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Stability of spiral chimera states on a torus
Oleh E. Omel’chenko, Matthias Wolfrum, Edgar Knobloch

Abstract

We study destabilization mechanisms of spiral coherence-incoherence patterns known as spi-
ral chimera states that form on a two-dimensional lattice of nonlocally coupled phase oscilla-
tors. For this purpose we employ the linearization of the Ott—Antonsen equation that is valid in
the continuum limit and perform a detailed two-parameter stability analysis of a D4-symmetric
chimera state, i.e., a four-core spiral state. We identify fold, Hopf and parity-breaking bifurcations
as the main mechanisms whereby spiral chimeras can lose stability. Beyond these bifurcations
we find new spatio-temporal patterns, in particular, quasiperiodic chimeras, Dy-symmetric spiral
chimeras as well as drifting states.

1 Introduction

Self-organization or spontaneous pattern formation is a fundamental property of spatially extended
nonlinear systems. The pioneering work of A. Turing led to increased interest in the emergence of var-
ious types of patterns and their stability properties. This paper is devoted to a study of self-organized
patterns of coherence and incoherence, called chimera states, that are present, under appropriate
conditions, in discrete media. In a continuum limit these patterns appear as relative equilibria but their
properties can differ from those of classical patterns in continuous media, such as reaction-diffusion
systems. In this paper, we investigate spiral chimera states [8, 26], which are found in two-dimensional
lattices of coupled phase oscillators. A spiral chimera consists of a coherent outer region resembling
the usual spiral wave familiar from reaction-diffusion systems, and an incoherent inner core that masks
the position of the phase defect. Spiral chimeras were discovered almost simultaneously with the sim-
pler and far better studied one-dimensional chimera states [7, 1, 24], but up to now their properties
have received much less attention.

Numerical simulations of coupled oscillator systems reveal that spiral chimeras can be found on two-
dimensional lattices with periodic [6, 17, 3, 29] as well as free [14, 12] boundary conditions. In some
cases one can study the existence of spiral chimeras using a self-consistency equation [14] similar
to that used for spot and stripe chimera patterns in [23, 24]. However, except for the recent work [10]
little is known about the stability of spiral chimeras and the more complicated solutions bifurcating
from them. In order to address this problem we use here a similar setting as in [28, 29]. Employing
periodic boundary conditions and a coupling kernel composed of two Fourier modes, we use the fi-
nite rank property of the corresponding convolution operator to facilitate the stability analysis. At the
same time, varying the parameters of the coupling kernel generates a variety of instabilities and hence
new solution types. Our stability analysis is performed in the continuum limit, using the Ott—Antonsen
procedure [21, 22] in the form suggested in [9, 19]. We expect that our results will be useful for inter-
pretating experimental data obtained in systems of coupled chemical oscillators [27, 16]. Moreover,
our techniques — with some modifications — are also applicable to more complicated three-dimensional
chimera patterns [13, 11].
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O. E. Omel’chenko, M. Wolfrum, E. Knobloch 2

The paper is organized as follows. First, we present the two main systems studied in our investigation,
a two-dimensional system of nonlocally coupled phase oscillators and the corresponding continuum
limit equation, and summarize our main results in Figure 2. In Section 2 we recall the details of the sta-
bility analysis for relative equilibria of the Ott—Antonsen equation, which we use to determine stability
boundaries of symmetric four-core and 16-core spiral chimera states. In Section 3 we classify insta-
bilities of the symmetric four-core spiral chimera and discuss properties of the new solutions found in
the finite system (1) by numerical continuation. Some concluding remarks are given in Section 4.

Two Appendices at the end of the paper summarize the details of the mathematical steps that are
used in our treatment of the characteristic equation for the four-core and 16-core spiral chimeras to
optimize the efficiency of our numerical solvers.

1.1 Phase oscillator model

We consider a two-dimensional square lattice of nonlocally coupled phase oscillators { W (£)} 7, _,
evolving according to

AV, al 2 2 ,

dt = - Z G(W(J—m)aﬁ(k’—”)) Sln(\pjk_qjmn_‘_a)a (1)
m,n=1

where o € (—7/2,7/2) is the phase lag parameter and G : R? — R is the coupling function.

The function G is assumed to be 2m-periodic with respect to both arguments, a requirement that is

equivalent to imposing periodic boundary conditions on the boundary of the fundamental domain. We

choose, following [29], the parametrized coupling function
G(z,y) = cosx + cosy + y(cos 2z + cos 2y), v € R. )

This coupling function has D, symmetry, i.e., it is invariant under the pair of reflections (z,y) —
(—z,y)and (z,y) — (z, —y), as well as reflections in the diagonal (z, y) — (y, x), and represents
a generalization of the case with v = 1 employed in [29]. In the following we explore the transitions in
this system in the (v, ) parameter space.

