HOPF BIFURCATIONS AND LIMIT CYCLES IN EVOLUTIONARY
NETWORK DYNAMICS *
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Abstract. The replicator-mutator equations from evolutionary dynamics serve as a model for
the evolution of language, behavioral dynamics in social networks, and decision-making dynamics
in networked multi-agent systems. Analysis of the stable equilibria of these dynamics has been
a focus in the literature, where symmetry in fitness functions is typically assumed. We explore
asymmetry in fitness and show that the replicator-mutator equations exhibit Hopf bifurcations and
limit cycles. We prove conditions for the existence of stable limit cycles arising from multiple distinct
Hopf bifurcations of the dynamics in the case of circulant fitness matrices. In the noncirculant case
we illustrate how stable limit cycles of the dynamics are coupled to embedded directed cycles in the
payoff graph. These cycles correspond to oscillations of grammar dominance in language evolution
and to oscillations in behavioral preferences in social networks; for decision-making systems, these
limit cycles correspond to sustained oscillations in decisions across the group.
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1. Introduction. Evolutionary dynamics [32, 19, 7, 31] are, broadly speaking,
an effort to cast the basic tenets of Darwinian natural selection (replication, competi-
tion, strategy dependent fitness, mutation) in a mathematical framework that can be
simulated, interpreted, and often rigorously analyzed. John Maynard Smith’s pioneer-
ing work [25] made formal connections between classical game theory and evolutionary
dynamics. Particularly important was Maynard Smith’s definition of evolutionarily
stable strategies (ESS’s), which are equilibria of an evolutionary dynamical system
that are uninvadable by other competing strategies in the environment, and hence
stable in an evolutionary sense. From a game theoretic perspective, ESS’s are a sub-
set of the Nash equilibria of a game: they satisfy both the Nash best reply condition
and evolutionary uninvadability.

The replicator dynamics [27] are the simplest model of evolutionary dynamics for
a large population comprised of N sub-populations, each subscribed to a different
competing strategy. These differential equations model the game theoretic interac-
tions among the sub-populations and determine how each sub-population changes in
size as a consequence of these interactions. Lyapunov stable equilibria of the replica-
tor dynamics are Nash equilibria of the corresponding game [34]. Further, all ESS’s
of the replicator dynamics are asymptotically stable [34].

Although the replicator dynamics have proved to be a powerful tool in analyzing
a variety of classical games from an evolutionary perspective, they do not model
mutation, a key ingredient of selection theory. Mutation can be included by adding the
possibility that individuals spontaneously change from one strategy to another. This
yields the replicator-mutator dynamics [2, 21], which have played a prominent role in
evolutionary theory and contain as limiting cases many other important equations in
biology [10]; these include models of language evolution [17], autocatalytic reaction
networks [26], and populations genetics [5]. The dynamics have also recently been
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employed to model social and multi-agent network interactions [20]. The replicator-
mutator equations have been shown in [21] to be equivalent to the generalized Price
equation from evolutionary genetics [23, 24]. The standard replicator dynamics can
be obtained from the replicator-mutator dynamics in the limit of zero mutation.

In this paper we study a form of the replicator-mutator dynamics and prove con-
ditions for Hopf bifurcations and stable limit cycles for N > 3 competing strategies.
Stable limit cycles correspond to sustained oscillations in strategy dominance across
some or all of the population. The form of the dynamics considered, and the inter-
pretation of the oscillations, depends on the applications of interest; the following are
three motivating applications.

a) The replicator-mutator dynamics have been used in the development of a mathe-
matical framework for the evolution of language [17]. For a large population, the
strategies represent different grammars in the population and mutations reflect er-
rors in grammar transmission or learning from one generation to the next. A key
result is the bifurcation of the equilibria from a state where several grammars co-
exist in a population to a state of high grammatical coherence as mutations in the
population decrease (or equivalently, the fidelity of learning increases) [12, 3, 15].
Limit cycles of the replicator-mutator dynamics correspond to oscillations in the
dominance of the different grammars in the population. As noted in [16], oscilla-
tions appear to be more realistic than stable equilibria for the language dynamics
with timescales on the order of several centuries.

b) The replicator-mutator dynamics were recently proposed [20, 9] as a model for
behavior adoption in social networks, with a focus on the emergence of dominance
of particular behaviors in these networks. Simulations of the evolutionary social
network model show a shift from the dominance of a single strategy (behavior),
to the coexistence of a few strategies, to eventually the collapse of dominance,
as the extent of mutation in the network increases. Limit cycles of the replicator-
mutator dynamics correspond to oscillations of behavior preference in this context,
for example cycles in trends or fashions.

c¢) The replicator-mutator dynamics can also be used to model decision-making dy-
namics in networked multi-agent systems. It has been shown that simple mod-
els with pairwise interactions between agents and noisy imitation of successful
strategies evaluate (under certain conditions) to the replicator-mutator dynam-
ics [6, 1, 30, 29]. Recent papers have employed the replicator-mutator equations
to model wireless multi-agent networks [33, 28]. Hopf bifurcations of replicator-
mutator dynamics in this context address the exploration versus exploitation trade-
off: few mutations favor fast convergence to a decision (exploitation) whereas
extensive mutations favor exploration of the decision space. In an intermediate
range, mutations can lead to limit cycles, which enable dynamic examination of
alternative choices.

The analysis of the replicator-mutator dynamics in the literature has focused
primarily on stable limiting equilibrium behavior where the fitness terms are assumed
to have a lot of symmetry (e.g. [3, 17, 20]). However, the recent N = 2 analysis in [11]
shows that the symmetric case is structurally unstable and that breaking symmetry
in fitness yields qualitatively different bifurcations of the dynamics. Further, in [16]
the authors illustrate that the replicator-mutator dynamics exhibit limit cycles and
chaos for specific model parameter values.

In this paper, we show that the limiting behaviors of the replicator-mutator dy-
namics are tied to the structure of the fitness model, and we prove how breaking
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symmetry yields some of the richer outcomes simulated in [16]. It is known that
the replicator dynamics for N > 4 can generate limit cycles and chaos for particu-
lar choices of fitness [16, 26, 18]. Here we investigate the role that both fitness and
mutation play in generating limit cycles for the replicator-mutator dynamics. With
mutation strength as the bifurcation parameter, we prove Hopf bifurcations for the
replicator-mutator dynamics with N > 3 and characterize the existence of stable limit
cycles using an analytical derivation of the Hopf bifurcations points and the corre-
sponding first Lyapunov coefficients [4, 13]. We focus on a class of circulant fitness
matrices for our analytical calculations, and explore bifurcations and limit cycles for
more general non-circulant fitness matrices using simulations. While circulant fitness
matrices may be explicitly relevant for the applications identified, we also expect that
more general fitness matrices are relevant. Accordingly, we motivate our focus on
circulant matrices as a step towards better understanding the influence of cycles in
the more general cases.

In §2 we provide the details of the replicator-mutator dynamics and the simplex
phase space on which the dynamics evolve. In §3 we show motivating simulations and
illustrate bifurcations of the dynamics for N = 3 strategies, summarizing our previous
work in [22]. In §4 we present our main result proving Hopf bifurcations for N > 3
strategies and a two-parameter family of circulant fitness matrices. We examine one-
parameter circulant fitness matrices in §5 and consider noncirculant cases in §6. In
§7 we conclude and discuss future directions.

2. Replicator-Mutator Dynamics. Consider a large population of agents and
N distinct strategies S;, i = 1,2,--- , N. Let strategy frequency z; € [0, 1] be the
N

fraction of individuals in the population with strategy .S; such that Zwl =1. Let
i=1

the population distribution vector € = [z1 , -+, « N]T. The fitness f; of agents with

strategy S; is given by

N
fi = bk
k=1

Let f=1[f1, -, fN]T. Then f = Bz, where B = [b;;] € RV*Y  and the average
population fitness is ¢ = fTax = a” Bzx. B is known as the payoff matrix where
bi; > 0 represents the payoff to an agent with strategy S; on interacting with an
agent with strategy 5.

We assume that payoffs are all non-negative and that agents get a maximal payoff
(normalized to 1) on interacting with others subscribed to the same strategy. Hence
B satisfies

bi; =1 and bij S [O, 1) for i # j. (2.1)

As noted in [20], the payoff matrix B can be interpreted from a graph theoretic
perspective as the adjacency matrix of a directed graph. The nodes of the graph
correspond to the strategies S;. The diagonal elements of B (b;; = 1) correspond to
self-cycles at each node. Each of the non-zero off-diagonal elements b;; corresponds to
the weight of a directed edge from node S; to node S;. Symmetric payoff matrices B
correspond to undirected graphs. This graph theoretic viewpoint is important in our
work, particularly as a tool to visualize the structure of the payoff matrix. Consider
the following condition:
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CONDITION 1. FEvery row and column of B has at least one non-zero off diagonal
element.
From the graph theoretic perspective, Condition 1 requires that every node of the
graph has at least one outgoing and one incoming link; this ensures that there are no
isolated disconnected nodes of the payoff graph. We will restrict to examining graphs
that satisfy Condition 1.

