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Political theorists have long argued that enlarging the politi-
cal sphere to include a greater diversity of interests would cure
the ills of factions in a pluralistic society. While the scope of
politics has expanded dramatically over the past 75 y, polar-
ization is markedly worse. Motivated by this paradox, we take
a bottom–up approach to explore how partisan individual-level
dynamics in a diverse (multidimensional) issue space can shape
collective-level factionalization via an emergent dimensionality
reduction. We extend a model of cultural evolution grounded
in evolutionary game theory, in which individuals accumulate
benefits through pairwise interactions and imitate (or learn) the
strategies of successful others. The degree of partisanship deter-
mines the likelihood of learning from individuals of the opposite
party. This approach captures the coupling between individual
behavior, partisan-mediated opinion dynamics, and an interaction
network that changes endogenously according to the evolv-
ing interests of individuals. We find that while expanding the
diversity of interests can indeed improve both individual and
collective outcomes, increasingly high partisan bias promotes
a reduction in issue dimensionality via party-based assortment
that leads to increasing polarization. When party bias becomes
extreme, it also boosts interindividual cooperation, thereby fur-
ther entrenching extreme polarization and creating a tug-of-war
between individual cooperation and societal cohesion. These
dangers of extreme partisanship are highest when individuals’
interests and opinions are heavily shaped by peers and there
is little independent exploration. Overall, our findings high-
light the urgency to study polarization in a coupled, multilevel
context.

polarization | interest diversity | evolutionary game theory |
dynamic networks

Two hundred and twenty-five years ago, George Washington,
in his farewell address, predicted that factions—or mono-

lithic parties—would yield precisely the political sectarianism
that the United States now experiences. As party sectarianism
has increased, democratic norms have eroded, and the United
States seems to be at a breaking point. However, a decade prior
to Washington’s speech, James Madison argued that the “mis-
chiefs of faction” could be prevented by expanding the sphere of
politics: In a society with diverse interests, no faction could act
as a monolith and agendas could be pursued only by negotiating
across differences and forming alliances toward shared goals.

The scope of politics has dramatically increased over the past
75 y. Potentially driven by increases in educational attainment,
the nationalization of politics, and changes to the information
environment (1, 2), the number of issues people care about
and consider within the realm of national politics has markedly
increased (3–5). Despite this trend, and the consequent expec-
tation that an abundance of issues will improve the collective
cohesion by decreasing the likelihood of monoliths, polarization
is markedly worse.

A potential explanation for this paradox is the decreasing
dimensionality of the issue space. In other words, although the

number of issues may have increased, individuals’ opinions on
these issues might be so strongly correlated with their polit-
ical ideology that, in effect, there are only one or two issue
dimensions (6, 7). While some papers have argued that the
decreasing dimensionality of issue attitudes (8, 9) is at the
core of current political tensions, any demonstrated relation-
ship between dimensionality reduction and polarization has been
merely correlational. In fact, some have argued that “[a]lthough
polarization and the reduction in dimensionality tend to coin-
cide, there is no necessary logical connection between the two
trends” (ref. 10, p. 42).

Here we propose a bottom–up mechanism that might offer a
resolution for the paradox of polarization in the face of rising
issue diversity. In particular, we focus on individual-level inter-
actions that are influenced by issue stances, coupled with social
learning that is mediated by partisan bias. The issues individuals
care about (political or otherwise) and the stances they take on
these issues have become both increasingly visible to others (e.g.,
via social media) and strong determinants of individual behaviors
(11): How trustful, forgiving, or helpful we are—even in quotid-
ian, pairwise interactions with neighbors, colleagues, friends, or
strangers (12–15)—can hinge on our respective views on a vari-
ety of issues, from preferred sports teams to art tastes (16) to gun
control or to favored political candidates [even in a primary elec-
tion (12)]. Simultaneously, the stronger the perceived partisan
bias, the less likely it is that individuals leaning toward one end
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of the political spectrum will embrace issues or opinions held by
those at the opposite end (e.g., mask wearing in the COVID-19
pandemic) (17–19).

We propose that the interplay between individual-level behav-
ior on the one hand and the degree of partisanship on the
other hand mediates the effect of issue dimensionality both
on individual-level dynamics and on emergent collective-level
factioning. To investigate this proposition, we extend an evolu-
tionary game theoretic (20, 21) model of cultural evolution (22)
that allows the coevolution of individual states and social net-
works (23): Individuals imitate others—i.e., adopt their interests,
opinions, and strategies—depending on their relative success
in a pairwise donation game (also known as a simplified Pris-
oner’s Dilemma). Our choice of game is motivated by previous
behavioral studies that have used similar pairwise games, such
as the dictator game or the trust game, to measure coopera-
tion between individuals with different political or other attitudes
(12–15). However, our framework is sufficiently versatile to
allow multiplayer interactions, such as public goods games, or
even multilevel interactions, in which individuals can not only
cooperate with peers but also contribute to their party.

