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Understanding the evolutionary origins of altruistic punishment, a crit‑
ical mechanism sustaining cooperation, remains a central challenge in
behavioural science. Voluntary participation is considered a powerful
approach that enables its emergence, but its explanatory power typically
rests on the commonassumption that non‑participants have no impact on the
public good. Yet, given the decentralized nature of voluntary participation,
opting out does not necessarily preclude individuals from influencing the
public good. Here, we revisit the role of voluntary participation by allowing
non‑participants to exert either positive or negative impacts on the public
good. Using evolutionary analysis in a well‑mixed finite population, we find
that positive externalities from non‑participants lower the synergy threshold
required for altruistic punishment to dominate. In contrast, negative
externalities raise this threshold, making altruistic punishment harder to
sustain. Notably, when non‑participants have positive impacts, altruistic
punishment thrives only if non‑participation is incentivized, whereas under
negative impacts, it can persist even when non‑participation is discouraged.
Our findings reveal that efforts to promote altruistic punishment must
account for the active role of non‑participants, whose influence can make
or break collective outcomes.

1. Introduction
The evolution of altruistic punishment, a key mechanism for sustaining
cooperation, presents a long‑standing theoretical puzzle [1–3]. Experimental
evidence confirms that individuals will incur personal costs to punish non‑
cooperators, implementing sanctions through both decentralized peer punish‑
ment,where individuals punish defectors directly, and centralized pool punish‑
ment, where contributions are pooled to fund institutional sanctioning [4–7].
However, peer punishment is particularly vulnerable to ‘second‑order free‑
riders’, cooperators who benefit from sanctions without paying the costs, a
vulnerability that is largely mitigated by the institutionalized cost‑sharing of
pool punishment [8–11]. In addition, peer punishment is exposed to the risky
retaliation from those they sanction [12–14]. To solve this paradox for decentral‑
ized systems, researchers have proposedmechanisms including group selection
[15,16] and prior commitment [17,18].

Voluntary participation offers a powerful bottom‑up approach to this
problem [19,20]. To understand its importance, one must first consider the
dynamics without it. In populations of only cooperators, defectors and pun‑
ishers, a fragile rock‑paper‑scissors cycle can emerge: punishers suppress
defectors, but once defectors become rare, non‑punishing cooperators out‑
perform punishers by avoiding punishment costs. This allows defectors to
reinvade, completing a fragile cycle requiring careful fine‑tuning of selection
strength and payoffs; otherwise, it collapses into full defection, permanently
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Figure 1. PGGwith voluntary participation. (a) Each player has four options: cooperation, defection, punishment and non-participation. Cooperators and punishers con-
tribute an endowment c to the public pool, while defectors contribute 0. Non-participants opt out of the game with a payoff 𝜎1. The total contribution from all group
members will be multiplied by the synergy factor r as the public good. Each non-participant has an impact 𝜎2 on the public good. Then the public good is equally dis-
tributed among all participants, regardless of their initial contribution. (b) Non-participant’s payoff𝜎1 can be negative, positive or zero. (c) Non-participant’s impact on
the public good𝜎2 can be negative, positive or zero.

eliminating punishment. Voluntary participation provides an ‘escape hatch’ by introducing a non‑participation strategy, where
players can opt out for a small, fixed payoff [21,22]. When defectors dominate and payoffs from the game are low, this option
becomes more advantageous than mutual defection, allowing non‑participants to invade and replace defectors. This crucial step
enables cooperation to re‑emerge, establishing a more robust cycle that prevents a total collapse to defection and allows pun‑
ishment to emerge through the neutral drift between punishers and non‑punishing cooperators [23]. However, this influential
explanation rests on the critically narrow assumption that non‑participants are passive actors, a simplification that overlooks their
potential for more complex strategic behaviour.

In real‑world social dilemmas, the decentralized nature of non‑participation implies that an individual’s freedom to opt out,
with complex payoffs, can still have direct consequences for the public good. This active role stands in sharp contrast to the as‑
sumption of passive non‑participation. For instance, in public healthcare, an individual opting for private services may receive
a net positive payoff (better care) as well as a negative one (higher fees) [24,25], while their departure simultaneously reduces
overcrowding, a positive influence on the public system. Conversely, in a knowledge‑sharing group, the departure of an influ‑
ential member harms the group’s collective expertise while offering the departing individual a potential gain (e.g. increase in
prestige) or loss (e.g. loss of collaborative opportunities) [26,27]. This real‑world complexity motivates a critical re‑examination
of non‑participation, raising key questions: will this mechanism, when more broadly defined, remain effective in enabling the
evolution of altruistic punishment? And under what conditions will it help or hinder it?

