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Abstract

Pattern formation in self-organised biological aggregation is a phenomenon that has been
studied intensively over the past twenty years. In general, the studies on pattern forma-
tion focus mainly on identifying the biological mechanisms that generate these patterns.
However, identifying the mathematical mechanisms behind these patterns is equally impor-
tant, since it can offer information on the biological parameters that could contribute to the
persistence of some patterns and the disappearance of other patterns. Also, it can offer in-
formation on the mechanisms that trigger transitions between different patterns (associated
with different group behaviours). In this article, we focus on a class of nonlocal hyperbolic
models for self-organised aggregations, and show that these models are O(2)-equivariant. We
then use group-theoretic methods, linear analysis, weakly nonlinear analysis and numerical
simulations to investigate the large variety of patterns that arise through O(2)-symmetric
codimension-two bifurcations (i.e., Hopf/Hopf, Steady-state/Hopf and Steady-state/Steady-
state mode interactions). We classify the bifurcating solutions according to their isotropy
types (subgroups) and we determine the criticality and stability of primary branches of so-
lutions. We show numerically the existence of these solutions and determine scenarios of
secondary bifurcations. Also, we discuss the secondary bifurcating solutions from the bio-
logical perspective of transitions between different group behaviours.



1 Introduction

Collective dynamics of self-organised aggregations is an area that has been investigated inten-
sively over the past twenty years. The great interest in these aggregations is generated by
the multitude of complex spatial and spatiotemporal patterns exhibited by them: from trav-
elling or rotating schools of fish [43, 42], to rippling waves of Myxobacteria [29], zigzagging
flocks of birds [41, 40] or various stationary aggregations. To investigate the biological mech-
anisms necessary for the formation and persistence of these patterns, a wide range of mathe-
matical models (both individual-based models and continuum models — parabolic, hyperbolic
and kinetic) have been proposed. These mathematical models are used to suggest plausible
biological mechanisms regarding the interactions at the micro-scale level (e.g., changes in in-
dividuals’ speed or turning, or changes of inter-individual social interaction ranges) that could
explain the observed macro-scale level dynamics (e.g., the shape, size and dynamics of the
group)[10, 21, 20, 24, 29, 23, 28, 4, 47, 2, 8, 34, 38, 39]. Generally, these models either (i) focus
on numerical simulations with the purpose of comparing the simulated aggregation patterns
with the available data (and thus ascertain the correctness of the micro-scale level assumptions
incorporated into the models), or (ii) focus on the analytical results, e.g., show the existence of
particular solutions exhibited by these models, or try to connect biological interactions at the
micro-scale and macro-scale levels [12]. The first approach can be found mainly in individual-
based models, for which studies into the mathematical mechanisms behind the patterns are still
a difficult task. The second approach can be found in continuum models, for which numerical
simulations can sometimes become too complicated (see the review in [12]). There are, however,
models that combine analytical results with numerical simulations. For example Fetecau and
Eftimie[16] showed that discontinuous kernels could cause gradient blow-up patterns. Focusing
on milling patterns (i.e., rotating groups of individuals), Chuang et al. [9] have shown that the
hydrodynamics framework can support these patterns, but it cannot support the double milling
patterns (groups formed if individuals rotate in both directions), due to velocity averaging inside
a mesh cell.

In general, these models for self-organised aggregations (either individual-based or continuum
models) exhibit only a few types of patterns: stationary pulses (resting aggregations)[45], trav-
elling pulses (migrating aggregations)[36] or tori (rotating aggregations)[44]. Moreover, these
models usually associate specific patterns to specific parameter values, with eventual transitions
between patterns being correlated to changes in parameter values [10]. One type of models
that has been shown to exhibit a much larger variety of patterns was introduced in [14, 13].
There, the authors developed a class of nonlocal hyperbolic models for self-organised aggrega-
tions, which incorporate different ways individuals could interact with their neighbours based
on different communication mechanisms. Numerical investigations of these models have shown
that they can exhibit various spatial and spatio-temporal patterns: from classical stationary and
travelling waves, to travelling trains and quasi periodic solutions, and even more exotic patterns
(such as ripples and feather-like patterns) [13]. The bifurcation of some of the simpler patterns,
namely travelling trains and stationary pulses, has been investigated in [15] for one particular
communication sub-model (called M2) via weakly nonlinear analysis. In particular, it was shown



that these two patterns arise through subcritical Hopf and Steady-state (codimension-1) bifurca-
tions, suggesting that the persistence of these patterns requires a density threshold mechanisms
(i.e., groups that have a population density higher than a certain threshold — which depends on
some bifurcation parameter — will persist for very long term, while groups that have a population
density lower than this threshold will disperse). This mechanism has actually been observed in
nature (e.g., in ants [3] and locusts [6]).

The goal of this article is to focus on the class of nonlocal hyperbolic models introduced in
[14, 13], and to investigate the role of model symmetries on the formation of various patterns.
Mathematically, the occurrence of symmetry in differential equations leads to many interesting
consequences, such as multiple bifurcating branches at a bifurcating point and enable a clas-
sification of solutions using their symmetry group. Biologically, understanding and classifying
the bifurcation dynamics of the observed patterns allows us to understand the transitions be-
tween different patterns (i.e., between different group behaviours). In particular, if multiple
bifurcating branches (which are usually associated with different behaviours/patterns) exist for
similar parameter values, it could suggest that transitions between patterns might not always be
associated with changes in parameter values (i.e., such transitions could be intrinsic to the mod-
els, being associated with secondary or tertiary bifurcations from unstable patterns [7]). Also,
understanding the bifurcation dynamics of the model allows us to understand how asymmetries
in the interactions between individuals (e.g., asymmetric communication) could influence the
patterns observed at the group level. This aspect is related to the symmetry-breaking process,
and it is known to correlate to increased complexity in biological systems [32].

The main contributions of this paper are the following. We begin by showing that all
communication-based sub-models from [13] defined on a finite domain [0,L] with periodic bound-
ary conditions are invariant with respect to the symmetry group O(2). Using this symmetry
perspective, we then discuss steady-state solutions and their symmetry properties. We focus on
the O(2)-symmetric steady-states and investigate the linearization using group-theoretic meth-
ods as outlined in [19, 18]. In particular, symmetry enables one to decompose the tangent
space at steady-state solutions into symmetry-invariant subspaces (i.e., the isotypic decompo-
sition). The existence of so many patterns in the nonlocal hyperbolic models introduced in
[13], raises the question of possible codimension-two bifurcations. Therefore, we consider one
particular sub-model (model M4 in [13]) and show that it can display Steady-state/Steady-state
(SS/SS), Steady-state/Hopf (SS/H) and Hopf/Hopf (H/H) codimension-two bifurcations with
O(2) symmetry. In a recent paper [7], we partially investigated the patterns emerging near the
H/H bifurcation via weakly-nonlinear analysis [7]. In this paper, we focus mainly on the SS/H
and SS/SS codimension-two bifurcations for which we classify the eigenfunction patterns that
arise near these codimension-two bifurcations. The contour plots of the eigenfunctions associ-
ated with various isotropy types (subgroups) at bifurcation gives an approximation of the main
patterns emerging from the SS/H bifurcation point. This is particularly useful as a tool to dis-
tinguish between patterns obtained by numerically solving the full model. For a different class
of models (describing Taylor-Couette flows) Hill and Stewart [25] studied the O(2)-symmetric
SS/H mode interactions: they determined the normal form equations (after centre manifold
or Lyapunov-Schmidt reduction), obtained branching equations and then computed the eigen-



values of the bifurcating branches (to investigate the stability of these branches). Here, we
follow their approach to investigate the neighborhood of the SS/H point. In particular, we show
that the amplitude equations to third order derived via a rigorous weakly nonlinear analysis
are O(2)-equivariant and identical to the third order truncation of the normal form equations
from [25]. We determine primary bifurcating branches (stationary pulse, rotating waves and
standing waves) and their stability and discuss scenarios for secondary bifurcations. Finally, we
discuss the stability of bifurcating branches and the existence of secondary bifurcations from a
biological perspective.

In Section 2 we present the model and the symmetry properties. This section also contains a
discussion of the steady-states. In Section 3 we show a detailed analysis of the linearization near
the O(2)-symmetric steady-state using group-theoretic methods. Codimension-two bifurcation
points are discussed in Section 4. In this section we also describe the linear eigenfunctions
at bifurcations, plot them and compare with numerical simulations. Section 5 presents the
bifurcation results from the weakly-nonlinear analysis and we discuss secondary bifurcation
scenarios. The paper concludes with a discussion section, which includes also a description of
future research problems.

2 The model

The following 1D model of hyperbolic partial differential equations describes the evolution of
densities of right-moving (u*) and left-moving (u~) individuals, which travel with constant
velocity v and change their movement direction from right to left (with rate A*) and from left
to right (with rate A7) [13]:

O™ (2,t) + Op(yuT (2,1)) = AT [ut, u Ju (2, t) + AN [ut, v u (2, 1), (1a)
Ou” (x,t) — Op(yu™ (m,1)) = A [u™, u”Jut (2, t) = A" [u™,u” |Ju™ (2,1), (1b)
u*(2,0) = u (z). (1c)

The density-dependent turning rates A* describe the social response of an individual to the
signals received from its neighbours. This social response can be: attraction towards individuals
further away (yF), repulsion from nearby neighbours (y ) or alignment with neighbours at
intermediate distances (yi)

)‘i [u+7u_] = )‘1 + AQf(y;t [u+vu_] - yczzt[u+7u_] + yétl [u+7u_])’ (2)
= (M +%00) + %o (5 - v +5) - 10). (3)

The terms A1 + A2 f(0) and Aa(f(y*) — f(0)) describe the baseline random turning rate and
the bias turning rate, respectively. These assumptions of a random and a bias turning rates
are biologically realistic, since, as noted by Lotka [33], “the type of motion presented by living
organisms ... can be regarded as containing both a systematically directed and also a random
element”. When f(0) < 1, we can approximate the random turning by A; and the bias turning
by Xof(y*). For biological realism, we consider f to be a positive, increasing and bounded



function that depends on the attractive/repulsive/alignment social interactions mentioned pre-
viously. (An example of such function is f(y) = 0.5 + 0.5tanh(y) [13].) Since attraction and
repulsion have opposite effects, note that they enter equation (3) with different signs. Eftimie et
al. [13] pointed out that whether individuals turn away or towards their neighbours depends on
whether they can perceive these neighbours. Therefore, function f should contain mechanisms
through which individuals can emit/perceive signals to/from their neighbours. To address this
issue, Eftimie et al. [13] defined the attractive, repulsive and alignment interactions in terms of
the possible communication mechanisms among group members. This lead to the derivation of
five possible models, labelled M1 to M5, each describing a particular interaction (via a commu-
nication mechanism) between individuals (see Table 1). These interactions depend on whether
a reference individual perceives its neighbours (positioned ahead or behind it) moving in the
same or opposite direction. A detailed description of models M1-M5 can be found in [13].

Table 1: Nonlocal social interaction terms (yj[7 j € {a,al,r}) introduced in [13]. Constants ga, qai, ¢- describe
the magnitudes of the attractive, alignment and repulsive interactions, respectively. Kernels K, q1,(s) describe
the spatial ranges for each of these social interactions. Note that u = u™ +u ™.