Finally, but importantly, we assume that the imitation pro-
cess is influenced by political affiliations and partisan bias, a
mesolevel societal organization—intermediate between the indi-
vidual and the collective—that governs the extent of a politically
mediated reduction in issue dimensionality (24). Because we
focus on the United States, where third parties have minimal
influence (25), we model a two-party system (L, R) with indi-
viduals distributed equally between the parties. We also ignore
unaffiliated independents since a majority of independents admit
to leaning Democrat or Republican and act much like their parti-

san counterparts, at least in their voting behavior (26). However,
because independents may perceive partisan bias differently in
their day-to-day pairwise interactions, future work should extend
this model to consider an independent class.

Model Description
Population. Building on ref. 22, we consider a population of N
individuals distributed over M potentially overlapping groups,
each representing a political issue of interest (e.g., climate
change, gun control; Fig. 1A). A priori, we do not assume any
relationship among the issues; i.e., we assume that all M issues
are independent, so that M gives the dimensionality (or diver-
sity) of the issue space. Individuals can care about (or have an
interest in) any nonzero number of issues. Individual i cares
about issue k if individual i takes either a liberal (hik =−1) or
a conservative (hik =+1) position on it; future extensions could
explore different strengths of interest by allowing values along
a scale (e.g., 1–7). We say that individual i does not care about
issue k if i takes a neutral position (hik =0) on it. We define the
opinion vector of i as hi = [hi1, hi2, . . . , hiM ]∈{−1, 0, 1}M and
the corresponding issue interest vector as hi = [|hi1|, . . . , |hiM |]∈
{0, 1}M , where |hi1|=1 if i cares about issue k and 0 other-
wise. For simplicity, we assume that every individual cares about
exactly K ≤M issues, but the set of K issues can differ among
individuals.

Individuals also have political affiliations, but their opinions
on issues are not necessarily perfectly correlated with their polit-
ical label. In other words, someone who identifies as a member
of a left-leaning party can hold right-leaning opinions and vice
versa (e.g., an American might identify as a Democrat based on
stances on economic issues but still oppose the party on some
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Fig. 1. Schematic illustration of the model. (A) N = 6 individuals (nodes) are distributed over M = 3 groups (black ovals), each representing a political issue.
Colors represent behavioral strategies as indicated; shapes represent party affiliations (circle = L, diamond = R). Individual i cares about all three issues and
has opinion vector hi = [−1, 1, 1], where −1 and +1 correspond to liberal and conservative positions, respectively. Individual j cares only about issue 3 and
takes a liberal position; hence, hj = [0, 0,−1]. In each round, every pair plays one-shot donation games as many times as they have issues in common. Edges
represent the interactions of focal individual i; widths are proportional to the number of interactions. Opinions determine interaction patterns: Whether i
cooperates with j in a given group depends on whether they agree on that issue. (B) Once all games in a round are played, a learner k is chosen uniformly at
random to imitate a role model j, chosen proportional to fitness. Strategies and issues/opinions can both be imitated but not party affiliation, which is fixed.
(C) Whether learner k imitates role model j depends on party bias (p) and on the pair’s party affiliations: An imitation event occurs with probability 1− p if
k and j belong to different parties and with probability 1 otherwise. In an imitation event, k adopts j’s strategy with probability 1− u or a random strategy
with probability u; independently, k abandons k’s issues and adopts j’s issues and opinions with probability 1− v; with probability v, k picks a random set of
issues and adopts opinions on those issues that are biased toward k’s party with probability p.
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social issues). The strength of correlation between one’s party
label and opinions is subject to model dynamics as described
below in Imitation Dynamics.

Pairwise Interactions. In our model, an interaction takes the form
of a one-shot pairwise donation game. In a game, the donor must
choose whether to cooperate with the recipient. A cooperating
donor (“cooperator,” C ) incurs a cost c to provide a benefit b
to the recipient; a defecting donor (“defector,” D) incurs no cost
and provides no benefit to the recipient.

Interactions are entirely determined by issues and are not
influenced by party affiliation. Specifically, individuals i and j
(independent of their party labels) interact if and only if there is
at least one issue that they are both interested in, and they inter-
act as many times as they have shared interests (Fig. 1A). This
dynamic reflects, for instance, social media interactions, where
an individual will respond to someone else only if they have a
mutual interest in the issue and will do so regardless of whether
they have the same opinion on that issue. How they choose to
respond will, however, be determined by their opinions. In our
model, an individual can employ one of four strategies depend-
ing on the individual’s own opinion and that of the donor:
unconditional defector (DD), unconditional cooperator (CC ),
homophilous cooperator (CD ; cooperates with those who share
the same opinion but defects against those who have the oppo-
site opinion), or heterophilous cooperator (DC ; defects against
those who share the same opinion but cooperates with those who
have the opposite opinion).

Fitness. After all pairwise games for a given round have been
played, the fitness fi of individual i is computed as fi =1+β ·πi ,
where πi denotes the total payoff accumulated by individual i
and β denotes the intensity of selection, a quantity employed in
evolutionary game theory to capture the impact of the dynamics
under study on relative fitness. Most often, and in our case, the
assumption is that selection is weak (i.e., β� 1), to reflect the
fact that most peer interactions represent only a tiny fraction of
an individual’s overall fitness. This limit also facilitates analytical
insights.