Next we define g;; to be the probability that agents with strategy S; mutate

(spontaneously change) to strategy S;. Note that since Zqij =1, the mutation

j
matrix = [g;;] is row stochastic. The elements of the mutation matrix @ are defined

in terms of a mutation parameter p € [0,1]. The mutation parameter represents the
probability of error in replication. For example, i = 0 denotes perfect replication and
no mutation whereas p = 1 denotes pure mutation.

In this paper, we use two specific models for the mutation matrix . The first
model defines the mutation probabilities ¢;; as a function of the payoffs b;; and the
mutation strength p as follows:

bi; s
Gi =1 —p), ;= Zui]b for i # j. (Q1)
ij 74

The form of ¢;; in (Q1) is motivated by the graph theoretic perspective on the
replicator-mutator dynamics and is a generalization of the structured mutational mod-
elsin [14, 11]. Intuitively, this model implies that spontaneous mutation to alternative
strategies is weighted in favor of strategies that yield higher payoff. The mutation
models in [20, 14, 3, 17] are special cases of (Q1) in which the payoff matrix B is
symmetric. We call (Q1) the dependent mutation model since (Q1) is dependent on
B.

The second mutation model we consider corresponds to a uniform random prob-
ability of mutating to alternative strategies as follows:

@i = (= p), 4= fori#J. (Q2)

We call (Q2) the independent mutation model since (Q2) is independent of B.

There are several alternative possibilities for the mutation matrix ). Our choice of

(Q1) and (Q2) enables a comparison between independent and dependent mutation

models, and represents two generic models that are popular in the literature and

meaningful in the context of our motivating applications.
The strategies S;, payoffs b;; and mutation probabilities ¢;; can be interpreted in
each of our motivating contexts:

a) For the evolution of language, each S; is a specific grammar in the population
and b;; is the probability that a sentence spoken at random by individuals with
grammar S; can be parsed by individuals with grammar S;. Higher values of the
diagonal terms ¢;; = 1 — p of the mutation matrix @ correspond to more effective
language transmission or learning, and the off-diagonal terms g¢;; correspond to
mutation probabilities to alternative grammars.

b) In social networks, each S; represents a particular behavior in a population and b;;
represents the degree to which agents with behavior S; are attracted to behavior S;.
Higher values of the mutation probabilities ¢;; correspond to a greater tendency
for individuals to explore and adopt alternative behaviors in the population.
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¢) In multi-agent decision making, each S; represents an alternative choice for the
group and the b;; represent the perceived relative advantage of choice S; for agents
currently subscribed to choice S;. The mutation terms g¢;; model errors in the
decision-making process.
The replicator-mutator dynamics describe the dynamics of the population distri-
bution x as a result of replication driven by fitness f and mutation driven by Q:

N
ii= Y aifi(®)q — vi0 = gi(x); o= f"x. (2.2)
j=1

The replicator-mutator dynamics (2.2) can be derived as the limit of a simple
stochastic error-prone imitation process, where agents imitate successful strategies
proportional to relative payoffs (f;/¢) and mutate to alternative strategies with prob-
abilities ¢;;; see [6, 1, 30] for details. As illustrated in [30, 1], there exist several
possible microscopic imitation mechanisms that yield alternatives to the replicator-
mutator dynamics in the limit. For this paper, we focus on the replicator-mutator
dynamics as these are popular in the literature and hence allow for comparisons with
past work [3, 20, 14, 16].

The dynamics (2.2) evolve on the (N — 1)-dimensional simplex phase space as
follows. Define the n-simplex as

An:{mER"H\xiZO, mlel},

where 1 is a column vector of ones of appropriate dimension. Let g(x) : RV — RY
be g(x) = [g1(x),- - ,gn(x)]" where g;(x) is defined in (2.2). One can compute
directly from (2.2) that x71 =1 = 1%7g(z) = 0. Hence 71 = 1 is an invariant
hyperplane for the dynamics. Further, the non-negative orthant of RY is a trapping
region for the dynamics; this follows from the fact that &;|;,—0 > 0. The intersection
of the invariant hyperplane and the non-negative orthant of R" is the simplex Ay _1.
Hence Ay_1 is a trapping region for the replicator-mutator dynamics (2.2).

Given the restriction to the simplex Ay_;, the N-dimensional dynamics (2.2)
can be reduced to an (N — 1)-dimensional system of equations:

.%‘z:hz(i'), i€{1,27"' 7,Z\/v—l},

N-1
- (2.3)
hi(Z) := gi $17$27"',-TN—1,1—E i |,
Jj=1

where & = 11, - 7:EN,l]T and h : RVN-1 - RN-1,

3. Motivating Simulations and Analysis. Our motivation to prove the ex-
istence of limit cycles in replicator-mutator dynamics comes in part from simulations
of the dynamics (2.2) for random payoff matrices B (b;; chosen from the uniform dis-
tribution on the interval [0, 1) for ¢ # j), which frequently exhibit oscillations. Figure
3.1 shows one simulation of the dynamics that is typical for mutation matrix (Q1) or
(Q2). The dynamics in this simulation illustrate the shift from dominance of a single
strategy (Figure 3.1(a)), to the coexistence of several strategies (Figure 3.1(b)), to
eventually the collapse of dominance (Figure 3.1(c)), as the extent of mutation (pa-
rameterized by u) increases. The study of the collapse of dominance, as a consequence
of a bifurcation in the dynamics, has received significant attention in the literature
(e.g. [3, 17, 12, 14]).
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F1G. 3.1. A first typical simulation of the dynamics (2.2) for N = 20 nodes and b;; € [0, 1)
chosen randomly from the uniform distribution. The dynamics shift from (a) a highly coherent state
for small p, to (b) a less coherent state for intermediate p, and eventually collapse to (c) a mized
state for large p.

Figure 3.2 shows another simulation of the replicator-mutator dynamics that is
also typical for mutation matrix (Q1) or (Q2). The dynamics in this simulation also
transition from dominance of a single strategy (Figure 3.2(a)) to collapse of dominance
(Figure 3.2(c)). However, unlike the first simulation, the dynamics exhibit sustained
oscillations in strategy dominance at intermediate values of mutation strength p (Fig-
ure 3.2(b)). In [16], the authors consider specific asymmetric payoff matrices and,
using simulations, illustrate stable limit cycles for the replicator-mutator dynamics
that result.

1 0.7 0.1
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FiG. 3.2. A second typical simulation of the dynamics (2.2) for N = 20 nodes and b;; € [0, 1)
chosen randomly from the uniform distribution. The dynamics transition from (a) a highly coherent
state for small p, to (b) oscillating dominance for intermediate p, and eventually to (c) a mized
collapse of dominance for large p.

3.1. Analysis for N = 3 Strategies. To build intuition for our general results
in §4, we summarize here the main results from our recent paper [22], which focuses on
the bifurcations of the dynamics (2.2) as a function of the bifurcation parameter y for
N = 3 strategies. Because the simplex is two-dimensional for N = 3 (2.3), it is easier
than in higher dimensions to prove necessary and sufficient conditions for limit cycles
and to visualize codimension-one bifurcations. We show a transition from multiple
stable dominant equilibria to a unique stable mixed equilibrium for increasing u, and
prove conditions for stable limit cycles to exist over an intermediate range of p.

Consider the dynamics (2.2) with N = 3 and with the payoff parameters b;;
in (2.1) set to be either 0 or equal to a constant value b > 0. There are five non-
isomorphic graph topologies with three nodes that satisfy the connectivity specified
by Condition 1 and have edges of identical weight b; these are shown in Figure 3.3.
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Figure 3.3 also shows the analytically computed! bifurcation plots for each of the
topologies as a function of the mutation strength p for mutation matrix (Q1) and
payoff matrix (2.1). The corresponding plots for mutation matrix (Q2) are shown in
Figure 3.4.
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Fia. 3.3. Bifurcation plots for the N = 3 case of dynamics (2.2), constant edge weights b = 0.2
and mutation matriz (Q1). The x-axis in each plot is the mutation strength u, blue and red curves

are stable and unstable equilibria, respectively, and the magenta curves are stable limit cycles. The
three-node graphs in each subplot have adjacency matriz B with self-cycles (not shown) at each node.
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Fic. 3.4. Bifurcation plots for the N = 3 case of dynamics (2.2), constant edge weights b = 0.2
and mutation matriz (Q2). The x-axis in each plot is the mutation strength u, blue and red curves
are stable and unstable equilibria, respectively, and the magenta curves are stable limit cycles. The
three-node graphs in each subplot have adjacency matriz B with self-cycles (not shown) at each node.