Communication Interaction terms: attraction (y;), repulsion (%), alignment (y;—Ll)
models
MU g = g 5 Kar () (u(@ £ 5) — u(e F 5))ds
Yo = al Jo° Ka(s) (uF(z + s) — ut(z F 5))ds
M2 yE = g 5 Kar() (u(@ £ 5) — u(e F 5))ds
Yo Qalfo W(8)(uF(zFs)+uF(zLs) —u(zFs) —ut(z£s))ds
M3 Yia = ra fy K a(s) (z + s)ds
y Qalfo a(s) (uF(z£s) —ut(z+s))ds
M4 Yo = Gra 3 Frals) (¥ (3 £ 5) — (o F ) ds
yh = qu [ Kau(s) (uF(z £ 5) —ut(z ¥ 5))ds
M5 Y = tra fo ar(8)uT(x £ s)ds
y = Qal fo a(s)uT(z £ s)ds

Parameters ¢;, j = r,a,al, that appear in front of the integrals in Table 1, describe the
magnitude of the repulsive (7), attractive (a) and alignment (al) interactions. Kernels K, 4 4
indicate whether the interactions take place inside the repulsion range (K, ), attraction range
(K,) or alignment range (K,;). Although these kernels can be described by a variety of con-
tinuous and discontinuous functions [12], in this article we consider only translated Gaussian
kernels:



Kj(s) = 27;12 e~ (=% /Cm) with j =7, a,al, and mj = s;/8. (4)
J

Here, s;, j = r,a,al describe the length of interaction ranges. The description of model (1) is
completed by imposing periodic boundary conditions on a finite domain of length L: u®(0,t) =
u¥(L,t). These conditions approximate the motion of organisms on an infinite domain. Note
that this type of boundary conditions has an impact on the symmetries of the system, as we
show below. A more detailed description of model (1) with all its sub-models can be found in
[13].

For the bifurcation analysis in this paper, we focus on one particular mechanism (model
M4 in [13] and Table 1), where the turning behaviour of an individual is influenced only by
the information it receives from neighbours facing towards it (see Figure 1). More precisely,
we assume that a reference individual at position x changes its moving direction only upon
interaction with neighbours at = + s moving left towards it (i.e, u™ (z + s) neighbours) and with
neighbours at  — s moving right towards it (i.e., u™(z — s) neighbours). We assume here that
individuals moving away from the reference individual cannot be perceived. This assumption
can describe, for example, communication through directional sound signals, as observed in
some species of birds [5, 48]. To decide its movement direction, the individual at x weighs the
information received from all neighbours ahead and behind it within an interaction range, i.e.,
Jo° Kj(s)(u¥(x £ 5) —u®(z F s))ds (see also Table 1). If this integral is positive, the interaction
term y]jE is positive, and thus the turning rate increases. Otherwise, the turning rate is close to
zero, and the individual keeps moving in the same direction.

To simplify our analysis, throughout most of this paper we ignore the alignment interactions
(i.e., gu = 0). We only look at the case with g,; > 0 when investigating the Steady-state/Steady-
state mode interactions in Section 4. This assumption of zero alignment reduces the applicability
of model (1) to biological aggregations where organisms interact only via attractive and repulsive
interactions (e.g., swarms of insects).

2.1 O(2)-symmetry of the models

In this section, we show that all five models M1-M5 in Table 1 are O(2)-invariant. Let T, : R — R
be the translation operator by z € R: T,(x) = = + z. Then the group of all translations 7T}, is
isomorphic to R. This operator acts on functions u via the domain of w:

(T,u)(z) :=u(T-(z)) = u(x — 2). (5)

We begin the discussion of the symmetries of model (1) by noting that A* are T.-invariant
because the integrals in Table 1 are translation invariant. Rewriting system (1) as

ot (z,t) = —ATut(z,t) + A u™(z,t) — O (yut(z,t)) = Fi(ut,u™),
Ou™ (z,t) = Mtut(x,t) — Au™ (2, t) + O (yu™ (z,t)) = Fo(ut,u™),

and considering the 7T-invariance of A* and the translation invariance of 9,, we obtain

F(T,.(ut,u™),t) = T..F(ut,u™,t), i=12.
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Figure 1: The behaviour of a reference individual positioned at = upon interaction with its neighbours positioned
at £+ s and x — s. Here s can be inside the repulsion/alignment/attraction ranges — depending on the interaction
kernel Kj(s), j = 7,al,a, used to describe the nonlocal interactions (see also Table 1). (a) A right-moving
individual (u"); (b) A left-moving individual (u~). The reference individual at x will change its direction of
movement (with rate /\i) only after receiving information from those neighbours moving towards it.

Hence, equation (1) is T-equivariant. Because of the periodic boundary conditions imposed
on (1) on the interval [0, L], the action of the translation group on solutions (u™,u~) of (1) is
isomorphic to R/LZ ~ SO(2) and we use 6 € [0, L] to parametrize SO(2). We now introduce
the following Zs action on pairs of functions (u™,u™):

k.(ut(z),u (z)) = (v (L —z),u (L — x)). (6)

Concretely, the x action sends right moving individuals at x to left moving individuals at L — x
and vice-versa. Naturally, the turning rate attached to u™ at x becomes the turning rate of u~
at L —z via k, that is: k.AT(x) = A~ (L —z). This can be verified algebraically by looking at the
expressions for the repulsion, attraction and alignment formulae. Consider for instance the M4
model (see Table 1). The terms describing the social interactions for a right-moving individual
(4) are transformed as follows under the action of &:

ryj (@) = g Jy" Ki(s)wH (L — (2 +5) —u (L — (z—5)))ds
(7)
= ¢ Jy Kj(s)w"(L—2—s5))—u (L—z+s)))ds =y; (L —x),
for j = r,a,al. We remark here that all other communication models shown in Table 1 have the
same property because in all cases, as u™ is changed for u™, z + s goes to x — s and vice-versa.
Finally, it is easy to check that Ty o k = ko T_g. Thus, O(2) ~ SO(2) x Zy(k) acts on
(ut(z),u”(x)). The O(2)-invariance of (1) is verified by showing that if (u™(z),u ™ (z)) is a
solution, then x.(u™(z),u™(x)) is also a solution. We can rewrite system (1) as
+uf — yuE = AT (@)ut + XN um = Fi(utu).
Then, substituting (u*(z,t),u™ (z,t)) = (v~ (L — z,t),u™ (L — x,t)) we obtain
+uf (L — 2, t) — yuF (L — z,t)
—(£uf (L — 2,t) + yuF (L — x,1))

= Fi(u (L - t),u"(L— 1)),
= —Fl(u+(L — .%',t),ui(L - .’I},t)),



where, since k.AT(z) = A~ (L — z), we have
Fl(u_(L - x,t),u+(L - l‘,t)) = _Fl(u+(L - x,t),u_(L - xat))'
This result is summarized in the following statement:

Proposition 2.1 The five systems of partial differential equations (1) labelled M1 to M5, defined
on [0, L] with periodic boundary conditions u*(0,t) = u*(L,t) are O(2)-invariant, where O(2)
acts on solutions of (1) via (5) and (6).

We begin our analysis of system (1) with a brief look at the steady-state solutions.

2.2 Steady-states

The steady-states of the model are obtained by setting the time derivatives d;u™ = 0in (1). For
the remainder of this section, we drop the time dependence of u*. As shown in Eftimie [11], the
steady-state solutions must satisfy

yout(zr) = —Atut(x)+ A v (2),
—y0u (z) = Aut(z) — A u ().

Since the equations for u™ and u~ are now equal, it implies that O,u™ (z) = d,u~ (z). Therefore,
all steady-states must satisfy
u(z) = ut(z) + C, (8)

where C' is some arbitrary constant. Note that if u™(z9) = u™(x¢) for some o € [0, L], then
C = 0. The case where equation (1) is defined on R is briefly discussed in [11] where it is shown
that if ut(+o0) = ™ (+00) = 0 then C = 0.

In our context, we impose the boundary conditions u*(0) = u® (L) which implies the O(2)
symmetry of the model. To classify the solutions with respect to their symmetry groups, we
define isotropy subgroups and fixed-point subspaces as follows. Consider the action of a group
I" on a vector space V. The isotropy subgroup of the point v € V is

Iy:={pel|pv=uv}

Let X1 and X5 be two subgroups. ;1 and Yo are conjugate in I' if there exists v € I such that
181y = By, The conjugacy class of ', consists of all isotropy subgroups conjugate to I'y, and
it is called the isotropy type. In particular, if v1,va € V' are on the same group orbit (vi = yvo
for some v € I') then v; and vy have the same isotropy type. It is common [19, 18] to keep using
isotropy subgroup rather than the more accurate isotropy type when discussing the classification
of solutions with respect to symmetry, but one must always keep in mind that the results are
valid for the whole group orbit.
For an isotropy subgroup ¥ C I, the fixed point subspace of X is

Fix(¥)={veV]|ov=vw, forallo € ¥}.

We have the following result.



Theorem 2.2 If (u™(z),u™(x)) is a steady-state solution of (1) with isotropy subgroup ¥ and

(0,k) € & for some 0 € [0, L], then u*(z) = u™ (z).

Proof: Consider a steady-state solution (u™(z),u~(x)) of (1), which satisfies equation (8).

Without loss of generality we can assume that (u'(z),u™ (x)) is k-symmetric. Then,
k.(u'(2),u” (2) = (u (L —2),u (L —2)) = (u (2),u (2)).

This means that u¥ (L — x) = u™(x). In particular set z = L/2, from which we have u=(L/2) =
ut(L/2). Substituting these values of u®(L/2) into equation (8) forces C = 0 (with C the
arbitrary constant in (8)). Therefore u™(z) = u™ (x) on [0, L]. |

In general, the steady-states are solutions to the boundary value problem
Yopu(z) = (= AT [u] + A\ [u])u(z) + A~ [u]C, u(0) = u(L). (9)

Equation (9) is an advanced-retarded distributed functional differential equation, or a mixed-
type distributed functional differential equation. After simplifying the terms in the parenthesis,
one obtains

Y0yu(z) = —0.5X (tanh(y, — yF + yh) — tanh(y, — vy, +y,;)) u(z) + A" [4]C.

with boundary conditions u(0) = w(L). An interesting family of non-homogeneous steady-state
solutions of (1) are the D,-symmetric spatially periodic patterns. These can be obtained from
symmetry-breaking steady-state bifurcation from an O(2) symmetric equilibrium of (1) as shown
below.

Another way of studying these D,,-symmetric patterns would be via Hopf bifurcation directly
from (9). Recent results about Hopf bifurcation in mixed-type functional differential equations
have been obtained by Hupkes and Verduyn-Lunel [27] for fixed shift using centre manifold
reduction and by Guo [22] in the fixed shift equivariant case using Lyapunov-Schmidt reduction.
Note that (9) has distributed shifts and so the results in [22] would need to be generalized to
this case.

We now focus on the case of homogeneous solutions, u™ (z) = u* and v~ (z) = u* Where u’y

and u* are constants and u’ +u* = A, where the total population density A = i ( T(x) +
u” (x))dx is fixed. Because the kernels are given by Gaussian functions and v — u™ = FC, a
simple calculation shows that the terms A" and A\~ have constant values. Thus, homogeneous
steady-state solutions are solutions of the algebraic equation

0=l + A (A—u}).

It is shown in [14, 13] that model (1) can have up to five spatially homogeneous steady states of
the form: (ut,u™) = (u*, A —u*) or (uT,u~) = (A —u*,u*) (throughout this article we assume
A = 2). The steady state (u™,u™) = (A/2, A/2) exists for all parameter values, and is left fixed
by (5) and (6). In fact, all elements of Fix(O(2)) are of the form (A/2, A/2) for some A > 0.
Moreover, k.(u*, A—u*) = (A —u*,u*) and so these equilibria are on the same group orbit. The
steady-states of the form (u*, A — u*) are fixed by any translation (5), and therefore have the
isotropy subgroup SO(2).
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Remark 2.3 The existence of the four states with u™ # A/2 depends on particular parameter
values (see Figure 2 for model M4). Since these steady states are not all unstable at the same
time [14], it is possible that a solution that starts near an unstable state eventually approaches
a stable spatially homogeneous state. We return to this aspect in Section 4.2 in the context of
numerical simulations of patterns near codimension-two points.

@ 2 (b)) 2 -
1 B u*
] ] 1
1.51 1.5
ux
u* 1< u* 1<3, ....................................
0.51 0.5
b e U
0 0+
o 1 2 3 4 5 o 1 2 3 4 5
qal qal

Figure 2: Spatially homogeneous steady states exhibited by equation (1) corresponding to model M4, for different
values of A2. (a) For A2 = 0.9, there are five steady states. (b) For Ay = 4.5, there are three steady states. The
other parameter values are \;1 = 0.2, A =2.0, v =0.1, g, = 2.0, ¢» = 2.0.