Imitation Dynamics. The population updates dynamically accord-
ing to a frequency-dependent Moran process (27–29), a standard
approach in models of cultural evolution (Fig. 1B). This frame-
work describes a social learning process in which individuals
preferentially copy the traits of successful others. In our model,
both the strategy and the issues and associated opinions are
subject to this updating process. However, we assume that indi-
vidual party affiliations are fixed over time because empirical
evidence suggests that Americans rarely change their party affil-
iations (30)—although future work can relax this assumption
to explore the dynamics of party affiliations, possibly on longer
timescales. This imitation process plays out at the individual
level (i.e., individuals imitate peers). However, it mirrors the
influence of political leaders and campaigns on public discourse
(31), as exemplified by the empirically documented follow-the-
leader phenomenon (32); i.e., voters tend to first pick a political
leader they deem successful and then adopt their policies, rather
than choosing a leader whose policies match the voters’ own
preferences.

Once fitness is computed for all individuals, a learner k is cho-
sen uniformly at random from the population. The learner then
selects a role model j randomly with probability proportional to
fitness (Fig. 1B). Importantly, the learner and the role model
do not have to share any issues in common prior to the imi-
tation event; i.e., the imitation network is the complete graph
and there is a breaking in symmetry (33) between the interac-
tion network (which is local) and the imitation network (which is
global). Whether the learner proceeds to imitate the role model

or not depends on their party affiliations (Fig. 1C), so that an
imitation event is initiated with probability 1 if k and j belong
to the same party, but only with probability 1− p otherwise.
When p=1, the imitation graph completely segregates into two
modules according to party affiliations. The exogenous parame-
ter 0≤ p≤ 1—which, for simplicity, we assume to be the same
for both parties—thus captures partisan bias: A larger p means
that individuals are less willing to imitate across party lines, con-
sistent with cognitive dissonance theory and partisan-mediated
reasoning (34); if p=1, individuals imitate only those in their
own party.

An imitation event also allows for the possibility of errors
(e.g., incorrectly assessing someone’s strategy or opinions) and
for nonsocial learning or exploration (e.g., learning about new
issues from sources other than peers) (Fig. 1C). Let 0≤ u ≤ 1
and 0≤ v ≤ 1 be the strategy mutation rate and the issue and
opinion exploration rate, respectively. Learner k adopts either
role model j ’s strategy with probability 1− u or a random strat-
egy with probability u . Similarly, with probability 1− v , k adopts
j ’s opinion vector hj ; with probability v , however, k explores a
new and random set of issues and opinions, hk . The lower the
exploration rate, the more reliant individuals are on their peers
as sources of information. When an individual explores a com-
pletely new and random set of issues, party affiliation can still
play a role in determining what opinions that individual will take
on the newly adopted issues: With probability 1− p, learner k
adopts a random set of opinions. With probability p, however,
learner k adopts a biased set of opinions aligned with party
membership.

Individual- and Collective-Level Metrics. We define the following
metrics to characterize the three phenomena of interest: cooper-
ation, opinion alignment, and interest alignment. See Materials
and Methods for full mathematical definitions.
Cooperation. To quantify the amount of interindividual cooper-
ation in the population, we define the effective cooperation to be
the population-level mean fraction of cooperative interactions
averaged over the stationary distribution of the dynamical pro-
cess. To characterize individual behaviors in more detail, we also
measure the steady-state strategy distribution, i.e., the frequency
(or relative abundance) of each of the four possible behavioral
strategies averaged over the stationary distribution.
Opinion alignment. We use as a measure of factionalization the
ability of a party to act as a monolith on issues of interest, i.e., the
extent to which within-party opinions are aligned. Although this
metric has been primarily used to describe party unity, some have
argued that it can be used to characterize the degree of societal
polarization (35).

To quantify opinion alignment, we define the average opin-
ion distance in a given subpopulation as the average city block
distance—also known as Manhattan distance or `1 norm—
between pairs of opinion vectors. The opinion distance between
individuals i and j thus represents the total magnitude of
their opinion differences across all issues and is computed as∑M

k=1 |hik − hjk |. We define average opinion distance for three
subpopulations: among members of the same party (within
party), among members of different parties (between party),
and among all individuals (population level). A lower average
opinion distance in a subpopulation indicates greater opinion
alignment within that subpopulation.
Interest alignment. Interest alignment refers to the degree to
which individuals share overlapping interests and therefore inter-
act with one another. To quantify it, we define the average
interest distance within a given subpopulation as the average
pairwise Hamming distance between pairs of issue interest vec-
tors. The interest distance between i and j thus measures the
number of issues they do not have in common (i.e., issues
that either i or j cares about but not both) and is computed
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as
∑M

k=1

∣∣ (|hik | − |hjk |)∣∣. We define average interest distance
within parties, between parties, and within the whole popula-
tion. A lower average interest distance within a subpopulation
indicates greater interest alignment within that subpopulation.

To illustrate how opinion distance and interest distance work
in tandem, consider a population in which each individual cares
about three of five available issues (i.e., M =5, K =3). Sup-
pose individuals i , j , and k have opinion vectors [0, 0, 1, 1, 1],
[1, 1, 1, 0, 0], and [1, 1,−1, 0, 0], respectively. Even though both
pairs ij and ik have the largest possible divergence in issues
for the given M and K (pairwise interest distance 4, since they
share only one issue of interest), the opinion distance for pair
ik (given by 1+1+2+1+1=6) is greater than that for pair
ij (given by 1+1+0+1+1=4) because i and j have the
same opinion on the one issue that they do have in common.
Thus, the two quantities together capture not only the overlap
in issues but also the divergence in opinion on those overlapping
issues.

