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Direct reciprocity and conditional cooperation are important medha-
nisms to prevent free riding in social dilemmas. However, in large
groups, these mechanisms may become ineffective bacauise they re-
guire single individuals to have a substantial influence on their peers.
However, the recent discovery of zero-determinant strategies in the
iterated prisoner’s dilemma suggests that we may have underesti-
mated the degree of control that a single player can exert. Here,
we develop a theory for zero-determinant strategies for multiplayer
sodlal dilemmas, with any number of involved players. We distinguish
several particularly interesting subclasses of strategies: fair strategies
ensure that the own payoff matches the average payoff of the group;
extortionate strategies allow a player to perform above average:
and generous strategies ket a player perform below average. We use
this theory to describe strategies that sustain cooperation, induding
generalized varlants of Tit-for-Tat and Win-Stay Lose-Shift. Moreover,
we explore two models that show how individuals can further enhance
their strategic options by coordinating their play with others. Our
results highlight the importance of individual control and coordination
to succeed in large groups.

evolutionary game theory | alliances | public goods game |
volunteer’s dilermma | cooperation

coperation among self-interested individuals is generally

difficult to achieve { 1-3), but typically the free rider problem
is aggravated even further when groups become large (4-9). In
small communities, cooperation can often be stabilized by forms
of direct and indirect reciprocity (10-17). For large groups, how-
ever, it has been suggested that these mechanisms may turn out to
be ineffective, as it becomes more difficult to keep track of the
reputation of others and because the individual influence on others
diminishes {4-8). To prevent the tragedy of the commons and to
compensate for the lack of individual control, many successful
communities have thus established central institutions that enforce
mutual cooperation (18-22).

However, a recent discovery suggests that we may have un-
derestimated the amount of control that single playvers can exert in
repeated games. For the repeated prisoner’s dilemma, Press and
Dwson (23) have shown the existence of zero-determinant strategies
(or ZD strategies), which allow a player to unilaterally enforce
a linear relationship between the own payoff and the coplayer's
payoff, irrespective of the coplayer’s actual strategy. The class of
zero-determinant strategies is surprisingly rich: for example, a player
who wants to ensure that the own payoff will always match the
coplayer's payoff can do so by applying a fair 2D strategy, like Tit-
for-Tat. On the other hand, a plaver who wants to outperform the
respective opponent can do so by slightly tweaking the Ti-for-Tat
strategy to the own advantage, thereby giving rise to extortionate
2D strategies. The discovery of such strategies has prompted sev-
eral theoretical studies, exploring how different ZD strategies
evolve under various evolutionary conditions (24-30).

£D strategies are not confined to the repeated prisoner's di-
lemma. Recently published studies have shown that £ strate-
gies also exist in other repeated two player games (29) or in
repeated public goods games (31). Herein, we will show that such
strategies exist for all symmetric social dilemmas, with an arbi-
trary number of participants. We use this theory to describe
which ZD strategies can be used to enforce fair outcomes or to
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prevent free riders from taking over. Our results, however, are
not restricted to the space of ZD strategies. By extending the
techniques introduced by Press and Dyson (23) and Akin (27), we
also derive exact conditions when generalized versions of Grim, Tit-
for-Tat, and Win-Stay Lose-Shift allow for stable cooperation. In
this way, we find that most of the theoretical solutions for the re-
peated prisoner’s dilemma can be directly transferred to repeated
dilemmas with an arbitrary number of involved players.

In addition, we also propose two models to explore how indi-
viduals can further enhance their strategic options 1h) coordinating
their play with others. To this end, we extend the notion of ZD
strategies for single plavers to subgroups of players (to which we
refer as ZD alliances). We analyze two models of 2D alliances,
depending on the degree of coordination between the players.
When players form a strategy alliance, they only agree on the set
of alliance members, and on a common strategy that each alliance
member independently applies during the repeated game. When
players form a synchronized alliance, on the other hand, they
agree to act as a single entity, with all alliance members playing the
same action ina given round. We show that the strategic power of
ZD alliances depends on the size of the alliance, the applied
strategy of the allies, and on the properties of the underlying social
dilemma. Surprisingly, the degree of coordination only plays a role
as alliances become large (in which case a synchronized alliance
has more strategic options than a strategy alliance).

To obtain these results, we consider a repeated social dilemma
between n plavers. In each round of the game, players can decide
whether to cooperate (C) or to defect (D). A player's payoff
depends on the player’s own decision and on the decisions of all
other group members (Fig. L4): ina group in which j of the other
group members cooperate, a cooperator receives the payoff a;,
whereas a defector obtains b;. We assume that payoffs satisfy the
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following three properties that are characteristic for social
dilemmas {corresponding to the individual-centered interpretation
of altruism in ref. 32): (i) irrespective of the own strategy, plavers
prefer the other group members to cooperate (@, = a; and by = b
for all j); (i ) within any mixed group, defectors obtain strictly hlgher
payoffs than cooperators (b, =a; for all j); and (i) mutual co-
operation is favored over mutual defection (a,_ = by). To illustrate
our results, we will discuss two particular examples of multiplayer
games (Fig. 18). In the first example, the public goods game (33),
cooperators contribute an amount ¢ > 0 to a commaon pool, knowing
that total contributions are multiplied by r (with 1 <r < n) and evenly
shared among all group members. Thus, a cooperator’s payoff is

=re(f+ 1) /n —c, whereas defectors yield b =rgj /n. In the second
example, the volunteers dilemma (34), at least one group member
has to volunteer to bear a cost ¢ = 0 in order for all group members
to derive a benefit b= o Therefore, cooperators obtain a;=b—¢
(irrespective of j), whereas defectors vield by = b if j= 1 and by = 0.
Both examples {and many more, such as the collective risk dilemma)
(7, & 35) are simple instances of multiplayer social dilemmas.

We assume that the social dilemima is repeated, such that in-
dividuals can react to their coplayers’ past actions (for simplicity,
we will focus here on the case of an infinitely repeated game). As
usual, payoffs for the repeated game are defined as the average
pavoff that plavers obtain over all rounds. In general, strategies
for such repeated games can become arbitrarily complex, as
subjects may condition their behavior on past events and on the
round number in nontrivial ways. Nevertheless, as in pairwise
games, A1 strategies turn out to be surprisingly simple.
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Fig. 1. llustration of the model assumptions for repeated socdial dilernmas. (4)
We consider symmetric n—player social dilemimias in which eadh player can either
cooperate or defect. The player's payoff depends on its owwn decision and on the
number of other group members who decide to ceoperate. (8) We will disouss
two partioular examples: the public goods game (im which payoffs are pro-
portional to the number of cooperators) and the volunteers dilemima (a5 the
rmost simple exarmple of a nonlinear social dilemma). (C) In addition to individual
strategies, we will also explore how subjects can enhance their strategic options
by coordinating their play with other group members. We refer to the members
of such a ZD alliance as allies, and we call group members that are not part of
the ZD alliance outsiders. Outsiders are not restricted to any partioular strategy.
Some or all of the cutsiders may even form their own alliance.
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Results

Memory-One Strategies and Akin's Lemma. ZD strategies are
memory-one strategies {23, 36); they only condition their behavior
on the outcome of the previous round. Memaory-one strategies can
be written as a vector p={pPca_1.-... PooPon-1---- ool The
entries pg; denote the probability to cooperate in the next round,
given that the player previously played § & {C, 9} and that j of the
coplayers cooperated (in the 8/ Tew, we present an extension in
which players additionally take into account who of the coplayers
cooperated). A simple example of a memory-one strategy is the
strategy Repeat, p""’l" which 1lmg]r;.: reiterates the own move of the
previous round, p“ 1 and ppy =0. In addition, memory-one
strategies need to specify a cmpemnun probability pg for the first
round. However, our results will often be independent of the initial
play, and in that case we will drop pyg.

Let us consider a repeated game in which a focal plaver with
memory-one strategy p interacts with n — 1 arbitrary coplavers
{who are not restricted to amy particular strategy). Let vy ii)
denote the probability that the outcome of round ¢ is (8, 7). Let
¥it) = Va1 (8). . . voplfl] be the vector of these probabilities. A
limit distribution v 15 a limit point for f—= oo of the sequence
[¥(1)+ ... +¥(t)]/t. The entries vy; of such a limit distribution
correspond to the fraction of rounds in which the focal player
finds herself in state (8. ) over the course of the game.

There is a surprisingly powerful relationship between a focal
player's memory-one strategy and the resulting limit distribution
of the iterated game. To show this relationship, let go(r) be the
probability that the focal player cooperates in round r. By definition
of p we can write g0 (1) = p™ -v(1) = e 1+ ...+ vegln].
Similarly, we can express the probability that the focal plaver
cooperates in the next round as ge(r+ L1 =p-vir}. It follows that
Gt 1) =goit) = (p=p% ) wr). Summing up over all rounds
from 1 to r, and dividing by . yields (p=p®®}- [w(1]+ .
vir)/i=[gcit+ 1) —gc (1] /1, which has absolute value at most
1/r. By taking the limit t — oo we can conclude that

(p—p™") v=0. 4

This relation between a player’'s memory-one strategy and the
resulting limit distribution will prove to be extremely useful.
Because the importance of Eq. 1 has been first highlighted by Akin
{27} in the context of the pairwise prisoner’s dilemma, we will refer
to it as Akin's lemma. We note that Akin's lemma is remarkably
general, because it neither makes any assumptions on the specific
game being played, nor does it make any restrictions on the strat-
egies applied by the remaining # — 1 group members.

Zero-Determinant Strategies in Multiplayer Social Dilemmas. As an
application of Akin's lemma, we will show in the following that
single players can gain an unexpected amount of control over
the resulting payvoffs in a multiplayer social dilemma. To this
end, we first need to introduce some further notation. For
a focal player i, let us write the possible payoffs in a given round
as a vector g = [gT ), with gt =a, and g}, - =b;. Similarly, let us
write the average pa:,-:rffﬁ nFr s mp]a}erﬁ as g7 =gy ), where
the entries are given by go' = [ja + (n =j= 1))/ (n=1) and
gw [y + ([ =j=1}y] /(n=1). Finally, let 1 dencte the 2n-
dimensional vector with all entries being one. Using this notation, we
can write player i’s payoff in the repeated game as z' =g - v, and the
average pavoff of i's coplavers as 7' =g~ v. Moreover, h}r defini-
tion of v as a limit distribution, it follows that 1-v= 1. After these
preparations, let us assume player § applies the memory-one strategy

p =P bag +pg 4L, (21
with a, #, and y being parameters that can be chosen by player i

{with the only restriction that #£0). Due to Akin's lemma, we
can conclude that such a player enforces the relationship
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Player i's strategy thus guarantees that the resulting payoffs of
the repeated game obey a linear relationship, irrespective of how
the other group members play. Moreover, by appropriately
choosing the parameters a, 7, and y, the player has direct control
on the form of this payoff relation. As in Press and Dyson (23),
who were first to discover such strategies for the prisoner’s di-
lemma, we refer to the memory-one strategies in Eq. 2 as zero-
determinant strategies or ZD strategies.

For our purpose, it will be convenient to proceed with
a slightly different representation of ZD strategies. Using the
parameter transformation ! =—y/(e+§#), s =—a/f, and $=—4,
2D strategies take the form

p=p"T+p[(1-s)(1-g)+g -], 4]
and the enforced pavoff relationship according to Eq. 3 becomes
o = (1 =3 5]

We refer to [ as the baseline payoff of the ZD strategy and to s as
the strategy’s slope. Both parameters allow an intuitive interpre-
tation: when all players adopt the same 2D strategy p such that
o =x, it follows from Eq. 5 that each player vields the payoff /.
The value of s determines how the mean payoff of the other
group members =7 varies with ='. The parameter ¢¢ does not
have a direct effect on Eq. 5; however, the magnitude of ¢ de-
termines how fast payoffs converge to this linear payoff relation-
ship as the repeated game proceeds (37).

The parameters [, 5, and ¢ of a £D strategy cannot be chosen
arhitrarily, because the entries pg; are probabilities that need to
satisfy } ps; = 1. In general, the admissible parameters depend
on the specific social dilemma being played. In 8§ Texr, we show
that exactly those relations 5 can be enforced for which either
=1 (in which case the parameter [ in the definition of £D
strategies becomes irrelevant) or for which [ and 5 < 1 satisfy

by = <i< min da +n-;-lb‘,+l-a’. .
1-s Gzjzn-1] © H=1 1=¢
16]

It follows that feasible baseline payoffs are bounded by the payoffs
for mutual eooperation and mutual defection, by </ <a, |, and that
the slope needs to satisfy —1/(n - 1) <5< 1. With s sufficiently
close to 1, any baseline payoff between bo and a, -1 can be achieved.
Moreover, because the conditions in Eq. 6 become increasingly re-
strictive as the group size » increases, larger groups make it more
difficult for players to enforce specific payoff relationships.