3 The Linear Operator

The focus in this paper is on the bifurcations of heterogeneous patterns from an homogeneous
steady-state (A/2, A/2) with isotropy subgroup O(2). The results in the previous sections are
valid for all sub-models M1-M5 described in Table 1. Now, we restrict our analysis to model
M4 which, as it is shown in the next sections, can display all three types of codimension-two
bifurcations with O(2) symmetry (i.e., Hopf/Hopf, Steady-state/Hopf, Steady-state/Steady-
state). We note that it is possible that other sub-models could also exhibit these bifurcations.
However, it is not the goal of this article to investigate all codimension-two bifurcations in all
sub models M1-M5. Rather, it is to show the reader that such bifurcations can exist in one
single model.

3.1 Model M4: computing the linear term L

To linearise equations (1), consider small perturbations of the spatially homogeneous steady
states u* = A/2: ut = u* + uf, with uic < 1. Substituting these values into equations (1),
expanding A\ [u* +uf, u* +u~] in Taylor series (i.e., A* =~ Ay + Xa[f(0) + £/(0) (yiF —yF)]+---),
neglecting the nonlinear terms and finally introducing the notations Ly = A1 + Ao f(0), Ry =
Xof(0) and K(s) := ¢, K, (5) — qaKa(8) + quKai(s), leads to the following linearised model M4:
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8tuf + am(vuf) = —Ll(uir —uy ) — Ryu” /000 K(s)(uy (x+s) — uf(x —5)— uf(x —s)+uj (z+9))ds,
(10a)

Opuy — Op(yuy ) = Ll(uiIr —uy ) + Ryu” /000 K(s)(uy (x+s)— uf(m —5) — uf(x —8)+uj (r+9))ds.
(10b)

To simplify these equations, let us define K+ x v = [[¥ K(s)v(z + s)ds and K~ x v :=
Jo" K(s)v(z — s)ds. The linear operator £ associated with system (10) can be rewritten as
L = Lo — L4, where L, is the differential operator L4(u,u;)? = diag(dy, —0,)(u; ,uy )T, and

uf —Li4+RyK~ % L —RyKt x. uf
Lo - = -, (11)
u; Li—RyK %+ —L1+RoKTx- uy
with Ry = 2Rju*. Consider now the linearized system (10) written as an abstract differential

equation
Ou = L(u, ), (12)

with  a vector of parameters. Because Ly is a bounded operator on LP([0, L], R?), using a result
from Hillen [26] (Theorem 3.4), it can be shown that the linear operator £ with domain

X = {u=(u",u") e WHP([0, L],R?) | ui(O) = ui(Lo)}

generates a strongly continuous semigroup on LP([0, L],]RQ). We now use X as the phase space
to (12). Since we consider an equilibrium with isotropy subgroup O(2), there is an action of
O(2) on X, given by (5) and (6). We can now write the isotypic decomposition of X. Let
kn = 2mn/L and we decompose u® using Fourier series

ut(2) = af +afe™” + ... fate™” ... e
Here, a} € C and “c.c.” stands for “complex conjugates”.
Theorem 3.1 For alln > 1, the subspaces

X, = {aeik”x +ce|a=(at,a7) € (CZ} C X.

are isomorphic to C?, O(2)-invariant, and can be decomposed as X,, = X} @ X2. This decom-
position is defined as follows. Given f1 = (1,1)T and fo = (1,—1)T, then

X! = {(voe™® + Toe ) f1 |vg € C}  and X2 = {(v1€*" +T1e ) f, | vy € C}  (13)

n

are real two-dimensional O(2)-irreducible representations (written in complex notation). The
action (5) and (6) induces the following action on C2:

0.(vo,v1) = (e"%vg, e  and  k.(vo,v1) = (To, —T1). (14)
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Proof: The subspaces
V, = {zeiknm +cc. |z € (C}

are invariant with respect to the SO(2) action (5), since the translation x — x + 6 acts on
elements of V,, as

26T ce = 2 @) Lo — (zeihn®)gine 4 o, (15)

This induces the action z — e*7%2 on C. Moreover, the s-action (6) leaves X,, invariant:

<a+>ikx <a>ik;(L—z) <_>zkx
K. e +c.c. = e +c.c. = e + c.c..
a= at +

Thus, X, is O(2)-invariant, but it is not irreducible. It is straightforward to check that X,
can be decomposed into a sum of isomorphic O(2) irreducible representations X, and X2 given
by (13). Thus, X, is parametrized by (vg,v1) € C?, with the action given by (14). |

Q‘Q

The subspaces X,, are called isotypic components of the isotypic decomposition of X. By
the O(2)-equivariance of £, each X,, is L-invariant and one can restrict £ along each isotypic
component X,,. We now obtain the decomposition of £ along the isotypic decomposition X,:
Ly = L|x,. To compute L, explicitly, we let K (k,) := [ K(s)e™"* ds and so

Kt s ethn® = Kt (k,)ethnt K~ « ethn® = K+ (k,)ethn®,

Kt s e thnt = K+(k,)e "t K~ s e7thnt = (K, )eikne,

We obtain

E(’eriknwfl) = (RQ(K+(kn) — K—i—(kn)) _ ,}/an> erik"xfg,

L(016#07 f5) = —ryikpurettnt f + (—2L1 4 Ro(Kt (k) + f(+(l<:n))> vreihn

Therefore, for ai,as € C,

L ai iknx 0 _ikn'}/ al ik
n elin® — _ R R _ elin
as Ro(K+(ky) — K+(kn)) —ikpy —2L1 4+ RQ(K+(kn) + K+ (ky)) as

3.1.1 Critical eigenvalues of £, and dispersion relations

The eigenvalues of L,, are

04 (ky) = —(Ly — RoRe(K*(ky,))) + \/ (L1 — RoRe(K+(kp)))2 — (k272 — 2Rk, yIm (K (ky))).
(17)
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Note that the matrix in (16) has an eigenvalue o = 0 if Ry(K+(kn) — K+ (kp)) — ikny = 0.
The corresponding eigenspace is C{(1,0)7'}. For o = iw, the non-trivial solution of

iw ikny ap \
( —Ro(K+(ky) — Kt (kn)) +ikny iw+ (2L1 — Ro(K+(kn) + K+ (kn))) > ( as > B

leads to wa; + kpyas = 0, and so the eigenspace is C{(ky7y, —w)T}.
The linear analysis above is equivalent to computing the dispersion relation, which is obtained

by substituting

ot+knxt ot+knxi
) )

ut =u* + ae u” =u" 4+ age

into dyu = Lu. After simplification, this can be rewritten as a matrix-vector product

o 4 ikny 4+ L1 — RoK+(ky,) —L1 + RoK* (ky) o _, as)
—L1 + RoK+(ky,) 0 — kpiy + L1 — RoKt (ky,) '

a2
The previous equation has a nonzero solution if the determinant of the matrix is zero, that is
02 4+ 2(Ly — RoRe(K ™ (kn)))o + (k242 — 2knyRoIm(K T (ky))) = 0. (19)

Equation (19) is the dispersion relation. The roots of this equation (i.e., the eigenvalues) are
given by (17).

If one considers the total population density A as a parameter of the system, then this
parameter enters the eigenvalues through the term Re = 2Rju*, where u* = A/2. The following
results investigate the stability of the spatially homogeneous equilibrium as Ry (and implicitly
A) is varied.

Proposition 3.2 Suppose that q,,q, and q, are fized, and consider the parabola given by
Py = Re(K T (kn)) RS + (2knyIm(KF (k) — 2L1Re(K T (ky)))Ra + (L3 — k29).

Then, the equilibrium with isotropy subgroup O(2) is asymptotically stable if and only if for all
n € N, either

(1) P, <0 and RyRe(K*(k,)) < L1, or
(2) P, >0 and 2RoyIm(K ™t (ky)) < kny.

The first set of inequalities corresponds to the case of a complex eigenvalue with non-zero
imaginary part and negative real part, while the second set of inequalities corresponds to real
negative eigenvalues.

Proof:  Write (17) as 0+ = ay, & /a2 — 43,. Define P, = o2 — 4f3,. If P, <0, then o1 has
a nonzero imaginary part. The real part of o4 is negative if a,, < 0. This inequality can be
rewritten as RoRe(K*(k,)) < Li. If P, > 0, then o is negative when f, > 0, and this can be
rewritten as 2RoIm(K (k) < kn7. |
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We now analyze the spectrum of (1) for a fixed domain size L. One can verify that for
Ry = 0, the conditions of Proposition 3.2 are satisfied and the equilibrium at the origin is
asymptotically stable. As Ry is increased from 0, there exists a critical value R5 for which the
inequality conditions in Proposition 3.2 are not satisfied for a first value of n € N. Therefore,
the equilibrium with isotropy subgroup O(2) generically loses stability to either a steady-state
pattern or a periodic pattern. This is summarized in the following.

Corollary 3.3 For fized values of qr,qq and qq, there exists a value R5 > 0 for which at least
one eigenvalue o of the equilibrium solution with isotropy subgroup O(2) crosses the imaginary
azxis with nonzero speed.

This shows that for a given species with fixed social behaviour parameters, aggregation
patterns can emerge in a fixed domain if the total population density increases beyond a threshold
at which equal left- and right-moving homogeneous distributions are no longer sustainable.
Density dependent patterning is seen, for instance, in locust aggregation outbreaks [6, 46].

For the remainder of the paper, we consider the total population A to be fixed and the
bifurcation parameters to be ¢, and g,. Since we are working on finite domains [0, L], the wave
numbers k; that appear in the dispersion relation (19) and the eigenvalues (17) are discrete.

4 Codimension-two bifurcations

In this section, we show the existence of codimension-two bifurcations, and calculate the linear
terms at the bifurcation and the eigenfunctions of the bifurcating solutions. Since near a bifurca-
tion point, the eigenfunctions give an approximation to the bifurcating solutions, we create plots
of these eigenfunctions. Then, we use these plots as a guide for classifying solutions obtained
via numerical simulations of (1) near the codimension-two points. In particular, fine details in
the plots of the eigenfunctions are useful for identifying the isotropy subgroups of numerical
solutions. Moreover, numerical simulations with initial conditions close to the bifurcation point
often evolve towards several intermediate unstable states before settling into a seemingly asymp-
totically stable solution which may not be close to the bifurcation point. Using the eigenfunction
plot as comparison, one can speculate on the unstable states visited.

The section is structured as follows. We begin by identifying the presence of codimension-
two points. Then, in Section 4.1, we obtain explicit expressions for the solutions of the linear
system near the codimension-two points along with the O(2) group actions on the respective
eigenspaces. Section 4.2 looks in detail at the orbit representatives of solutions with isotropy
subgroups for the SS/H. We present numerical simulations near the SS/H point and use the
plots of eigenfunctions to proceed to a possible classification of the states obtained. A similar
investigation is performed in Section 4.3, near the SS/SS point.

The graphical linear stability analysis below reveals that model (1) can exhibit three types
of codimension-two bifurcations: Hopf/Hopf, Steady-state/Hopf and Steady-state/Steady-state
bifurcations. These codimension-two points are obtained by studying the intersection between
different neutral stability curves (that is, curves described by Re(o(k,)) = 0). Figures 3 (a) and
(c) show the neutral stability curves corresponding to various modes k,, n = 1,...,14, as two
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parameters, g, and g, are varied. For ¢,; = 0 (Figure 3(a)), we identify the 3:4 H/H point (located
near (qq,q-) = (0.64,3.61)) as well as the 1:4 SS/H point (located near (g4, ¢q,) = (1.56,2.71)).
For g, = 3 (Figure 3(c)) we identify the 13:14 SS/SS point (located near (gq, ¢r) = (1.02,1.02)).
All these codimension-two bifurcation points are at the boundary of the stability region for the
O(2)-symmetric steady-state. The hatched areas show the stability regions for each of these
cases. Figures 3 (b) and (d) show the real and imaginary parts of the dispersion relations
corresponding to each of the wave numbers involved in the H/H, H/S and SS/SS bifurcations.