Results and Discussion
We conducted computational simulations (Materials and Meth-
ods) and, where possible, analytical calculations (SI Appendix).

Regardless of Political Bias, Increasing the Number of Available Issues
(M) but Decreasing the Number of Issues That Each Individual Cares
About (K) Promotes Interindividual Cooperation and Reduces Polar-
ization. At the individual level, pairwise cooperation tended to
increase when there were more available issues (higher M ; Fig.
2A) or when individuals cared about fewer issues (lower K ;
Fig. 2B). The latter had a stronger effect on cooperation, par-
ticularly when individuals were not exploratory (v =0.001), but
the effect of the former became clear as v increased to an

intermediate level (see effect sizes in SI Appendix, Tables S2
and S3). Analytical calculations provide insight into the relative
effects of M and K (SI Appendix, Eqs. 21 and 22): Whereas
K affects the frequencies of both unconditional (CC ) and con-
ditional (CD , DC ) cooperators, M affects only the former
and only positively (SI Appendix, Eq. 22). Consequently, effec-
tive cooperation always increases with the number of available
issues, consistent with the simulations. However, M impacts the
frequency of CC via a term proportional to 1/M , and there-
fore the positive effect of increasing M is vanishingly small. In
contrast, K impacts all frequencies at least linearly, and there-
fore the effects of varying K are much stronger than those of
varying M .

Consistent with previous work (22), these findings capture
the essence of why structured populations promote cooperation:
The greater the possibility is for assortment with like-minded
individuals, the higher the chance for cooperation to thrive
(22, 36–39). Having more available issues but few of those
issues claimed by any one individual increases the possibility
for cooperators to find refugia from free riders (i.e., unclaimed
issues that cooperators can make their own and thrive). This
increased assortment leads to a lower frequency of unconditional
defection (DD) relative to unconditional cooperation (CC )
(Fig. 2 C and D).

At the collective level, within-party average opinion distance
increased (and the potential for a party to act as a monolith
decreased) with increasing M and decreasing K (see Fig. 4A).
When there are more issues to explore, individuals have the pos-
sibility to adopt a wider variety of opinions and therefore are
less confined to a small cluster of opinions. This reduces the
chances of high within-party opinion alignment and the potential
for polarization.

B

A C

D

E

F

Fig. 2. Cooperation increases with increasing number of available issues (M) and decreasing number of issues individuals care about (K). For each parameter
setting, we ran an ensemble of 150 simulations with population size N = 40, each lasting 2× 107 generations, the first 10% of which were disregarded to
account for potential initialization effects. (A and B) Effective cooperation as a function of M and K in the absence of partisan bias (p = 0), grouped by K (A)
or by M (B). Within a simulation, effective cooperation was measured as the fraction of cooperative actions among all interactions in a generation, averaged
across generations. Each circle represents the mean effective cooperation (± SD) averaged across the ensemble. Colors indicate issue/opinion exploration
rates (v). (C and D) Steady-state strategy distributions as a function of M and K in the absence of partisan bias (p = 0). Each circle represents the average
frequency (± SD) of the corresponding strategy (indicated by its color) across generations, averaged across the ensemble; error bars indicate SD within
the ensemble. Parameter v is as indicated. (E and F) Effective cooperation as a function of partisan bias across combinations of M and K. Color indicates
degree of effective cooperation, from low (yellow) to high (purple). Parameter v is as indicated. See SI Appendix, Table S1 for other parameter values and
SI Appendix, Tables S2 and S3 for the effect sizes corresponding to A–D.
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A Moderate Rate of Issue/Opinion Exploration Optimally Pro-
motes Cooperation While Also Reducing Polarization Relative to a
Rigid Population. At the individual level, relative to our low-
exploration baseline (v =0.001), effective cooperation tended
to be higher as the exploration rate increased up to a mod-
erate rate of issue/opinion exploration (v =0.025), after which
it began to decrease (Figs. 2 A and B and 3A). These results
are consistent with previous work showing that an interme-
diate level of stochasticity in the imitation of the population
structure optimally promotes cooperation (22, 38). That such
an intermediate optimum also arises in our system is to be
expected, since too little exploration limits the cooperators’
ability to take advantage of “empty” issues while too much explo-
ration scrambles the population structure and renders it virtually
well mixed.

To understand how changes in individual behavior drive
the rising effective cooperation, we investigated the effect of
issue/opinion exploration rate v on the steady-state strategy dis-
tribution (Figs. 2 C and D and 3D). Notably, while heterophilous
cooperators (DC ) were more frequent than homophilous coop-
erators (CD) at low exploration rates (Fig. 2C), this ordering
was eventually reversed at intermediate exploration rates (Figs.
2D and 3D). Analytical calculations confirm that these simula-
tion results hold for any benefit-to-cost ratio (b/c), as long as
b> c> 0 (SI Appendix; fitted to simulation data in Fig. 3D).