. _d
ns,--_fmﬂil{b" =1

Important Examplas of ZD Strategies. In the following, we discuss
some examples of ZD strategies. At first, let us consider a player
who sets the slope to £ =1. By Eq. 5. such a player enforces the
pavoff relation = = =™, such that i's payoff matches the average
pavoft of the other group members. We call such ZD strategies
fair. As shown in Fig. 24, fair strategies do not ensure that all
group members get the same payoff; due to our definition of
social dilemmas, unconditional defectors always outperform
unconditional cooperators, no matter whether the group also
contains fair players. Instead, fair players can only ensure that
they do not take any unilateral advantage of their peers. Our
characterization 6 implies that all social dilemmas permit a
player to be fair, irrespective of the group size. As an example,
consider the strategy proportional Tit-for-Tat (pTFT), for which
the probability to cooperate is simply given by the fraction of
cooperators among the coplavers in the previous round

Hilbe et al_

Y
PIFTs; = . [71
For pairwise games, this definition of p7FT simplifies to Tit-for-
Tat, which is a fair ZD strategy (23). However, also for the public
goods game and for the volunteer's dilemma, pIFT is a ZD
strategy. because it can be obtained from Eq. 4 by setting s=1
and ¢h=1/¢, with ¢ being the cost of cooperation.

As another interesting subclass of 2D strategies, let us con-
sider strategies that choose the mutual defection payoff as
baseline payoff, {=ty, and that enforce a positive slope D <s < 1.
The enforced payoff relation § becomes =" =s2' + (1 - 5)by, im-
plying that on average the other group members only get
a fraction 5 of any surplus over the mutal defection payoff.
Moreover, as the slope 5 is positive, the payoffs 7 and =™ are
positively related. As a consequence, the collective best reply for
the remaining group members is to maximize i's pavoffs by
cooperating in every round. In analogy to Press and Dyson (23),
we call such ZI strategies extortionate, and we call the quantity
x=1/5 the extortion factor. For games in which (=8, =10), Eq. 5
shows that the extortion factor can be written as y = &' /z'. Large
extortion factors thus signal a substantial inequality in favor of
player i. Extortionate strategies are particularly powerful in so-
cial dilemmas in which mutual defection leads to the lowest
group payoff (as in the public goods game and in the volunteer’s
dilemma). In that case. they enforce the relation o' =x7"; on
average, playver i performs at least as well as the other group
members (as also depicted in Fig. 28). As an example, let us
consider a public goods game and a ZD strategy p™ with /=0,
f=n/[(n=risc+rc], for which Eq. 4 implies

> WL A nir=1}
P-%f__a:-l[l “ "z]r+[n-r:-s]'

18]
independent of the player’s own move 8 {C. D). In the limit
5 = 1, p= approaches the fair strategy pTFT. As s decreases from
1, the eooperation probabilities of pL* are increasingly biased to
the own advantage. Extortionate strategies exist for all social
dilemmas (this follows from condition [6] by setting [ =#y and
choosing an s close to 1). However, larger groups make extor-
tion more difficult. For example, in public goods games with
i = rf(r=1), playvers cannot be arbitrarily extortionate any longer
as [6] implies that there is an upper bound on g (5 Te).

As the benevolent counterpart to extortioners, Stewart and
Plotkin described a set of generous strategies for the iterated
prisoner’s dilemma {24, 28). Generous players set the baseline
payoff to the mutual cooperation payoff !=a,.; while still

enforcing a positive slope <5< 1. This results in the payoff o

relation =7 =sx' + (1 —8)a,- . In particular, for games in which
mutual cooperation is the optimal outcome for the group (as in
the public goods game and in the prisoner's dilemma but not in
the volunteer's dilemma), the payvoff of a generous player sat-
isfies ' < &' (Fig. 2C). For the example of a public goods game,
we obtain a generous ZD strategy p™ by setting [=rc — ¢ and
gr=n/[(n =risc +rc], such that

- J i
P = PRl -5)

n=f=1 nir=1}
n=1 r+n-ris

191

For s — 1, p™ approaches the fair strategy pTFT, whereas lower
values of 5 make p™ more cooperative. Again, such generous
strategies exist for all social dilemmas, but the extent to which
plavers can be generous depends on the particular social di-
lemma and on the size of the group.

As a last interesting class of ZD strategies, let us consider plavers
who choose s =0. By Eq. 5, such players enforce the payoff relation
&~ =1, meaning that they have unilateral control over the mean
pavotf of the other group members (for the prisoner’s dilemma,
such equalizer strategies were first discovered in ref. 38). However,
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Fig. 2. Characteristic dynamics of payoffs over the
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course of the game for three different Z0 strategies. 8 B 8 BENErILS SHeRy
Each panel depicts the payoff of the focal player &' o
{blue} and the average payoff of the other group & ‘5 Facal Focal ) her
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individual payoffs of the other group members are EE 1.5 Oithes "-5'"1'\-—-..________,__ 1.5p g
shown as thin red lines. () A fair player ensures 52 Qroup membars e, Facal
that the own payoff matches the mean payoff of =3 qroup members Player
the other group members. This does not imply that [y — . . . . g . . . . . [y — . . .
all other group members yield the same payoff. (§) o ‘”:'Hu_ﬂ Nﬁumura“ o 8 ZHRG:“LL HE'HWM 108 o dnﬂujr?uhh?:mrau 4

For games in which mutual defection leads to the

lowest group payoff, extortionate players ensure that their payoffs are above average. (€} In games in which mutual cooperation is the social optimum,
genercus players let their coplayers gain higher payoffs. The three graphs depict the case of a public goods game with r=4, c=1, and group size n=20. For
the strategies of the other group members, we used random memory-one strategies, where the cooperation probabilities were independently drawn from
a uniform distribution. For the strategies of the focal player, we used {A) pTFT, {B) p™ with s=0.8, and (C) p™ with s=0.8.

unlike extortionate and generous strategies, equalizer strategies
typically cease to exist once the group size exceeds a critical
threshold. For the example of a public goods game this thresh-
old is given by n=2r/(r—1). For larger groups, single plavers
cannot determine the mean payoff of their peers any longer.

Stable Cooperation in Multiplayer Social Dilemmas. Let us next ex-
plore which £ strategies give rise to a Nash equilibrium with
stable cooperation. In 5F Few, we prove that such ZD strategies
need to have two properties: they need to be generous (by setting
I=a, | and 5= (), but they must not be too generous [the slope
needs to satisfy = (n = 2)/(n = 1}]. In particular, whereas in the
repeated prisoner’s dilemma any generous strategy with s =0 is
a Mash equilibrium (27, 28), larger group sizes make it increasingly
difficult to uphold cooperation. In the limit of infinitely large
groups, it follows that s needs to approach 1, suggesting that £D
strategies need to become fair. For the public goods game, this
implies that stable cooperation can always be achieved when
players cooperate in the first round and adopt proportional Tit-
for-Tat thereafter. Interestingly, this strategy has received little
attention in the previous literature. Instead. researchers have fo-
cused on other generalized versions of Tit-for-Tat, which co-
operate if at least & coplayers cooperated in the previous round (4,
39, 40). Such memory-one strategies take the form pg;=01if j<k
and pg;=1if j =k Unlike pTFT, these threshold strategies nei-
ther enforce a linear relation between payoffs, nor do they induce
fair outcomes, suggesting that piFT may be the more natural
generalization of Tit-for-Tat in large-scale social dilemmas.

In addition to the stable ZI) strategies, Akin's lemma also
allows us to characterize all pure memory-one strategies that
sustain mutual cooperation. In 5f Text, we show that any such
strategy p needs to satisfy the following four conditions

L

pPor-1=1 pra-2=U0, pp =

-1 -bil

hn!—l L

hﬂ-] = ilp-]

and  ppg= [ 1]

with no restrictions being imposed on the other entries pg;. The
first condition p- | =1 ensures that individuals continue to play C
after mutual cooperation; the second condition g, s =0 guaran-
tees that any unilateral deviation is punished; and the last two
conditions describe whether players are allowed to revert to co-
operation after rounds with almost uniform defection. Surprisingly,
only these last two conditions depend on the specific payotfs of the
social dilemma. As an application, condition 10 imply that the
threshold variants of Tit-for-Tat discussed above are only a Nash
equilibrium if they use the most stringent threshold: k= — 1. Such
unforgiving strategies, however, have the disadvantage that they are
often susceptible to errors: already a small probability that plavers
fail o cooperate may cause a complete breakdown of cooperation
i41). Instead, the stochastic simulations by Havert and Schuster (3)
showed that successful strategies tend to cooperate after mutual

daf 6 | wawwpnas orgiegifdoi10.107 Fpnas. 14078ET 111

cooperation and after mutual defection [Le., pry,- | =ppp=1 and
pyi=0 for all other states (5. 7}]. We refer to such a behavior as
WALS, because for pairwise dilemmas it corresponds to the Win-
Stay, Lose-Shift strategy described by ref. 36. Because of condition
[10], WELS is a Nash equilibrium if and only if the social dilemma
satisfies (by_y +by) /2 =@, . For the example of a public goods
game, this condition simplifies to # > 2n /(1 + 1), which is always
fulfilled for r=2. For social dilemmas that meet this condition,
WSLS provides a stable route to cooperation that is robust to errors.

Zero-Determinant Alliances. In agreement with most of the theo-
retical literature on repeated social dilemmas, our previous
analysis is based on the assumption that individuals act in-
dependently. As a result, we observed that a player's strategic
options typically diminish with group size. As a countermeasure,
subjects may try to gain strategic power by coordinating their
strategies with others. In the following, we thus extend our the-
ory of ZD strategies for single individuals to subgroups of play-
ers. We refer to these subgroups as ZD alliances. Because the
strategic power of ZD alliances is likely to depend on the exact
mode of coordination between the allies, we consider two dif-
ferent models: when subjects form a strategy alliance, they only
agree on the set of alliance members and on a common ZD
strategy that each ally independently applies. During the actual
game, there is no further communication between the allies.
Strategy alliances can thus be seen as a boundary case of co-
ordinated play, which requires a minimum amount of coordi-
nation. Alternatively, we also analyze synchronized alliances, in
which all allies synchronize their actions in each round (i.e., the
allies cooperate collectively, or they defect collectively). In ef-
fect, such a synchronized alliance thus behaves like a new entity
that has a higher leverage than each player individually. Syn-
chronized alliances thus may be considered as a boundary case of
coordinated play that requires substantial coordination.

To model strategy alliances, let us consider a group of n
allies, with 1 <n** <n. We assume that all allies make a binding
agreement that they will play according to the same 2D strategy
p during the repeated game. Because the 2D strategy needs to
allow allies to differentiate between the actions of the other allies
and the outsiders, we need to consider a more general state space
than before. The state space now takes the form (5,4, j~4). The
first entry 5 corresponds to the focal player's own play in the pre-
vious round, i gives the number of cooperators among the other
allies, and j~ is the number of cooperators among the outsiders. A
memory-one strategy p again needs to specify a cooperation prof-
ability ps .1 .+ for each of the possible states. Using this state space,
we can define 2D strategies for a plaver 7 in a strategy alliances as

p=p 4|1 —s)(1— g )+ g —(n' = 1)wtgt — (-t g,
[11]

The vector g4 contains the average payoff of the other allies for
each possible state, and g™ is the corresponding vector for the
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outsiders. The weights w™' =0 and w* =0 are additional para-
meters that determine the relative importance of outsiders
and other allies, being subject to the constraint (m* = w4
{#=n*w =1 In the special case of a single player forming
an alliance, n! = 1, this guarantees that the two definitions of
ZD strategies 4 and 11 are equivalent.

Similarly to the case of single individuals, we can apply Akin's
lemma to show that strategy alliances enforce a linear relation-
ship between their own mean pavoff ' and the mean pavoff of
the outsiders x™* (for details, see 5/ Texr)

=gt (1 =54 [12]

where the slope of the alliance is given by s = [s = (1 = 1jw]/
[1= (= 1w, A strategy alliance can enforce exactly those
pavoff relationships 12 for which either s*=1 or for which [
and s < | satisfy the conditions

) b= . n=j=1hy —a
ugﬂ:ﬁm{b’ Tnend 1ogd } =t = ﬂﬂu ]{ﬂj AR R
[13]

Interestingly, to reach this strategic power, an alliance needs to
put a higher weight on the within-alliance payoffs (i.e.. w! needs
to exceed w-ty 81 Tewr), such that the allies are stronger affected
by what the other allies do, as opposed to the actions of the
outsiders. For single player alliances, v = 1, condition 13 again
simplifies to the previous condition 6. However, as the alliance
size i increases, condition 13 becomes easier to satisfy. Larger
alliances can therefore enforce more extreme payoff relationships.
For the example of a public goods game, we noted that single
plavers cannot be arbitrarily extortionate when r =r/{r — 1). Alli-
ances, on the other hand, only need to be sufficiently large,
wt i = (r - 1) /r. Onece an alliance has this critical mass, there are
no bounds to extortion.