Note that for ;1 = 0 the only stable equilibria for the replicator-mutator dynamics
with payoffs (2.1) are the three (dominant) pure strategy equilibria at the corners
of the triangle simplex. In all the subplots in Figures 3.3 and 3.4, bifurcations yield
a unique mixed strategy equilibrium in the interior of the simplex, for increasing pu.
The transition from the dominant equilibria to the mixed equilibrium for increasing
1 depends strongly on the topology of the payoff graph B under consideration. In the
case of all-to-all interconnections in Figure 3.3(a) and 3.4(a), the mixed equilibrium

1Equilibria and nullclines are solved using the MATLAB@g) symbolic toolbox.
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Tmiz,3 = %13 changes stability via an Ss-symmetric transcritical bifurcation (see
[3] for details). The bifurcation plots for graphs in Figures 3.3(b)-(d) and 3.4(b)-(d)
each have a stable branch of equilibria for all g. They also have two other stable
and four unstable equilibria at © = 0 which disappear in saddle-node bifurcations
as p increases. We note that these bifurcations are qualitatively representative of
bifurcations generally observed in small perturbations of the structurally unstable
symmetric all-to-all case. The bifurcations in Figures 3.3(b)-(d) and 3.4(b)-(d) are
also comparable to the saddle-node bifurcations for the N = 2 dynamics studied in
[11].

The bifurcation plots in Figures 3.3(e) and 3.4(e) correspond to a directed cycle
interconnection among nodes in the payoff graph. The equilibrium ®,,;4,3 exists for
all values of 1 € [0,1]. In Figure 3.3(e), three symmetric saddle-node bifurcations
occur at gt = pc1 and stable limit cycles appear about ymi4,3. These are followed by
a Hopf bifurcation at @ = pco, where &,:2,3 changes stability from an unstable to a
stable focus and the limit cycles disappear. Figure 3.5 shows phase portraits of the
dynamics for various choices of p, illustrating the Hopf bifurcation.

(c) #=10.25 € (nc1,po2) (d) p=0.35> pc2

Fic. 3.5. Phase portraits for dynamics (2.2) and with directed cycle topology as in Figure 3.3(e)
and mutation matriz (Q1). The figure on the left of each of the four sub-figures shows nullclines
(red, green and magenta), vector field (grey arrows) and equilibria (filled circles are stable, unfilled
circles are unstable). The figure on the right of each of the four sub-figures shows sample trajectories
for randomly chosen initial conditions. The color scale indicates the magnitude of the flow (vector
field) with hot colors corresponding to fast flow. b= 0.2 for this set of plots which gives pc1 = 0.212
and pco = 0.3. See accompanying animation phasecyc.mpg [3.1MB].

In [22] we proved that stable limit cycles of the dynamics exist in a wide region of
parameter space for circulant payoff matrices B, for which the directed cycle topology
in Figure 3.3(e) is a special case. Here we state two of the main results from [22] that
provide necessary and sufficient conditions for the existence of stable limit cycles for
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(2.2) with circulant payoff matrix given by

1 «
B := B¢ 3 = Circulant(l,,8) = | § 1
o f

, {a, 8} €10,1) and a + 3 > 0.

— Q™

Lemma 3.1 provides necessary conditions for the existence of limit cycles for (2.2)
with N = 3 and payoff matrix B¢ 3. Corollary 3.2 provides sufficient conditions for
Hopf bifurcations and stable limit cycles and is a special case of the more general
result in Theorem 4.5 to follow in §4.

LEMMA 3.1. The dynamics (2.2) with payoff matrix Bc 3 have no closed orbits
in the simplex Ay for

(2—a-p)(a+p)
6(a+ 5+ af)

> =: o1 for mutation (Q1), and

22-a—-p)

34+ath) =: poz for mutation (Q2).

>

Proof. Follows from a straightforward application of Bendixson’s Criterion; refer
to [22] for details. 0

COROLLARY 3.2. Equilibrium Tmiq,s of the dynamics (2.2) with N = 3 strate-
gies, payoff matriz Bc 3, mutation matriz (Qi) (i = 1,2) and bifurcation parameter
u, undergoes a supercritical Hopf bifurcation at p = po; leading to stable limit cycles
for i < poi if @ # B and additionally if 2a + 28 + 53 + o2 + 5% # 2 for mutation
matriz (Q1).

Proof. The proof relies on satisfying the conditions of the Hopf Bifurcation The-
orem 4.3. This is shown for N > 3 in Theorem 4.5. For N = 3, the first Lyapunov

coefficient is given by ¢1(a, 5) = 3(%5—2), where,
(a=B) (o’ +B°+20+28+503-2) i1
wor = |3l @ =3 @patas -
V3(4+a+8) -~

This follows from the calculation of ¢; in Lemma 4.6. Supercriticality follows from
wos 75 0 = ¢ <0. 0

Figure 3.3(e) shows limit cycles for the specific case of B¢ g with o = b and 5 = 0.
Figure 3.6 shows three more limit cycle bifurcation plots for non-zero o and § and
mutation matrix (Q1). Interestingly, for the parameter values selected in Figure 3.6(b)
stable limit cycles coexist with multiple stable equilibria. This coexistence of stable
equilibria and stable limit cycles implies that different initial conditions can yield
qualitatively distinct limiting behavior even with fixed parameters for the dynamics
(i.e., without bifurcations).

4. Hopf Bifurcation Analysis. In §3 we looked at Hopf bifurcations for the
replicator-mutator dynamics (2.2) with N = 3 strategies and circulant payoff matrix
Bc,3. While the focus on three strategies was convenient for visualization, the sim-
ulations in Figure 3.2 indicate that the dynamics have stable limit cycles in higher
dimensions as well (N > 4). In this section we show that this is indeed the case by
proving two main results. Theorem 4.5 shows that the dynamics undergo multiple
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FIG. 3.6. Bifurcation plots for the dynamics (2.2), payoff matriz Bc 3 and parameters a and
as shown. The existence of Hopf bifurcations and stable limit cycles for the set of parameter choices
follows from Corollary 3.2. Note the coexistence of stable equilibria with stable limit cycles in panel

(b).

Hopf bifurcations at distinct bifurcation points, and Lemma 4.6 provides analytical
conditions for the stability of the limit cycles arising from these Hopf bifurcations.

We focus on the dynamics with circulant payoff matrix By € RNXN N >3
given by

Bg,n := Circulant (1, 0,0, ---,0,8) ,{a, 5} € [0,1) and oo+ 5 > 0, (4.1)

and mutation matrices (Q1) and (Q2). The directed graph induced by the payoff
matrix B n is illustrated in Figure 4.1.

‘«---- N 1 a 0 - 0 p
/ \ ﬂ 61 « 0
C’,N: 0 g 1 «a :

P

0 6 1 «

. «a 0 -~ 0 B 1

1° 4
F1G. 4.1. Graph topology corresponding to the two-parameter payoff matriz Bo,n from (4.1).

We have chosen to study the circulant two-parameter payoff structure B¢, x both
for purposes of tractability and to gain important insights regarding Hopf bifurcations
of the dynamics in N dimensions. In particular, we show the existence of multiple
Hopf bifurcations as several distinct pairs of eigenvalues cross the imaginary axis with
increasing mutation parameter p. Further, the criticality of the bifurcations, and cor-
respondingly the existence of stable limit cycles, depends on the choice of parameters
« and G, unlike the N = 3 case where all existing bifurcations are supercritical. The
analysis also shows that the choice of the mutation matrix (Q1) and (Q2) plays an

important role in determining the existence and criticality of the Hopf bifurcations.

For payoff matrix B¢ n, the equilibrium Zie,n = %1]\] = [% - %]T e RV

undergoes the Hopf bifurcations. Lemma 4.1 shows that @, ~ is always an equi-
librium of (2.2) for circulant B.