Selection favors CD (and simultaneously disfavors DC ) when
the effective population-level exploration rate (ν=Nv) satisfies

ν >ν∗=
−2(b/c)+ 3+

√
4(b/c)2− 3

2(b/c− 1)
, [1]

where ν∗ is the critical threshold, which is independent of M and
K . Importantly, although selection always favors CD when Eq. 1
holds, the frequency of CD has a maximum as a function of ν (SI
Appendix, Fig. S1), which likely contributes to the existence of an
optimum exploration rate for the effective cooperation (Fig. 3).

Intuitively, the order reversal in the frequencies of CD and
DC occurs because, as the exploration rate increases, so does
the possibility of assortment with “like” individuals. This favors
those who cooperate with others who are the same (share the
same opinion) and penalizes those who cooperate with others
who are different: Both CD and DC are more likely to encounter
their own type (same strategy and, importantly, same opinions),
but two CDs with the same opinions will mutually cooperate
and gain benefits, whereas two DC s with the same opinions will
mutually defect and forgo benefits.

At the collective level, exploration introduces new issues and
opinions into a subpopulation, thus continually increasing opin-
ion diversity. This, in turn, helps shuffle the opinion clusters,
thereby mitigating polarization. Unlike at the individual level,
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Fig. 3. Moderate rates of issue/opinion exploration promote cooperation. For each parameter setting, we ran an ensemble of 150 simulations with pop-
ulation size N = 40, each lasting 2× 107 generations, the first 10% of which were disregarded to account for potential initialization effects. (A–C) Mean
effective cooperation (± SD) across the ensemble as a function of issue/opinion exploration rate v (log scale). Colors indicate combinations of M and K.
(D–F) Steady-state strategy distributions for M = 3, K = 2 as a function of issue/opinion exploration rate v (log scale). Each circle represents the average fre-
quency (± SD) of the corresponding strategy (indicated by color), averaged across the ensemble. Solid curves in D and E show the corresponding theoretical
predictions in the limit of small µ= Nu (SI Appendix, Eqs. 17 and 18) and dashed gray lines show the critical exploration rate v* computed from Eq. 1, both
showing excellent agreement with the simulation results. Partisan bias p is as indicated in each panel. See SI Appendix, Table S1 for other parameter values
and SI Appendix, Fig. S3 for an expanded figure with p = 0.25, 0.75 and M = 1, K = 1.
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Fig. 4. Opinion and interest alignment as a function of partisan bias. For
each parameter setting, we ran an ensemble of 150 simulations with popu-
lation size N = 40, each lasting 2× 107 generations, the first 10% of which
were disregarded to account for potential initialization effects. Each circle
within a panel represents the mean value (± SD) of the corresponding met-
ric averaged across generations and across the ensemble. Dotted and dashed
lines indicate values within and between parties, respectively. Values of M
and K are as indicated; the values of p between 0.75 and 1.00 are p = 0.8,
0.85, 0.9, 0.95, 0.99. (A) Opinion alignment as measured by normalized aver-
age opinion distance. Opinion alignment decreases with increasing average
opinion distance. (B) Interest alignment as measured by normalized aver-
age interest distance. Interest alignment decreases with increasing average
interest distance. See Materials and Methods for definitions and the nor-
malization procedure; SI Appendix, Fig. S5 for population-level values; and
SI Appendix, Table S1 for other parameter values.

where eventually too much scrambling of opinions and issues
diminishes the possibility of assortment and reduces coopera-
tion, polarization at the collective level will continue to decrease
with increasing shuffling of sets and opinions. We therefore did
not expect an intermediate optimum level of exploration, past
which polarization would begin to increase again. Accordingly,
we found that the average opinion distance increased with the

issue/opinion exploration rate v , regardless of the subpopulation
(Fig. 4A and SI Appendix, Fig. S2A).

Strong Partisan Bias Promotes within-Party Opinion and Interest
Alignment at the Cost of Global Alignment. At the collective level,
partisan bias tended to promote stronger opinion alignment by
party regardless of M and K (Fig. 4A and SI Appendix, Fig.
S2A), although these trends were more striking with increas-
ing exploration rate (Fig. 4A). Extreme partisan bias (p=1)
corresponded to maximum alignment among members of the
same party (minimum within-party average opinion distance)
and minimum alignment among those of different parties (max-
imum between-party average opinion distance). Within-party
alignment decreased nonlinearly and between-party alignment
increased nonlinearly as partisan bias declined; at reasonable val-
ues of issue/opinion exploration (0.001≤ v ≤ 0.125), the most
pronounced change occurred between p=1 and p=0.75. This
pattern suggests that, while extreme partisan bias (p=1) leads
to strong assortment in the opinion space and therefore polariza-
tion, a fairly small amount of cross-party imitation can mitigate
this adverse effect.