1.2 Ott—Antonsen equation

In the large NV limit, the macroscopic dynamics of the system (1)—(2) is described by the Ott—Antonsen

equation [21, 22]
dz

1
dt 2
for the local order parameter z (-, t) € Cyer([—7, 7]?; C), where

e Gy — §ei°‘z2gz (3)

(Go)(z,y) = / de' [ Gz —a',y—y e y)dy (4)

and z denotes the complex conjugate of z. Note that only solutions within the invariant manifold
|z(x,y)| < 1 are physically meaningful solutions for the oscillator system (1)—(2) and that regions
with |z(z, y)| = 1 correspond to coherent regions of the system.

Many complex dynamical regimes observed in the oscillator system correspond to relative equilibria
of Eqg. (3), given by the rotating wave Ansatz

2(x,y,t) = a(z,y)e’™ = h(|lw(z, y) ) w(z,y)e'™, (5)
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Stability of spiral chimera states on a torus 3

where (2 € R is the collective frequency and

1—+vV1—s 1
= for 0<s<1
s 1++vV1—s - ’
h(s):: 1—12vs—1 1 ©
- I for > 1.
5 1+ivs —1 5=

In terms of w(x, y) the boundary between coherence and incoherence is given by

lw(z,y)] =1, (7)

since according to (6) we have |z(x,y)| = 1iff |w(z,y)| > 1.

One can easily verify that expression (5) does indeed determine a solution of Eq. (3) provided w &
Crer([—T, 71]%; C) and that the parameters (2 and « then satisfy the self-consistency equation

pw(z,y) = / d:v’/ Gz — 2,y — 1y )h(|lw@,y))w',y) dy, (8)
where ‘ ‘ -
p=iQe" = —Qe ¥ and B := 5~ a. 9)

1.3 Main results

As a primary state, we take the symmetric four-core spiral chimera (Figure 1, upper row). We determine
the stability of this state and investigate the new patterns emerging from its stability boundaries. The
state can be identified as a relative equilibrium (5) of the Ott—Antonsen equation (3), where

w(x,y) = wy(z,y) :=p(cosz +icosy), p € (0,00), (10)
and the dependence of the solution parameters p and €2 on the system parameters 3 and -y is deter-
mined from Eq. (8).

The linearization of Eq. (3) around this solution allows us to determine its stability region in the (3, )
plane (Figure 2, shaded region). The boundary of this region consists of three curves, two of them
Hopf bifurcation curves (solid blue curves) and the third a line of symmetry-breaking bifurcation (black
dashed line). The two Hopf curves intersect at a codimension-two point corresponding to a nonreso-
nant double Hopf bifurcation. All three curves have been determined by numerically solving the char-
acteristic equation resulting from the linear stability problem arising from the Ott—Antonsen equation.

Other types of spiral chimeras that can be given explicitly as relative equilibria (5) are the 16-core
spiral chimeras (Figure 1, lower row) with

w(z,y) = Wy(z,y) := p(cos2z +icos2y), p e (0,00), (11)
and the Dy-symmetric four-core spiral chimeras (Figure 2, state (c)) with
w(z,y) = €1 COST + € COS 2T + €3 COS Y + €4 COS 2y, (12)

where the unknown solution parameters ¢, ¢o, c3, ¢4 € C can again be determined from (8). Perform-
ing the stability analysis for the 16-core spiral (see also Figure 1 (lower row)) we find it to be stable
in the large region above the red curve of Hopf bifurcations and to the right of the line 5 = 5. The
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Figure 1: Four-core (upper row) and 16-core (lower row) spiral chimeras. (a) Phase snapshots in the
system (1)—(2). (b) Modulus and (c) argument of the complex order parameter a(x,y) of the corre-
sponding rotating wave (5) in the Ott—Antonsen equation with w(z, y) determined by (10) and (11),
respectively.

D,-symmetric state exists only within the region bounded by the solid black curves, calculated as fold
bifurcations when solving for the free parameters in (12). Numerical simulation of the system (1)—(2)
shows that this state is stable only in part of this parameter region. Both these states therefore coexist
stably with the primary four-core spiral chimera for appropriate choice of parameters.

The side panels in Figure 2 show several other chimera states found by numerical simulation of the
system (1)—(2) at locations outside the dashed stability region of the primary spiral chimera indicated
with the black crosses. Each colored symbol refers to one type of pattern and indicates the parameter
values where patterns of this type have been observed. Except for state (c), these patterns can be
found numerically by starting with a stable primary spiral chimera and changing parameters quasistat-
ically so as to destabilize this state. These new spiral states turn out to have quasiperiodically evolving
local order parameters and we study them mostly numerically. Figure 2 does not show states obtained
by crossing the stability boundaries of the 16-core spiral. For example, when ~y decreases through
the red Hopf curve the 16-core spiral evolves to a plane wave suggesting that this Hopf bifurcation
is subcritical. This state is not shown: in this paper we ignore all nonspiral chimera solutions such as
two-stripe chimera patterns with

w(z,y) = pcosz, p € (0,00),
or four-stripe chimera patterns with
w(x,y) = pcos2x, p e (0,00),

which have also been observed in the system (1)—(2) [29]. In many cases these coexist stably with the
spiral chimera states we do discuss.