LEMMA 4.1. If the payoff matriz B is circulant, then Tmiz, N s an equilibrium
of the replicator-mutator dynamics (2.2).
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Proof. Suppose B is circulant. Then 1 is an eigenvector of B with eigenvalue
N

TR = Zblj’ i.e., Bl = rgl. Matrix @ is also circulant by construction from (Q1)
j=1
N N

and (Q2). This means that Zqﬂ = Zqij =1. Let * = Tmiz,n. Then f =

j=1 j=1
BZpmiz,N = & B1="21. From (2.2),

1 N 1 r N T

. B B

o, b () = i =0
> j=1 j=1

and Tymiqe,N is an equilibrium. |

To proceed with the analysis, we start by calculating Dmg|mmiw’N, the Jacobian
matrix of the dynamics evaluated at the equilibrium point @iz, n. We then prove
conditions for the existence of L%J pairs of complex conjugate eigenvalues of the
Jacobian. We prove that each of these pairs of complex eigenvalues has distinct
real part and hence each pair crosses the imaginary axis at different values of the
bifurcation parameter p. We show that each such crossing satisfies the conditions of
the Hopf Bifurcation Theorem 4.3. We then derive an analytic expression for the sign
of the first Lyapunov coefficient ¢; for each of the Hopf bifurcations in terms of the
payoff parameters o and (3, the eigenvalues of the mutation matrix ), the Jacobian
D.g| Tmie.n’ and the particular critical p at which the bifurcation occurs.

4.1. Hopf Bifurcation Calculation. By Lemma 4.1, i, N is an equilibrium
for the replicator-mutator dynamics (2.2) with circulant payoff B¢ n. The (i, j) entry

of the Jacobian ng|mmiw ~ denoted {Dmg|mmim N} , is given by

ij

v leraruranitsuni- (2 45) arara]. w2
where d;; is the Kronecker delta and the indices ¢,j are denoted modulo N, i.e.
1=N+1,0= N, etc. For circulant fitness B, the Jacobian Dmg|zmm’N is also
circulant.

Let wy = cos (%) + i sin (3F) be a complex, primitive N*® root of unity. Let
wnk = wh = cos (37k) + isin (3Fk) for any integer k. For a circulant matrix
M = [mw] S RNXN, let

N
Ak(M):Zmlj wNj)Zl. (4.3)
j=1

Then, the N eigenvalues of M are {\p(M), \pr1(M),- -+, Anyr—1(M)} for any k [8].
Lemma 4.2 provides necessary and sufficient conditions for the existence of complex

eigenvalues for the Jacobian Dggl, .

LEMMA 4.2. The Jacobian Dggl, .
eigenvalues if and only if o # B and ’

~ has L%J pairs of compler conjugate

a+ 0

m for mutation (Q1), or, u # % for mutation (Q2).

7
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Proof. The proof relies on the cyclic properties of complex roots of unity. Details
are in Appendix A. ]

Note that if the conditions in Lemma 4.2 are not satisfied (neither for the mutation
(Q1) nor for the mutation (Q2)), then the eigenvalues of the Jacobian are strictly real.

When the conditions are satisfied, wy , is complex if and only if )\k( Dw9|mmm N) is

complex. There are L%J complex conjugate pairs among the wy j for k=1,--- , N.

For N = 3, the one complex pair is associated with the unique Hopf bifurcation point
as seen in Figures 3.3(e), 3.4(e) and 3.6.

For notational consistency, we state the Hopf bifurcation theorem (Theorem 3.4.2
from [4]) which will be used to prove the existence of stable limit cycles for the
dynamics.

THEOREM 4.3. Suppose that the system & = f(x,p), ¢ € RN, u € R, has an
equilibrium (xo, o) and the following properties are satisfied:

e (H1) The Jacobian D1f|(wo,uo) has a simple pair of pure imaginary eigen-

values )\(,uo) and A(po) and no other eigenvalues with zero real parts,
o (H2) £(Re Nu ))‘ £0.
(n=p0)

Then the dynamics undergo a Hopf bifurcation at (xg, o) resulting in periodic solu-
tions. The stability of the periodic solutions is given by the sign of the first Lyapunov
coefficient of the dynamics €1|(w07w). If 1 < 0 then these solutions are stable limit
cycles and the Hopf bifurcation is supercritical, while if {1 > 0 the periodic solutions
are repelling. Details of the calculation of the Lyapunov coefficient ¢; are provided
in Appendix B.

To prove the existence of Hopf bifurcations we need to show that conditions (H1)
and (H2) of Theorem 4.3 are satisfied. We begin by calculating critical values of the
bifurcation parameter p corresponding to pairs of eigenvalues crossing the imaginary
axis. Since mutation matrices (Q1) and (Q2) have entries that are linear in u, the
entries of the Jacobian D g]| are also all linear in p. In order to simplify the
notation, we set

LTmizc, N

[DmQIwm N]l = +pn;, j=1,---,N, (4.4)

where both v; and n; are independent of u. Using this notation, we compute the
bifurcation points for the dynamics in Lemma 4.4.

LEMMA 4.4. The pair of complex conjugate eigenvalues A\, An—_, of the Jacobian
Dmg|mmw’N, for eachr=1,--, L%J, s purely tmaginary if and only if

-1

Z% cos ( (G—Dr ) an cos ( (j—Dr ) = o, (4.5)

and po,, satisfies the conditions of Lemma 4.2. Further, the bifurcation points g,
are distinct, i.e. [ 7 [o, when k # L.

Proof. The proof is in Appendix C. O

From Lemma 4.4, a unique pair of eigenvalues of Dmg|(mmm’N7H01T) is purely
imaginary at each pg,; this implies condition (H1). Lemma 4.4 also implies that
%Re (Ar) = Zjvzl n;cos (35(j — 1)r) # 0, which is condition (H2). We can now
collect these results and state our main theorem.
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THEOREM 4.5. The equilibrium point Tmmiz, N Wwith payoff matriz Bo, v undergoes

L%J Hopf bifurcations, with the rt* (7" =1, L%J) of such bifurcations located
at po.r given by (4.5), if a # B and
a+p . N-1 .
» # ———— for mutation 1), or, r & ——— for mutation (Q2).

REMARK 1. Equation (4.5) gives an analytic expression for po ., corresponding
to a unique pair of purely imaginary eigenvalues of the Jacobian. However, not all
values of o, are feasible. That is, there might be pairs (o, 3) € [0,1) x [0,1) that
yield bifurcation points o, outside the feasible parameter range 0 < po ., < 1 of our
model.

4.2. Criticality of the Hopf Bifurcation. In Theorem 4.5 we proved condi-
tions for the existence of Hopf bifurcations for the replicator-mutator dynamics with
payoff Bc n. In this section we study the criticality of the bifurcations (and corre-
spondingly the existence of stable limit cycles for the dynamics) by computing an
analytical expression for the first Lyapunov coefficient /1| (z,,,.. nuo.,) i0 Lemma 4.6.

LEMMA 4.6. Let Ay = Dmg‘(mmim,NM"OJ‘)' Then Ao has a pair of purely imaginary
eigenvalues A, (Ap) = 1w and Ay—, (Ag) = —iw, where © € R is calculated from (4.3).
Define t = r sign (&) and wo = |@|. The first Lyapunov coefficient of the dynamics
(2.2) with payoff Be,n evaluated at the fized point iz, N and bifurcation point po »
is given by

1 Re (T1 + T») , where,

Tomiw, N HO,r) 20

Iar

Ty = —2N 2+ (a + B) (Wi +wy')] and

20:(QT) Xt (QT - ) )
=5 Ifi _) Ajffﬁfo)) (14 awly + Bwyt) [2+ (1 +wd) (Buy® + awy?)] .

Proof. The function g (M) is defined for general integer k and square matrix M
n (4.3). We exploit the circulant structure of the dynamics to obtain this analytical
result. Details of the calculation are in Appendix D. ]

Lemma 4.6 allows us to study the criticality of the Hopf bifurcations at each of
the bifurcation points fi, as a function of the parameters (o, 8) € [0,1) x [0,1).
In Figure 4.2 we plot regions of positive and negative ¢; as a function of a and
(. For each of the subplots in Figure 4.2, black denotes negative I (supercritical
Hopf bifurcation, stable limit cycles) and white denotes positive I; (subcritical Hopf
bifurcation, repelling periodic solutions). Gray denotes the unfeasibility region for
o, (either p9, < 0 or po, > 1, see Remark 1). The red curves correspond to critical
points po, that do not satisfy the conditions of Lemma 4.2.