As expected from its definition (Individual- and Collective-
Level Metrics), the average interest distance was zero when
individuals cared about all available issues (K =M ), irrespec-
tive of subpopulation, partisan bias, or opinion mutation rate
(Fig. 4B). When K <M , partisan bias increased interest align-
ment within, but not between, parties: Average interest dis-
tance rose within parties but declined between parties. As in
the opinion case, the within-party and between-party curves
quickly converged as p decreased. This outcome showed that,
while the population strongly tended to fragment into party-
based clusters when partisan bias was extreme (p=1), a fairly
small likelihood of cross-party imitation made the population
more cohesive. Unlike in the opinion case, however, parti-
san bias had no effect on interest distance at high exploration
rates (Fig. 4B).

Extreme Partisan Bias Promotes Pairwise Cooperation While Max-
imizing Polarization, but Only If Individuals Are Not Sufficiently
Exploratory. At the individual level, there was a marked differ-
ence in steady-state behavior between the cases p< 1 and p=1
(extreme bias): While p< 1 behaved the same as p=0 (com-
pare Fig. 3 A vs. B and D vs. E) and this was confirmed by our
analytical calculations (SI Appendix, Eqs. 19 and 20), p=1 had
markedly different dynamics (Fig. 3 C and F). This is because
p qualitatively modifies the imitation network: When p=0, the
imitation network is the complete graph (anyone can imitate any-
one else in the population); as p increases, the imitation structure
becomes modular (according to party label) with an increasingly
weak connection between the two modules. Ultimately, when
partisan bias is extreme (p=1), the two modules become discon-
nected, as individuals can only imitate those of their own party.
Importantly, when p=1, even if the exploration rate v is non-
trivial, individuals’ opinions on new issues are perfectly aligned
with their party (Fig. 1C). This gives rise to a discontinuity in
the system behavior: For p=1, even though individuals continue
to interact according to issue membership, the world becomes
segregated according to party labels when it comes to learning
and exploration (i.e., at p = 1, there is zero probability to be
influenced by an individual outside of one’s party or to adopt an
opinion misaligned with one’s party).

Consequently, this party-based segregation and alignment fur-
ther boosted spatial assortment by both strategy and opinion,
maximizing effective cooperation (Fig. 2E). Unlike when p< 1,
cooperation was not primarily boosted by a strong positive effect
on CD , but rather by a positive effect on CC and a negative
effect on DD (Fig. 3 F vs. D and SI Appendix, Fig. S4 C and D
vs. Fig. 2 C and D): When assortment by opinion is very high,
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the second letter of each strategy matters less because individu-
als will mostly encounter others of the same opinion. However,
this trend largely disappeared around the optimum issue/opinion
exploration rates (Fig. 2F and compare Fig. 3 A–C), where the
moderate exploration sufficiently boosts cooperation at low p to
match the positive effect of extreme bias. Moreover, when p=1,
the effect of extreme bias overshadowed the effect of explo-
ration: Effective cooperation changed minimally with increasing
v (Fig. 3C; SI Appendix, Fig. S4 A and B; and see also SI
Appendix, Fig. S4 C and D for corresponding steady-state strategy
distributions).

These results—together with the fact that, at the collective
level, extreme partisan bias maximized both opinion and inter-
est alignment among members of the same party and minimized
alignment among those of different parties—suggest a poten-
tial tension between the individual and collective levels when
the population is away from the optimum issue/opinion explo-
ration rate. This tension disappears when the issue/opinion
exploration rate is around the optimum: Then, extreme bias
still increases polarization but without increasing effective
cooperation.

Conclusion
Our results demonstrate that partisan bias interacts in unex-
pected ways with the diversity of issues that people care about.
If partisan bias is not too high, increasing issue diversity both
increases interindividual cooperation and prevents a monolithic
majority. Interestingly, decreasing the number of issues that any
given individual cares about has an even stronger positive effect
than increasing the total number of available issues, suggesting
that the extent to which individuals engage with available issues
can dramatically impact cooperation and cohesion even when the
scope of issues considered in the society stays the same. Thus,
when partisanship is not too high, our results support Madison’s
argument that a diverse set of issues can prevent a monolithic
majority, but they further suggest that, counter to some con-
temporary democratic theories (40), the splintering of attention
driven by information abundance could, in fact, further improve
outcomes.

However, increasingly high partisan bias induces party-based
assortment of issues and opinions, thereby reducing issue diver-
sity and making the collective worse off. When bias is extreme
(p=1), individuals become completely closed off to influence
from ideologically divergent peers, and the emergent tribalism
boosts interindividual cooperation at the cost of a weakened,
polarized collective. This suggests that, in a highly polarized
state, there will be an emergent tension between the indi-
vidual and the collective levels, with little incentive for indi-
viduals to reduce the collective polarization. This emergent
tension could hinder bottom–up efforts to reduce polarization
endogenously until, eventually, the cost of living in a polar-
ized, dysfunctional society outweighs the high individual bene-
fits of tribalism (41, 42). But our results offer a silver lining:
Not only do the boost to cooperation and associated appeal
of tribalism occur only when partisanship is extreme, they are
also substantial only in a society whose members are primar-
ily learning from peers and are limited in their independent
exploration.