(3 a0 (b) q,=0
51 i o
’I_I\
4 <
. =)
31 E
qr 1
2_
1_~
O ‘ ‘ 0
0 1 2 3 4 0O 1 2 3 4 5 6
qa qa
(© q3 (d) q=3
IM(0 (Ky) )=0
IM(0 (Ky9 )=0

Figure 3: (a) Real parts of the dispersion relation o (k) corresponding to wave numbers k,, n = 1,...,6, as two
parameters, g» and qq, are varied. The hatched area shows the stability region. (b) Then =1, n =3 and n =4
neutral stability curves. The shaded areas show the region where Im(o(k,)) = 0, n = 1,3,4. (c) is similar to
(a), but for gt = 3. The SS/SS point is at the intersection of k13 and ki4. The hatched area shows the stability
region. (d) is similar to (b) but for g,; = 3. The shaded area corresponds to Im(c(k13)) = Im(o(k14)) = 0.

Since the stability curves corresponding to various modes are sometimes very close to each
other, it is possible to have multiple mode interactions, which may influence the final patterns.
One such example is given by the SS/H bifurcation (Figure 3 (a)), where the intersection point
between ki and k4 is very close to the intersection point between k4 and k5. This can be seen
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Figure 4: Real and imaginary parts for the dispersion relation o (), for different wave numbers and different
parameter ranges, as two parameters, ¢, and q., are varied. (a) Steady-state/Hopf bifurcation for ¢u = 0,
o = 1.56, ¢» = 2.71, A1 = 0.2, A2 = 0.9. The modes that become first unstable are k1 (Steady state) and
ks (Hopf). (b) Hopf/Hopf bifurcation for g = 0, ¢o = 0.64, ¢» = 3.61, A1 = 0.2, A2 = 0.9. The modes that
become first unstable are k3 and k4. (c) Steady-state/Steady-state bifurcation for gu; = 3.0, ¢o = 1.02, ¢ = 1.02,
A1 =0.2/0.29, A2 = 0.9/0.29. The modes that become first unstable are k13 and ki4.

more clearly in Figure 4, which shows the real and imaginary parts of the dispersion relation
o (ky), as functions of the wave numbers ky,, n > 0. For the SS/H bifurcation (Figure 4(a)), the

curve that passes through k; and ky4 is also very close to k5. This may lead to more complex
spatial and spatio-temporal patterns.

4.1 Linear modes at bifurcation

Consider the linear system
oU(x,t) = L,U(z,1t), (20)
where U(z,t) = (u™(z,t),u (z,t)). Using the basis {f1, fa}, we can write the solutions

Vo

U(z,t) =Re eknet ) = Re(vge™®e) fi 4 Re(vie*n%e?) fo.

U1
As seen in Section 3.1.1, the eigenvalue o = 0 has the eigenspace C{(1,0)7}, and therefore
Ul(x,t) = Re(vge™®) fy.

For o = iw, the eigenspaces are C{(k,7y, —w)T} and C{(k,v,w)T}, respectively. Letting ®} =
knyf1 and ®9 = —w fa, solutions of the linear system (20) can be written as

Ul(z,t) = Re(w @) (D7 + By) + Re(wreTe 1) (] — dy).

O(2) has the following action: k.(®} + ®3) = P — Py, and 6 acts trivially on ®F and Ps.
Therefore, we can rewrite U(x,t) as follows:

Uz, t) = w1 e (e*n® (D] + By)) + W™t (e HFn? (DT — dy)) + c.c..
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Now, we consider a new basis given by {h7, h3} = {e*n%(®7 +dy), e~#nZ (P — Py)}. The action
of O(2) on the elements of this basis is

kAP =0, 0.hY =e*OnT and  0.h% = e HnOpD,

This basis is the standard one, see [19], for the classification of isotropy subgroups in the O(2)
Hopf bifurcation. The general real solution, which spans the generalised eigenspaces at the mode
interaction points, can be obtained from the solutions of (20) for eigenvalues o = 0 and o = iw.
At the 1:4 SS/H point, we have

Ul(z,t) = Re(20¢™%) f1 + 21 A + 20e™'h3 + c.c., (21)
and the group action on (2, 21, 22) is

0.(20, 21, 22) = (%192, €102y e 710 25),

H'(207 21, 22) = (207 22, Zl)-

20, € (22)

The complex eigenvalue iw generates an additional S' symmetry on the critical eigenspace:
Y.(20, 21, 22) = (20, "4V 21, e¥1¥ 25). The general real solution at the 3 : 4 H/H bifurcation point
is therefore

Uz, t) = (21h7 + 22h3)e™'" + (23h] + 24h3)e™?" + c.c. (23)
The action of O(2) on (z1, 22, 23, 24) is

eikg& ikg@z% eik40

0.(21, 22, 23, 24) = (e*3921, e~ z3, e a0z,

(24)
k.(21, 22, 23, 24) = (22, 21, 24, 23).

The frequencies at the Hopf/Hopf bifurcation point are estimated to be w3 ~ 0.2461539166 and
wy ~ 0.3454406196, and therefore it is safe to assume that they are not rationally dependent.
Therefore a T? = S! x S! action generated (after a convenient rescaling) by elik1/ws)rws g
eliki/wa)own with o)y, 1hy € [0, L), acts on the critical eigenspace C? @ C? as follows:

(1, 02).(21, 22, 23, 24) = (€11 2y, €11 29, eF1V2 55 eTR102)), (25)

Together, (24) and (25) generate the action of O(2) x T? on the critical eigenspace and implicitly
on the linear patterns given by U(z,t). Finally, at the 13 : 14 SS/SS point we have

Ul(z,t) = Re(woe™37) fi 4+ Re(wie14%) f;. (26)

The classification of solutions in the H/H mode interaction is studied in greater details in [7]
(which includes also a weakly-nonlinear analysis of the bifurcation patterns). The SS/H and
SS/SS mode interactions are investigated below.
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4.2 Study of the 1:4 SS/H linear modes

Using equation (21), we obtain expressions for the primary bifurcating solutions at the 1 : 4
SS/H mode interaction. These solutions are: (a) stationary pulses (SP) which are spatially het-
erogeneous steady-state solutions, (b) rotating wave periodic solutions (RW), and (c) standing
wave periodic solutions (SW). The isotropy subgroups and orbit representatives for these bifur-
cating solutions are shown in Table 2 (see Hill and Stewart [25] for details). In the following, we
give the analytical expressions for each of these solutions. Let Z(®¥) be the discrete subgroup

Isotropy subgroup | Orbit representative Type
0(2) x st (0,0,0) homogeneous steady-state
Zs(k) x St (a,0,0) stationary pulse (SP)
/86(2) (0,b,0) rotating wave (RW)
Zy(k) x Z(™/47) (0,b,0) standing wave (SW).

Table 2: Isotropy subgroups, orbit representatives and type of the primary bifurcating solutions on the centre
manifold at a SS/H bifurcation (as described in Golubitsky et al. [19]), where a,b € R.

generated by (6,1) € O(2) x S'. The cyclic group Z(™*™ has order eight, and its action
on U(z,t) is given by (L/8,7/w), where L/8 is half the length of one fundamental domain in
[0, L] under the partition by the elements of the kernel of the SO(2) action. Using the orbit
representatives in Table 2, we obtain the linear solutions for the primary bifurcating solution
branches, and the total density u(x,t) = u™(z,t) + u™(z,t) in each case. For example, in the
case of the rotating wave (corresponding to the §6(2) subgroup), because the spatial translation
corresponds to phase shift on the periodic solution, the period is linked with the wave number.
The rotating wave is fixed by (¢, —4¢), and therefore

(¢, —4¢).U(x,t) = b1 thazpd 4 ¢ . = U(a,t)

requires that w = 27/L. For the complete list of primary bifurcating solutions, see Table 3.
To help the reader identify these solutions, and for further comparison with the results of the
numerical simulations, we show these solutions in Figure 5, for some arbitrary parameter values:
y=1,a=3,b=13, w=0.5and L =10.

We also look for solutions with submaximal isotropy subgroups with fixed point subspaces
of dimension three, namely Zs(k) and Zo(kL/8,7/w). The solutions corresponding to these
subgroups are shown in Table 4. Again, to help the reader identify these solutions, we show
them in Figure 6, for some arbitrary parameter values: v = 1, ¢ = 3, b = 1.3, w = 0.5 and
L = 10. Close inspection of the contour plots in Figure 6(a) shows the solution Zy(x) with the
reflection line for the symmetry x near z = 5 (i.e., the white ellipses inside the red patterns are
larger at x &~ 5, hence the density is slightly higher at this point). In Figure 6(b), the solution
with isotropy subgroup Zo(kL/8,7/w) has eight reflection symmetries with vertical axes near
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Isotropy subgroup U(z,t) u(z,t)
Zo(k) x St Re(ae™1®) f 2Re(ae*17)
SO(2) betktpt 4 c.c. 2kqybetFrtetkar 4 ¢ c.
Zo(r) x ZT/AT) | betht 4+ bethd 4 c.c. | 4kygybe™! cos(kyx) + c.c.

Table 3: Maximal isotropy subgroups with representative solutions U(x,t) and total density u(z,t). For the
SO(2) solution w = ky is forced by symmetry.

xr=3+1.25j,j=0,...,7. Reflection across any of those vertical lines along with a time-shift
by a half-period (corresponding to one row of cells) leaves the pattern unchanged.

Isotropy U(x,t) u(z,t)
subgroup
Zo(K) Re(ae™®) f1 + be™!(hi 4+ h3) + c.c. | 2Re(ae™®) + 4kyybe™t cos(kyx) + c.c.
Zo(BL) ™) | Re(id’e™®) fi + bet(h} 4 h3) + c.c. | 2Re(ia’e®1®) 4 4k ybe™* cos(kqx) + c.c.

8w

Table 4: Submaximal isotropy subgroups with representative solutions U(x,t) and total density u(z,t).

Comparison with numerical simulations Numerically simulated patterns of (1) that emerge
around the SS/H bifurcation point are compared with the contour plots of the eigenfunctions

obtained previously. The initial conditions for the numerical simulations are random perturba-

tions of the spatially homogeneous steady states ut = uz = 1. Figure 7 shows the spatial and

spatio-temporal patterns that emerge at some randomly-chosen points (1)-(10) located around

the 1:4 SS/H point (see also Figures 3(a),(b) and Figure 4(a)). At points (1), (2), (3), (4), (9),

(10), the small random perturbations of uj = 1 first evolve to standing wave patterns (panel

(b)). These patterns are generally unstable, and after a while they evolve to quasi-periodic

solutions (panel (e)) or to rotating waves (panel (f)). Both types of patterns seem stable (at

least for ¢ < 4000).

At points (5) and (6), the small perturbations of uj lead to the emergence of stationary
pulses. These stationary pulses are unstable and further evolve into the quasi periodic solutions
shown in panel (e). However, at point (6), we observed that the stationary pulse first evolves into
a pulse pattern with Zs(x) symmetry (panel (d)). Finally, at points (7) and (8), the spatially
homogeneous solutions u3 are stable, and the perturbations which initially lead to modulated
standing wave (MSW) patterns (panel (g)) eventually evolve towards the steady state u3 (panel
().

We remark here that the solutions with the submaximal isotropy subgroups Zs(x) and



20

(@
20

000000 0
L./ "l N
157 S A O S
LW e Wi WL
LA L S T S A F
+ 104 IR
T
OO0 OMON
- LR T T I L - .
5 AUUIS S S S
\ T T AT i T A T T T

T T T

X X X

Figure 5: (a) Contour lines of u(z,t) corresponding to the stationary pulse with isotropy subgroup Z2 x S* and
wavenumber k1. (b) Contour lines of u(z, t) corresponding to the rotating wave with wavenumber k4. (c) Contour
lines of u(z, t) corresponding to the standing wave with wavenumber k4. To obtain these contour lines we choose
the length of the domain L = 10. The rest of the parameters are y =1, a =3, b= 1.3, w = 0.5.
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Figure 6: Contour lines of u(z, t) for the solutions with submaximal isotropy subgroup (a) Za (k) (b) Za (%=, =

To obtain these contour lines we choose the length of the domain L = 10. The rest of the parameters are v =
a=3,a =100,b=13,w=0.5.