In a similar way, we can also analyze the strategic possibilities
of a synchronized alliance. Because synchronized alliances act as
a single entity, they transform the symmetric social dilemma
between » independent players to an asymmetric game between
i —n,+1 independent players. From the perspective of the al-
liance, the state space now takes the form (8., where 8 & {C. D}
is the common action of all allies and where U< <n = 4 is the
number of cooperators among the outsiders. 2D strategies for
the synchronized alliance can be defined analogously to ZD
strategies for single players

p=p" +p[(1-s") (NN -g')+g*-g]. [14]

with g being the pavoff vector for the allies and g~ hein_g, the
payotf vector of the outsiders. For a single player alliance, n* =1,
this again reproduces the definition of ZD strategies in 4. By
applying Akin's lemma to Eq. 14, we conclude that synchronized
alliances enforce x~' =s1* 4 (1 = 5Y)l, which is the same as re-
lationship 12 for strategy alliances. Surprisingly, we even find that
for reasonable alliance sizes, i <n /2, strategy alliances and syn-
chronized alliances have the same set of enforceable parameters /
and 5, as given by Eq. 13 (see 57 Tew for details). Thus, for the
two models of ZD alliances considered here, the exact mode of
coordination is irrelevant for the alliance’s strategic power unless
the alliance has reached a substantial size.

Table 1 gives an overview of our findings on ZD strategies and
ZD alliances in multiplayer social dilemmas. It shows that, al-
though generally, ZD strategies exist for all group sizes, the power
of single players to enforce particular outcomes typically dimin-
ishes or disappears in large groups. Forming 2D alliances then
allows players to increase their strategic scope. The impact of
a given ZD alliance, however, depends on the specific social di-
lernma: although 21 alliances can become arbitrarily powerful in
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public goods games, their strategic options remain limited in the
volunteer's dilemma.

Discussion

When Press and Dyson (23) discovered the new class of ZD
strategies for the repeated prisoner’s dilemma, this came as a big
surprise (24, 25): after more than five decades of research. it
seemed unlikely that any major property of the prisoner's di-
lemma has been overlooked. For repeated multiplaver dilemmas
the situation is different. Although various Folk theorems guar-
antee that cooperation is also feasible in large groups (42, 43),
there has been considerably less theoretical research on the
evolution of cooperation in repeated multiplayer dilemmas (4, 5,

349, 40). This may be due to the higher complexity: the mathe- g:11

matics of repeated m-playver dilemmas seems to be more intricate,
and numerical investigations are impeded because the time
compute payoffs increases exponentially in the number of play-
ers (5). Nevertheless, we showed here that many of the results for
the repeated prisoner’s dilemma can be directly transferred to
general social dilemmas, with an arbitrary number of involved

subjects. The foundation for this progress is a new framework, g1z

provided by Akin's lemma and the theory of Press and Dyson.

Using this framework, we extended the theory of repeated
multiplayer dilemmas into three directions. The first and most
immediate direction is our finding that ZD strategies exist in all
social dilemmas. These strategies allow playvers to unilaterally die-
tate linear payotf relations, irrespective of the specific social di-
lemma being played, irrespective of the group size, and irrespective
of the counter measures taken by the other group members. In
particular, we showed that any social dilemma allows plavers to be
fair, extortionate, or generous. Each of these strategy classes has its
own particular strengths: extortionate strategies give a player a rel
ative advantage compared with the other group members; fair
strategies help to avoid further inequality within a group; and
generous strategies allow players to revert to mutual cooperation
when a coplayer defected by accident. At the same time, ZD
strategies are remarkably simple. For example, to be fair in
a public goods game, playvers only need to apply a rule called
proportional Tit-for-Tat: if j of the n = 1 other group members
cooperated in the previous round, then cooperate with prob-
ability j/{n — 1) in the following round. Extortionate and gen-
erous strategies can be obtained in a similar way, by slightly
modifving pTFT to the own advantage or to the advantage of
the others.

As the second direction, we explored which £D strategies and
which pure memory-one strategies can be used to sustain co-
operation in multiplayer dilemmas. Among ZD strategies, such
strategies need to be generous (such that players never try to
outperform their peers) (27, 28), but at the same time they must
not be too generous. The right degree of generosity depends on the
size of the group but not on the specific social dilemma being
played. As a rule of thumb, we obtain that in larger groups, subjects
are required to show less generosity.

As the last direction, we extended the concept of zero-
determinant strategies from single players to subgroups of players,
to which we refer to as ZD alliances. Depending on the degree of
coordination, we explored two forms of ZD alliances: members
of a strategy alliance only agree on using a common ZD strategy
during the game, but they do not coordinate each of their
decisions; members of a synchronized alliance, on the other
hand, act as a single entity—they either all cooperate or they all
defect in a given round. The effect of such 2D alliances depends
on the size of the alliance, the applied strategy, and the prop-
erties of the underlying social dilemma. In general, we find that
by coordinating their play with others, subjects can increase their
strategic options considerably. The exact mode of coordination,
however, only tums out to p]ai( a minor role: As long as the size
of the ZD alliance is below half the group size, strategy alliances
and synchronized alliances have the same strategic power. In ad-
dition to their static properties, 2D strategies for the prisoner’s
dilemma also have a remarkable dynamic component (23, d4):
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Table 1. Strategic power of different ZD strategies for three different social dilemmas

Strategy Typical Prisoner's
class property dilemma Public goods game Volunteer's dilemma
Fair strategies A=t Always exist Always exist Always exist
Extortionate A gt Always exist In large groups, single players cannot be Even large ZD alliances cannot be
strategies arbitrarily extortionate, but sufficiently large arbitrarily extortionate
ZD alliances can be arbitrarily extortionate
Generous Paal-¥ o Always exist In large groups, single players cannot be Do not ensure that own payoff is
strategies arbitrarily generous, but sufficiently large ZD below average
alliances can be arbitrarily generous
Equalizers A=l Always exist May not be feasible for single players, but is Onily feasible i size of ZD alliance is

always feasible for sufficiently large ZD alliances

n'=n—1, can only enforce [=b—c

Analogously to the case of individual players, ZD alliances are fair when thay set 57 =1; they are extortionate when I =by and 0 < 5* < 1; they are generous
for I=as-1 and 0 <5" < 1; and they are equalizers when s = 0. For each of the three considered social dilermmas, we explore whether a given ZD strategy is
feasible by examining the respective conditions in ref. 13. In the repeated prisoner's dilemma, single players can exert all strategic behaviors {23, 28, 29). Other
social dilemmas either require players to form alliances to gain sufficient control (as in the public goods game), or they only allow for limited forms of control
[as in the volunteer's dilemima). These results hold both for strategy alliances and for synchronized alliances.

when a plaver commits himself to an extortionate 2D strategy,
then adapting coplayers learn to cooperate over time. Numerical
simulations in the SI show an analogous result for multiplaver
dilemmas: when ZD alliances apply strategies with a positive
slope, they can trigger a positive group dynamics among the out-
siders. The magnitude of this dynamic effect again depends on the
size of the alliance, and on the applied strategy of the allies.
Here, we focused on ZID strategies; but the toolbox that we
apply (in particular Akin's lemma) is more general. As an ex-
ample, we identified all pure memory-one strategies that allow
for stable cooperation, including the champion of the repeated
prisoner’s dilemma, Win-5tay Lose-Shift {36, 45). We expect that
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there will be further applications of Akin's lemma to come. Such
applications may include, for instance, a characterization of all
Mash equilibria among the stochastic memory-one strategies or
an analysis of how alliances are formed and whether evolutionary
forces favor particular alliances over others (46, 47).

Owverall, our results reveal how single players in multiplayer

games can increase their control by choosing the right strategies
and how they can increase their strategic options by joining
forces with others.
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51 Text

In the following, we show how the mathematical framework introduced by Press and Dyson (1) and Akin (2) can be extended to explore
cooperation and control in multiplaver social dilemmas. We begin by defining the setup of repeated social dilemmas, and then we discuss the
existence and the properties of zero-determinant strategies. In particular, we study ZD strategies that allow a player to differentiate between
the actions of different coplayers. We also identify strategies that give rise to stable cooperation. To this end, we focus on two strategy classes:
ZD strategies and pure memory-one strategies. Then, we investigate how individuals can extend their steategic options by coordinating their
behaviors with others, and we apply our results to two examples of multiplayer dilemmas: the public goods game and the volunteer’s di-
lemma. The appendix contains the proofs for our propositions.

Setup of the Model: Repeated Multiplayer Dilemmas. We consider repeated social dilemmas between n players (as illustrated in Fig. 1). In
each round, players may either cooperate (C) or defect (13), and the players’ pavoffs for each round depend on their own action and on the
mumber of cooperators among the other group members. Specifically, in a group with | other cooperators, a cooperator receives the payoff
a;, whereas a defector obtains b;. To qualify as a social dilemma, we assume that one-shot payoffs satisfy the following three conditions (3):

i)y Independent of the own action, plavers prefer their coplavers to be cooperative
aiz1zap and by = by forall jwith O<jan=1. [51]
iy Within each mixed group, defectors strictly outperform cooperators
b= a; forall j with 0<j<n=1. [52]

i) Mutual cooperation is preferred over mutal defection
dy > bli- lssl

As particular examples of such social dilemmas, we discuss the linear public goods game (4) and the volunteer's dilemma (3) later.

We will assume here that the social dilemma is repeated infinitely often. This is merely done for simplicity of the argument: similar
results can be obtained for finitely many rounds or for games with discounting of the future as in refs. 6 and 7. In repeated games,
a player’s strategy needs to specify how to act in given round, depending on the outcomes of the previous rounds. Given the strategies
of all group members, let us denote plaver i's expected pavoft in round 1 as &:(1). The payoffs for the repeated game are defined as the
average payvoff per round

A .
x = lim ?gﬂn. [54]

In the following, we will assume that these limits exist. This always holds, for example, when players only base their decisions on a finite
{but arbitrarily large) number of past rounds,

Zero-Determinant Strategies for Multiplayer Dilemmas.

Memovy-one strategies and Akin's lemma. Although in general, strategies for repeated games can be arbitrarily complicated, we showed that
players can achieve a remarkable control over the possible payoff relations by referring to the outcome of the last round only. In particular, we
focused on players who only consider their own move in the previous round and the number of cooperators in the previous round (this is
a consequence of our assumption that the game is symmetric, such that payotfs do not depend onwho of the coplayers cooperated, but only on
how many ). Such strategies are particularly relevant when players can only observe the outcome of the game, but not the coplayers” individual
actions. In the context of alliances, however, it is useful to consider a slightly more general strategy set. which allows plavers to distinguish
between different coplayers. In this section, we will therefore develop a more general theory of ZD strategies.

To this end, let us denote player s action in a given round as §; & [C.1}), and let o= (8,.....5,) € {C.0}" denote the overall
outcome of that round. A memory-one strategy is a rule that tells a plaver what to do in the next round, given the outcome of the
previous round. Formally, such memory-one strategies correspond to a map that takes the outcome of the previous round « as input
and that returns the cooperation probability p; for the next round, p=(p,) For example, player i's strategy Repeat, which

: . : £
simply reiterates the own move from the previous round. takes the form pr"?’ with
Rep 1 it &=C .
Pis .50 = {u it S, =D 1551

Additionally a memory-one strategy also needs to specify a cooperation probability for the first round of the game. Because the outcome
of infinitely repeated games is often independent of the first round, the initial cooperation probability is typically neglected (1, 2, 8-13).
In the following, we will therefore only specify a player’s initial cooperation probability when necessary.
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If all members of the group use memory strategies, the calculation of payoffs according to Eq. 84 becomes particularly simple. In that
case, the repeated game can be described as a Markov chain, as the outcome in the next round only depends on the outcome of the
previous round {14-16). Although the assumption of memory-one strategies often simplifies caleulations, we will show below that the
properties of ZD strategies hold irrespective of the strategies of the other group members (in particular, ZD strategists do not require

their coplayers to apply memory-one strategies).
For a game between n plavers with arbitrary but fixed strategies, let v, (1) be the probability that the outcome of the rth round is & and

let ¥{r) = [V {#)] sy iy be the vector of these probabilities. For example. for pairwise games v(r) becomes [vec(f). ven(r) vie (1) vpn (1]
A limit distribution v is a limit point for f — co of the sequence [w(1)+ _..w(r}]/r. The entries of v, of such a limit distribution cor-
respond to the fraction of rounds in which the group members find themselves in state s & {C.3}" over the course of the pame. If one
of the players applies a memory-one strategy p, Akin's lemma again guarantees that there is a powerful relationship between p and v
{which can be shown with literally the same proof as in the main text).