Although, a priori, issues in our model are completely inde-
pendent of each other (i.e., uncorrelated), high partisanship
leads to emergent alignment of issues according to party labels
and, thus, to emergent correlations among them (e.g., if i and
j are both left leaning and i cares about issue X, there is a
very high likelihood that j does too). The associated dimen-
sionality reduction is, as hypothesized, a driver of the observed
factioning. However, it is not the sole driver. Even when indi-
viduals care about all available issues and therefore cannot sort
themselves across issues by party affiliation, we still observe

between-party divergence in opinions when partisanship is high
(i.e., if i holds a right-leaning position on issue X, then i is
likely to also be right leaning on issue Y). This latter scenario
seems to capture the current state of US politics: Democrats
and Republicans care about the same set of hot-button issues,
such as gun control and immigration, but they hold opposing
views (43). To understand how the waxing and waning of a soci-
ety’s interest in politics affect both individual and collective-level
dynamics, future work could allow individuals to dynamically
change the number of issues they care about and/or their party
memberships. Such extensions would further our understanding
of how independents or the politically indifferent might impact
polarization (44).

Given well-known differences in openness to experience
between the right and the left (45) and documented patterns
of asymmetric polarization in the United States, wherein the
right is more polarized than the left (46–49), future work needs
to explore individual-level or party-level differences in partisan
bias, openness to experience, and other attributes that might
affect issue exploration and social learning. A simple extension
would have p be party dependent (i.e., individuals of differ-
ent parties could perceive different levels of partisan bias),
with independents experiencing an altogether different level.
To study the endogenous evolution of partisanship, individu-
als could exhibit different levels of partisanship independent of
their party labels and partisanship could be subject to learning
and imitation, just as the issues and opinions are. If individ-
ual fitnesses then depend both on pairwise interaction payoffs
and on the collective-level factioning, this approach could allow
the study of endogenous waxing and waning of partisanship and
polarization.

While our model focuses on two major parties because third
parties have minimal influence in the United States—they typ-
ically get <5% of the popular vote in a presidential election
(25)—it can be extended to include three or more parties. This
would allow one to explore dynamics of coalition formation,
including the possibility of logrolling (“I will cooperate with
you on issue 1 if you cooperate with me on issue 2”), which
would constitute a key step toward understanding polarization
in multiparty parliamentary systems. Here, an important ques-
tion would be whether and how the introduction of a third
party could destabilize the system. To answer this question,
one could consider parties with dynamic memberships, that is,
where individuals can migrate from a party to another via social
learning or based on shifts in party platforms, among other
factors.

Despite the simplicity of our model, the results comport with
recent evidence of polarization, factionalization, and party bias.
Using data from 1972 to 2004, Baldassarri and Gelman (35)
do not find increases in within-group issue alignment. However,
since then, factionalism has markedly increased (50), as has par-
tisan bias (51, 52) and subsequent polarization (47). At the same
time, the first decades of the 21st century were also accom-
panied by exponential increases in information production and
consumption, driven by digital technology (53). Our study uncov-
ers how these trends may not be in opposition and prompts
us to reevaluate the effectiveness of Madison’s suggested cure
for the mischiefs of faction. Issue diversity, in the absence of
strong partisan bias, promotes individual and collective welfare.
Issue diversity, in the presence of extreme partisan bias and a
rigid society, promotes individual cooperation while intensifying
polarization.

Materials and Methods
Full Model Description.
Opinions and political affiliations. We consider N individuals distributed
over M potentially overlapping groups, each representing a political issue.
As described in Model Description, let hi = [hi1, . . . , hiM]∈{−1, 0, 1}M
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denote the M-element opinion vector of individual i, where hik

represents i’s opinion on issue k: liberal (−1), neutral (0), or conservative
(+1). Individual i cares about issue k if individual i takes either a liberal or
a conservative position on it. Thus, the issue interest vector of i is given by
hi = [|hi1|, . . . , |hiM|]∈{0, 1}M, where |hi1|= 1 if i cares about issue k and 0
otherwise.

Individuals also have political affiliations. Let ai ∈{1, . . . , P}N denote the
party affiliation of i. For simplicity, we focus on a two-party system (P =

2) with individuals distributed equally across the parties and, without loss
of generality, assume that party 1 is liberal leaning (L) and that party 2 is
conservative leaning (R).
Interactions and payoffs. Opinions determine the patterns of interaction.
In each round, two individuals play one-shot pairwise donation games (sim-
plified Prisoner’s Dilemmas) as many times as the number of shared interests.
In a given game, the donor can choose to either cooperate (C)—incur a cost
c to provide a benefit b to the recipient—or defect (D)—incur no cost and
provide no benefit to the recipient.

Whether a donor cooperates or defects depends both on the donor’s
behavioral strategy and on the agreement between the donor and
the recipient. The strategy of individual i is given by si = [sia, sid]∈
{0, 1}2, where 0 corresponds to defection and 1 to cooperation. When
i interacts with j in group k, i plays strategy sia if i and j agree on
issue k (e.g., both have opinion −1) and plays sid if they disagree.
Thus, an individual can be an unconditional defector (DD = [0, 0]), a
homophilous cooperator (CD = [1, 0]), a heterophilous cooperator (DC =

[0, 1]), or an unconditional cooperator (CC = [1, 1]). Note that i does not
interact with j in group k if j does not care (i.e., is neutral) about
issue k.