)
]‘7

Zo(kL/8,m/w) are sometimes difficult to be distinguished numerically from each other and from
the standing wave solutions. Figure 8 shows the surfaces (panels (a),(c)) and the contour lines
(panels (b),(d)) for two solutions that seem very similar. However, closer inspection of the con-
tour lines shows that the symmetry of the patterns is quite different. In panel (b), contour lines
suggest a solution with isotropy subgroup Zs(xL/8,7/w), where the axes of symmetry are the
vertical lines between neighboring cells, and the phase shift by a half-period seems to correspond
to an upward shift by three-rows of cells. In panel (d), there are four translated copies of pairs of
cells along the x-axis, and x ~ 5 is a reflection symmetry for the pattern; this suggests a standing
wave. (Compare these patterns with the contour plots in Figure 6(b) and Figure 5(c)). Note
that from the numerical simulations, these states are likely unstable and therefore the trajectory
is bounded away from the actual state. This explains the fact that the patterns exhibit only
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Figure 7: (a) Neutral stability curves for wave numbers k1 and ks. The points (1)-(10) are randomly chosen
around the SS/H bifurcation point located at (ga,gqr) = (1.5686,2.7178). (b) The patterns that emerge at points
(1), (2), (3), (4), (9) and (10) all evolve first to standing waves. (c) The patterns that emerge at points (5),(6)
evolve towards a spatially heterogeneous steady state (i.e., stationary pulse). (d) The stationary pattern at (6)
first evolves into a pattern with Zs(xL/8,7/w) symmetry. (e) The patterns starting at (1),(2),(3),(4),(5) and
(6) eventually evolve from standing waves and stationary solutions to quasi-periodic solutions. (f) The patterns
starting at (9) and (10), after the excursion near a standing wave, eventually approach rotating wave solutions.
(g) At points (7) and (8), small perturbations of the spatially homogeneous steady states evolve first to modulated
standing waves, i.e., patterns with Za(kL/8,7/w). (h) Since the points (7),(8) are in the parameter region where
the spatially homogeneous solutions w3 are stable, no spatially heterogenous patterns can persist at these points,
and thus the total density shown is u3 +u3 = 2(= A). The parameters are: g, = 0.0, A1 = 0.2, A2 = 0.9, v = 0.1,
L =10.
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approximate symmetries (see, for instance, the slight tilt of the cells, and the differences in some
contour lines, shown more clearly in panel (b)). We expect that a numerical corrector method
starting at these patterns should converge to the actual periodic solution. (Such a corrector is
under construction [31].) In the following, we summarize the output suggested by the numerical
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Figure 8: (a) Solution with submaximal isotropy subgroup Zz(xL/8,7/w); (b) Contour lines of u(x,t) for the
solution in panel (a); (c) Standing wave solution; (d) Contour lines of u(x,t) for solution in panel (c). The
parameters are: gq; = 0.0, A1 = 0.2, A2 =0.9,vy=0.1, L=10, A=2

simulations.
e The stationary pulse bifurcates supercritically. It is unstable at this parameter value.

e The standing wave and rotating wave bifurcate subcritically (so, they are unstable near
bifurcation).

¢ RW and Modulated Rotating Wave (MRW) are observed to be asymptotically stable.
MRW stable over a wide parameter range.

e Zo-symmetric periodic solutions are unstable and are observed in the region of asymptotic
stability of the equilibrium.



23

e Note that panels (d) and (g) in Figure 7 have the same isotropy subgroup and may lie on
a mixed-mode branch of periodic solutions connecting SP and SW.

We return to these features in Section 5, where we use them along with formal normal form
analysis and weakly nonlinear analysis to propose a bifurcation diagram near the SS/H point.

4.3 13:14 SS/SS: linear modes

For the details of the analysis of the O(2) steady-state mode interaction, we refer the reader
to [19], which investigates the case of interacting wavenumbers m and ¢, with m = ¢+ 1. In
our case, £ = 13 and m = 14. The orbit representatives for the fixed-point subspaces of the
isotropy subgroups corresponding to the O(2) action on the critical eigenspace C2, can be found
in [19](Chapter XX, Table 1.1). In the following, we write the eigenfunctions corresponding to
each of these orbit representatives.

(a) The isotropy subgroups D13 and Di4 have the orbit representatives (i) wy = zp, w1 = 0,
and (ii) wp = 0, w1 = yo, respectively. The corresponding eigenfunctions are

(i) Uz, t) = Re(zoe™®) f1, (i) Ulw, 1) = Re(yoe™*) f1.

(b) The isotropy subgroup Zs has the orbit representative wy = xg, w; = yo. The corresponding
eigenfunction is
Ul(x,t) = Re(xoe®3%) f1 + Re(yoe*14%) f.

The contourplots of u(x,t) = u™(z,t) + u (z,t) are shown in Figure 9(a,b). Figure 9(c)
shows the contourplots of u(x,t) = u'(x,t) + u~(z,t), for the mixed-mode interaction with
wave numbers ki3 and k4.

@ (b) (©)
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Figure 9: (a) and (b): Contour lines of u(z,t) with isotropy subgroups D13 and D14, respectively. (c) Contour
lines of u(x,t) for the mixed mode solution with isotropy subgroup Zz (with the same two modes as in panel (a)
and (b)). To obtain these contour lines we choose the length of the domain L = 10.
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Comparison with numerical simulations In the following, we include the alignment inter-
action (g = 3 > 0), and investigate the formation of patterns near a Steady-state/Steady-state
(SS/SS) bifurcation point (see Figure 4(c)). Note that the SS/SS bifurcation can occur also for
da = 0 (e.g., for g, = 0.2, ¢, = 1, Ay = 0.2/0.06, A2 = 0.9/0.06). However, in this case, the
emergent wavenumbers are kog and ka9, which makes it difficult to distinguish very clearly the
spatial patterns (which now have 28 or 29 peaks). Moreover, the neutral stability curves for
wavenumbers kog and kog are very close to the neutral stability curves for wavenumbers k1 and
k3p. This proximity influences the patterns (corresponding to kgg and kgg) that form near the
codimension-two bifurcation point. For these reasons, we prefer to run simulations with g, > 0.

Figure 10 shows the numerical patterns that emerge at various points around the SS/SS
bifurcation located at (qq, ¢r) = (1.02,1.02). The initial conditions for the numerical simulations
are small random perturbations of the spatially homogeneous steady-states u* = uy = 1. First,
the points (8),(9),(1) are in the parameter region where the state uj = 1 is stable, and hence
no pattern can form (see panel (f), which depicts the difference [u™ —u™| = uf — v} = 0).
At points (2)-(7), the unstable spatially homogeneous states uj evolves initially to mixed-mode
spatially heterogeneous solutions formed of 13 peaks (corresponding to wavenumber ki3). For
the patterns at (3)-(7), as time progresses, one of the peaks then splits into two other peaks,
thus giving rise to 14 peaks (corresponding to ki4). These mixed-mode patterns have the axis
of symmetry near z = 6. At points (2),(3), these mixed-mode patterns then evolve into simple-
mode patterns (panel (c)). At points (3),(5),(6), the patterns then approach a high-amplitude
mixed-mode solution (panel (d)) with 14 peaks. The axis of symmetry of this mixed-mode
solution is also near z = 6. The high-amplitude patterns in panel (d) seem to be asymptotically
stable, while the patterns in panels (b),(c) are unstable and, for longer time integrations, evolve
to other states.

Despite the fact that the points at (2),(7) are in the parameter region where ki3 is unstable,
the patterns eventually decay towards the spatially homogeneous steady state uj (see panel (f)).
This is likely an artifact of the numerical scheme (first order upwind scheme), combined with a
lower amplitude of the dispersion relation at point (2). The pattern at (4), after approaching
first an unstable high-amplitude solution similar to the one in panel (d), eventually evolves to
the spatially homogeneous steady state u] 5 (see panel (e), which depicts the difference lut —u~|
that approaches asymptotically the value |u} — uZ| = 1.44).

Note that when ¢,; = 0 (and ¢, = 0.2 ¢, = 1.0), we would obtain similar spatial patterns
around the SS/SS bifurcation point. However, since in this case attraction is much weaker than
repulsion, the spatially heterogeneous solutions would be always decaying towards the spatially
homogeneous steady states (either uj or uj 5; see Figure 10(e),(f)).

5 Bifurcation Diagrams

The bifurcation analysis near the Steady-state/Hopf bifurcation point is typically done using
Centre Manifold Reduction (CMR) or Lyapunov-Schmidt Reduction (LSR). However, the un-
boundedness of the derivative operator along with the nonlocal nature of the turning function
prevents the use of current versions of CMR and LSR. To be able to use CMR or LSR, one would
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Figure 10: (a) Neutral stability curves for wave numbers k13 and kis. The points (1)-(9) are randomly chosen
around the SS/SS bifurcation point located at (¢a,qr) = (1.02,1.02). Panels (b)-(d) show the the total density
ut +u”. Panels (e)-(f) show the difference |u™ —u~|. (b) The patterns that emerge at points (2)-(7) initially
evolve towards an unstable mixed-mode spatially heterogeneous solution formed of 13 or 14 peaks. The inset
shows the total density ™ + u~ at time ¢ = 120. (c) The patterns that emerge at points (2), (3) then evolve
towards simple-mode patterns. The inset shows the total density u™ + u~ at time ¢t = 400. (d) The unstable
solutions at points (3),(5) and (6) next evolve towards a stable mixed-mode solution with 14 peaks. The inset
shows the total density u™ 4+ u~ at time ¢ = 1400. (e) The unstable solutions at points (4) and (7) evolve
asymptotically towards the spatially homogeneous steady states uj 5. Shown is the difference |ut —u~|, which in
the long term approaches |u] —ui| = 1.44. (f) Since the points (1), (8), (9) are in the parameter region where the
spatially homogeneous states uj are stable, no patterns can form. To distinguish this dynamics from the dynamics
in panel (e), we show the difference |u™ — «~| which approaches asymptotically the difference |uj — u3| = 0. The
parameters are: gqr = 3.0, A1 = 0.2/0.29, A2 = 0.9/0.29, v = 0.1, L = 10.
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need to show a spectral gap property for the linear system, or to show that the linear operator
is Fredholm (of index 0). There does not seem to be any obstacle in proving such technical
results. However, because of the complexity of the analysis, we leave this question to another
paper. Instead, we perform a weakly-nonlinear analysis which provides amplitude equations for
bounded solutions corresponding to critical eigendirections near the bifurcation point. In many
cases, the resulting amplitude equations are equivalent to CMR and LSR [1, 15, 17].

5.1 Steady-state/Hopf: bifurcation analysis

Hill and Stewart [25] studied the Steady-State/Hopf bifurcation with O(2)-symmetry. They
assumed that a Lyapunov-Schmidt reduction has been applied to the equation

dz

— A) =0. 27
b fw ) = (27)
At the 1:4 SS/H point, one obtains the following normal form equations. Let z = (20, 21, 22) €
C3, where zg is the coordinate of the steady-state mode and (21, 22) are the coordinates of the
Hopf mode. The normal form equations to quintic order, with only a minimal set of relevant
terms, are given by:

przo +i(]21]? — |22)?)p?20
(2N a,7) = | (¢* +a+ ¢z —il + |2t =1+ 7))z |, (28)
(@' +a+@lzP)ze —i(@ + |zt — (14 7))z

Parameters p/ and ¢!, j = 1,2, [ = 1,2,3 follow the notation in Hill and Stewart [25]. These
parameters are defined in terms of the coefficients of model (1). Parameter a is an unfolding
parameter for the Hopf mode and, in our case, is a function of q,, ¢.. Parameter 7 is associated
with the phase of the Hopf mode, and we ignore it since our focus is only on the amplitudes.
Denoting by A the unfolding parameter for the steady-state mode (also a function of ¢q, ¢.), and
by No = |20/? and Ny = |21]? + |22]%, we can write

pt= pH0) +pr(0)A+ply, (0)No + Py, (0)N1 + 5P (0)NG + P2 (ONE, - p? = p*(0),
¢ = ¢'(0) + ar(0)A+ ax, (0)No + ax, (0N + 302 NF, ¢ = °(0).