To answer these questions, we generalize non‑participation in the public goods game (PGG) by introducing a new parameter:
the direct impact of non‑participation on the public good (𝜎2), reflecting a beneficial or harmful influence on the public good avail‑
able to the remaining participants (see figure 1). Additionally,we extend the non‑participation payoff (𝜎1) beyond the non‑negative
range, representing the incentive or penalty for opting out. Alongside the non‑participation, our model incorporates cooperation,
defection and altruistic punishment. In the game, cooperators and punishers contribute to the public pool, while defectors do not.
The collective contribution in the public pool will be enhanced and then modified by the impact of all non‑participants before
being distributed equally among all participants.

Through evolutionary analysis in well‑mixed finite populations, we find that the capacity of voluntary participation to sup‑
port altruistic punishment depends critically on whether non‑participants contribute positively or negatively to the public good.
When opting out yields a positive payoff and non‑participants exert a beneficial influence on the public good, altruistic punish‑
ment can dominate, and the range of synergy factors where it thrives expands compared with the traditional assumption that
non‑participants have no impact on the public good. In contrast, when non‑participants undermine the public good, altruistic
punishment becomes harder to sustain and the viable synergy range narrows relative to the no‑impact baseline. Notably, under
positive impacts on the public good, the dominance of altruistic punishment requires positive incentives for non‑participation,
whereas under negative impacts, it can persist even when opting out is discouraged. These findings underscore the importance of
accounting for the active role of non‑participants when designing exit‑based mechanisms to address the challenge of sustaining
altruistic punishment.
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2. Model and methods

2.1. Game set-up
In this study, we extend the assumption of non‑participation within the framework of the PGG, utilizing one critical parameter:
the direct impact 𝜎2, which represents the influence that non‑participants have on the public good. Within the PGG involving G
players, each player has four distinct strategic options: cooperation (C), defection (D), punishment (P) and non‑participation (N),
as illustrated in figure 1a. Cooperators and punishers contribute an endowment c into the public pool, while defectors contribute
nothing, and non‑participants opt out of the game, receiving a payoff 𝜎1. First, all contributions aremultiplied by the synergy factor
r as the public good. Each non‑participant will impact the public good by 𝜎2. Then, the resulting public good is equally distributed
among all players who have participated (i.e. excluding non‑participants). Additionally, punishers incur a cost 𝛼 to impose a loss
−𝛽 on defectors. Let x, y, z and w denote the number of players adopting C, D, P and N, respectively, where x + y + z + w=G.
Therefore, the payoffs for the four strategies are given by

𝜋C =
(x + z)rc + w𝜎2

x + y + z − c,

𝜋D =
(x + z)rc + w𝜎2

x + y + z − z𝛽,

𝜋P =
(x + z)rc + w𝜎2

x + y + z − c − y𝛼,

𝜋N = 𝜎1. (2.1)

Note that if only a single player chooses to participate, x + y + z= 1, the PGG fails to be established, and the solitary participant
also receives the non‑participation payoff 𝜎1, as the other w N‑players.

As depicted in figure 1b,c, the non‑participant’s payoff, −1≤ 𝜎1 ≤ 1, represents the net outcome of opting out, where a positive
value incentivizes non‑participation and a negative value encourages participation; the non‑participant’s impact, −1≤ 𝜎2 ≤ 1, re‑
flects their direct influence on the public good, where a positive value benefits the participants and a negative value induces loss.
This framework moves beyond classic models that typically assume a fixed, positive payoff and zero impact for non‑participants.
For a clear comparison with previous models, e.g. in [23], we set G= 5, c= 1, 𝛼 = 0.3 and 𝛽 = 1, unless otherwise specified.

2.2. Well-mixed finite population
We analyse the evolutionary dynamics within a finite, well‑mixed population ofM players. Assuming there aremi players adopt‑
ing strategy i and M −mi players adopting j, then the probability that a group of G players is randomly sampled from the
population to play the PGG is

H(ni,G,mi,M) =

(mi
ni

)(M−mi
G−ni

)

(M
G

) , (2.2)

where ni players adopting strategy i and G − ni players adopting strategy j are selected to form the group. The expected payoff
for a focal player is calculated by averaging over all possible compositions of the G − 1 co‑players they might interact with in a
sampled game group (see appendix A). For example, when the population consists of m cooperators and M −m defectors, the
average payoff for a focal cooperator and defector is

PCD =
G−1∑

x=0
H(x,G − 1,m − 1,M − 1) (

(x + 1)rc
G

− c)= rc
G
( G − 1
M − 1

(m − 1) + 1) − c,

PDC =
G−1∑

x=0
H(x,G − 1,m,M − 1) (xrc

G
)= rc

G
G − 1
M − 1

m.