Figure 4.2 illustrates the effect of the number of strategies IV and payoff param-
eters a and [ on the existence and criticality of Hopf bifurcations for the dynamics.
Several different cases exist. For example, there are cases corresponding to a super-
critical bifurcation throughout («,3) € [0,1) x [0,1) (as when N = 3), and cases
for which the bifurcation is subcritical on a subset of the parameter space (as when
N = 4 with mutation matrix (Q2)). The regions corresponding to infeasible critical
points (g, outside the range [0,1]) can be connected as when N = 8, r = 3, or
disconnected, as when N = 6, r = 1 with mutation matrix (Q1). Some cases are
illustrated in §4.3.
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Fic. 4.2. Criticality of the Hopf bifurcations as a function of parameters a and 3.

4.3. Illustrations of Hopf Bifurcations. The existence and criticality of Hopf
bifurcations computed in Lemma 4.4 and Theorem 4.5 vary as a function of parameters
« and [ in ways that may not be immediately obvious. In this subsection, we explore
the parameter dependence of the Hopf bifurcations using a set of selected simulations
to help illustrate this variation.

Figure 4.3 (and accompanying animation slice.mpg [1.8MB]) shows bifurcation
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Fic. 4.3. Effect of parameters a and 8 on bifurcations. Subplots labeled (a)-(e) are bifurcation
plots for the dynamics with N = 3 strategies, mutation matriz (Q1), « = 0.1 and B as shown.
The top left subplot shows the criticality and existence of the Hopf bifurcations (taken from Figure
4.2: N = 3, (Q1)) with parameters corresponding to subplots (a)—(e) marked. The amplitude of
oscillations gets smaller as 3 — « (approaching subplot (b)) and as 2a + 28 + 5aB + a? + 2 — 2
(approaching subplot (d)). See accompanying animation slice.mpg [1.8MB].

‘ (Q1) i (Q2)

Strategy Frequency
o
[$)]

Strategy Frequency
o
[6)]

0 05 1 15 0 05 1
n n

Fic. 4.4. Bifurcation plots for the dynamics with N = 6 strategies, parameters o = 0.8,
B = 0.05, and mutation matriz as indicated on each subplot. In the case of the left subplot with
mutation matriz (Q1), the Hopf bifurcation point po,1 = 1.24 lies outside the feasible range p € [0, 1].

plots for the dynamics with N = 3 and mutation matrix (Q1). Parameter « is set
to 0.1 and ( is varied between 0 and 1. Looking at the corresponding criticality
plot in Figure 4.3 (reproduced from Figure 4.2), we expect that the bifurcation is
supercritical for all 8 except at two points labeled (b) and (d). These are precisely
the points that violate the conditions of Lemma 4.2 and Theorem 4.5. i.e., at (b),
a = =0.1and at (d), po,1 = 2(1’17% for « = 0.1 and 8 = 0.58. As a result,
the bifurcation plots show the existence of stable limit cycles for all values of 8 along
the line o« = 0.1, except at the points (b) and (d). Stable limit cycles are apparent
in Figures 4.3(a), 4.3(c) and 4.3(e), but not in Figures 4.3(b) and 4.3(d). The payoft
topology corresponding to the parameters in Figure 4.3(b) is fully symmetric, with a
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bifurcation plot analogous to Figure 3.3(a).

Figure 4.4 shows the bifurcation plots for the dynamics with N = 6, a = 0.8,
0 = 0.05, and mutation matrices (Q1) and (Q2). The corresponding criticality plots
in Figure 4.2 show that the supercritical Hopf bifurcation point pg; lies outside the
feasible range p € [0, 1] for (Q1) and inside the feasible range for (Q2), for the chosen
parameters. This is illustrated in Figure 4.4; the left plot shows a Hopf bifurcation at
1 = 1.249 while the right plot shows a Hopf bifurcation at g = 0.363. The left plot
in Figure 4.4 also illustrates that infeasible supercritical bifurcation points can yield
stable limit cycles within the range of feasible pu.

5. N > 4 One Parameter Circulant. In §4 we focused on a particular two-
parameter circulant payoff structure given by (4.1) and illustrated in Figure 4.1. In
this section we leverage the results from §4 to study the dynamics corresponding to
a class of circulant payoff structures with each node having a single outgoing edge.
For simplicity of presentation, we consider only mutation matrix (Q1) in this section.
We show that for a particular set of topologies in this class, the dynamics exhibit
multiple simultaneous Hopf bifurcations about distinct fixed points. The analysis in
this section points to the fact that the dynamics with payoff graphs having multiple
embedded cycles can have multiple distinct stable limit cycle attractors; we explore
these multi-cycle dynamics more generally in §6.

Case 1 Case 2 Case 3
d=1 d=N/2
N =5
k—=1,2,34
N=6 I|>
k=15 d=2; k=24 = 3
N =15 Pt
k=12.4,7 d=3 d=5
811,13,14 | k=3,6,9,12 k=510

FIG. 5.1. Graph topologies corresponding to circulant payoff matriz By i from (5.1) for N =
5,6,15. Three cases are shown, Case 1 corresponds to simple cycles, Case 2 to multiple cycles, and
Case 3 to connected pairs of vertices (only exists for N even). Note that multiple values of k can
yield the same graph topology modulo a vertex relabeling; non-isomorphic topologies have distinct d.

Consider the dynamics (2.2) where the payoff matrix B is given by
B := By, = Circulant (1,a;,--- ,an—_1), with ay = @ and a5 =0 for s # k. (5.1)

Let ged(a,b) denote the greatest common divisor of a and b. Two graphs with payoff
matrices By i, and By i, are isomorphic if and only if gcd(N, k1)=gcd(N, k2). Hence,
among the payoff matrices By j, the set of matrices By 4 where d belongs to the set
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of proper divisors of N, corresponds to a set of non-isomorphic graph topologies. We
split the set of graph topologies with payoff By 4 (d a proper divisor of N) into three
distinct cases as described below:
(1) d =1, the graph is a directed cycle containing all vertices
(2) 1 <d < N/2, the graph consists of d disjoint cycles, each of length N/d
(8) d = N/2, the graph consists of N/2 disjoint pairs of connected vertices. This
case exists only for N even.
Figure 5.1 illustrates the three cases of graph topologies for N =5, 6,and 15.
In addition to ®miz,n, the dynamics with payoff matrix By 4 and mutation
matrix (Q1) have d equilibria denoted xj q4,~n and given by

Lj,d,N = [ OjT—l % OdT—j ‘ ‘ OjT—l % Og—j ]T GRNJ: Lwo,d (5.2)

In Case 1, d = 1, and correspondingly 7 = 1, and 1,1,N = Tmiz,~N. For a given
N and d # 1, the d equilibria x; 4, n are cyclically and symmetrically spaced around
Tmiz,N- Case 1 is studied in detail in §4 and obtained by setting 8 = 0 (a simple
one-parameter cycle). For the topology with pairs of connected nodes in Case 3, the
Jacobian of (2.2) evaluated at the equilibrium @®m;q, N, or also at any of the equilibria
xj,N/2,N is Teal and symmetric and therefore has only real eigenvalues. Thus the
system cannot have Hopf bifurcations for these equilibria in this case. We now focus
on Case 2 and study the dynamics with payoff topologies comprising multiple cycles.

5.1. Case 2 Analysis. We begin the analysis of the dynamics with multi-cycle
graph topologies by first looking at the case N = 6, d = 2 (payoff Bg2), before
generalizing to higher dimensions. The two disjoint cycles in the graph corresponding
to B2 suggest that the behavior of the system might be similar to that observed
for the N = 3 cycles in §3. Indeed, simulations of the dynamics shown in Figure 5.2
suggest the existence of two stable limit cycle attractors, each dominated exclusively
by three strategies, corresponding to the connected nodes of the graph. Further,
simulations of the phase space for 50 different randomly selected initial conditions, as
in Figure 5.2(b), indicate that the two limit cycles are the only stable attractors for
the dynamics for an appropriate range of bifurcation parameter p.

The linearization of the system at equilibrium ®,niz,6 violates condition (H1) of
Theorem 4.3 (i.e., complex eigenvalues of the Jacobian have algebraic multiplicity
greater than one). However the dynamics with payoff Bg 2 have two other equilibria
(as in (5.2)) given by

T126=[1/3 0 1/3 0 1/3 0]",
Taae=[0 1/3 0 1/3 0 1/3]".

The simulations in Figure 5.2 suggest that the dynamics undergo Hopf bifurcations
at each of these equilibria. In Corollary 5.1, which follows from Corollary 3.2, we
prove that this is indeed the case by showing that 1 26 and X226 undergo two
simultaneous Hopf bifurcations at the critical point p = =%=.