Lemma (Akin's Lemma). Suppose the focal plaver applies an arbitran memory-one strategy p. Then, for any lmiving distibution v {irespective
af the outcome of the initial round), we have

(p—p™r) v=0. [56]

where the product refers to the usual scalar product, p-v= 3 oo ppPaVe.
We note that Akin's lemma makes no assumptions on the payoff structure of the game (in particular it also applies to games
that do not have the form of a social dilemma). Moreover, there are no restrictions on the strategies applied by the remaining

i=1 group members.
Zero-determinant strategles. To define zero-determinant strategies, let us first introduce some further notation. For a given round outcome
e {0}, let |o| denote the total number of cooperators {Le.. || equals to the number of Cs in 7). This allows us to write player i's

pavoff g for that round as

85y, 5. ={ by if S,=D. =

Letg =g }oe(cpp e the corresponding payoff vector. Using this notation, we can write player i's payoff in round 1 as m(r) = g i),
and is eacpec’ted pa}nff for the repeated social dilemma according to Eq. 84 becomes o =g v Finally, let 1 = (1) rec .y denote the
vector with all entries being equal to one. By definition of v, it follows that 1.v=1. We can now introduce ZD %tmtegles as follows.
Theorem (Press and Dyson). Let . . and y be parameters such thar 3 6 # . If player i applies a memory-one strategy of the form
p=pThag+ > el [58]
T

then, irrespective of the strategies of the remaining n = 1 group members, payoffe obey the equation

an' + Z pir 4y =0. [59]
Je

We refer to sirategies of the form 58 as zevo-determinant strategies or Z0 strategies.
Proof: Follows immediately from Akin's lemma, becanse

0= (p-p™).v= (ugf + Zﬁfgf+}'l) V= ar + Zﬁf# +7. [S10]
I i

By using 2D strategies, a plaver can thus enforce a linear payoff relation between his own payoff and the payoffs of the coplavers.
Moreover, by appropriately chmwng the parameters a, /&, and y, the player has direct control on the form of this payoff relation.
For our purpose, it will be convenient to use a slightly 'different representation of £ strategies. For a player § who applies a ZD

strategy, let us consider the following parameter transformation:

o 4 —iF .I‘{.
= , &= . W=, wWi=ll gh== i [511]
a3 il > railli P raile g
Using these new parameters, ZD strategies take the form
p=p"" b |sg — D wig +(1-s)1|, [812]
i
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subject to the constraints ¢ # 0, w; =0, and E w; = 1. which directly arise from the definitions in Eq. 811, When player i applies such
a A strategy, the enforced payoff relation acu:nrdmg to Eq. 89 becomes

=52 4 (1=5). 1513]
where 7~ = E:_|'I-'I-'_|'.I'[": is the weighted average pavoff of the coplayers. We refer to ] as the baseline payoff of the 21 strategy, to  as the
slope, and to w = (w;) as the strategy’s weights. The parameter ¢ does not have a direct effect on Eq. §13; however, the magnitude of g
determines how fast payoffs converge to the enforced pavoff relation as the game proceeds (7).

Examples (the impact of different welghts):

i) Equal weight on all coplayers. Suppose plaver i applies a 21 strategy with weights wy=1/{n = 1) for all j £/, According to Eq. 512,
the entries of such a ZD strategy have the form

1+qﬁ |:|:1 —S:‘{E =i |~ |__] - | flll}.4| EI|,T|_]]'] if S,' =
= [514]
¢'[“-~‘}'U b))+ | (b —ap)| i S=D

The cooperation probabilities of player § thus only depend on the player's own action %; in the previous round and on the number of
cooperators o). That is, the ZI strategies that we discussed in the main text are exactly those ZI strategies that use the same weight for
each of their coplayers. According to Eq. 813, such strategies enforce x™' =5’ + (1 —s)l, with x™ being the arithmetic mean of all coplavers’
payoffs #7' =3 . /(n = 1]. In Fig. 81, we illustrate this relationship for two different social dilemmas (the public goods game and the
volunteer's dilemma) and for two different 21 strategies (a generous and an extortionate 2D sirategy).

i) Full weight on one coplayer. Let us now suppose instead that player § chooses w such that all entries are zero except for w; =1 for
some j £ It follows that

Lo g1 =) (! =ty 1) if §;=8=C
- l+¢([m|,,|]-b;,+[l-s]f] if 5;= C.‘.i'_ﬂ
Pe=N 4lsby —apwi+ (-5}  iSi=D§=C

H{1-5){1~byy) if ;=58 =D.

[S15]

That is, player i's reaction only depends on the number of cooperators, the own move, and on player j's move. The enforced payvoff
relation $13 becomes &' =52 + (1 —5).

A player cannot enforce arbitrary payoff relations 813 because the parameters [, 5, w, and ¢ need to be set such that the resulting
cooperation probabilities according to Eq. 812 are in the unit interval. We thus say that a payoff relation (/. 5. w) is enforceable if there
is a gh %0 such that the resulting ZD strategy p satisfies p, €[, 1] for all possible outcomes s {C_D}". The following gives some
necessary conditions for enforceable payoff relations.

Proposition 1 (Necessary Conditions for Enforceable Payoff Relations). Any enforceable pavoff relation (I.s. w) satisfies — L <s < Land if s < 1
then bo <1 < ag-1. Mareover, the pavameter § 3£0 needs fo be chosen such that =0,
In addition to these necessary conditions, one can also give a characterization of all possible payvoff relations.

Proposition 2 (Enforceable Payoff Relations). Consider a pavaff relation (1 s.w) for plaver i such that w; = 0 for afl j. Let vy denote the sum af
the j smallest entries of w {excluding the entry w;), and let ey =0, Then (1.5, w) is enforceable for a given social dilemma rf and ondy if either
i=1or

max {b}_M}{I{ min {a}-.'.W}_ [S516]

{151 l=-s Dfjn-1 1=

Remark (some observations on enforceable payolf relations):

i) A direet consequence of Proposition 2 is that 2D strategies exist for all social dilemmas and for all weights w with w; = 0 {one only
needs to set s=1). Moreover, if all weights are positive, i.e., w; =0 for all j#i, it also follows that any baseline payoff between
by <l =a, is enforceable for some s < 1 (because by > a;_ for .'ﬂllj: one only needs to choose an s that is sufficiently close to one).

iy For a given slope and given weights, we also note that if the baseline payoffs [y and [z are enforceable, then so is any baseline payoff
! between {; and {5.

iii) In the special case of equal weights on all coplayers, w; =1/ (n — 1] for all §, the sum of the j smallest entries of w is simply given by
Wy =j/(n =1} In that case. a payoff relation is enforceable if and only if either s=1 or

by -y —j=1 by =
INEEX bJ-’I— ) </< min a}.+“ ! Gl =d [517]
fhgizn~1 =1 1-zx gjiza-1 =1 1=

Fig. 52 gives an illustration of the enforceable payotf relations, again for the two examples of a public goods game and a volunteer’s
dilemma. In particular, in both examples the space of enforceable payoff relations shrinks with group size. This holds more generally:
if the payoff advantage of a defector by, —&; does not increase with group size, then Proposition 2 implies that larger group sizes
make it more difficult to enforce specific payoff relations.
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iv) In the special case of full weight on one coplaver, i.e. we =1 for some ki and all other entries of w are zero, the sum of the j
smallest entries is either w; =0 (if j=n — 1) orw, =1 (if j = — 1). Because b,y =b; and a;; ) =a;, a payoff relation is enforceable if
ith ) j i i . i /|
either s=1 or

mux{bm_g.‘Lm"']} =f= min{bll_m".m}. [S18]

l=zs -

For games in which b,_; = a,, condition 518 cannot be satisfied. In particular, the condition cannot be satisfied for social dilemmas
with group size # = 3 (because for such social dilemmas by, _; = a; follows from 81 and 82). Thus, in large groups, the only feasible
2D strategies are those with s =1, Le., the only payoff relationship that player i can enforce between his own payoff and player k's
pavoff is the fair pavoff relationship, =% =x'.

v) A comparison of Eqs. 817 and 518 thus shows that the set of enforceable payoff relations is larger if player i uses the same weight
for all coplayers. This holds more generally: if a payoff relation (f.s.w) is enforceable for some weight vector w, then it is also
enforceable for the weight vector that puts equal weight on all coplayers (this follows from Propaosition 2 because w; becomes
largest when all coplayers have the same weight).

Mash Equilibria of Repeated Multiplayer Dilemmas. Various Folk theorems have shown how repetition can be used to sustain cooperation in
social dilemmas (17, 18). To prove these Folk theorems, one typically constructs specific strategies that give rise to given payoff
combinations (', ... =) and shows then that these strategies are indeed an equilibrium of the repeated game. Herein, we ask a somewhat
different question: within a certain strategy class, what are all Nash equilibria? We respond to this question for two different strategy classes,
the class of ZD strategies, and the class of pure memory-one strategies. The equilibria among these two strategy classes will prove to be stable
against any mutant strategy (i.e., we do not need to assume that mutants are restricted to ZD strategies or memory-one strategies).

To simplify the analysis, we will focus on symmetric memory-one strategies for which the cooperation probability only depends on the

own move in the previous round and on the number of cooperators in the previous round (but not on who of the coplayers cooperated).
In that case, each possible outcome « can be identified with a pair (8.7}, where § € [, D} is the player's own move and j is the number
of cooperators among the other » =1 group members. This allows us to represent memory-one strategies as vectors of the form
p=(ps;}. Using an analogous notation as in the previous section, v= (vs;) corresponds to the frequency of observing each of the states
{8.j) over the course of the game, g = (g ) corresponds to player i's payoffs, and g™ = (gg7) corresponds to the average payolfs of i's
coplayers (using the arithmetic mean g™ = ~L; 57 g/). Because symmetric memory-one strategies are a subset of all memory-one
strategies, the previous results {in particular Akin's lemma and the Press and Dyson theorem) naturally earry over.
Nash equilibria among 2D strategies. Consider a group in which all players apply the ZD strategy p with parameters [, 5, b, and w; = 1/(n = 1}
for all j #4, and let us suppose the nth player considers deviating. We will refer to the first n = 1 plavers as the residents and to the ath
player as the mutant, and we denote a resident’s payoff by & and the mutant's payoff by 7. Because residents apply a ZD strategy, Eq. 813
implies that each of them enforces the relationship

:%?x+r%ir:s.v+ (1-g)l. [S19]
which can be rewritten as
=5+ (1-57)0 15200
with
s=gn=1)={n=2). [821]

That is, the i — 1 residents collectively enforce a linear relationship between their own pavoff = and the payoff of the mutant &, with the
same baseline payoff ! and with slope s™. By using the same strategy as the residents, the mutant yields the pavoff 7 = x. Fors™ < 1, Eq. 520
then implies that # = r=1I. Fors® =s =1, the value of ! is a free parameter that does not have an effect on the entries of the 2D strategy; to
be consistent with the case £ < 1, we define { to be the payoff that the strategy yields if applied by all group members (this payvoff depends on
the strategy’s cooperation probability in the initial round). Thus, by using the residents’ strategy the mutant vields the payoff [.

For p to be a Nash equilibrium, a minimum requirement is that the mutant must not have an incentive to switch to a different ZD
strategy p. with parameters [ and — 1 <5 < 1. Such a mutant would enforce the payoff relation

a=gr4 (1= [522]
Solving the two linear equations 820 and 822 for the mutant’s payoff vields

{1 =s®) 471 -5)

r= =513
1 =is® [523]
The mutant has no incentive to deviate when 7=/, that is when
(F-f}s'”[l -5
F=l=ad ) 524
e [524]
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Because — Ly <s <1 (by Proposition 1) and because — 1y <35 <1 (by assumption), the denominator of Eq. 824 is positive. We can
therefore I'.‘]IJStII'lgLLISh three cases.

i) &% =0 In that case 7 =/ =0, and player n cannot improve his payoff by deviating,
i) % =0. In that case 7 =1 <0 if and only if  </. To prevent the mutant from deviating, the residents thus need to apply a strategy
with maximum possible baseline pavoff, [=a,_,.
iy 8% <l Then & =<0 if and only if /' =/=0. To prevent the mutant from deviating, the residents’ 217 strategy needs to set ! to the
minimum value { = by,

This result also holds if mutants are not restricted to ZD strategies.

Proposition 3 (Mash Equilibria Ameng ZD Strategies). Consider a social dilemma in which mutual cooperation is the best owrcame for the group,
whereas miutual defection is the wost possible ouicone

;) +
-t‘:mu.:cJIIl

by < min o
flZ)=n

jay + (m=jl .
Ozjzn % Slu-1- 1525]

(=
"

Let p be a ZID strategy with parameters L 5, and o and let 8% = (n=1)5 = (n = 2). Then p is a Nash equilibrium if and only if one of the
following three cases holds:

sP=0and by <l <a,_y; s =0 and I=a,_;: and 7 <0 and [=hy.