(2.3)

The evolution of strategies is modelled using a Moran process with a pairwise social learning mechanism. In each time step, one
player i is randomly chosen for strategy revision, and another player j is chosen as a potential role model. The probability that
player i adopts player j’s strategy is determined by their fitness difference according to the Fermi function [28,29],

pi→j(mi) =
1

1 + exp[−s(Pji − Pij)]
, (2.4)

where Pij and Pji are the expected payoffs (fitness) of players i and j, respectively. The parameter s represents the intensity of
selection, which is also referred to as the inverse temperature. It controls how strongly imitation depends on fitness differences.
For s= 0, imitation is random (neutral drift), while for s→∞, players always imitate strategies with higher fitness.

To determine the long‑term success of each strategy, we first calculate the fixation probability, 𝜌ij, which is the probability that a
singlemutant of strategy iwill eventually take over a resident population ofM − 1 players of strategy j. The transition probabilities
T±ij for the number of i players to increase or decrease by one are given by

T±ij (mi) =
M −mi

M
mi
M

1
1 + exp[±s(Pji − Pij)]

. (2.5)
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The fixation probability 𝜌ij is then calculated as [29]

𝜌ij =
1

1 +
∑M−1

k=1
∏k

mi=1
T−ij (mi)

T+ij (mi)

. (2.6)

Assuming a small mutation limit, where any mutant either fixates or goes extinct before another mutation occurs [30,31], the
fixation probabilities 𝜌ij define the transition matrix, A, of a Markov process between the four homogeneous population states
[32,33]. The elements of this matrix are given by Aij,i≠j = 𝜌ij∕(q − 1) and Aii = 1 −

∑q
j=1,j≠i Aij, where q is the number of strategies.

The long‑term outcome of this evolutionary process is captured by the stationary distribution of this matrix. Mathematically, this
distribution corresponds to the normalized eigenvector of the transposed transitionmatrixwith an eigenvalue of 1. In our analysis,
this stationary distribution represents the fraction of time the population is expected to spend in each monomorphic state in the
long run. We therefore use it as our primary measure of a strategy’s long‑term evolutionary success.

2.3. Risk dominance
To analyse the short‑term invasion dynamics between any two strategies, we use the concept of risk dominance. Strategy i is risk
dominant against strategy jwhen it satisfies [34,35]

G∑

k=1
𝜋i(k)≥

G−1∑

k=0
𝜋j(k + 1), (2.7)

where 𝜋i(k) and 𝜋j(k + 1) are the payoffs of strategy i and strategy j, respectively, when their group consists of k players of strategy
i and G − k players of strategy j. Detailed derivations for the conditions under which each strategy is risk‑dominant can be found
in appendix B.

3. Results

3.1. Non-participation has a conditional impact on the evolution of altruistic punishment
We first present our general finding that compared with the case without the opting‑out option, the effectiveness of non‑
participation in promoting the emergence of punishment is highly conditional. This finding is robust, as evidenced by our
examination of the stationary distribution of punishment averaged over 10 000 randomly sampled parameter sets, as shown in
figure 2 (see also figure 7 in appendix C).

The non‑participant’s payoff, 𝜎1, plays the most decisive role [17,36]. When this payoff is negative (the top row in figure 2 and
the first column in figure 7), punishment is strongly suppressed, with its frequency remaining near zero in the vast majority of
parameter settings, regardless of the non‑participant’s impact. In addition, the frequencies of cooperation and non‑participation
also remain near zero, while defection becomes the overwhelmingly dominant strategy, with its frequency approaching 1 in the
vast majority of parameter settings, regardless of the non‑participant’s impact. A negative 𝜎1 removes the incentives for non‑
participation, namely, the viability of voluntary participation. This causes the system to collapse to a state of full defection where
no public good is produced, thereby rendering any externality inconsequential. Conversely, a positive payoff (the bottom row in
figure 2 and the second column in figure 7) is a necessary condition for punishment to evolve. Within this positive payoff regime,
however, the non‑participant’s direct impact plays a significant and intricate role, creating polarized outcomes where either pun‑
ishment or, in some cases, non‑participation can flourish to dominate the population.While the frequency of cooperation is slightly
enhanced in this regime, its prevalence remains low, typically below 0.2. In essence, a positive payoff for non‑participants is es‑
sential for punishment to emerge, but the nature of the non‑participant’s impact then determines the balance between its risk of
extinction and its ultimate success.