The functions ¢% and ¢* are similar to ¢' and ¢3, respectively. The linear terms at the origin are

(p'(0) + py(0)A) 20
(¢"(0) + a+ ¢ (0)A +i(¢*(0) + A — (1 + 7))z
(¢"(0) + a+ g3 (0)A +i(¢*(0) + GZA — (1 +7))) 22

At A = a = 0, the SS/H point forces p'(0) = ¢'(0) = 0 and ¢*(0) # 0. The real part of the
eigenvalues at the origin are p}(0)A and ¢i(0)A + a. If we assume that an asymptotically stable
origin implies A < 0, then p}(0) < 0.
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5.1.1 Weakly-nonlinear analysis

In the following, we perform a weakly nonlinear analysis of the spatially homogeneous steady
states (u™,u”)=(u*,u*), to obtain amplitude equations similar to the normal form equations
(28). To this end, we consider perturbations of the unfolding parameters ¢, and g, which, at
the SS/H bifurcation point have the critical values g;.

=0+, G=q +, a==%1, 0<e< 1. (29)
We then substitute these expressions into the dispersion relation (19):

. 0o do
U(kn§ da, QT) = O'(kn; 9a> qr) + ge%/a + aq 62]/’/"
a r

Then, solution u® (z,t) o e®n#+t eyolves on two different time scales: a fast time scale () and
a slow time scale (T' = €2t), which, in the limit € — 0 can be treated as being independent [37].
Expanding u® in powers of ¢,

ut(z,t, 6, T) = u* + eud + ug + Sud + 'uf + Eud + 0(), (30)

and substituting it back into the nonlinear system (1)-(3) we obtain the following abstract
representation of the system:

OZN Zejuj %Z(ﬁ(uj)—Nj—E]‘).

i1 i1

Here, u; = (uj, u]_), L is the linear operator defined in Section 3.1, N; is the nonlinear operator
at O(¢’) that contains the terms u]i_l, uji_Q,..., and E; is the nonlinear operator that contains the
slow-time derivatives (auiE /OT) and the terms multiplied by vg, v.. At each O(¢’) we identify
the coeflicients of the solutions ujc

At O(eb), the solution is of the form

_l’_
< ul_ ) _ Ctl(T) ( V11 ) ezklx +51(T) ( w11 ) ezk4x+w4t +52<T) ( w21 ) elk’4x_lo'4t + c.c.
Uq V12 w12 w22
(31)

Here k; is the steady-state wavenumber, ky4 is the Hopf wavenumber, o4 = o(k4) ~ 0.2932 and
“c.¢” stands for complex conjugate. The coefficients that appear in the solution are

v =v12 =1, wi1 = wa = k4y — 04, wiz2 = wa1 = vk4 + 04. (32)

With this notation, we can write w; = (w1, w12) ' =(kayfi—0af2) and wy = (wa1, wes) " =(ksy f1+
o4f2).

Next, we focus on the solution at O(e?). The nonlinear equation £(uj ,u; )" = Na + Fy has
a nontrivial solution iff Ny + F» satisfies the Fredholm alternative, i.e., No + F» is orthogonal
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to the bounded solution 1 of the adjoint homogeneous problem £*(1) = 0. The adjoint of the
linear operator L is

[*— —0 — 7838 + L - R2K+* —Lq + R2K+* (33)
—L1 4+ Ro K™% —815—1—’}/8304-[41 — Ry K™% '
Here,
= aiz * zklx + Ba * w4t+zk4x + Ba * za4t ikgx +ece. <34)

The coefficients v* = (v}, v3), w] = (wj;,w]y) and wi = (ws;, ws,) of the adjoint solution are
given by

ivk1 — L1 + R2K+(k1)

v = 1,05 = - , 35
' * Ly + ReK (k) (3)
X . . o4+~ks+ RoIm(Kt(k . 1

wy =wy =1, wipy = S 2 7 4))7 Wog = - (36)

RQIIH(K""(]M)) Wiy

Here, we used the fact that at the Hopf bifurcation, L; = RoRe(K*(ky)), while at the steady-
state bifurcation yik, = —Ro(K T (k1) — K~ (k1)).

Simple calculations show that No + Fs satisfies the Fredholm alternative, that is (@, No +
Es) = 0, where the inner product is defined on a Hilbert space Y

y = {u(x,7)|(m,7') € (0, Lo] x [0,00), s.t. lim / /LO luldadr < oo} (37)

T—oo T

The O(2)-invariant inner product of two vectors @ = (4, 47)" and w = (wt,w™)" in Y is

(f,w) = lim — / / O Gt 4 amm )dudr, (38)

At O(€®), the requirement that N3 + Ej satisfies the Fredholm alternative leads to a system
of differential equations for the amplitudes (a1, 81, 82):

doay dpi dfs
ﬁ —91(041:517/627%7%")7 ﬁ —92(0417517527%7%)7 ﬁ —93(01751,/827%’%)- (39)
A detailed description of these equations (and how we obtain them) can be found in the Ap-

pendix. We now have the following result.

Theorem 5.1 The amplitude equations (39) truncated to third order obtained via the weakly-
nonlinear analysis at the SS/H bifurcation point (¢°,q°) ~ (1.5686,2.7178) are O(2)-equivariant.
The third order truncation of the right-hand side of (39) is given by the negative of the third
order truncation of (28). For the parameter values used in this article (which can be found in
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the caption of Figure 7), the coefficient values of these third-order truncations of the amplitude
equations are

p1(0) =0, p3(0) =—1, pp,(0)~0.38069, py,(0)=~ —0.09648, p*(0)~ 0.01293,
q1(0) =0, ¢5(0) =~ 2.63485, qy, (0) = 0.95759, gy, (0) ~ 0.03805, ¢*(0) ~ 0.17690,
g%, (0) = —0.26016, ¢3, (0) ~ 0.05666, ¢*(0) ~ —0.04353.

(40)

The parameter values A and a, as functions of Qq = qo — q;; and Qr = q» — q, are
A= 0.01858 Q, — 0.00496 Q, a ~ 0.06435 Q).

The proof of this theorem is done in the Appendix. Figure 11 shows the relationship between
the ¢4, gr axes and the A, a axes in a neighborhood of the SS/H point.

a
ar

2.71 +

f Ga
156 a+g¢i(0)A=0

Figure 11: Relationship between the q,, ¢, axes and A\, a axes. The a axis is the steady-state
bifurcation curve while a + ¢} (0)A = 0 is the Hopf line.

5.1.2 Existence and stability of solution branches

The nondegeneracy conditions for the unfolding of the SS/H point with O(2) symmetry, using
only leading order terms, are derived in [25] and given in Table 5 along with their signs obtained
from Theorem 5.1.

Primary branches Using the third order truncation we can determine the branching and
stability of the primary bifurcating branches: stationary pulse, rotating wave and standing
wave. Recall the notation from Section 4.2. The branching equations are given in Table 6
where (-) are the labels for the expressions in Table 5. For fixed values of a, the stationary
pulse bifurcates supercritically as A increases across the steady-state bifurcation curve (a-axis).
For small a values, the standing waves and rotating waves bifurcate subcritically as A increases
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No condition sign | No condition sign
(1) Py, (0) (+) | (6) 24y, (0)py, (0) = (2ap, (0) +¢*(0)py, (0)  (-)
(2) p3(0) (=) | () an, (0)p3(0) — a3 (0)piy, (0) (=)
(3) ap,(0) (+) | ®)  2p,(0)a3(0) - (2qy, (0) + ¢°)p(0) (-)
(4)  a)(0) (+) | 9 ¢ (+)
(5) 2qy,(0)+¢*0) (+) | (10) qy,(0) +¢° (+)

Table 5: Nondegeneracy conditions for unfolding the Steady-State/Hopf bifurcation with O(2) symmetry using
only leading order terms.

across the Hopf curve. We now look at the sign of the eigenvalues at the bifurcation point, the
expressions are taken from [25]. Recall that because the normal form comes from (27), positive

Solution | Isotropy Subgroup | Branching equation | Stability property
SP Zs(k) x S A= —(1)No/(2) stable
RW SO(2) (A = —(a+ (3)N1) unstable
SW Zo(k) x ZT/AT) | (HA = —(a + (5)Ny) unstable

Table 6: Isotropy subgroup, branching equation and stability of primary bifurcating solutions:
SP, RW, SW.

real parts correspond to stable directions and negative real parts to unstable directions. For the
stationary pulse, the real parts of the eigenvalues are 0, p]lvo (0) > 0 and ¢! evaluated at (2,0, 0);
that is,

(aA(0)pN, + an, (0))zf ~ 1.942F > 0.

Therefore, the SP branch is asymptotically stable.

For the rotating wave, the eigenvalues are 0, qjl\,1 (0) > 0 and two other complex eigenvalues
with real parts, ¢> and p' evaluated at (0,21,0). We know ¢>(0) > 0 and so ¢* > 0 for (A, a) in
a small neighborhood of (0,0). Now, for a fixed a, substituting A with the branching equation
(see Table 6) we obtain

1 a (3) 1 a
p=-—<+ ( +pN (O)> N1 ~ — — 0081N1
(4)  \(4) ' (4)
Thus, p' < 0 for a < 0 and p! > 0 for @ > 0 and for N; small. Therefore, for a < 0, the
RW branch has two eigenvalues with positive real part at bifurcation and one eigenvalue with
negative real part. Moreover, the RW branch is asymptotically stable for a > 0. Note that
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for @ > 0, a Hopf bifurcation occurs as p' changes sign for N; large enough, and at this point
a MRW bifurcates from RW. We do not investigate the stability of this bifurcating solution.
However, the numerical simulations suggest that it is asymptotically stable for a large range of
parameter values.

For the standing wave branch, the real parts of the eigenvalues are 0, p?, 2q]1\,1 (0)+¢3(0) and
—¢*(0)x}, which are evaluated at (0,1, z1). We know that 2¢y (0) +¢*(0) > 0 and —¢*(0) < 0
(see Table 5). Thus, the SW branch is unstable. Note that,

p = % + (EZ; +p}vl(0)> N ~ % — 0.01N.

This means p' < 0 for a < 0 and p* > 0 for a > 0 small enough.

Secondary bifurcations: fifth-order truncation We now investigate the appearance of
secondary branches of periodic solutions bifurcating from the primary branches. To this end, we
consider the fifth-order truncation of (28). We only need to study a few cases involving p}vz (0)
1
and q}VQ(O) which, along with the numerical simulations, enables us to make educated guesses
1

on possible bifurcation diagrams. Submaximal periodic solutions with isotropy subgroups Zs (k)
and Zg(kL/8,7/04) have both orbit representative (zg,x1,21). In this case we must solve

PAO)A + pi, (0)aF + 2ply, (0)2F + 2p. ()2} = 0,
a+ gy (0)A + gy, (0)zF + 2qy, (0)27 + 2(1]1\[12 (0)xf + 322 = 0.

This is done by solving the first equation for x%, and then substituting it into the second equation.
The second equation is then solved for A. After substituting A in the first equation one obtains
(in the notation of [25])

(La _ (6) 21 4

A= @ e el = @) - (Maf 260, (41)

where
1 1 1 1 ol 1 1 1
1= qu(O)PNO (0) — an, (O)Ple (0) and ¢ = 26]le (0)px(0) — P2 (0)gx(0).

The first equation can always be satisfied because A is unconstrained. By fixing parameter a,
the existence of a bifurcating branch only depends on solving the second equation in (41); that

2 = 552 + 4;\/(8)2 + 8ca(a — (7)x3). (42)

We now investigate the existence of secondary branches of periodic solutions bifurcating from
SP and SW. For zp = 0 and N7 > 0 the secondary branch connects to SW, while for 1 = 0 and

Ny > 0 the secondary branch connects to SP. In particular, we show that a secondary branch of
solutions can connect the SP and SW branches. Recall that (7), (8) < 0.
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If co < 0, both solutions in (42) exist. In the case a > 0, notice that the right-hand side
of (42) is positive for both “+” and “~” solutions. For xg = 0, we have two z? solutions.
If 1 = 0, there are no solutions in xg. Therefore, the secondary branch connects to SW
at two different locations. If a < 0, then 1 = 0 for 23 = a/(7) in the “4+” solution.
In the “—” solution, setting g = 0 yields a positive right-hand side. The “4” and “—”
branches meet at the zy value that makes the square root vanish. Thus, the secondary
branch connects the SP and SW primary branches.