Remark (some observations for stable ZD strategies):

i) The three conditions in Proposition 3 do not depend on ¢, Whether a 21 strategy is stable only depends on the payoff relation that
it enforces, but not on the exact strategy that gives rise to this payoff relation.
i} The three conditions do not directly depend on the sign of s, but on the sign of 5% = (1 = 1}s = (1 — 2). Whether a given 2D strategy
is stable thus depends on the group size.
iii) The second condition is of particular interest, because it states that stable mutual cooperation can be achieved by ZD strategies
with / =a,_, and 5= (# - 2/n — 1). For pairwise games these are exactly the generous ZD strategies with /=a, | and s =0 (2, 10).
As the group size increases, generous strategies need to approach the fair strategies (with $=1) to allow for stable cooperation.

Corollary 1 (Convexity of the Set of Nash Equilibria). Consider a social dilernma in wiich miual cooperation is the best outeome for the gronup.
Suppose p'and p° are two ZD straregies thar both give rise to stable cooperation {ie, I'=1"=a,_jand 5’ = (n-2fn -1}, 5" =(n =2/n-1]).
Then any linear combination p=2p' + (1 = A)p" with 0 =1 <1 s also a 20 strategy that gives rise to stable cooperation.

Proof: A direct computation shows that p can be written as a ZD stratepy with parameters [=a,_;, ¢=4¢ + (1 =Ai)p" =0, and
s={lAsd + (1 =20 g ] A + (1 =2} = =2/n =1}

A similar result can also be shown for 2D strategies that lead to mutual defection.
Nash equilibria among pure memory-ohe strategies. As another application of Akin's lemma, we will show in the following which pure menory-
one strategies allow for stable cooperation in multiplaver social dilemmas. To this end, let us again consider a group in which the first o = 1
players apply some pure memory-one strategy p= (pyg;) and in which the nth plaver considers deviating. Let v denote a limit distribution
from the perspective of the # — 1 resident plavers and let ¥ be the corresponding limit distribution from the perspective of the mutant
player. The following observation will be useful:

Lemma 1 (Relationship Between Limit Distributions). /f thie residents apply a pure memaory-one strategy, ps; € {0, 1} forall (8§}, the entries of
v ailisfy

vey=0 forall je=n-2 .
vpy=10 forall j=1. [526]
Moreover, the limir disvibutions v and v are velared by

Ven-1=Veu-1. Veo=Voa [s271
Vpa-1 =¥Cn-2, VoO=Voa,
and vs; =0 for all other states (5.

Proof: As all residents use the same pure strategy, they play the same action in any given round. Thus, if one of the residents cooperates,
then there are at least i — 2 other cooperators, and therefore the probability to end up in a state with less than # - 2 other cooperators
is zero. vy =1 for j < i = 2. The same argument shows that vy =0 for j = 1. Finally. for Eq. 827, we note that the mutant is in the state
(C. =1} if and only if each of the residents is in the state (C_n = 1), Similarly, the mutant is in the states (C.0), (£ =1}, and (2,0} if
and only if the residents are in the state (D.1), (C.n—2), and (D, 0), respectively.

Proposition 4 (Pure Memory-One Strategies That Give Rise to Stable Coaperation). Consider @ social dilermma in whiclh theve is an incentive to
deviate from mutual cooperation, by = a,_ ). Let p be a pure memory-one strategy that cooperates in the first rownd and thar sticks 1o
cooperation as long ax all other players do so (Le, peooy = 1) Then pis a Nash equilibriton if and only if the entries of p satisfy the three
conlitions
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Remark (some remarks on Proposition 4):

i) The full proof of Propesition 4 is given in the appendix; the step (=) follows from a straightforward computation of payoffs for two
possible mutant strategies. The step (<) requires a more sophisticated argument: it is exactly in this second step where Akin's
lemma comes into play.

i) According to Proposition 4, the stability of a cooperative and pure memory-one strategy p is solely determined by the four entries
Pra-1 =1 pry-2 =10, pp . and pp . This observation is a consequence of Lemma 1, which allowed us to neglect all other entries of
p. For pairwise games, Lemnna 1 s not required, and thus pairwise games allow more general versions of Proposition 4, which are
then also valid for mixed memory-one strategies (2, 6).

Examples (for stable memory-ene strategies):

i) The proofs of the various Folk theorems are often based on trigger strategies, which relentlessly play D after any deviation from
the equilibrium path (17). An example of such a strategy is Gri, for which pes-1 = 1 and ps; =0 for all other states (8. ). Because
Cirim satisfies the three conditions in Eq. 828, Grim is indeed a Nash equilibrium for all multiplaver dilemmas.

i’y In their analysis of multiplayer dilemmas, refs. 19 and 20 consider the performance of generalized versions of Tit-for-Tat. These
TFT} strategies cooperate if at least & other group members have cooperated in the previous round, Le., ps,; =1 if and only if j = £,
As the conditions 528 are only satisfied for k =r — 1, it follows that T#7,-, is the only Nash equilibrium among these generalized
versions of Tit-for-Tat.

iii) Unfortunately, neither Grim nor TFT, ) is robust under the realistic assumption that players sometimes commit errors (16). For
stochastic simulations of variants of the public goods game, ref. 15 found that evolution may promote strategies that only
cooperate after mutual cooperation or after mutual defection, ie., po, | =ppp=1. and pg; = for all other states (5 ). We refer
to such strategies as WSLS, For the prisoner’s dilemma, this strategy corresponds to the Win-Stay Lose-Shift behavior described by
ref. 14, According to Eq. 828, WSLS is a Nash equilibrium if and only if the social dilemma satisfies (b, +8y)/2 <4, In Fig. 83,
we illustrate the stability of these strategies when the social dilemma is a public goods game.

With a similar approach, we can also characterize the pure memory-one strategies that result in defection.

Proposition 5 [Pure Memory-One Strategies That Give Rise to Stable Defection). Consider a social dilerma with by 2 an and by 2 a1 Let p
b a pure memory-one strategy that defeces in the fiese vound and that sticks 1o defection as long as all other plavers do so {Le., ppo=0). Then
p is a Nash equilibrium if and only if at least one of the following two conditions is savisfied

I,
mgbﬂ_ [529]

o= and peooy=pey-a=0and

Remark (some remarks on Proposition 5):

i) As a special case of the above proposition, we conclude that AN is an equilibrium for any social dilemma with b, _; =a,_; and

;}g > .

iy Conversely, mutual defection is never stable in social dilemmas with by < ay (such as the volunteer's dilemma). If by < ay. it follows
from condition 81 that bo <a; for all 0 As a consequence, an equilibrium in which everyone defects can always be invaded by
a plaver who switches to ANC.

Coordinated Play and Zero-Determinant Alliances. [n the previous sections, we analyzed the amount of control that single individuals can
exert over their coplayers in repeated multiplayer dilemamas. Now we are interested in the question whether individuals can gain a higher
amount of control by coordinating their play with other group members. To this end, let us consider a set of n* < n plavers, who agree on
a joint strategy. We will refer to these players as the allies and to the remaining group members as the outsiders (as depicted in Fig. 1).
Depending on the degree of coordination, one can think of various forms of coordinated play. In the following we are going to
explore two modes of coordination:

i) Strategy alliances. Here, plavers only agree on the set of alliance members and on a common memory-one strategy that each ally
applies. During the actual game, there is no further communication taking place. Strategy alliances thus require a minimum amount
of coordination. This alliance type seems particularly relevant when allies do not have the possibility to communicate during the
game or when it is too costly to coordinate the allies’ actions in each round.

i) Synchronized alliances. Alternatively, players may synchronize their decisions in each round such that all allies play the same action. In
effect, a synchronized alliance thus behaves like a new entity that has a higher leverage than each single player.

We will use the symbols = to refer to the payoff of an ally and = to refer to the average payoff of the outsiders. In the following,
we investigate which linear payvoft relationships ZD alliances can enforce and how their strategic strength depends on the mode of
coordination.
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Strategy alliances. To model strategy alliances, let us consider a group of n allies, with 1 <! <n. We assume that the allies agree on
using the same ZD strategy p during the game. The parameters of this ZD strategy are given by [, 5. and ¢ = (L To allow allies to
differentiate between the actions of other allies and outsiders, the weights w=(wy) of the ZD strategy may depend on a plaver’s
membership in the alliance. That is, if playver i is a member of the alliance, then

A apis s
Wigi = {w if j is a member of the alliance [S30]

w™dif j is an outsider,
with w = 0 and w™* = () such that the weights sum up to one, [ = Lt 4 (1 = 't w™* = 1. Because all allies use the same strategy. it
follows that they all get the same payvoff. Moreover, by Eq. 813, each of the allies enforces the pavoff relationship

(! = Uwed 4 (n = w2 = st 4 (1=5)0. [531]

This payoff relationship can be rewritten as
N o X BT [532]

such that

4 S=(nt=T1)wA .
= m [533]

is the effective slope of the strategy alliance. For w! = 1/{n — 1), we recover the case of equal weights on all group members. For general
weights w', we say that the pavoff relationship 832 with parameters (I 5!} is enforceable if we can find = 0 and 0 <w' < 1 /(0 = 1)
such that all entries of the resulting 2D strategy according to Eq. 812 are in the unit interval. The following gives the corresponding
characterization.

P_t;npnsltlnn 6 (Enforceable Payoff Relations for Strategy Alliances). A strategy alliance can enforce the payoff relation ([s) if and only if either
=1 or

P b . i B —
el and  max b - 7%l cjc min a‘.+n J itk A [534]
D jgn—nd | iA=] <jzne] A=t 1-g1

Moreover, if w' <n/2, then =1 == f(n-n') =5t <1
Remark {on strategy alliances):

i) Earlier we saw that individuals typically lose their strategic power when groups become large. The above proposition shows
that players can regain control by forming alliances. In particular, the space of enforceable payoff relations [/ s) increases
with the size of the alliance ». Larger alliances can therefore enforce more extreme payoff relationships, as illustrated in
Fig. 54.

i) Somewhat surprisingly, it follows from the proof of Proposition 6 that the set of enforceable payoff relationships becomes maximal
when w approaches 1/ {n* =1} {and therefore w™* — ). The most powerful alliances are those in which the outsiders’ actions
only have an infinitesimal influence.

iii} In contrast to the case of ZD strategies for individual players, we note that the effective slope 5 for alliances does not need to be
bounded from below. As an example, let us assume the alliance has reached a size # such that b, . <a,._, (which can only
happen when ! =n/2). Because b,_, 1 is an upper bound for the left side of Eq. 834 and a,._, is a lower bound for the right side
of Eq. 834, it follows that any [ with b, _ . </ <a,._| can be enforced, irrespective of the value of stel

iv) However, for alliances that have reached a size nd such that b, . <a 4, the theory of ZD strategies becomes somewhat less

relevant: such alliances are better off by cooperating in each round (if all allies cooperate, their payoff is at least 4., whereas if

they all defect, their payoff is at most b, _,+ ). In other words, if n** individuals are able to make a binding agreement that they will
all play the same strategy, in a social dilemma with b, .« <a,._;, then unconditional cooperation is a dominant strategy for the
alliance.