To better understand this general finding, below we provide a detailed analysis of how the positive or negative impact of
non‑participation can significantly influence evolutionary dynamics, contrasting with the no‑impact setting typically considered
in previous studies [11,23].

3.2. Impact of non-participants alters the synergy threshold for altruistic punishment to dominate
First, compared with the case without impact, the direct impact of non‑participants significantly alters the synergy factor required
for punishment to dominate the population (i.e. greater than 50% in the stationary distribution), with the positive impact lowering
the threshold and the negative impact raising it. Compared with the scenario with no impact (𝜎2 = 0, dashed line in figure 3a–c),
where punishment prevails when r≥ 2, a positive impact considerably extends this range for the dominance of punishment, low‑
ering the required synergy factor to approximately r≈ 1.4 when 𝜎2 = 1. Conversely, a negative impact restricts these conditions,
requiring a larger synergy factor to r> 3 when 𝜎2 =−1. A detailed analysis of risk dominance is shown in appendix B. Addi‑
tionally, punishment is the priority dominant cooperative behaviour with higher stationary distribution, rather than cooperation,
comparing figure 3b,c.

The underlying evolutionary dynamics reveal that the stability of a cyclic dominance among C,D andN is the key mechanism
for the dominance of punishment. For example, when r= 3, in the case without impact (𝜎2 = 0, figure 3d), punishment is strongly
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are the results of 10 000 numerical calculations for s= 1. Parameters are randomly sampled from uniform distributions on the intervals 𝛼 ∈ [0, 1], 𝛽 ∈ [𝛼, 5],
r∈ [1, 5] and (a) 𝜎1 ∈ [−1, 0), 𝜎2 ∈ [−1, 0), (b) 𝜎1 ∈ [−1, 0], 𝜎2 = 0, (c) 𝜎1 ∈ [−1, 0), 𝜎2 ∈ (0, 1],(d) 𝜎1 ∈ (0, 1], 𝜎2 ∈ [−1, 0), (e) 𝜎1 ∈ (0, 1],
𝜎2 = 0, (f)𝜎1 ∈ (0, 1],𝜎2 ∈ (0, 1]. Detailed cumulative fractions are shown in figure 8.

Figure 3. Compared with the case of a negligible non-participation impact, a positive impact lowers the threshold of the synergy factor (r) for punishment survival,
while a negative impact increases it. (a)–(c) Show the frequency of non-participation, punishment and the amount of cooperation and punishment as a function of the
synergy factor and the non-participant’s impact, respectively. The dashed line represents the case of non-participation having no impact on the public good. The solid
linemarks the threshold beyondwhich the indicated strategy dominates, i.e. with a frequency of at least 50%. (d)–(f) Show the stationary distribution and the transition
probabilities for the selected games indicated by the green circles in (a). Black arrows show the stronger transitionswithin a pair of strategies, dashed arrows showneutral
transitions and𝜌 denotes the transition probability. Parameters are set as s= 1,𝜎1 = 1; r= 3 for panels (d–f) with𝜎2 = 0 in (d),𝜎2 = 1 in (e) and𝜎2 =−1 in (f).
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Figure 4. A positive impact from non-participants requires a higher payoff incentive for punishment to dominate, while a negative impact allows punishment to persist
evenwhen non-participation is disincentivized. (a)–(c) Show the frequency of non-participation, punishment and the amount of cooperation and punishment as a func-
tion of the non-participant’s payoff and the non-participant’s impact, respectively. The dashed line represents the non-participation without the impact on the public
good. The solid line marks the threshold beyond which the strategy dominates, meaning its stationary distribution probability is more than 50%. (d)–(f) Show the sta-
tionary distribution and the transition probability for the selected points in (a), respectively. The black arrow shows the stronger transition between the two strategies,
the dashed arrow shows the neutral transition, and 𝜌 denotes the transition probability. Parameters are set as s= 1, r= 3;𝜎1 = 0.5 for panels (d–f) with𝜎2 = 0 in
(d),𝜎2 = 1 in (e) and𝜎2 =−1 in (f).

favoured, comprising 86% of the stationary distribution.When a positive impact is introduced (𝜎2 = 1, figure 3e), the dominance of
punishment is slightly enhanced to 88%, while non‑participation is reduced. In contrast, a negative impact completely reverses this
outcome (𝜎2 =−1, figure 3f). Non‑participation becomes a highly stable state, making up 85% of the stationary distribution. Al‑
though the transition from non‑participation to punishment is weak (𝜌 = 0.015), the reverse transition towards non‑participation
is even weaker. This slightly maintains the cyclic dynamics among C, D and N, leading to a state of non‑participation with a
minimal level of punishment surviving (13%). According to our risk dominance analysis, these three cases fall within a region
where both cooperation and punishment are risk‑dominant over non‑participation (as shown in figure 6a). Therefore, varying 𝜎2
in this regime primarily alters the transition probabilities rather than reversing the (stronger) transition direction between these
strategies.