COROLLARY 5.1. The system (2.2) with payoff matriz Bs o and mutation matric
(Q1) has equilibria ®1,2,6 and T2,2,6 that undergo supercritical Hopf bifurcations at
the critical point p = Z_Ta with o # /3 — 1.

Proof. Here we analyze the equilibrium 1,2 6. The analysis for x5 2 ¢ is similar.
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Fic. 5.2. Simulations of the dynamics (2.2) for N = 6, d = 2, payoff matric Be 2, and p = 0.25.
The top row of plots shows two typical trajectories of the system for two different random initial
conditions. The bottom row illustrates the corresponding limit cycle attractors of the dynamics in a
decoupled phase space with 50 trajectories initialized randomly. The two stable limit cycle attractors
are each dominated strictly by three strategies. The red trajectories correspond to the components
z1, 3 and x5, and the blue trajectories correspond to x2, x4 and xe, in both rows.

The Jacobian Dgg|, , . is given by

1—23—655 0 —2+0é—3a££ 0 3ag+6%—2—2a 0
0 —a-l 0 0 0 0
3a£ﬁ+6y:7272a 8 1720476& 0 724’*0{73&“ 0
_ 9 9 9
Dagla, 56 = 0 0 0 ol 0 0
—2ta—3au 0 Soputbu—2-2a 0 1-2a—6p 0
9 9 9
0 0 0 0 0 —a-l

3

Permuting rows and columns (i.e. reindexing the nodes), this matrix can be rewritten
as the block matrix Mg 2 given by

1-2a—6p —2+a—3ap 3au+6pu—2—2a
9 9 9
3oapu+6pu—2—2a 1-2a—6p —2+a—3ap 0
2 ) 3 3 69 2—2 1 29 6 33
Mgo = —Z+a—Say ap+6ji—2-2a —20—Gu . (5.3)
0 _ltar
3x3 3 43x3

which has the same eigenvalues as Dg| The upper diagonal block of Mg 2 is the

z1,2,6"
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same as the Jacobian of the system (2.2) for N = 3, payoff B¢ 3 with § = 0, mutation

(Q1) and evaluated at equilibrium [1/3 1/3 1/ 3]T. The lower diagonal block is a
Hurwitz matrix. Also the two blocks are decoupled, hence the eigenvalues of Mg 2 are
given by the union of the sets of eigenvalues of each block. A pair of the eigenvalues
crosses the imaginary axis resulting in a Hopf bifurcation for precisely the conditions
given in Corollary 3.2 with 8 = 0 and mutation matrix (Q1) (i.e., a critical point
= %Ta and complex eigenvalue condition o # v/3 — 1). In Appendix E, we leverage
the reindexing and decoupling (as in Mg 2) to compute the first Lyapunov coefficient
for the dynamics and show that the Hopf bifurcations in this case are supercritical.
|

Following the intuition developed from the analysis of the two-cycle dynamics for
N = 6 above, and the illustrations in Figure 5.2, we now extend the analysis to general
N. Just as in the N = 6 case, a decoupling in the Jacobian allows us to prove the
existence of multiple Hopf bifurcations about the d fixed points @ q4,n. The (m,n)
entry for the Jacobian of the system (2.2) with payoff By 4 and mutation matrix (Q1)
is given by

[Dwg]mn = (2{En + aanrd) dnm + ALn—ddn—d,m — Tm [21'71 + « (xnfd + anrd)]
N N
- (Z xi + o Z $k$k+d> Omn- (5.4)
k=1 k=1

Evaluating the Jacobian from (5.4) at the equilibrium x; 4,7, and rearranging its
rows and columns analogous to (5.3), we obtain the matrix

AN, Ny ONy %Ny

N
, where Ny = —, No = N — Ny,

Myg = 7

1+«
ONyx Ny | = AN x N,

and A is the Jacobian of the system (2.2) with payoff By, 1 (simple cycle), mutation
(Q1) and evaluated at equilibrium z1,1,n, = N—ll Ny = Tz, Ny -

My 4 has a block diagonal structure with N — N; eigenvalues equal to —1]‘\["—1‘".
Its remaining N; eigenvalues are given by the eigenvalues of the circulant matrix A.
The Jacobian (5.4) evaluated at each of the d equilibria x; 4, n is similar to My 4,
hence making the Hopf bifurcation analysis of all of these equilibria equivalent. The
matrix A is precisely the Jacobian studied in §4 for the case N = N; and 8 = 0;
hence the existence of Hopf bifurcations follows from Theorem 4.5. The criticality of
each of these d simultaneous Hopf bifurcations of equilibria «; 4, n is analogous to the
criticality calculations in §4.2 and is computed in Appendix E. Corollary 5.2 below
summarizes the bifurcation result described above and is the multi-cycle extension to
Theorem 4.5. To simplify notation, analogous to (4.4) we set [Al],,, = Vn + Win.

COROLLARY 5.2. The system (2.2) with payoff matriz By g (with N > 6, d =
1,--- 7N/2 d a proper divisor of N ) and mutation matriz (Q1) has d equilibria € q,N
(G =1,---,d) that concurrently undergo L J Hopf bifurcations, with the r* of such
bifurcatzons located at

N/d N/d -1

Z Y COS ( (n— 1)rd) Z hn COS ( (n— 1)rd>

fo'r/r:]_’...’t% s Zfa#ﬂ anduo,r#ﬁ.
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In this section we have shown the coexistence of multiple stable limit cycles for
the dynamics, when the underlying circulant payoff graph topologies have multiple
distinct cycles. In the following section we investigate the connections between cycles
in the payoff graph topology and limit cycles in the dynamics for more general payoff
structures.

6. Extensions. Studying the fully general model (2.2), even with N = 3 strate-
gies, is highly complex. This complexity motivated our restriction to circulant payoff
matrices of the form Be n (4.1) and By 4 for the analysis in §4 and §5. These results

F1G. 6.1. Limit cycles for noncirculant payoff matrices B, N = 3, and mutation matriz (Q1).
The solid arrows in the graphs are strong links with weight b and the dashed arrows are weak links
with weight eb. Parameters for all plots are b= 0.2 and ¢ = 0.1.

might lead one to conclude that the circulant structure of payoff matrix B is a nec-
essary condition for Hopf bifurcations of the dynamics. In this section we illustrate
that this is not the case. We show examples of limit cycles for selected noncirculant
payoff matrices, first for N = 3 strategies, and then for NV > 4. The simulations in
this section illustrate a tight connection between the topology of the payoff graphs
and the existence of stable limit cycles for the dynamics. In particular, embedded
cycles in the payoff graph appear to be necessary for (and often lead to) the existence
of limit cycles, and amplitude and frequency of limit cycles appear to be related to
symmetries in the graph.

Consider 3 x 3 payoff matrices B satisfying (2.1) and Condition 1 that have
directed links of two kinds: strong links with weights b and weak links with weights
eb where b € (0,1) and 0 < € < 1. There are 73 corresponding non-isomorphic graph
topologies in the set [22]. Figure 6.1 shows stable limit cycles for four topologies in
this set corresponding to noncirculant payoff matrices. Each of these topologies has
an embedded directed cycle.

We next look at selected noncirculant payoff topologies with N > 4 nodes in Fig-
ure 6.2. The bifurcation plots (middle panel in Figure 6.2) are obtained by simulating
the dynamics for a range of different values of mutation parameter p and random
initial conditions. Stable equilibria are marked blue and limit cycles are marked ma-
genta. Also shown in the right panel of the figure are limit cycle trajectories of the
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Fi1c. 6.2. Limit cycles for the dynamics (2.2) with noncirculant payoff graph topology. The
left panel shows the payoff graph; all edges have equal weight b = 0.7. The center panel show the
bifurcation plot for each topology and mutation matriz (Q1) or (Q2) as indicated. The bifurcation
plot is obtained by simulating the dynamics for 120 values of the mutation parameter p in the range
shown on the z-azis of each plot. For each p, the dynamics are simulated for 12 randomly chosen
wnitial conditions and the limiting set (stable equilibria or limit cycles) is obtained. Stable equilibria
are plotted in blue and limit cycles are plotted in magenta. The right panel shows trajectory plots
of the dynamics for a value of p chosen in the magenta (limit cycle) range of the bifurcation plot
(b =10.21in (a), (b) and (c) (Q2); p = 0.4 in (c¢) (Q1l)). The colors of each trajectory match the
colors of the nodes on the corresponding payoff graph. For topology (b), the two trajectory plots
correspond to different initial conditions.



22 D. PAIS, C. H. CAICEDO-NUNEZ, AND N. E. LEONARD

dynamics for specific chosen values of p in the magenta range. The colors of the nodes
in the topologies (left panel) match the colors of the corresponding trajectories.