If co > 0, the “—” solution is negative and the “+” solution is non-negative if and only if
a—(7)x3 > 0. We see that z; = 0 if and only if a — (7)z2 = 0 which only occurs for a < 0.
Thus, the secondary branch connects to the SP branch. If o = 0, then the right-hand
side of the “4” solution is positive if a > 0, and so the secondary branch connects to SW.

Figure 12 shows the bifurcation diagrams obtained for the parameter values discussed in Theo-
rem 5.1 for py»(0) = 0 and ¢y»(0) = +0.01. Note that in these diagrams, X = xo + 1.
1 1

3

—

-0.2 -0.1 0 0.1 0.2 -1 . 0 0.5 1
A A

(a) —— SW ——Z, —— SP —— RW (b) —— SW —— 2, —— SP —— RW

-1.5 -1 -0.5 0 -1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0
A A

(C) [—sw—2 —sp—rw] (d) [—sw—2 —sp—rw|

Figure 12: Bifurcation diagrams associated with the two cases c2 > 0 and c2 < 0: (a) c2 > 0, a < 0; (b) ¢z > 0,
a>0;(c) c2<0,a<0;(d) c2 <0, a>0.

We now use the rigorous analytical results that gave us the primary branches, combined
with the numerical simulations, to select a possible bifurcation diagram from the two scenarios
for secondary bifurcations (c2 > 0, ca2 < 0). Numerical simulations of Figure 7 (d) and (g)
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each show a Zy(k) periodic solutions near the steady-state bifurcation line, but with fine details
of the pattern close to SP and SW respectively. This suggests a secondary branch of Zs(k)
periodic solutions connecting the SP and SW branches. This is the situation seen for co < 0
and we conjecture that this is the situation happening in this case. In Figure 13 we produce
a rough gyratory bifurcation diagram illustrating the c2 < 0 situation. In addition, we know
that a MRW bifurcates from RW for ¢ > 0 if V] is large enough, we added a plausible branch
given that the MRW is observed to be asymptotically stable in the numerical simulations. We
name the periodic solution with isotropy subgroup Zs (k) modulated standing pulse (MSP) and
the periodic solution with isotropy subgroup Zso(kL/8,7/w) modulated standing wave (MSW).
The location of those branches is conjectural.
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Figure 13: (a) Path around the SS/H point. (b) Potential circular bifurcation diagram corresponding, from
left to right, to the clockwise direction on the path around the SS/H point. The bifurcation diagram is based on
c2 < 0 in Figure 12. The left-hand part correponds to a > 0 and the right-hand part for @ > 0 (but reflected
about the X axis). The location of the MRW branch is conjectural, but based on numerical simulations. SP:
stationary pulse, SW: standing wave, RW: rotating wave, MS(P/W): modulated standing pulse/wave.

6 Discussion

In this article, we investigated the bifurcation dynamics of a large variety of complex spatial
and spatio-temporal patterns exhibited by a nonlocal hyperbolic model for self-organised an-
imal aggregation. It is shown in [15] that simple, classical patterns such as stationary waves
(pulses) and travelling trains are the result of codimension-1 subcritical Hopf and steady-state
bifurcations. Here, we focused on the more complex patterns that arise near codimension-two
bifurcation points, and used symmetry and bifurcation theory to provide a rigorous classification
of these patterns.
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6.1 Biological implications

Many of the patterns identified analytically and numerically in the vicinity of codimension-two
bifurcations are unstable (as shown by the sign of the coefficients of the amplitude equations) and
usually undergo a cascade of other bifurcations to heterogenous patterns or to stable spatially
homogeneous steady states (as observed numerically; see Figures 7,10 and 13). This raises the
question of whether all transitions between group patterns observed in nature (e.g., from moving
to stationary aggregations) are actually generated by changes in the needs of individuals (which
are modelled mathematically by changes in parameter values; see [10] for a discussion on group
patterns obtained for different parameter values in a model for self-organised aggregations).
Our results here suggest that it could be possible that some behavioural transitions observed in
nature are actually intrinsic to group dynamics, thus occurring for the same parameter values.

In regard to the stability of solutions (patterns), we also remark that the most common
patterns (e.g., stationary pulses describing resting animals, or rotating waves describing travel-
ling/migrating aggregations) are usually stable, and can be observed for longer periods of time
(as shown in Figures 7 and 10). In contrast, the most complex patterns (e.g., standing waves
and modulated standing waves) are usually transient, as shown numerically and analytically
in Figures 7 and 13(b). This raises the question of whether animal aggregations might also
exhibit some complex spatial and spatio-temporal patterns, which are more difficult to identify
experimentally or through observations because of the very short display time.

6.2 Mathematical observations

A rigorous study of the local bifurcation dynamics for equation (1) requires the use of reduction
methods to investigate the bifurcation equations. This was done in [15] (using weakly nonlinear
analysis) for the steady-state and the Hopf bifurcations in model M2. In particular, it was
shown that stationary pulses and travelling waves bifurcate subcritically. More recently, weakly
nonlinear analysis was used to investigate the O(2) Hopf/Hopf mode interaction in model M4 [7],
and partial results about the existence and stability of bifurcating solutions were computed. In
particular, it was shown that the Rotating Waves (RW) and Standing Waves (SW) are subcritical
(and so unstable) near the bifurcation. In this study we also used weakly nonlinear analysis to
obtain the coefficients of the cubic-order truncation of the amplitude equations. These findings
reinforce the idea that observable patterns of (relatively) large amplitude occur as threshold
conditions via hard loss of stability from a subcritical bifurcation, rather than from incremental
steps which arise from supercritical bifurcations.

In order to perform a centre manifold reduction or a Lyapunov-Schmidt reduction on model (1),
we need to check that those methods can be applied for this system of partial differential equa-
tions. For certain classes of first-order semilinear hyperbolic equations (seen for instance in laser
dynamics [35, 30]), spectral results have been obtained, which guarantee the application of the
centre manifold reduction [35]. Also, results about the Fredholmness of the linear operator have
been obtained in order to perform Lyapunov-Schmidt reductions [30]. However, because of the
nonlocal nature of the turning functions, equation (1) does not fall into the category studied in
these papers. In consequence, new results concerning the use of reduction methods for first-order
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hyperbolic equations with nonlocal terms are the subject of future work.

Although the local study of codimension-two bifurcations can yield some results of more
global nature, many of the patterns observed in numerical simulations occur far from equilib-
rium. In particular, we would be interested in continuing the bifurcated solutions (whether
stable or unstable) and observe the symmetry-breaking process, as we vary certain parameters.
A numerical continuation software for equation (1) is being developed by Kovacic [31]. This soft-
ware will permit to trace the emergence of some of the more exotic symmetry-broken patterns
such as traveling breathers and feathers [13], and also possibly the existence of asymptotically
stable robust heteroclinic cycles.
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A Appendix

In the following, we focus on the SS/H case and show the details of the weakly nonlinear analysis
of the spatially homogeneous steady states (ut,u™)=(u*,u*). (The aim of this analysis is to
obtain amplitude equations similar to the normal form equations (28)).

Recall that at O(e!), the solution is of the form

_l’_
< ul_ ) _ Ctl(T) ( V11 ) ezklx +51(T) ( w11 ) ezk4x+w4t +52<T) ( w21 ) elk’4x_lo'4t + c.c.
Uy V12 w12 W92
(A.43)

At 0(62),Athe nonlinear terms are No = (N3, —NJ)T and E, = 0, where N} = Ry(K~ *
uf)ul - Rl(K+ % uy Jur, with u; = uf + uj . To keep the length of the exposition as short as
possible, recall that Ki(lj:) = K+ x etkz, which means K+(k) = K—(k) and K*(k) = KF(—k).
Define D(k) := KT (k)— K~ (k), F(k) := K*(k)+ K~ (k), which means D(k) € iR and F(k) € R.
Finally, let Hy(k) = kayD(k) + 04F (k). Therefore,

N} = EQaom)0de®™® + &, iy frelFrikaatost) L g o 4 o Bael(Fr—ka)atost)
+g(—a4,k1—k4)a15162((k1_k4)x_04t) + g(_a47k1+k4)a152ez((k1+k4)x—a4t) + 5(2047%4)5%62%490—&—%0415
+E (204, —2k) Ba€” 2RITT2O 1 € o1y B1Ba + E0,0) (181> = |B2]*) + c.c.
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with

Eo,2k6y) = —2D(k1) Ry, Eoakitky) = —2R1(kayD (k1) + Hi(ka)),

Eloatn—ks) = —2R1(kayD (k1) — Hi(ka))s  E gy hy—hy) = —2R1(kayD(k1) + Hi(ka)),

E—opinthy) = —2R1(kayD (k1) — Hi(ka)), E@oyom) = —2kayRiHi(ka),

E 204, —2ky) = 2R1kayHi(Ky), E0.2ks) = —4(kay)2D(ks)R1,

E0,0) = 2kayos F(ks) Ry,
where for (a,b) # (0,0), Eq—p) = —E(ap)- Note also that £ _, _p) = Eap)-

Simple calculations show that Ny + Es satisfies the Fredholm alternative, that is (u, No +

Es) = 0, with G the solution of the adjoint homogeneous problem £*(1) = 0. Thus, equation
L(uz) = N2 + E5 has a nontrivial solution given by

< Zi_L > = a3(T)vae™ " f1 + B3(T)wae' 7 4 By (T)wae ™ M% 4 G o,y aF e 1
F G ossy sk freFrHhatont) L g o g pillla—ka)atos)
+g(—a4,k1—k4)a1316i(k1_k4)$_a4t) + g(_a4,kl+k4)04132€i((k1+k4)_04t) (A.44)
1 G oy o FRAEATHOD) L G g3 kirtowt) G g ik
+G0.0) (1517 = [B2]*) + c.c. (A.45)

with g(mb) = (g(la,b)’ g(Qavb))T. We let

Jiap) = ia® — 4*6% + 2aL1 — RyybD(b) — RaaF(b).

Note that J(—a,b) = _J(a,b) and J(a,—b) = J(a,b)' Then, for a 7& 0

_(a’ - ’Yb)g(a,b)

(a + ’yb)g(a,b)
J(a.b) '

2 —
) g(a,b) = J(a 5

Glat) =
In particular, using the symmetry properties of the indices of £, ;) and J(, ) we have for i = 1,2
Glat) = Glap)- (A.46)

We also define Q(lj’b) = g(la’b) + gab). Finally,

—£0,0)
2Ly — RoF(0)

£
1 2 (0,) 1 _ gl
908 =908 = 2px RyD() € 900 = Yo = €R.