3.3. Impact of non-participants influences their required incentives to achieve the dominance of altruistic punishment
Second, compared with the no‑impact setting, to achieve the dominance of punishment, a positive impact requires higher incen‑
tives for non‑participants, while a negative impact does not, even when non‑participation is disincentivized. In the scenarios with
no impact (𝜎2 = 0, dashed line in figure 4), punishment dominates over a wide range, prevailing as long as the non‑participant’s
payoff 𝜎1 is larger than 0. However, a positive impact severely restricts these conditions by raising the 𝜎1 threshold, meaning
punishment can only dominate if the incentive to opt out is stronger. For instance, at a high positive impact (𝜎2 = 1), punishment
cannot dominate unless the non‑participant’s payoff is larger than 0.6. Conversely, a negative impact creates a different trade‑off.
It allows punishment to be maintained at a slightly broader range of 𝜎1 values compared with the baseline, but it also causes
punishment to fail if the payoff 𝜎1 becomes milder negative (approx. 𝜎1 <−0.3).

This is because a positive impact can destroy the cyclic dynamics that induce punishment. With a moderate payoff (𝜎1 = 0.5)
and no impact (𝜎2 = 0, figure 4d), punishment thrives (86%) because a strong cycle reliably suppresses defection. However, when a
strong positive impact is introduced (𝜎2 = 1, figure 4e), punishment collapses completely and defection takes over (100%). The pos‑
itive impact fundamentally breaks the enforcement cycle: the ability of non‑participants to invade and replace defectors is severely
disrupted, where the transition from defection towards non‑participation is reversed. Without this crucial mechanism, the popu‑
lation succumbs to defection. This reversal is directly explained by risk dominance analysis, as this case crosses the boundary into
the region where defection is risk‑dominant over non‑participation (figure 6b). In addition, when a negative impact is considered
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Figure 5. The robustness across strong selection scenarios. Stationary distribution as a function of selection strength s. Parameters are set as r= 3, (a) 𝜎1 = 1 and
𝜎2 = 0, (b)𝜎1 = 1 and𝜎2 = 1, (c)𝜎1 = 1 and𝜎2 =−1, (d)𝜎1 = 0.5 and𝜎2 = 0, (e)𝜎1 = 0.5 and𝜎2 = 1, and (f)𝜎1 = 0.5 and𝜎2 =−1.

(𝜎2 =−1, figure 4f), though the transition from non‑participation towards cooperation and punishment is weakened (𝜌 drops from
0.16 to 0.05), the cyclic dynamics exist, and therefore, punishment prevails.

These results indicate that, though the positive impact on public good benefits participants, it potentially destroys the cyclic
dynamics where non‑participation loses the advantages when competing with defection, therefore, the extinction of punish‑
ment. Furthermore, the negative impact decreases public good, while the advantage of non‑participation towards defection is
the key to sustaining the cyclic dominance. Our findings further underscore the limitation of voluntary participation in sustaining
punishment, considering the impact of non‑participants on public good.

3.4. Robustness across strong selection intensity
So far, the analysis focused on an intermediate selection intensity (s= 1). We now examine the evolutionary outcomes across a
broad spectrum of selection intensity.

Our findings are robust across the strong selection scenarios. In detail, when the non‑participant payoff is high (𝜎1 = 1, the
top row in figure 5), a negative impact (𝜎2 =−1, figure 5c) leads to the dominance of non‑participation under strong selection,
while neutral or positive impacts lead to the dominance of punishment (figure 5a,b). Similarly, for a moderate payoff (𝜎1 = 0.5, the
bottom row in figure 5), a positive impact (𝜎2 = 1, figure 5e) uniquely leads to the dominance of defection under strong selection,
while neutral and negative impacts sustain the dominance of punishment, where the latter decreases the frequency of punishment
slightly (figure 5d,f). Further results across selection intensities for different synergy factors r are shown in figures 9 and 10. In
all these cases, weak selection leads to the coexistence of four strategies (approx. s< 1). These findings align with our previous
conclusion and further highlight the careful implementation of voluntary participation as a promoter of punishment.

