneity will benefit cooperation (by
reducing r,) if it allows for higher contributions. However,
compared to the optimal homogeneous case, heterogeneity
will not matter since all the lower contributions will become
extinct, and the higher contributions will also be in the optimal
scenario.
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FIG. 5. (a) Equilibrium density of cooperators as a function of
r for different initial contribution distributions. We observe that for
contribution ranges that encompass the optimal homogeneous case
co and lower values (triangles), the equilibrium density is exactly
the same as that of the homogeneous optimal case (solid black line).
However, for distributions with contributions higher than the opti-
mal (red circles), cooperation is inhibited for intermediate » values
4.4 é r < 5), when compared to the optimal. Moreover, in this case,
there is great variability among samples, as indicated by the large
standard deviations. Here, U (a, b) represents a continuous uniform
distribution in the range [a, b]. The inset shows the mean contribution
value and the standard deviation from it between samples in the
equilibrium for U(co, 5). The average payoff is a positive mono-
tonic function of r, similar to the mean contribution value (data not
shown). We also show in panel (b) all contributions that survived for
each sample for the same distribution. While for low r values only
one contribution survives, for high enough values two or even three
contributions start to survive together.

IV. CONCLUSION

The concept of heterogeneity has become a crucial area of
study in evolutionary game theory. Researchers have delved
into the various benefits of heterogeneity in diverse situations,
including those explored in the paper. While our work aimed
to investigate the positive effects of heterogeneity, we also
uncovered a potential downside. Unlike other papers, our
study revealed how heterogeneity can impede cooperation.
By examining both the positive and the negative aspects of
heterogeneity, our work contributes to a deeper understanding
of the complexities of evolutionary game theory. The findings
of our study can provide valuable insights into the optimiza-
tion of cooperative behavior in various scenarios, helping

to enhance the overall efficiency and effectiveness of social
systems.

In summary, changing the contribution value of coopera-
tors using the imitation update rule is essentially equivalent
to scaling the noise. As there is an optimal noise value for
sustaining cooperation, there exists an optimal homogeneous
contribution for cooperators that minimizes the critical r
value. We found that for regular lattices with a null clustering
coefficient, heterogeneity can be detrimental to cooperators
in the optimal scenario. However, for regular lattices with a
non-null clustering coefficient, heterogeneity will not harm
optimal cooperators. Therefore, we conclude that the homoge-
neous optimal scenario is the best for cooperation compared to
the heterogeneous case studied in this work. This is due to the
fact that higher-contribution cooperators jeopardize smaller
ones, and can even parasite them.

It is well established that the deterministic case is the best
scenario for the classic PGG with group interactions for all
types of regular lattices [33]. Therefore, we expect that all
regular lattices will exhibit a behavior similar to that of the
triangular lattice in our model for the PGG. Moreover, it has
been shown that the FPGG can be mapped to the prisoner’s
dilemma game for certain parametrizations [9,17]. However,
by these approaches, different contributions are related to dif-
ferent group sizes, which must be considered when studying
heterogeneity in the prisoner’s dilemma game.
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APPENDIX

Here, we show that cooperators with the lowest contri-
butions behave as defectors in their absence. We start from
Egs. (1) and (2) for the classical FPGG, where all cooperators
equally contribute ¢ and write the payoff difference for a given
configuration

rc
HC—HDza(NCC—Né))—c (Al)

" ANq — 1
= C| — — ,
G C

where ANc is the difference in the number of cooperators
between the two groups.

Now, suppose that instead of C and D, we have only two
types of interacting cooperators, C,, and C,,, where the sub-
scripts denote their contribution value and Ac = ¢; — ¢; > 0.
In this case, the payoffs are

(A2)

" (ak k
HCC,( = E(NC’_C,“‘FNCJ_CJ‘) — Ck, (A3)
where chm is the number of neighbors contributing c,, in the
group where C,, is at the central site, for k € {i, j}. The payoff
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FIG. 6. Equilibrium density of C; + C; in function of r for only
cooperators in the population with contributions 0.5, 1, and 2. We
observe in more detail the situation explored in Fig. 2, showing all
transitions between cooperators where the smaller contribution be-
haves as a defector and the other contributions behave as cooperators
with contributions different than the original ones.

difference for this situation is

Me, — e, = (c:AN, + chNCj)é —Ac, (A%

which generalizes Eq. (A2) for two types of contributions.
Considering the same spatial configuration as in the C vs

D case, but with defectors replaced by C, and cooperators by

C,,, we have AN,, = AN¢ by construction. To obtain AN;,
we recall that the total number of players in a group is G
(including the focal player) and, therefore,

Nf + ij =G. (A5)
Then, by subtracting one of these equations from the other
(k € {i, j}), we obtain

AN, = —AN,,. (AG)
Therefore, ANc = AN,, = —ANC] always holds. Finally,
with this result, we can rewrite Eq. (A4) as

Me, —Me, = Ac(éANC . 1). (A7)

By comparing Eqs. (A2) and (A7), we see that the lower-
contribution C., behaves as a defector and the higher-
contribution C,, behaves as a cooperator whose contribution
is Ac. We illustrate this behavior in Fig. 6 for the case with
only cooperators that contribute c = 0.5,¢ = 1.0, and ¢ = 2.0
in the population (in the absence of defectors). We see that
when C| cooperators coexist with Cy s we have Ac = 0.5 and,
therefore, the density curve matches the homogeneous Cy s
with the defectors case. When C, cooperators coexist with
Cos, Ac = 1.5 and, therefore, the density curve matches the
homogeneous C; 5 case.
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