37

At O(€?), the nonlinear terms E3 = (E3, E2)T and N3 = (N3, —NJ))T are given by

By = Z = Ry(Kf wup) + Ry(K, s« uf)
LR Rz(K+ *uy) — R2(Ku *uf)
_%Ullemw - %wne”‘*t”kﬂ — %U}216i04t—ik‘41‘_
Ry [(Kj(kl)vlg — Ky (k1)on ) an (T)et* 4
Bu(T) (K (ka)wia — K, (k1)wry ) eloatikae
Ba(T) (K (ka)wan — Kj(k;4)w21)eia4t—ik4x] e
0oy et — OBy eioattikar 082, gioat—ikiw g
Ry [(R’j(lﬁ)vm — Ky (kp)vir) o (T)er
BT (K;f (ka)wia — K, (k1 )wiy)etostHikar g
Ba(T) (K, (ka)wss — Kj(k4)wQ1)eia4t—ik4z] Lee
and
Ni = Roup(K™xuf ~K*x “1 ) + RlUl(K suj — K+ xuy)
+51 (uy —U1)(K+ =2 [ K(s)uy (@ + s)uf (x—s)ds + K~ * (u 1>2)

2T (Kt s up ) (K~ * u] )(KJr suy — K~ s u).
Substituting the calculated solutions (u],u; ) and (ug,u; ) into (E3+N3) = (Ni+FEi, —Ni—
E}T we obtain:

doq
dr

o d
6w4t+lk4$[ BIM — Bi M3 + By|ar|P M} + B1|B1P M + BB Ml] +

Ny Bl = eim[ e alpf+a1|a1|2F13+a1|ﬁ1|2pf+a1|52|2pﬂ +

o d

itk 4 52 — N2+ Baln PN + Bl BV + Aol NG (A4)
The second component of the coefficients vectors F7 = (Flj,sz)T, M = (Mf,Mg)T and

NJ = (N{,NJ)T, j =2,3,4,5 is given by
Fj =—F), Mj=—-M] Nj=-N/ j=234,5 (A.48)
Finally, we have Fl = 11, F2 = V19, Ml = w11, M2 = wWj2, Nl = w91 and N2 = wgg. Set
wip = wi1 + w2 and wi, = wip — wi2. To calculate the coefficient vectors F17 M] and Nf,
j > 2, we define the following expressions which appear as parts of the coefficients of monomlals

in N31:
Ay = 2w11f(_(k:1 + k?4) + 2w12f(+(k:1 + k‘4) — 2w11f(+(k‘1 — k‘4) — 2w12f(_(k‘1 — ]434) eC

(A.49)
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and

by = _g(lo,o)F@)?
be = _g(lo,2k4)D(2k4)7
by = g(la4,k1+k4)k_ (k‘l + k‘4) — Q(2047k1+k4)f(+(k1 + ]64),

bs = Gloy ity K (k1 = k1) = G oy K (k1 — Ka),
by = Gt gyt kK (k1 —ka) = GF o py oy KT (k1 — k),
bip = g(l,%kﬁ;m)f(_(kl + ka) — 9(2,[,47k1+k4)f(+(/€1 + ka),
b = g(12cr4,2k4)f(7(2k4) - 9(2204,2k4)K+(2k4)‘ (A.50)

Coefficients of the steady-state mode in the N3 + F3 terms:

Denote by Re(K(-)) = Re(K=*()) and Im(K(-)) = Im(K*(-)). The coefficient of ay(T) is
F2 = (F2 F})7, with F2 = F>" +iF?" F2 = —F? and

F?" = 0, F* = Ryvi1D,(k1).

Thus F?2 € iR. The coefficient of ay|ay |2 is F3 = (F}, F$)T, with F} = F2" +iF>" F = —F}
and

FY7 =0, FP' = =3T[3Re(K (k1)) + 3Re(K (k1)) — Im(K (3k1)) — Tm(K (3k1))]
The coefficient of ay|41|2 is F*4 = (F{, F)T, F} = F}" +iFY, F} = —F} and
B = RaRe( = Hi(k)G,, o)) = FUDGE, 4 + 202 + w1y (b0 + b7) )
R = Rllm( — D950y — Hi(k)G2 1, 1 —py = HIRDGZ, gy gy + wip(bo + b7))
—S1wim(As — Ay) — 6T [2(w%1 ) Im(K (k1)) + 2wiiwislm(K (k1 — 2k4))
2wy wiIm(K (ky + 2k4))] .

The coefficient of ay|Ba|? is F® = (FP, FJ), with FP = F)" +iF>", F$ = —F9 and

o= RlRe<H1(kz4)Q(13047kl+k4) + Hi (k)G (g —ky)) — 2b2 + wip(bro + bs)),

F15’i = Rllm( — D(kl)g%()%o) + Hl(k4)g(130-47k1+k4) + mg(loi,klflm) + wlP(blO + bg))
— S1wim(As — As) — 6T [2@%1 ) Im(K (k1)) + 2wigwioIm(K (ky — 2ka))

—I—Zwuwlglm(R’(kl + 2]{}4))1| .

Since g(lfmb) = ?éib) and bg + big = —(by + bg), we then obtain Fi"" = —F>" and F{"' = F{".
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Coefficients of the Hopf mode in the N3 + F3 terms:

The coefficients of the monomials S, Bila1|?, B1|B1|%, B1]B=|? are denoted, respectively, by M7 =
(M{,M3)T, j =2,3,4,5. The coefficients of the monomials B, 82| |2, B2|B2|?, B2|B1]? are de-
noted, respectively, by N7 = (N{,Ng)T, j =2,3,4,5. Moreover, Mg = —M{ and Ng = —N{
for j = 2,3,4,5. Finally, one can verify that Nf = —M{ for j = 3,4,5, and so we only need to
compute the terms Mf for j = 2,3,4,5. Therefore we have

M12’T = —RQRe(qu’j(l@;) — qu;(k4)>7 M12’i = —RQIm(wuf(j(l@) + wllklj(lﬂl)),
N12’T = —RQRQ(QUQQKV_(]CAL) — wzlkj(k‘;;)), N12’Z = _RQIm('LUQQIA(V_(kZl) + w21f(,j_(k4)),
and

My = RlRe[(—D(kl)Q(l%krkl) + D(k1)G (5, oy 1)) + 2(b0 + b7)} +128104K(0)
— (w1 — wia) T [QRe(R(k4)) — Re(K (kq + 2k1)) — Re(K (ky — 2@)} ,
MY = BiIm | (= D(k1)G ) + DE)G oy 1) + 2B +b7)| -

6(wyy + wi2)T [21m(1%(k4)) — Tm(K (kg + 2k1)) — Im(K (kg — 2k1))} ,

M} = RiRe [(—H1(/€4)g(10,0) — H1(ka)G 20, 28,)) + 27ka(b2 + bu)} — Stwim (wi,Re(K™ (2k4))
+E(0)(2(w]) + wiy) + wiwiz)) — 3Ty [Re(f((k‘zl)) (wir(wh; + 2wiy) — wiz(2wi; + wiy))
—Re(K (3k4)) (wipw}, — w%an)} ;
M} = RiIm [(_Hl(lﬂ)g(lO,O) = H1(k1)G (25, 20)) + 27ha(b2 + bll)] — Srwpw, Im(K ™ (2k1)) —

3T [T R (ka)) (w1 (why + 2uy) + wia(2w) + wh)) — In(K (3ka)) (wizwh, + whywn)|,

MP = RiRe [(Hl(k4)g(10’0) + Hy(ka)Gly agy)) + 2vka(—ba + bﬁ)} .
S [2m2((w%1 + wiy) K (0) — 2wiwigRe(K (2k4))) + 2ma (K (0) (w11 — wi2)® —
2unywisRe(K (2k1))] = 372 [Re(K (k)i (2, + wh)
Re(K (ka))wiz(2wf; + w?y) — Re(K (3ka))wi wiz + RG(K(3k4))wf2wn} ;
M — Rim [(Hl(/m)g(l&o) + Hy(ka)Glo apy)) + 27ka(—ba + b@} _
281ms [whym(2ks) — w Im (K (2k))] = 3T [Im(K (k)i (203, + wh) +

(K (k) Jwia (202 + w?y) — Im(K (3k4)) (wi1) 2w — Im(k(sm)(wu)?wn} .
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Cubic Normal Form Equations

The Fredholm alternative requires that N3 + FE3 (calculated previously) is orthogonal to the
solution @ of the adjoint homogeneous problem £*(1) = 0. However, some terms in N3 + E3 do
not satisfy the orthogonality condition. By imposing that these terms are zero, it leads to the
following (amplitude) equations:

do
TJ} = - X1+ a1|a1|2X2 =+ a1|61\2X3 =+ a1\52\2X4, (A.51a)
d
% = —B1Y] + Bi]a1|?Ya + B1|B1|?Ys + Bi|Ba|Ya, (A.51b)
d
% = —BoZy + Bola1|? Zo 4 Bo|Ba|*Z3 + B2|B1|* Z4, (A.51c)
with
X, = UiFE + U3 F3 X, — ViFY 4+ U5 F X, — Vi 4 U5 Fy X, — TIFY + U3 FS
viF +usF) vIFL +usEY viF +UsFY’ Ui +usF)
Y, = wiy, M7 + Wi, M3 Yy = wiy M7 + Wi, M L — wiy MY + Wi, M, Y, = Wiy MY + Wi, M
wi M +wi,M]’ wi Ml +wi, My’ wi M +wi,Mj’ wi Ml +wi, M3’
7 wi NY + Wiy N3 7. wi N} + wiyNs o — wi Nt + Wi, Ny 7, — wi N + wiyNs
1= 9 = 3= 4=

YIS 1 1’ P YIS 1 1’ FYEEs 1 1’ FYsEs 1 1°
Wi N] + Wiy N, Wi N + Wiy N, Wi Nj + Wiy Ny Wi N} + Wiy N,y

The X; terms: Since FQJ = —Flj, J =2,3,4,5, then the X; terms (with j = 1,2,3,4) can be
re-written as -
™ (v —93)

X, = .
T v (v + %)

P+
Recall that v} =1, vj = Wle I:;%f(k(l;l), and thus we have
—L1 2 1

Ro(Kt(ky) — K~ (ky)) 2L1 — Ro(K (k1) + K~ (k1))

U] — Uy = - and U] + 75 = -
—RQK_(k‘l) — RQK_(]ﬁ)
Moreover, since F4" = —F%" and F** = [, the real and imaginary parts of X3 = X3+ Z'Xg
and Xy = X§ +iX] are
FY RoIm(K* (ky) — K~ (k
X7 = 2Im (K™ (k1) (k1)) _xr

. <2L1 2Ry Re(K+(ky) + f(—(kl))>

) 4,r —n - )
Xé _ F RQIHI(K (k‘l) K (kl)) _ —XZL.

V11 (2L1 — 2R2R€(K+(l€1) + K_(kl)))

Therefore, the real parts of X3 and Xy are equal, while the imaginary parts have opposite signs,
as in the normal form equations.



41

The Yj, Z; terms: since M7 = —NJ, MJ = —MJ, N/ = —NJ, and w}, = wiy = 1, Why =
w%, we can write (for j = 2,3,4):
12

gl | il ES P P—
Wi MiT Wi, Myt MY (1 — W)

ij = —x 1 ok 1 - T
wi M + wiy My w11 + W12Wiy
. . . 1+1 1 .
— I+l | —x Jj+1 Jj+1 —% NJ+ 1 — = J+1 —
ZA_w21N1 +wiNy, ™ Ny (1—wp,) M ( wB) N —wyy) _v.
iy s N " N T = — = 1.
Wi Ni + whe Ny Nj + w3, N, wa1 + = Wi w11 + Wipw12

Thus, the coefficients of the two Hopf equations are equal.
To compare these amplitude equations with the normal form equations, let us split the
coefficients into real and imaginary parts: Y; = Y/ + ZYJ’ and Z; = Z7 + z‘ZJi-, j=1,2,34:

Y7 = Mt 7*@*{1 —ﬁg) LY = Mgt 7*(@1 —ﬁz) ’
(W} w11 + Wipwi2) (W} w11 + Wipwi2)

77 = NjTLr 7*(@3 —?zz) , 7= Njtls 7*@’{1 —fzz) ’
(Wi w11 + Wipwi2) (W} w11 + Wiywiz)

with Mf " Mfz, Nf’r and Nf’ the real and imaginary components calculated previously. Com-
paring these terms with the normal form terms leads to:

X{ = —(pi\(O)/\), Xg = p}\fo(o)7 Xg = p]l\h (0) = XZ? Xé = p2 = _XL
er - _(a + q,l\(O))\), Y2T - q]lVo (0)7 Yg - q]1V1 (0)7 Y4r - YEBT - q3<0)7
Y= —((0) + 3(0A) — (1+7), =Y =q3,(0), —Y5=0q%,(0), —(¥i-Y5)=q"0),

Z;=Y], Z;=Y},j=1,2,34 (A.52)

Finally, set A = Re(X1,) and solve @), as a function of A\ and @,. Substitute in Re(Y7,) and
normalize the @, term to a. Therefore, Theorem 5.1 holds true.
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