4. Discussion
In this work, we have re‑examined the role of voluntary participation in sustaining altruistic punishment in the one‑shot PGG. To
this end, we have extended the consequences of non‑participation by a crucial parameter: its direct impact, which can be beneficial
or harmful to the public good. Additionally, we have expanded the payoff for non‑participants to a broader range, which acts as
either an incentive or a penalty for opting out. Our results reveal that the effectiveness of non‑participation is highly conditional.
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Specifically, a negative payoff consistently leads to the dominance of defection. Within the regime of a positive payoff, the ex‑
ternality then dictates the precise conditions for the success of punishment. On the one hand, compared with the case without
impact, the positive impact lowers the threshold of synergy factors for punishment to thrive, while the negative impact raises it.
On the other hand, to achieve the dominance of punishment, the positive impact demands a higher incentive for non‑participants,
while the negative impact does not, even when non‑participation is disincentivized. These findings emphasize the limitations of
viewing voluntary participation as a universal promoter of punishment.

Our analysis also reveals an intriguing non‑monotonic effect where the frequency of punishment often peaks at intermediate
selection strengths. Notably, this peak is absent in the setting without externalities, suggesting the richer dynamics introduced by
the non‑participants’ impact (figures 5, 9 and 10). We hypothesize that this is an optimal balance between selection and stochas‑
ticity: selection is strong enough for punishment to be effective, yet not so strong as to deterministically eliminate the complex,
externality‑driven dynamics. This benefit from intermediate stochasticity recalls the critical role of mutation, which can sustain
cooperation by preventing the irreversible fixation of defection [37]. Exploring how these different sources of beneficial random‑
ness, be it from selection intensity ormutation, interact with social mechanisms like externalities is a promising direction for future
research.

Our findings build upon previous studies by showing that the effect of voluntary participation in promoting punishment is
highly dependent on the assumption of passive non‑participants [11,23]. We demonstrate that the cyclic dynamics inducing pun‑
ishment are fragile and can be disrupted by the impact of non‑participation, whether positive or negative, on the public good. For
example, our results indicate that a positive impact from non‑participants, while seemingly beneficial, can break the cycle dynam‑
ics by reversing the transition from defection to non‑participation, leading to the prevalence of defection. In addition, a negative
impact can weaken the ability of punishers and cooperators to suppress non‑participants, resulting in a decrease in punishment.
This result aligns with a broader re‑evaluation of voluntary participation in sustaining cooperation, highlighting its limitation
in solving social dilemmas given the non‑negligible impact on the public good [38]. In other words, our findings underscore
the necessity of carefully considering voluntary participation as a universal solution for social dilemmas from the evolutionary
theoretical perspective.

The practical implications of these findings can be exemplified in real‑world scenarios like public health systems. In this sce‑
nario, opting for private services can be seen as creating a positive externality on the public system by reducing waiting lists and
overcrowding for the remaining participants. Our model predicts a policy paradox in such cases: to encourage the evolution of
social norms, there must be a genuine and attractive incentive for individuals to opt out, such as the availability of high‑quality
private care. However, if this incentive becomes too strong, it risks a mass exodus that could destabilize the public good. Con‑
versely, our results show that if there are significant penalties or high costs associated with leaving the public system, this would
suppress the very sanctioning behaviours needed to maintain its standards. Therefore, managing such public goods requires a
delicate balance, structuring incentives so the option to leave is viable enough to foster prosocial norms, without being so attractive
that it undermines the system itself. However, our analysis relies on a symmetric frameworkwhere all non‑participants are homo‑
geneous and exert the same externality. A crucial next step is to explore these dynamics in asymmetric or heterogeneous settings,
where different groups may have varying abilities or costs associated with opting out, reflecting greater real‑world complexity.