Synchronized allfances. In the previous scenario, we assumed that each of the allies decides independently whether to cooperate in a given
round. Let us now turm to a scenario in which allies meet after each round to decide which action they collectively play in the next

round. As a result, the alliance members act as a single entity, in a game with n = a1 coplayers. To investigate such a scenario, let us
first adapt our notation correspondingly. For a given set of allies, let (5, 7) refer to the outcome in which all allies choose 5 & {C, 0},
and in which j of the outsiders cooperate. As in previous sections, the limit distribution v= vy} corresponds to the fraction of
rounds the alliance finds herself in state (8. ) over the course of the game. A memory-one strategy for a synchronized alliance is
avector p=(ps;}—given the outcome (8, f] of the previous round, the cooperation probability py ; is used to determine whether all
allies cooperate or all allies defect in the next round. The synchronized alliance uses the strategy Repeat if cooperation probabilities
are given by

rep_ |1 if §=C .
Py, —{u if $=D. 15351
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With literally the same proof as in the main text, one can verify Akin's lemma for synchronized alliances: if the alliance applies
a memory-one strategy p then any corresponding limit distribution v satisfies (p— p™%) v =00 Let us next write down the possible
pavoffs in a given round. The payoff vector g* for the synchronized alliance has the entries

) gL if §=C o
35[:“{;;_,- if §=D. 15361

and the corresponding vector g™ that contains the average payoffs of the outsiders (using the arithmetic mean) takes the form

.ll.d.'r'-r_l'—l + {“ -n4 _J-‘:”)”A-”

i it $=C
gi=1 . [$37]
Rt in=ntoj)b g p,
=1t

Using these payoff vectors, the payoff of each ally is given by = =g%.v, and the mean payoff of the outsiders is r'=g . v,
Amnalogously to the case of individual players, we can define 2D strategies for synchronized alliances as strategies of the form

p=p"F +ag'+ gt 4yl [838]

with 1 being the memory-one strategy with all entries being one and with o, #, and y being parameters of the ZD strategy (with ##0).
Akin's lemma then implies that such alliances enforce the relationship

a4 =0, 1539]
Again, we stress the fact that this relationship holds irrespective of the strategies of the outsiders: even if outsiders notice that they are
facing a synchronized alliance, there is nothing they can do to prevent the above payoff relationship. As above, we use the parameter
transformation [ = —y/(a+ ), ' = —a/§, and ¢ = —f to write ZD strategies as follows:
p=p T g [rlgt =gt (1 =50 [540]
With these new parameters, the enforced payoff relationship according to Eq. 839 takes the usual form

= et (1=t [541]

Proposition 7 (Enforceable Payoff Relations for Synchronized Alliances). -1 synchironized alliance can enforce the pavoff relation (1,5 if and
only if either s =1 or

P Jooby—a . m=j=1hy —a .
1 and b = —— g — k. 542
L nsﬁ?“—‘uﬂ{ T p—nA T-sA }_ - J.-*—ﬂt-guq{d" Thent 1-g4 [542]

Maoreover, if nt <n/2, then =1 <=n"/(n=n) =gt
Remark {on synchronized alliances):

i} For not too large alliances with n <n /2, Propositions 6 and 7 imply exactly the same conditions on enforceable payoff relation-
ships. Thus, although strategy alliances require considerably less coordination between the allies, they have the same strategic
power as synchronized alliances.

i) When s> n/2, synchronized alliances may be able to enforce a strictly larger set of payoff relationships, because they are not
restricted to payoff relationships with &4 < 1. Whether relationships with s > 1 are enforceable depends on the social dilemma.
When the social dilemma satisfies by« <ega_; then condition S42 can be satisfied for any b, 4 <{ <a,-_; by choosing st=1
sufficiently large. Conversely, when b« >a,_._| then only slopes s* < 1 are feasible (because for s = 1 the left side of Eq. 842 is
strictly larger than b,_, ., whereas the right side is strictly lower than o).

i) Owerall, we conclude that synchronized alliances are more powerful than strategy alliances if and only if the alliance has reached
a size i such that b, .« <a,._;. However, as noted for strategy alliances, the condition b,_,+ <a,._; transforms the social
dilemma into a game in which mutual cooperation is the best strategy for the alliance, such that the notion of 2D alliances

becomes less important.

Here we explored the strategic power of alliances, assuming that the allies agree on a joint ZD strategy. Given these results, one may
ask which ZD strategy the allies should agree on and which combinations of alliance strategies and outsider strategies form an
equilibrium of the game between allies and outsiders. This question is different from the questions explored above; there we considered
a homogeneous group of plavers, and we explored which strategies are stable if applied by all group members. To explore equilibria for
games with ZD alliances, one needs to distinguish between the strategies of the allies and the strategies of the outsiders. This inherent
asymmetry makes the equilibrium analysis more intricate, and we thus leave this question for future work

Applications. In this section, we apply our theory to two particular examples of multiplayer social dilemmas: the public goods game and the
volunteer’s dilemma. For simplicity, we will focus here on symmetric strategies that only depend on the number of cooperators but not

on the cooperators” identities (for ZD strategies this implies that we consider the case of equal weights on all coplayers).
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Public goods games. In a public goods game, each player of a group can cooperate by contributing an amount ¢ = 0 to a public pool. Total
contributions are multiplied by a factor » with 1 <r<n and evenly shared among all group members. Thus, pavoffs are given by

i e
=, and b;:’lj—!. [543]

Some of the properties of Z13 strategies for public goods games have been recently described by {13), using an independent approach.
Here we complement and extend these results.
2D strategies for publie goods games. Plugging the payoff values 843 into representation 514 shows that ZI strategies have the form

(1 -.ej(;-':j+n1:'”+c) B e o IE‘] S, =

1
o n=1 .
Psj= [544]

¢-[{| —s) (!-j:!—r) +n+.lf i 8,=D.

To explore which payvoft relationships {/.5) a single plaver can enforce, we use the characterization given in Eq. 817, Because the
pavoffs of the public goods game are linear in the number of coplayers /. the corresponding conditions become particularly simple (as
only the boundary cases j=0and j =# — 1 need to be considered). We conclude that a single player can enforce a linear pavoff relation
with parameters (/.5) if either s=1 or

O<igsre—-c
1 — - 545
n=lpc ¢ 5!5“ nje, ¢ [545]
"n =3 " =%

Fig. 52 shows the set of all pairs {1, 5) that satisfy the above constraints for various group sizes . We get the following conclusions for the
existence of extortionate strategies, generous strategies, and equalizers, depending on the size n of the group:

i) Extortionate strategies ({ = by =0). Let us ask which slopes s an extortionate player can enforce. The inequalities $45 then imply that
slopes £ = (r—1) /r can always be enforced. irrespective of the group size . However, slopes s < (¢ = 1) /r are only enforceable if the
group size is sufficiently small

Fil=1x]
Pl 546
e A=g-1 [546]

We conclude that in large groups, n — oo, only extortionate strategies with 5 < (F— 1) /r are feasible.

i) Generous strategies [l =a,_) = rc =¢). Using the inequalities 345, one can show that generous players can enforce exactly the same
slopes as extortionate players.

i) Equalizers (s=10). For equalizers. the inequalities S45 imply there are three regimes: (a) if # <r/{r =1}, all baseline payvoffs
U=l <re =c can be enforced; (b) if r/(r=1)<n <2¢/ir=1), only a limited subset of baseline payoffs 0 <{<r = can be enforced;
and () if n=2r/(r—1), there are no equalizers.

In particular, we conclude that for a given multiplication factor r = 1 the set of equalizer strategies disappears as groups become large.
Strategy allfances in the public goods game. By Froposition 6, strategy alliances with n* members can enforce a linear relation with
parameters ([.s') if and only if either ' = 1 or if the two following inequalities hold:

h=l<re=r

o A_ 18471
{n=n ]rc‘_ c EFg{m .'I:It‘+ c
H 1 =54 n 1 =354

For the special cases of extortionate strategies, generous strategies, and equalizers, these inequalities allow us to derive the following
comclusions:

i) Extortionate strategies (f=by =10]. We can rewrite the inequalities 547 to obtain a critical threshold on the fraction of alliance
members that is needed to enforce a certain slope 5+

nt_r(l=st) =1 .

T e 1548]
In particular, if an alliance wants to enforce arbitrarily high extortion factors y = oo, then 54 = 1/ = 0 and the critical threshold
becomes n* /i = (r = 1) /r. This condition is always satisfied if ' =5 - 1, implying that an alliance with # = 1 members can always
be arbitrarily extortionate toward the remaining group member.

i} Generous strategies [l =an—1 = e =¢). The inequalities 847 lead to the same threshold for n*/n as in the case of extortionate
strategies, as given in Eq. S48.

iii) Equalizers (s =10). For equalizers, the inequalities 847 lead to two critical thresholds; to be able to set the pavoffs of the outsiders
to any value between 00 <1 <pe = ¢, the fraction of the allies needs to satisfy
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H r=1

= [549]
n r

However, to be able to set the payoffs of the outsiders to some value between O <{ < re — ¢, the number of allies only needs to exceed

nt (n=2)r=1) .
FE a (=2 15501

Nash equilfbria for the public goods game. In the following, let us describe a few strategies that allow for stable cooperation in the public
goods game. According to Proposition 3, this can be achieved by using a ZD strategy with parameters {=ay-1, ¢¢> (0, and
fn=2/n—1) <5< 1. When we choose the boundary case s=1 and $=1/¢ (which is the maximum value of ¢, given the constraint
U=pg; =1). the resulting £ strategy according to Eq. 844 is proportional Tit-for-Tat with entries

pTFTg; = ﬁ 1851]

which is independent of the plaver's own move. This rule says that the player's cooperation probability is given by the fraction of
cooperators among the coplayers in the previous round (additionally, we need to specify the cooperation probability for the first round,
which needs to be set to one).

Aqother boundary case is given by the choice s= (i =2/n = 1) and ¢ = [n(n = 1))/ {c[u{n =2) 4]} (which is again the maximum value
of ). We refer to the resulting £D strategy as generous Tit-for-Tat, which has entries

e i H=j=1 nir=1]
glFTs; = m=1" n=1 (n=2m+r

[852]

Adso gTFT is independent of the player’s own move, and it is generally more cooperative than pIFT, because gTFTy; = pTFTs; for all
Jen=1

A last boundary case is given by ¢ = (0, in which case the resulting ZD strategy approaches the strategy Repeat, independent of the
choice of (n=2/m=1) <5 =< 1. Due to Covollary 1, we can conclude that any linear combination of these three strategies of the form

p =i pTET 41, gTFT 415 - Repeat., [553]
with 0 =4, =1, 43 <1, and 41 +42 +43=1 is also a stable ZD strategy.
Among the pure memory-one strategies, Proposition 4 allows us to conclude that Grim and TFT, ) are always Nash equilibria.
Moreover, the strategy WSLS is a Nash equilibrium if r = 2n /(n 4 1}, as illustrated in Fig. 53.
Volunteer's dilemma. In the volunteer's dilemma, at least one of the plavers needs to cooperate and pay a cost ¢ = 0 in order for all group
members to derive a benefit b= ¢ = (1. Thus, the payoffs are given by
@ =b—c foralljand b=b if j=1 and by=10. [554]

ZD strategies for the volunteers dilemma. According to Eq. 514, the ZD strategies with equal weight on all coplayers have the form

l+¢[l:l-S}[i’—b+(‘]—";£-llf] if §=0

Psi=q 4 [(1 ~s)t-b)+-L lr] if $,=D.j>1 15551
¢ (1=s) if §;=D.j=0.
By condition 817, exactly those parameters { and s can be enforced for which either s=1 or
max{[].! -ﬁ ﬁ}i!ih-f. [556]

This set of enforceable payoff relations is illustrated in Fig. 28, In the special case of extortionate strategies /=10, condition 856
implies that a given slope 5 can only be enforced for sufficiently small groups

©
n<l + b[l——li':I [557]

For equalizers (s =10}, the inequalities in Eq. 856 imply that a plaver can only determine the average payoff of the coplavers if n =2,
and then the only enforceable baseline-pavoff is [=b = c.
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Strategy allfances in the velunteer’s difemma. For strategy alliances, the enforceable payoff relationships according to Eq. 534 become

1 r
axs 0. b= =lzh-c. 558
mﬂ{ n=ntl -s-“}_ == 1558]

In particular, alliances that aim to enforce an extortionate relationship {with /=0 and some 5 = (1) need to have a critical size

nt I .
Lzl = b=} 1559]
It follows that alliances cannot be arbitrarily extortionate (setting s =0 on the right side implies that such alliances would need to
satisfy n = = 1). Instead, even a large alliance of size ' =n = 1 can only enforce slopes with 5 = (b =¢) /b,

The performance of ZD alllances against adapting outsiders. In addition to the static properties of 2D strategies, Press and Dyson (1) also
highlighted a remarkable dynamic property of ZI strategies: when a player with a fixved extortionate 2D strategy is matched with an
adapting opponent who is free to change his strategy over time, then the adapting opponent will move toward more cooperation. In the
following we present simulations suggesting that ZD alliances can have a similar effect.

To explore the performance of 2D alliances against adapting outsiders, we consider a group of »# subjects. Let us assume that the
plavers {1..... r'} form a synchronized alliance with n*' <n and that the allies commit themselves to act according to a ZD strategy
with parameters {, 5%, and ¢ (similar results could also be obtained under the assumption that the allies form a strategy alliance instead
of a synchronized alliance). Moreover, let us assume that each of the outsiders applies some arbitrary memory-one strategy. To pa-
rametrize memory-one strategies, we note that the possible outcomes of a single round of the game can be written as
o= (845 1. ... 5 ). where §4 € {C. D} is the joint action of the allies and where 8, € {C. D} is the action of each of the outsiders. As
a result, there are 2***! possible outcomes &. The memory-one strategies for the outsiders are thus modeled as vectors p = (p,) with
20?41 entries p, [0, 1].