In sum, an individual i is characterized by three variables: 1) party affilia-
tion [ai ∈{1 (= L), 2 (= R)} under our simplifying assumptions], 2) opinions
hi , and 3) behavioral strategy si . These, together with benefit b and cost c,
determine the total payoff πi of i in a given round:

πi =
N∑

j=1
j 6=i

M∑
k=1

|hikhjk|
[
δ

k
ij

[
−csia + bsja

]
+ (1− δk

ij )
[
−csid + bsjd

]]
, [2]

with δk
ij = 1hik=hjk

= 1 if i and j agree on issue k and 0 otherwise;(
−csi∗ + bsj∗

)
is i’s payoff when i and j agree (∗= a) or disagree (∗= d).

Fitness and its nonnegativity. After all the games for a given round are
played, we compute the fitness fi of i as fi = 1 + β ·πi , where β denotes
the intensity of selection. To guarantee nonnegativity of fitness, we con-
sider the scenario that results in minimum possible fitness and derive the
parameter conditions under which fi ≥ 0. When i interacts with every other
individual in every issue group and loses c in every interaction, i’s fitness
is: fi = 1 + βπi ≥ 1− β(N− 1)Mc≥ 0. Thus, β and c must satisfy 1≥ β(N−
1)Mc =⇒ β≤ β∗ = 1/(N− 1)Mc. We chose simulation parameters (c = 0.2,
N = 40, 1≤M≤ 5, and β= 0.001; SI Appendix, Table S1) satisfying this
condition.
Simulation details. We implemented our model as stochastic agent-
based simulations in Julia (54). All code for simulations, analytical cal-
culations, and figures are available at https://github.com/marikawakatsu/
CooperationPolarization2 (55). For the simulations, we assumed that every
individual cares about exactly K issues. Under these assumptions, the pop-
ulation was initialized as follows: Without loss of generality, individuals 1
through N/2 were assigned to party L and N/2 + 1 through N were assigned
to party R. To initialize an individual’s opinions, we first selected K out
of the M issues at random. We assigned the individual an opinion corre-
sponding to the individual’s party affiliation (−1 for party L, +1 for party
R) for each of these K issues and a neutral opinion 0 for the remaining
M−K issues. This process was repeated independently for all N individuals.
Finally, each individual was also assigned a strategy (DD, DC, CD, CC)
at random.

Measuring opinion alignment. Polarization was characterized using aver-
age opinion distance. The opinion distance between individuals i and j is
defined as the city block distance between their opinion vectors hi and hj :
dopinion(hi , hj) =

∑M
k=1 |hik − hjk|. Then, population-level, within-party, and

between-party average opinion distances are defined as

dpopulation
opinion =

1(N
2

) N∑
i<j

dopinion(hi , hj), [3]

dwithin
opinion =

1

2

∑
a∈{L,R}

1(N/2
2

) N∑
i<j,ai=aj=a

dopinion(hi , hj), [4]

dbetween
opinion =

1

(N/2)2

N∑
i<j,ai 6=aj

dopinion(hi , hj), [5]

respectively. Eq. 3 computes the average opinion distance between every
pair of individuals i and j in the population. In Eq. 4, the bracketed term
sums the opinion distance between every pair i and j within party a (ai =

aj = a). In Eq. 5, the bracketed term sums the opinion distance between
every pair i and j whose party affiliations differ (ai 6= aj).
Normalization. The range of possible pairwise opinion distances depends
on K: Given K, the maximum possible opinion distance is dmax

opinion(K) = 2K. To
allow for meaningful comparisons of opinion alignment across values of K,
we divided each raw average opinion distance by dmax

opinion(K).
Measuring interest distance. Interest alignment was characterized using
average interest distance. The interest distance between i and j is defined as
the Hamming distance between pairs of their issue interest vectors h̄i and h̄j :
dinterest(h̄i , h̄j) =

∑M
k=1

∣∣|hik| − |hjk|
∣∣. Then, population-level, within-party,

and between-party average interest distances are defined as

dpopulation
interest =

1(N
2

) N∑
i<j

dinterest(h̄i , h̄j), [6]

dwithin
interest =

1

2

∑
a∈{L,R}

1(N/2
2

) N∑
i<j,ai=aj=a

dinterest(h̄i , h̄j), [7]

dbetween
interest =

1

(N/2)2

N∑
i<j,ai 6=aj

dinterest(h̄i , h̄j), [8]

respectively. Eq. 6 computes the average interest distance between every
pair of individuals i and j in the population. In Eq. 7, the bracketed term
sums the interest distance between every pair i and j within party a (ai = aj =

a). In Eq. 8, the bracketed term sums the interest distance between every
pair i and j whose party affiliations differ (ai 6= aj).
Normalization. In contrast to opinion distance, the range of possible pair-
wise interest distances depends on both M and K: The maximum possible
interest distance is dmax

interest(M, K) = 0 if K = M and 2|bM/2c− b|M/2−K|c|
if K<M, where b·c is the floor function. To allow for meaningful compar-
isons of interest alignment across values of K, we divided each raw average
interest distance by dmax

interest(M, K) when K<M.

Data Availability. All simulation data and code for simulations, figures,
and analytical calculations are available at Github (https://github.com/
marikawakatsu/CooperationPolarization2) (55).
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