Finally, we acknowledge the key simplifications in our model—the consideration of a single, homogeneous type of non‑
participant within a well‑mixed population. By demonstrating that even this simplified, singular type of non‑participant can
fundamentally alter and disrupt cooperative outcomes, our findings show the critical need for further investigation into more
complex scenarios. First, it would be valuable to investigate hybrid populations containing both adaptive human players and
simple, committed bots. While ‘loner bots’ (who always opt out) in the optional prisoner’s dilemma have been shown to have no
impact on cooperation in well‑mixed populations [39], it remains an open question whether our non‑participant bots would facil‑
itate altruistic punishment in this context. Second, the role of population structure should be explored. Future work could move
from the currentwell‑mixed setting to pairwise networks,where loner bots are known to facilitate cooperation [39] and cooperative
behaviours can cascade through human social interactions [40]. An even more advanced step would be to consider higher‑order
networks, whichmore faithfully represent group interactions and can uniquely promote prosocial behaviours in ways that simple
networks cannot [41]. Third, our framework could be extended to pool punishmentmodels to investigate whether non‑participant
externalities can relax the assumption of overpunishing needed to sustain cooperation [42]. Finally, our framework could be ap‑
plied to other games involving moral behaviours to explore how the stability of norms depends on the externalities created by
non‑participants [43,44]. Such work would further refine our understanding of how voluntary participation can be effectively
managed to support, rather than undermine, cooperation.

Ethics. This work did not require ethical approval from a human subject or animal welfare committee.
Data accessibility. This article has no additional data.
Declaration of AI use. We have not used AI‑assisted technologies in creating this article.
Authors’ contributions. Z.S.: investigation, methodology, resources, software, visualization, writing—original draft; C.S.: conceptualization, investiga‑
tion, writing—review and editing; V.C.: project administration, validation, writing—review and editing; T.A.H.: conceptualization, supervision,
writing—review and editing. All authors gave final approval for publication and agreed to be held accountable for the work performed therein.
Conflict of interest declaration. We declare we have no competing interests.
Funding. We acknowledge the support provided by EPSRC (grant EP/Y00857X/1) to Z.S. and T.A.H., and JSPS KAKENHI (Grant no. JP 23H03499)
to C.S.

Downloaded from http://royalsocietypublishing.org/rsif/article-pdf/doi/10.1098/rsif.2025.0820/6111538/rsif.2025.0820.pdf
by guest
on 27 May 2026



9

royalsocietypublishing.org/journal/rsif
J.R.Soc.Interface

23:
20250820

..................................................................................................................

Appendix A.
For the population, we denote by mx, my, mz and mw the numbers of cooperators, defectors, punishers and non‑participants, re‑
spectively, wheremx +my +mz +mw =M. Among the selected players, if only one player participates in the game, the player acts
as a non‑participant, which happens with probability

( mw
G−1

)
∕
(M−1
G−1

)
. Otherwise, the expected payoffs for pairwise encounters are:

PCD =
rc
G
( G − 1
M − 1

(mx − 1) + c) − c,

PDC =
rc
G

G − 1
M − 1

mx,

PCP = PPC = rc − 1,

PCN = PPN =
⎛
⎜
⎝
1 −

( mw
G−1

)

(M−1
G−1

)
⎞
⎟
⎠

⎛
⎜
⎜
⎝

G𝜎2
(M−1
G−1

)
G−1∑

ni=1

(M−mw−1
ni

)( mw
G−1−ni

)

ni + 1
− 𝜎2 + rc − c

⎞
⎟
⎟
⎠

+

( mw
G−1

)

(M−1
G−1

)𝜎1,

PNC = PND = PNP = 𝜎1,

PDN =
⎛
⎜
⎝
1 −

( mw
G−1

)

(M−1
G−1

)
⎞
⎟
⎠

⎛
⎜
⎜
⎝

G𝜎2
(M−1
G−1

)
G−1∑

ni=1

(M−mw−1
ni

)( mw
G−1−ni

)

ni + 1
− 𝜎2

⎞
⎟
⎟
⎠

+

( mw
G−1

)

(M−1
G−1

)𝜎1,

PDP =
(G − 1)(rc − G𝛽)

G(M − 1)
mz,

PPD =
(G − 1)(rc + G𝛼)

G(M − 1)
(mz − 1) + rc

G
− c − 𝛼(G − 1).

(A 1)

Appendix B.
Here, we derive the risk dominance conditions for the non‑trivial pairwise comparisons among the four strategies. Of the six
possible pairs, two have predetermined outcomes based on the game’s structure: defection strictly dominates cooperation, and
punishment and cooperation are neutral. We therefore focus on the conditions for the four remaining key comparisons below
(figure 6).

First, we derive the condition for punishment to be risk‑dominant against non‑participation and defection, respectively.

— Punishment is risk‑dominant against defection when

G∑

k=1
[ rck
G

− c − (G − k)𝛼]≥
G−1∑

k=0
( rck
G

− k𝛽), (B 1)

which is simplified as

𝛽 − 𝛼 ≥
2c(G − r)
G(G − 1)

. (B 2)

— Punishment is risk‑dominant against non‑participation when

𝜎1 +
G∑

k=2
(
rck + (G − k)𝜎2

k
− c)≥

G−1∑

k=0
𝜎1, (B 3)

which is simplified as

rc − c +
HGG − 2G + 1

G − 1
𝜎2 ≥ 𝜎1, (B 4)

where HG =
∑G

k=1
1
k
.