We assume that the £ alliance and the outsiders interact in a series of repeated games. Although the strategy of the 2D alliance is
assumed to be fixed, outsiders are allowed to adapt their strategy from one repeated game to the next. Specifically, we assume that in each
time step, the group interacts in a repeated public goods game, resulting in the pavoff = for each of the allies and the payoffs x, for each
outsider j. Because all plavers use memory-one strategies, these payoffs can be caleulated using a Markov-chain approach (15). In the
next time step, one of the outsiders is randomly picked to change his strategy from p to p'. The entries of the new strategy p' are
independently drawn from a normal distribution around the old strategy {using an 5D of 0L01). If the outsider’s payvoff using the new
strategy is m;, then we assume that the outsider keeps the new strategy with probability

1
i 1+ exp[-mfrzj - Jr_,:]-].

[S60]

Otherwise, the outsider rejects the new strategy and continues to use the old strategy. The parameter w = 0 corresponds to the strength
of selection. In the limit of weak selection w — [, this yields p = 1/2, such that the choice between the new and the old strategy is fully
random. For the simulations, we consider the case of strong selection (we used = 10); in that case, the new strategy is likely to be
adopted if #° = &, and it is likely to be rejected when n' < . This elementary process, in which outsiders are allowed to experiment with
new strategies, is repeated for  time steps. For the initial population of outsiders, we assume that all outsiders start with unconditional
defection.

Fig. 55 reports the outcome of this evolutionary scenario for three different ZD strategies: a fair strategy, an extortionate strategy, and
a generous strategy. In all three scenarios, the outsiders become more cooperative over time; as a consequence, also the allies cooperate
maore often, because all three 2D strategies are conditionally cooperative (Fig. 85, Upper). However, there are clear differences in the
final cooperation rates between the three scenarios. Extortionate alliances seem to be least successful to incentivize cooperation,
whereas fair alliances tend to achieve full cooperation in the long run. This success of fair strategies can be attributed to their higher
slope values: because fair strategies use s = 1, they perfectly recoup outsiders for increasing their cooperation rates. Both other strategy
classes use slopes with 5 < 1, which makes it less attractive for the outsiders to become more cooperative. As depicted in the lower
panels of Fig. 83, fair 2D alliances therefore also vield the highest payoffs by the end of the simulation.

Of course. the numerical simulations presented here only provide a snapshot of the full dynamical properties of ZD strategies (which
deserve a careful analysis on their own). The simulations serve as a proof of principle: as previously shown for the iterated prisoner’s
dilemma (1, 21), 2D strategies can be used to generate a positive group dynamics in multiplayer dilemmas.

Appendix: Proofs.
Proof of Propasition 1: By the definition of ZD strategies, the cooperation probabilities after mutual cooperation and mutual defection are

given by

P = 1 +‘i’tl --""}U-a.u—l.:l

=61
P, o = P(1=5)(1=by). (5641
As these two entries need to be in the unit interval, it follows that
1 =5){l=a, ) =D .
0= g1 =s){l=by). [562]
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Adding up these two inequalities implies {1 =)ty —a,_) =0, and because of Eq. 53
Pl1=5)=0. [563]
Amalogously, let us consider outcomes « in which all plavers but one cooperate {Le., # is a permutation of (C.. . ,C, D), in which case

Po = 1 -|-4;,fa[.sa,,._2 =[1= w;}a,,_g =wily_y + (1 -s]n’] |:f the defector |:s a ccrpla.}rerj;éf [S64]
Plsby, | —a,_;+ ({1 -5 if the defector is player

Because all these entries p, need to be in the unit interval

fsttn-2 = (1 =wj)an-1 = wiba1 + {1 =s)l] <0

0 < glshy_y =gz + (1 =5}]. [565]
Adding up these inequalities yields (s +w;) (b, —a,-2) =0 for all j#i, and because of Eq. 82
s +w ) =0 forall j£i. [S66]
Combining the inequalities 563 and 866 then yields
#l+w;) =0 forall j#£i. 18671

and because at least one of the w; is larger than zero (because all wy sum up to one), it follows that ¢ = 0. The restriction ¢ # 0 then
implies ¢ > 0. Due to the inequalities 563 and 866, we may also conclude that —mingw; <5 < 1. Because mingw; =1/{n = 1) {again
because the w; sum up to one), it follows that =1/ -1} <5< 1,

For s+ 1, the inequalities 862 and S63 imply by </ <a,_|.

Proof of Proposition 2: For a given o ={51,....5:), the entries p, of a ZD strategy according to Eq. 512 can be written as

Ps = pi® +¢[{l =s)(l-g.) + Y wilez=el)|. [568]
I

with p™ given by Eq. 85 and with g and ¢/ given by Eq. 87. Let #° denote the set of i's coplavers who cooperate in state =, nd let #”
denote the corresponding set of coplayers who defect. Using this notation, the entry p, is given by

]+¢I[{l—i‘ /= dl""l |_ EW; bl"l-dl"' l] if Si=C
po= e [S69]

{]—E‘ il b|,-|-| ZW_‘. b|,;|—|:i|¢.- |_:| if S,:ﬂ.

jeat

Because >0 can be chosen arbitrarily small, the condition g, & [0, 1] is thus satisfied for all = if and only if the following inequalities hold

(1=5){l = au-1) ZH’I (Bl =t ) =0 for all ¢ with §, =C

fea” [S70]
(1=s){I=by) + > _ wilb—ay1) 20 for all « with §; =D

e

If s =1, these inequalities are independent of the parameter /, and they are satisfied for any social dilemma (because w; = 0 for all j by
assumption and because by, =a-) by Eq. 82). For s < 1, we may divide the above inequalities by (1 =s) = (), implying that Eq. 870 is
equivalent to

ey (bie) = ae-1)

g1 1 =/ forall & with 5, =C

f" 8711
W (B =
bal_E‘E"‘ "1' IL il ]}54’ for all & with 5 =02
The inequalities 8TL in turn are satisfied if and only if
i "r.a' ¥ |= "'brs-rr—

mu{bdl_ﬂegu;g) | =) 1}}{;{ ’“'“{"lwl I+Ejer.f "JE o] = 8l 1}}. 18721

o -5 L P =3

Because the terms (b —ajz-1}/(1 - 5) are positive, the respective maxima and minima are attained by choosing the weights w; as small
as possible. That is. for a given number of total cooperators |o/, the extrema are attained for those states o for which 3 -w; and
EJE",..NJ are minimal. This observation implies that condition 872 is equivalent to

Hillbe et al. wwaw. pnas. orgiegifcontent/shory 140TEBT 111 12 af 19

1427
1425
14249
1430
1431
1432
1433
1434
1435
1436
1437
1438
1439
1440
1441
1442
1443
1444
1445
1446
1447
1445
1449
1450
1451
1452
1433
1434
1455
1456
1437
1455
1439
1460
1461
1462
1463
1464
1465
1466
1467
1465
1469
1470
1471
1472
1473
1474
1475
1476
1477
1475
1479
L1450
1451
1452
1483
1454
1485
1486
1457
1455

EFTA01199766



1454
14940
1491
14492
14493
14494
1493
1496
14497
14498
1494
1504}
1501
1502
1503
1504
1503
15006
1507
1508
150
1510
1511
1512
1513
1514
1513
1516
1517
1518
1519
1520
1521
1524
1523
1524
1523
1526
1527
1528
15249
1530
1531
1532
1533
1534
1533
1536
1537
1538
1534
1540
1541
1542
1543
1544
1545
1546
1547
1548
15449
1550

v (b —a. A S
"sméﬁj{b"-M}EFE min {d‘,+w}. 1573]

l—s DEfza=1 l=s

with #; being the sum of the j smallest entries in (wy),

Proof of Proposition 3: We already know that for a Z1 strategy to be a Nash equilibrium, one of the three conditions need to be fulfilled
{otherwise there would be a different 213 strategy that vields a higher pavoft). Conversely, let us assume that one of the three conditions
of the proposition is fulfilled.

r'] Ifs% =0, T.Ilen by Eq. 820, the mutant's payoff is 7 ={, irrespective of the mutant’s strategy. In particular, there is no incentive to deviate.
i) Suppose s™ =0, {=ay-1, and let us assume to the contrary that the zero-determinant strategy is not al MNash E,qmllhuum Then there
is a mutant strategy such that 7> a,_ ;. Because the residents collectively enforce the relation 7= L i(1=g ", and because
5% =0, we can conclude 7 >a, ;. However, then the average pavoff of all group members exceeds a,.), contradicting the
assumptinn that @, is the maximum average payoff per round.
i} Under the assumption that by is the minimum average payoff per round, the case s <0 and /=bg can be treated analogously to
the previous case.

Proof of Proposition 4: Because p is a Nash equilibrium, the pavoff of any mutant strategy p satisfies & <a,-;. Let us first consider 2 mutant
who applies the strategy p=AlD, ie.. pig, =0 for all (§.f). Because the mutant never cooperates, Ve ;=0 for all j, and by Lenwma 1 also
Py =0 for all f except j € {1l n =1}, l'he valuss of ¥ gy and ¥ can be obtained by caleulating the left eigenvectors of the transition matrix

| (Dn-1)  (D.0)
(L= 1:' Pra-1 1 =PCn-2: [574]
(2.0 Po 1=ppo

If we had pr,2 =1, then the assumption that p players start with cooperation would imply v, =1, such that the payoff of AN was
a=b,_ ;= a, ;. Because this contradicts the assumption that p is a Nash equilibrium, we conclude that pe,_; =10
A caleulation of the left eigenvector of Eq. 874 with respect to the eigenvalue 1 then vields

!
Vom-1 | | PP/ (1 +Pn.u) .
(bgn.ﬂl ) N lff'r(l +Pﬂ-|:|) : (5751

As o result, the payvoff of AND is

h -
=0y 1Ppa-1+Palng = %}:Thﬁ- [S76]
Al

The requirement & <ay-; then implies the condition $28e.
As another special case of a pns:u'hlﬂ mutant strategy. let us consider a mutant p such that p,_, =1, and g, =1 for all other states
(5.7, With a similar caleulation as in the previous case, one can determine this mutant’s pa}nff as

) . ] . (g1 +dyy )Py +ﬂ¢| .
&= gVt HiyoPpao) Hagioy = i not)f [577]
+ 21’1‘1':- 1

The requirement x <a,_; implies condition S28h.
Suppose the n — 1 residents apply the pure memory-one strategy p. Due to Akin's lemma

=1

E[:pf;- e, + an.m; 0, 15781

J=i Je=dl

which because of Lemima T and pr,_ =1, pr -2 =0 simplifies to
VOn=-1 =Pnavo ) + poovon. 1579]
Then, irrespective of the mutant's strategy, the payoff & satisfies

- =1 - - Lemma | A . 5 . 5
=iy = E il {ﬂll' =il ]"""{',l + be - a.ll—L]""Dg = [ﬂil - ﬂal—l}""('jl + :_blr—] =ilp-1 ]L'D..u—l + H}D = g1 _“'D.il

Lcrnrru. 1

[n = Wp ) (Byy =y We oz % (b =,y Jvng

Eq 879
(e =ap-1 o1+ By —dp- L}(Pml-'nl + P, nl-'nﬂ) + (b =ty Vo

. 525 <]
= [[bu—l =y )P = (d,-1 -ﬂu}] Vpg o |y =, )Ppp = (8, -hu_:'] vpo = 0,

that is, p is a Nash equilibrium.
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Proof of Propesition 5: The proof follows along the same lines as the proof of Proposition 4.
Suppose p is a Nash equilibrium and assume that pp  #0 (because p is a pure strategy it follows that pp = 1). We have to show that

these assumptions imply pea-1 =pee-2=0 and (Bo-1 +a0)/2 <6o. To this end, let us first consider a mutant with strategy ANC, such
that jig; =1 for all (8. ). Because of Lemna 1, and because the mutant always cooperates, the only possible outcomes in a given round
(from the perspective of the mutant) are (C,n = 1) and (C, 0}, The transition matrix is given by

| (Com=1)  (C.0)

(Con=1} | pen1 1=pra- [s80]
(C.0 1 i
The limit distribution of this transition matrix is
1
. - .

('I.-'{_'_"_l ) — L= -1 ) [SH [I

Veu 1 = Pen-1

2 = Pen=-1

such that the payoff of ANC becomes

-1+ (1 -Pf'.u—t)ﬂ'u

1582]
3'p-f'..u-l

& = dy- Vg1 +dobon =

If we had pe,-; =1, this payoff would equal to 7 =a,_, = by =x, contradicting our assumption that p is a Nash equilibriom. Thus,
Pen-1= 0.