Several interesting features can be observed in the plots in Figure 6.2. In topology
(a), the connection between the amplitude of oscillation of a given strategy in the
trajectory plot and the location of the corresponding node on the graph is apparent.
In particular, the cyan node, which is part of two directed cycles, has a significantly
higher oscillation amplitude than the green node, which is part of only one directed
cycle. The symmetry of topology (b) about the red node leads to the existence of
two stable limit cycle attractors, much like the illustrations in §5. On the other hand,
topology (c¢) has two embedded cycles but only one limit cycle attractor for both (Q1)
and (Q2) mutation matrices.
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F1G. 6.3. Limit cycles for the dynamics (2.2) with random payoff graphs. The left panel shows
the payoff graph with two types of edges: strong edges (solid lines) with a weight of b and weak edges
(dashed lines) with a weight of €b; here b = 0.7 and € = 0.1. The center panel shows the resulting
trajectories with mutation (Q2) and suitable p (0.2 in (a), 0.25 in (b) and 0.27 in (c)). The right
panel highlights the interconnection between nodes corresponding to the dominant components of the
limit cycle trajectories. The color of each of the modes on the payoff graph matches the color of
the corresponding trajectory in the center panel. In each case, it is observed that there is a directed
cycle between the dominant component nodes.

In Figure 6.3, we go a little further and consider random payoff graph topologies
having strong links with weight b and weak links with payoff eb, much like in Figure
6.1. We simulate the dynamics for a set of different random graphs and a range of
values for the mutation parameter u, and focus specifically on graphs and parameters
that induce a limit cycle oscillation for the dynamics. We show three such examples in
Figure 6.3. For each set of simulated limit cycle trajectories, the dominant components
are obtained; dominant components are defined as those having a relatively high
oscillation amplitude or correspondingly a trajectory with standard deviation above
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a set threshold. The main observation we make here is that the existence of limit
cycles for the dynamics is tied to the existence of a directed cycle between nodes
of the payoff graph. In all our simulations of random graphs, for both mutation
matrices (Q1) and (Q2), we consistently find that the dominant components of stable
limit cycles correspond to the existence of at least one directed cycle between the
corresponding nodes of the payoff graph, as illustrated in the right panel of Figure
6.3.

The purpose of the simulations in this section is to illustrate that one can break
symmetry in the payoff graph significantly (as compared to the modest symmetry
breaking that yields the circulant structures analyzed in this paper) and get stable
limit cycles for the dynamics, even in the case of random graph topologies, as long
as the topologies have at least one embedded cycle. In addition to limit cycles, the
dynamics can also have chaotic attractors as studied in [15, 16]. We have not seen
chaotic attractors for the payoff topologies and mutation matrices (Q1) and (Q2)
studied in this paper; we conjecture that studying alternative mutation models as the
one used in [16] will yield chaotic dynamics.

7. Final Remarks. The replicator-mutator dynamics define a canonical model
from evolutionary theory and have been recently applied to model the evolution of
language. The dynamics also provide a simple model for the analysis of behavior
dominance in social networks where replication is akin to imitation of individuals
subscribed to successful behaviors in a population, and mutation is akin to random
error in behavior selection. In networked multi-agent systems, the dynamics model
the exploration versus exploitation tradeoff.

Much of the existing analysis of the replicator-mutator dynamics has been fo-
cused on stable equilibrium limiting behavior. The analysis in the literature has also
primarily considered payoff and mutation matrices that are symmetric, which corre-
spond to undirected payoff graph topologies. Recent work [14] on a graph theoretic
model of language dynamics has shown that the graph connectivity plays a criti-
cal role in determining the location of bifurcation points in the dynamics, but the
restriction to undirected graphs confines the range of limiting behavior to stable equi-
libria. In [16], it is shown that considering asymmetric payoff and mutation matrices
(corresponding to directed graphs) can yield limit cycle behavior and even chaos for
replicator-mutator dynamics.

Here we prove conditions such that stable limit cycles in the replicator-mutator
dynamics arise as a consequence of Hopf bifurcations for N > 3 strategies and cir-
culant payoff matrices. From a graph perspective, we show how breaking symmetry
by considering directed graphs allows for oscillatory limiting behavior. We empha-
size that the limit cycles are not restricted to circulant payoffs, but can exist for
noncirculant payoffs as shown in §6. The simulations in §6 illustrate the connection
between embedded directed cycles in the payoff graph and the existence of stable limit
cycles for the dynamics. A Hopf bifurcation analysis of these more general cases is
an intended future direction. We also intend to explore the effect of the structure
of the mutation matrix, beyond (Q1) and (Q2) considered here, as a step towards
understanding the transition to chaos illustrated in [16].

A further future direction is the application of such evolutionary models to the
design of decision-making protocols in multi-agent robotic systems. In this case the
mutation parameter p can be interpreted as a controlled design term that can be varied
to get a range of emergent system-level behavior, including dominance, oscillations
and mixed collapse.
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Appendix A. Proof of Lemma 4.2.

Proof. To simplify notation in this proof, we denote the Jacobian Dg| Tomimn 35
matrix A. Since A is circulant, its eigenvalues are given by (4.3). From (4.3) we see
that the eigenvalue A (A) cannot be complex when w¥; is real. To guarantee complex

wfv let k be given by

{1,--- ,N -1} N odd
ke N
{{1,~~ N —=1}\{5} N even.
One can verify that Ay_x(A) = A\g(A). Hence, as long as the A\y(A) are complex,
A has L%J complex conjugate pairs of eigenvalues. Now we compute Im (A (A))
and hence obtain conditions for the existence of complex A;(A). The calculations
differ slightly between mutation matrices (Q1) and (Q2) as shown below. We obtain
a simplified expression for the imaginary component of the eigenvalues by grouping

N
identical terms of A and using the identity Z w?f =0.
j=1
e Mutation (Q1):
- in (27 k N =34
T (A (4) = { (@12~ @) sin (FF) o 540
(a12 — a1y ) sin (Wk) + (@13 —a1,n—1)sin (W2kz) N>6

e Mutation (Q2):

Im (Ax(A)) = (a12 — a1n) sin (3\7/{) N >3

Substituting for the a;; terms from (4.2),

(a—p)(1—p— ,uw> =0 mutation (Q1)

Im (A (A) =0 < N (A.1)
(a=pB)(1—p— ﬁ) =0 mutation (Q2).
The conditions of the Lemma follow from the expressions in (A.1). O

Appendix B. First Lyapunov Coefficient. As stated in Theorem 4.3, the
sign of the first Lyapunov coefficient £1|(mo 10) evaluated at the fixed point xg and
bifurcation point po determines the criticality of the Hopf bifurcation. What follows

are the expressions for calculating ¢y, ., as presented in [13].

Consider the N-dimensional dynamical system & = f(z, ) where € RY and
uwER. Let Ag = Dmf\(mo 1i0)? where g € RV, g € R. A has two purely imaginary
complex conjugate eigenvalues, given by +iwg, where wg > 0. Define 77,75 and T3
as

Tl = <p7€(q7qaq)>
T, = (p,B (a. (2iwo — 40) ' B(.0)))

Here (r,s) = 7 - s is the complex inner product between two complex vectors, and
g and p are respectively the normalized eigenvector and adjoint-eigenvector of Ay
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satisfying Apq = iwpq, ATp = —iwep, and normalization (p,q) = 1. B and € are
high dimensional tensors given by

_sBl (7‘, 3)
Bo (1, 8) 92 f;
B(r,s) = : , B (r,s) = Z 3xk£ml TSI
. k,l T=x0

_%N (’I‘,S)

-(’:1 (T,S,t)

Q:2 (T‘,S,t) (9 4
¢(r,s,t) = : (r,s,t) Z 8xk8lec8x TESItm

_QN (’I",S,t)

The first Lyapunov coefficient ¢, ) is given by

|($0~,IL0

1
£1|(w07lt0) == TwoRe (Tl + T2 + Tg) .