Then, we derive the condition for non‑participation to be risk‑dominant against cooperation and defection, respectively.

— Non‑participation is risk‑dominant against cooperation when

G∑

k=1
𝜎1 ≥ 𝜎1 +

G−2∑

k=0
(
rc(G − k) + k𝜎2

G − k
− c), (B 5)

which is simplified as
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Figure 6. Risk dominance analysis explains the direction of evolutionary transitions. The phase diagrams show the analytically derived regions where each strategy
is risk-dominant over its competitors. (a) Boundaries in the (𝜎2, r) space for a fixed 𝜎1 = 1, corresponding to figure 3. For these parameters, both punishment and
non-participation are always risk-dominant over defection, so only the dynamic boundary between the punishment (cooperation) and non-participation is shown. (b)
Boundaries in the (𝜎2, 𝜎1) space for a fixed r= 3, corresponding to figure 4. In this case, punishment is always risk-dominant over both defection and non-participation,
and cooperation is also risk-dominant over non-participation, so only the boundary between defection and non-participation is shown.

Figure 7. The effectiveness of non-participation for promoting the emergence of punishment is limited. Shown are the results of 10 000 numerical calculations for
s= 1. Parameters are randomly sampled from uniform distributions on the intervals α∈ [0, 1], 𝛽 ∈ [𝛼, 5], r∈ [1, 5], and (a) 𝜎1 ∈ [−1, 0), 𝜎2 ∈ [−1, 0), (b)
𝜎1 ∈ [−1, 0],𝜎2 = 0, (c)𝜎1 ∈ [−1, 0), 𝜎2 ∈ (0, 1], (d)𝜎1 ∈ (0, 1], 𝜎2 ∈ [−1, 0), (e)𝜎1 ∈ (0, 1], 𝜎2 = 0, (f)𝜎1 ∈ (0, 1], 𝜎2 ∈ (0, 1].

𝜎1 ≥
GHG − 2G + 1

G − 1
(rc + 𝜎2) − c. (B 6)

— Non‑participation is risk‑dominant against defection when

G∑

k=1
𝜎1 ≥ 𝜎1 +

G−2∑

k=0

k𝜎2
G − k

, (B 7)

which is simplified as

𝜎1 ≥
GHG − 2G + 1

G − 1
𝜎2. (B 8)
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Figure 8. Cumulative fractions of the frequency of punishment. Shown are the results of 10 000 numerical calculations for s= 1. Parameters are randomly sampled from
uniform distributions on the intervals𝛼 ∈ [0, 1], 𝛽 ∈ [, 5], r∈ [1, 5], and (a)𝜎1 ∈ [−1, 0), 𝜎2 ∈ [−1, 0), (b)𝜎1 ∈ [−1, 0], 𝜎2 = 0, (c)𝜎1 ∈ [−1, 0), 𝜎2 ∈
(0, 1], (d)𝜎1 ∈ (0, 1], 𝜎2 ∈ [−1, 0), (e)𝜎1 ∈ (0, 1], 𝜎2 = 0, (f)𝜎1 ∈ (0, 1], 𝜎2 ∈ (0, 1].

Figure 9. The robustness across strong selection scenarios. Shown are the stationary distributions as a function of selection strength s. Parameters are set as r= 1.5, (a)
𝜎1 = 1 and𝜎2 = 0, (b)𝜎1 = 1 and𝜎2 = 1, (c)𝜎1 = 1 and𝜎2 =−1, (d)𝜎1 = 0.5 and𝜎2 = 0, (e)𝜎1 = 0.5 and𝜎2 = 1, and (f)𝜎1 = 0.5 and𝜎2 =−1.

Appendix C.
(See figures 7–10)
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Figure 10. The robustness across strong selection scenarios. Shown are the stationary distributions as a function of selection strength s. Parameters are set as r= 4.5,
(a)𝜎1 = 1 and𝜎2 = 0, (b)𝜎1 = 1 and𝜎2 = 1, (c)𝜎1 = 1 and𝜎2 =−1, (d)𝜎1 = 0.5 and𝜎2 = 0, (e)𝜎1 = 0.5 and𝜎2 = 1, and (f)𝜎1 = 0.5 and𝜎2 =−1.
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