Let us now consider another mutant strategy p with i, , =1 and p; =0 for all other states. Again by constructing the transition
matrix [with possible states (C.n = 1), (C.0), (D.# =1}, and (£.0)], one can compute the payoff of this mutant as

- 'b.ll—|.+{l 'Pi'.u—!jl{bn "‘ﬂlj}
X = g
3= Zjni'm—l

If pro, 2 =1, then &=fy-1 > bo=n, again contradicting the assumption that p is a Mash equilibrium. Therefore, g, =0, and the
mutant’s payoff becomes x=(h,_| +by+ay)/3. For p to be an equilibrium. this payoff needs to satisfy ==k, which yields
by ap) /2 sy,

Let us first consider the case ppn ) =0. Because the memory-one strategy also prescribes to defect in the first round and becanse
Poo=10, it follows that all residents play defect throughout the game, irrespective of the strategy of the mutant. Thus, any mutant’s

pavoff can be written as & =vpobo + Veoan £ bp =&, This shows that p is a Nash equilibriom.
Let us now consider the second case, pey, o) = pegp-2 =0, Without loss of generality, we can also set pp ) =1, and by assumption,

poo=0 Under these conditions, Akin's lemma becomes

Vo = Voa-l HVe -z [584]

[S83]

Then, irrespective of the strategy of the mutant, the mutant's payoff satisfies

n=1

F=ty= Zl{ﬂj —by)ic;+ (b =by)ip;

=
Lemma | A . - . -

=" an-1 = b Wer-1 + (o = Do Ve + (bae1 = baWpa-1
e g,y - By ve g (dg =By v+ oy = Bpjve, 2
Eq. [§54

= an-1 = bu)ven-1 + (@0 =) (vee-1 +vem-2) + (Bet =bo)vea-z

= {1 +ig=2bg) Ve oy + (Boy Fap =2y v, 2 =0

with the last inequality being due to the fact that (b, +a}/2 <by and a,_ <k, ;. Again, we conclude that p is a Nash equilibrium.
Proof of Praposition 6: Due to our construction, strategy alliances require each ally to apply a ZD strategy p with parameter [, 5, and 4
and weights w. To enforce an effective slope 5%, Eqg. 533 implies that the parameter 5 needs to be chosen such that

s=5 4 (0t = w1 -54). 15851

For s =1, we get s =1, and Proposition 2 guarantees that the payoff relationship is enforceable (independent of [ and the weights w).
Let us now assume that s < 1 (and therefore 5% < 1). Because of Proposition 2, the alliance can enforce the pavoff relationship (1, s) if
and only if we can find an appropriate weight vector w=(w,) such that
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W by —a;_ Wy by —a
b i il P I i ne=l T+l T 586
"sn.}s;ail{ S - [t =Tt 1=54 |7 7 “f’_}IEI}Il—l - (A =1t 1 —sd [586]

As in Proposition 2, w; refers to the sum of [hi} smallest entries in w {excluding the entry corresponding to the focal player). Because w
only has the two pnswhlﬂ entries w! and w4, we can write W, as

et if wisw -t jent-1
o = (pt = 1w+ (j=r + 1™ if whew™ jeat-1 [587]
e JuwA if wt=wd, jzn-pt

i+t =n)w + (n—nt ™t i wlsw™ jaan-nt

The constraint (nt = Ljn? 4 (0 =yt = 1 implies w™*=[1 = (0 = Ujw4]/(n =), By plugging this into Eq. 587, we can calculate
the expression

r iy
I a1 oA
1= (A= IjwA it whso oy fsnt -1
1 w=j-1 .. . 1 . 4

W; B I—(nA=Tjwt  n—ns it ST W - -
|—I:H-‘1—1}I1-1.”*_1 ; 1 1588]

/ if wis—— jgn—n

n=nt m=1 "7
1=(n=j= 1wt g ] N
| = A =T it w > B

Due to mndltlun 586, the space of enforceable payoff relations hﬂcnmev. maximal when we choose the 'u.Elght w such that
w1 =t = 1w hﬂmmm maxlmal Eq. 588 suggests that wy,/[1 = (n = 1]|w"'] is monotonically i mc:re,.:smg in w. Thus, considering
the restriction 0 £w™ < 1/(n' = 1), the maximum is attained for w* — 1/ = 1), which also implies w > 1/{n = 1. From Eq. 588
we obtain

- if f<n—nd
lim TCtn A :'5’ i it —hA =y [S89]
- - —{nd =
e ) oo if jEa—-nt

Thus, for w sufficiently close to 1/(r! = 1), condition S86 is satisfied if and only if

i bi—a . =j=1by —a ’
max < f; - ——— =< min F 5 S90
l|£_|£.l|—rr-’-{ D=t 1=5 [ 77T saclgjza-l + it=pt =g [590]

This is condition $34. Moreover, if i <n/2, setting j=n,/2 in the left side of Eq. 590 suggests

nfz b”-}_-d',.,.-'!_|
: — =l 541
m=nt =gt 15911

Similarly, setting f=n/2 =1 in the right side of Eq. 590 leads to

n/2 =

n=nf2 bn,-'z —tlg-|
i —n 1 =g

l=agy + [542]

Summing up these two inequalities shows that % = = [n /(1 = n-1)].
Proof of Proposition 7: The proof follows the lines of Propositions I and 2. By its definition (Eq. 840), a ZD strategy for a synchronized
alliance has the form

A nontojg it S=C
L | i1 =57 -am,.ﬂ_,)-m["_lﬁ-a"ﬁﬁ_]} it §= 1

Ps; = . [543]

¢-[[1-sf*j{;-bj}+ﬁ{hj--a,_.j] if §=D.
for 0 <j < n—n. The conditions pe; <1 and pp; =0 imply the following sign constraints
A fn=nt - y
= |::1 -3 :“[: = A= |}| T Taond [b,,..qj —dn.a.hi_]}l [S494a]
Hillbe et al. wwaw. pnas. orgiegifcontentshory 1407EBT 111 15 af 19

1799
L1500
1801
1802
1803
1504
1505
1506
1807
1E0%
LE0
L8510
1811
1812
1813
1514
1815
1516
1817
1818
1519
1520
1821
1822
1823
1524
1825
1526
1827
1828
1829
1530
1831
1832
1533
1534
1835
1536
1837
1538
1539
1540
1841
1542
1543
1544
1545
1546
1547
1548
1549
1550
1851
1832
1833
1554
1835
1556
1857
1838
1539
Bilt]

EFTA01199769



1861
1562
1863
1h6d
1863
1866
1867
1868
1RG4
1570
1571
1872
1873
1574
1873
1876
1877
1878
1874
1580
18RI
1hk2
I1HKH3
1554
1545
1586
1887
[hhhd
IHEY
15
1841
1542
18493
Ihud
1HU5
1586
1807
I HuUE
1R
1M}
18
182
1813
|':H.ﬁ-13
1H)5

14914
|':H.RI15
1tE

1Lt

1910

1%igts
19 m?
19
1914

194"
1916

1917

1918

(R

19200

1921

1922

O<g [1'3‘“J{f'bf}+ﬁ{bf'ﬂf—tl - [594Db]

for all 0 = j = n—nt. Setting j=n —n' in Eq. $94a vields

(1 =s) {1 =a,-,) = 0. [595]
and setting j=0 in Eq. 594b vields
Ozl —s") (1 =ba). [596]
Adding up Eqs. 895 and 896 shows that
1=} 20 [597]

For s =1, we can ensure that 0 <ps; <1 for all entries in Eq. $93 by choosing a ¢ > () that is sufficiently small. Let us therefore
assume 5 # 1. Because we also have ¢ # 0 by definition, condition $97 becomes (1 =54} = (. Dividing the sign constraints in Eq. §94
by g 1 =5} then implies

. A_i}
. I b’_f — | : =t = By —dgag ) o
max | by - ’ A =l min Sa,a,+ o 0 . [Su8]
{he g e —ped "= 1= I o5 m—rd H=n l-x

This condition in turn is equivalent to condition S42.

Conversely, suppose Eq. 542 is satisfied for some (1,5') with 5* # 1. It follows that the sign constraints $94 are satisfied for every
choice of ¢ subject to the condition ¢(1 —s) = 0, which implies that the entries ps; in Eq. 893 satisfy po; <1 and pp; = 0 for all j. By
choosing ¢ sufficiently close to zero, we can also ensure that pe; >0 and pp; 1. This shows that the payoff relationship (1.5 is
enforceable.

Finally, suppose n! <n/2. Setting j =0 in Eq. $94a yields

$[(1 ="V =a@uact) = (bpa —apay )] 20, [599]
and setting j=#- in Eq. $94b results in
a 0
0= [[1 -5 3"“""“-*]*m“"“-* -a,,,._lj]_ [S100]
Adding up these two inequalities shows that
|t + n ] =1 [5101]
Do n-nd) T

Combining Egs. 897 and S101 gives ¢ = 0, which in turn implies =[nf(n —n*)] <5 < 1.
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Fig. 51. lllustration of ZD strategies in the case of equal weights, wy =1/(n— 1), for all j#i, and for (4] the linear public goods game and (5} the voluntear's
dilemma. The blue-shaded area represents all feasible payoffs, with the x axis representing the payoff of player i and the y axis representing the mean payoff
of i's coplayers. The dashed diagonal gives the payoff combinations for which = =='. In both graphs, the strategy of player i is fixed to some 2D strategy,
whereas for the coplayers we sampled 10° random memory-one strategies. Red dots represent the resulting payoff combinations, and the gray line gives the
prediction according to Eq- 513. For both graphs, we considered an infinitely repeated game in a group of size n=4. Parameters: (4) public goods game
[a =1j+ 1irc/n—c and by =jrc/n] with r =24 and ¢= 1. For the strategy of player i, we used a generous 2D strategy with parameters [=rc—¢, 5=2/3, $=1/2.
(8] Volunteer's dilemima {3 =0b-¢, bj.gp=b, and by =0) with b=1.5, c=1; player | applies an extorticnate strategy with parameters /=0, s=59/10, ¢=1/2.
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Fig. 52. Enforceable payoff relations in the case of equal weights on all coplayers for (A) the linear public goods game and (8) the volunteer's dilemma. A pair
(1,5} is enforceable for a given group size n if the point is within the respectively shaded area. The set of enforceable pairs for large n is a subset of the re-
spective set for smaller n, i.e., the set of enforceable pairs shrinks with increasing group size. Parameters: (4} linear public goods game with r=24, c=1; {8)

volunteer’s dilemma with b=15, c=1.
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Fig. 53. Stable memory-one strategies for the linear public goods game. The figure illustrates for which parameter regions the strategies Grim, TFT,, and
WSLS are Nash equilibria, provided that the public goods game constitutes a social dilemma (e, 1 <r <n). Grim and TFT,,_, are always Nash equilibria. TFT, for
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Fig. 54. S%trategic power of strategy alliances in the public goods game. Each colored area illustrates the set of enforceable payoff relations according to
Proposition & for different alliance sizes o, The set of enforceable payoff relations for small n* is a subset of the respective set with larger n. Consequenly,
the larger the alliance, the more extreme payoff relations it can enforce. Parameters: linear public goods game with r=2.4, =1, and group size n=10.
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AUTHOR PLEASE ANSWER ALL QUERIES 1

Q: 1_PNAS mandates unambiguous pronoun antecedents. Please provide an appropriate noun after
“This™: “This is merely done....”

Q: 2_PNAS mandates unambiguous pronoun antecedents. Please provide an appropriate noun after
“This™: “This always holds ...”

Q: 3_PNAS mandates unambiguous pronoun antecedents. Please provide an appropriate noun after
“This™: “This allows us to....”

Q: 4_PNAS mandates unambiguous pronoun antecedents. Please provide an appropriate noun after
“This™: “This holds more generally....”

Q: 5_PNAS mandates unambiguous pronoun antecedents. Please provide an appropriate noun after
“This™: “This holds more generally ....”

Q: 6_PNAS mandates unambiguous pronoun antecedents. Please provide an appropriate noun after
“This™: *“This allows us to...”

: T_Please clarify if (2, 10) refers to references or equation numbers.
: 8_Please clarify if (2, 6) is equations or references.

: 9_Please rewrite the following for clarity: “..1s also a stable....”

lo i el i)

10_PNAS mandates unambiguous pronoun antecedents. Please provide an appropriate noun after

“This™: “This shows that....”

Q: 11_PNAS mandates unambiguous pronoun antecedents. Please provide an appropriate noun after
“This™: “This is condition ....”

Q: 12_PNAS mandates unambiguous pronoun antecedents. Please provide an appropriate noun after
“This™: “This shows that the....”

Q: 13_For Sl ref. 2, please provide journal name, volume, issue, and page range.

<

14_For 51 ref. 5, please provide issue number.

Q: 15_Is Sl ref. 6 published. References must be published to be listed in the reference list. Please provide
type of reference and all necessary publishing information or delete if unpublished and renumber

reference section accordingly.

Q: 16_For Sl ref. 12, please provide issue number.

<

17_For SI ref. 13, please provide journal name, volume, issue, and page range.

Q: 18_For Sl ref. 15, please provide issue number.
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