Appendix C. Proof of Lemma 4.4.
Proof. To simplify notation in this proof, we denote the Jacobian Dgg| T
as matrix A. From Lemma 4.2, for r = 1,--- | LMJ, Ar(A) is complex. Using the

2
notation ay; = vy; + un; we obtain

Z%COS< J—1>+HZ77]COS( J—1)>

which is zero if and only if

-1

Z%cos( 3—1)) ancos( 3—1)) = o, (C.1)

Before we proceed, we need to establish that pi, is indeed well defined; that is,
the denominator in (C.1) is non-zero. Let d, denote the denominator of pg,. For
N =3, d. = 6(a+ 3+ aB) # 0 for mutation (Q1) and d, = 34 +a + ) # 0
for mutation (Q2); for N = 4, d, = 2(a + 8 + 2a8) # 0 for mutation (Q1) and
d. = 42+ a + §) # 0 for mutation (Q2). For N > 5, by grouping identical terms,

N

using the identity Zw% = 0 and replacing the expressions for 77; in terms of o and

j=1

[ we have,
2(a+p) (COS (21\7; ) - 1) + 2af3 (COS (%27“) - 1) # 0 mutation (Q1)
70 = {COS (Fr) # —% mutation (Q2).

The conditions above can be verified to always hold given that the cosine function is
bounded between —1 and 1 and « and [ satisfy the conditions in (4.1).

Finally, we establish that if r,s = 1,--- L%J , T # s then po, # pos, i.e. the
bifurcation points are distinct. If N = 3,4, Lemma 4.2 establishes that there is only

one bifurcation point. For N = 5, the two critical points can be shown to be distinct
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by a direct calculation. Here we show the distinctness of the critical points in the
cases N > 6. Using (C.1),

N ) N .
o % o ijl 7y; COS (%’T(] - 1)r) ” ijl 7y; COS (%’T(] - 1)5) (©2)
,T ,S — N X N - . .

> j=11j cos (%G —1r) > j=11;j cos (3 —1)s)
N .
By grouping identical terms, using the identity Zw% =0 and replacing the
j=1

expressions for ; and n; in terms of « and 3,

(I+a+pB+2ap)(a+p)
+2a3 [cos (%’r) + cos (%’Ts)]
(C2) <= S +2(a+ ) ap [cos (3Fr) cos (3Fs)] #0 mutation (Q1) (C.3)

cos (27r) # cos (3% s) mutation (Q2)

For mutation (Q1), the left hand side of the inequality in (C.3) can be bounded
below by (o — 8)° + (a4 ) > 0. For mutation (Q2), the condition in (C.3) is

equivalent to the initial hypothesis of » # s. The distinctness result now follows.
0

Appendix D. Proof of Lemma 4.6.
Proof. Here we compute the terms 717, T and T3 from Appendix B to obtain a
simplified analytical expression for the first Lyapunov coefficient ¢4 |(93m1'.m Noo)" For

a circulant matrix M € RV*Y 'let {(A\g,vx)} be an eigenvalue-right eigenvector pair
(Mwvg, = A\gvg), where

N
T .
’Uk:{l wh w2k wng_l)k and )\k(M):Zmlng\j,_l)k. (D.1)
Jj=1

We compute £1|(mmim Nogio.,) 85 function of the parameters o and 5. From Appendix

B, the Jacobian Dagl(z,,;0.n.m0.) 18 denoted by Ag with eigenvalues A,.(Ag) = iw and
An—r(Ap) = —iw. Let wy = |©|, t = 7 sign (©), and g = v;. Note that 4pq = iwpgq.

Computing T7. Direct calculation and simplification gives
¢ (g,q,q9) = —2N [2 +(a+B)wh + (a+8) w;,t] w%il)t.
Hence
€(g.q,q) = —2N 2+ (a+ fwy + (a + B)wy'] g,

which leads to

Ty = (p,€(q,q,q)) = —2N 2+ (e + B) wiy + (a + B)wy'] (P, @)
=—2N[2+ (e + B) (wiy +wy')] - (D.2)



LIMIT CYCLES IN EVOLUTIONARY NETWORK DYNAMICS 27

Computing T,. We compute
B(q,q) =2 [1+awy + fwy'] QT vz
Since @ is circulant, so is Q7 and vy, is a right eigenvector. Then

B (q,q) =2 [1 + awl + fwi'] Ao (Q") var.

For each eigenvalue-eigenvector pair A, v of Ay, 1/(2iwyg — A) is the corresponding
eigenvalue for the eigenvector v of (2iwgl — Ao)fl, where I denotes the identity
matrix. Then,

(2iwol — Ag) " B (q,q) = 2 1+ awly + Bwy'] Az (QT)

. Voy.
21 wo — )\Qt (A()) 2t
Since B (x, ky) = kB (x,y) for any x € C, then
_ 1+ awly 4+ Bwi'] Ase (Q7)
g, (2iwy — Ag) =2 [ N N G, va1) -
B (q7 ( 1Wwo 0) B (q7q)) 2iLUO — >\2t (AO) B (qa th)

A calculation similar to that for 9B (g, q) gives

B; (G, va) = [ﬁw;,% + ozwx,t +2 4 Buwhy + awN Z qji W Lt

Hence
B (q,var) = (Bwy™ + awy' +2+ Bwh + awdl) M (Q7) g

This implies

B (ﬁ, (2iwg — Ao)_1 B (q, Q))

20 (Q7) A (Q7)

. 1+ awl 4+ Bwrt) [Bwv? + awy! + 2 + Bwlhy + aw?t
2 wo — Aoy (Ao) ( N N)[ﬂN N Bwiy N]q

and

T, = <p,’B (a, (2iwy — Ag) ' B (q,q))>

_ 20 (QF) M (QF)

- 14+ awl + Bwt Wt + awt + 2 + Bwl + aw?t]. (D3
21wy — Aay (Ao) ( N 6N)[/6N N Pwiy N] (D.3)

Computing T3. We show that % (¢q,q) = 0.

Bi(q,q) = -2 — (a+ ) (Wy +wy') + 2+ (a+5) (wy +wyi') Zqﬂ

=24 (a+B) (Wi +wi))] 71+Zqﬂ =0, (D.4)
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where the last equality comes from the fact that @ is a doubly-stochastic matrix. This
implies

Ts = —2(p,B (q,A; "B (¢,9))) = —2 (p,B (q,0)) = 0.
Combining the previous expressions for T7, T and T3, the result follows. ]

Appendix E. Criticality analysis for Corollaries 5.1 and 5.2.

In this section we establish that the Lyapunov coefficient at each of the d concur-
rent Hopf Bifurcations of the equilibria ;4 n is identical to that at the equilibrium
Tmiz,N/q for the simple cycle payoff Be n/q with 3 =0 (i.e. By/g,1). The mutation
matrix used is (Q1). Let N/d = Ny and No = N — Nj.

In order to simplify the calculations, consider the payoff matrix B N.d given by

Bnya | Onyxvg |50 | Onyxvy
) Onixny | By |00 | Onyxvy
Byg=

OnyxNy | Onyxny | o0 | Bwg

BMd is obtained by relabeling the graph nodes corresponding to By g such that
index labels for connected nodes are consecutive. The payoff graph topology induced
by By,q is isomorphic to that of By 4, see Figure 5.1. The dynamics (2.2), with payoft

. T
By ¢ and mutation (Q1) have equilibria &; = |:0%1(j_1) N%lﬁl Oﬁl(d J):| , which
correspond to the equilibria ;4 ,n. The Jacobian of the system above evaluated
at the equilibrium & is precisely My 4 in (5.3). Using this definition of payoff, we
compute the first Lyapunov coefficient as described in Appendix B. We focus on
equilibrium &4; the analysis for the other &; is equivalent.

The eigenvalues A, and eigenvectors vy, of a circulant matrix are defined in (D.1).

Let the Jacobian My 4 evaluated at the critical point g, (defined in Corollary 5.2)
be denoted as

Ag ‘ Onyx N,

@
0N1><N2 _Nil-[NQXNz

with a purely complex conjugate pair of eigenvalues A,.(Ag) = i© and Ay_,(Ag) =
T

—iw. Let wp = |@], t = r sign(®), g = v (Ag), ¢ = {qT Og(Nl 1)} and (p,q) = 1.

Note that Agq = iwoq and hence Ayg = iwog. Let Q be the (Q1) mutation matrix

corresponding to By 4 and Q be the (Q1) mutation matrix corresponding to B N.d-

With these definitions, we follow the calculations in Appendix B and compute
each of the terms 17, T5 and T3 given below. A comparison of each of these terms,
to the corresponding terms in Appendix D shows that the Lyapunov coefficient is
identical (when N — Ny, 8 +— 0 in (D.2), (D.3) and (D.4)).
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Ty = {(p.€(4.4,4)) = —2N1 [2 + awly, + awy']
_ R —1
T, = <ﬁ,% (q, (2iwo -~ 4o) B <q,a>>>

= ) (1 + aw?vl) [aw&f + aw?\}i + 2]

Ty = —2 <p,53 (q,AglaB (q,é))> -0
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