The symmetries of the system originate from the phase shift invariance of the form

Z<x7y7') _>ei¢z($7ya')7 ¢€Sl (13)
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(aA)Bp=04,vy=14 (b)p=02,y=09 (c)B=07,y=13 (d)p=08,y=1.1
B ]

B

Figure 2: Stability region (blue shaded) of the four-core spiral chimeras (10) shown in Figure 1 (upper
row) bounded by Hopf bifurcation curves (solid blue), and a vertical line of symmetry-breaking bifur-
cations (8 = [y ~ 0.34, dashed black). Panels (a)—(f) show the numerically observed patterns at the
parameter values given by black crosses. Patterns similar to (a) are observed at locations indicated by
blue circles, with patterns similar to (b) indicated by red circles, (d) by red diamonds and (e) by green
triangles. For patterns of type (c), given by (12), the existence region is bounded by the solid black
curve. 16-core spiral chimeras are stable in the region above the red Hopf curve and to the right of the
dashed symmetry-breaking bifurcation.
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O. E. Omel’chenko, M. Wolfrum, E. Knobloch 6

and the spatial symmetries of the fundamental domain. For the finite oscillator system (1)—(2), these
are the discrete shifts, reflections and rotations by 7r/2 of the square lattice. In the continuum limit
translations in the  and y direction are continuous symmetries as well. The phase shift symmetry
has been used to define the relative equilibria in Eq. (5). Solutions that are time-periodic modulo a
phase shift may possess spatio-temporal symmetries corresponding to invariance under a fixed time
shift commensurate with the period, together with a discrete spatial symmetry action. Consequently
the states shown in Figure 2 can be distinguished by the symmetries keeping them invariant. The
symmetric four-core state shown in Figure 1 (upper row) is invariant under the following symmetry
operations:

R Z(l’,y,') — Z(xv_ya')
Ro ! Z(I7y>') - Z(—Jf,y,‘)
ks z(zy,) — e (m—y, ).

Note that :; and k5 are both reflections and hence elements of order two (k3 = 1, k3 = 1), while 3 is
a spatial rotation by 7 /2 together with a corresponding phase shift, providing a group element of order
four (/<a§ = 1). These group actions are not independent, however, since ko = mgmlngl = /13/-@1/@3.
Thus, the instantaneous spatial symmetries of the state are represented by the group I' generated
by the elements x; and k3. It turns out that I' is a 16 element nonabelian group of generalized
dihedral type. The 16-core spiral state (11) has additional symmetries given by translations by half
the length of the fundamental domain in both directions. In contrast, the state (12) shown in panel
(c) is invariant under k1 and k9 only and hence has Dy-symmetry. The states in panels (a), (b),
(d) are all quasiperiodic states. Specifically, they are periodic in a reference frame rotating with the
collective frequency (2, owing to the appearance of filaments of coherent oscillators that rotate with a
new frequency about each incoherent core. Such rotating filaments can be seen in panel (e) albeit in
a case where they rotate about a phase singularity rather than an incoherent core. In particular, the
state in panel (a) possesses a spatio-temporal symmetry where a time shift by half the new period
can be compensated by /{%. Finally, panel (f) shows a state with translational motion in time. Such a
state can be viewed as a periodic solution modulo a lateral translation by the width of the fundamental
domain.

We emphasize that the symmetries identified above are the symmetries associated with the continuum
limit; in the discrete case the symmetry will necessarily be only approximate, although departures from
continuous symmetry decrease as the number of oscillators increases, see [18]. We also note that if
the quasiperiodic states are time-averaged the D,-symmetry of the system is restored on average,
cf. [2].

2 Preliminaries

2.1 Stability

Starting from a solution w(z, y) of the self-consistency equation (8), which provides a rotating wave
of the form (5), we can analyze its stability by substituting

2z, y,t) = (a(z,y)e? +v(w,y,t))e™

DOI 10.20347/WIAS.PREPRINT.2417 Berlin 2017



Stability of spiral chimera states on a torus 7

into the Ott—Antonsen equation (3) and linearizing with respect to the small perturbation v(z, y, t).
This procedure results in the linear but nonautonomous eigenvalue problem

d 1
= = (jue, ) v+ e (G + a¥(e,)GT) (14)

where both w(zx, y) and a(z, y) are given by the underlying rotating wave (5) and

‘ Wl—s for 0<s<1,
o) =—ilblsys =0 =4 * (19

Equation (14) can be studied in a similar manner to that described in detail for Eq. (63) in [19]: the
linear operator appearing in Eq. (14) is a sum of the multiplication operator —Qn (|w(x,y)|?) and
a compact integral operator. The essential spectrum of this operator depends on the multiplication
operator only and is given by the expression

Oess = { = (|w(z,y)P?) : (z,y) € [-m, 7]’} U{c.c.} CRUIR. (16)

Note that the operator in Eq. (14) includes complex conjugation of its argument and hence cannot
be treated immediately as a complex operator. Instead, in order to obtain the point spectrum it is
convenient to solve for eigenmodes of the form

vz, y,t) = vp (2, ) +v_(2,y)e. (17)
This provides a solution to Eqg. (14), if the eigenvalue \ and the components (v, v,)T of the eigen-
mode satisfy
Nl —n(jw)vy + 57 (Guy + a*Gu_)
—([wP)v_ + Le (Gu_ +@2Gvy) )
or equivalently
( o ) L e+ wl) T (Guy + a*Go-)
o )2 e (v n(uP)) (G- +@Guy)

(18)

Applying the integral operator G to both sides of Eq. (18), we obtain the nonlocal eigenvalue problem

(19)

vy o [ g amep) T 0 e
(V) 2 e%{(ﬂﬂnﬂwm)‘l(v+a2v+>]

for the components

Vi(z,y) = (Gui)(z,y),  Vo(z,y) = (Gv-)(z,y), (20)
of the eigenmode of the local mean field V' := Gu. Note that if (A, V., V_) is a solution of the problem

(19) sois (X, V,, V+). It follows that the eigenvalues A are either real or occur in complex-conjugate
pairs. Further structural properties of the solutions of (19), equivalently of (18), are the following:

DOI 10.20347/WIAS.PREPRINT.2417 Berlin 2017



O. E. Omel’chenko, M. Wolfrum, E. Knobloch 8

Proposition 1 Suppose Eq. (3) has a solution of the form (5) with coherent and incoherent domains
D¢ U Dy = [—7, w1]?, such that

la(z, y)l =1 iff (z,y) € De.

Moreover, suppose that (A, v, (x,y),v_(x,y)) is a solution of the nonlocal eigenvalue problem (18).
Then the corresponding eigenmode v(x, y, t) given by (17) has the following properties:
(i) there exists a function C' : Dc — R such that

v(z,y,t) = iC(z,y, t)a(z, y)e”, (21)

(i) if A = iwy, where wy € R\{0}, then for all t the eigenmode v(x,y,t) is unbounded along the
contour determined by the equation

lw(z,y)]> =1 — (wo/Q)*. (22)

This singularity contour lies completely in the incoherent domain Dy.

Proof: (i) From Egs. (18) and (20) we obtain
o, 1) = vy (e, 9)eN 40 () = e [+ () (Vi 4 a2V
OO @V V)N (@9
For (z,y) € D¢ we have |a(x,y)| = 1, and expressions (5) and (6) therefore imply that
a Yx,y) =a(x,y) forall (z,y) € Dc.
Similarly, formula (15) yields
m(|w(z,y)[*) = n(lw(z,y)*) forall (z,y) € De.
Inserting this result into (23) we obtain
v(x,y,t) = e "“a(x,y)Re (()\ + On(x,y) "t (@(z,y)Vy +a(z,y)Vo) e’\t> ,

which is equivalent to the claim (21).

(ii) Expression (18) shows that the functions v, (, y) and v_(z, y) are singular for A+ Qn(jw[*) = 0
and A + Qn(Jw|?) = 0, respectively. When A = iwj their linear combination v(x, y, t) is therefore
singular along the curve/curves determined by the condition

liwo + ) (Jw(z, v)?)| ‘iwo+Qn(]w(x,y)|2) —0.

Because of the definition (15), this equation has no solutions for |w| > 1, whereas for |w| < 1 it can
be rewritten in the form

wy + 0 (Jw]?) = wi — (1 — |w|?) = 0. (24)

This conditions is equivalent to (22) and implies \wP < 1, and hence incoherence. [ ]
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Stability of spiral chimera states on a torus 9

Remark 1 The geometry behind assertion (i) of Proposition 1 is as follows. Letv(l) € C be a smooth
function such that |v(l)| = 1 in the interval | € (ly — €,y + €) for some ly, e > 0. This assumption
is equivalent to the identity v(1)v(l) = 1. Differentiating with respect to | we obtain

Ul(lo)ﬂ(lo) + U(lo)ﬁl(lg) = 2Re (U/(lo)a(lo)) =0.

Hence there exists a constant ¢y € R such that v'(ly) v(ly) = icy. Multiplying this identity by v(lo)
and taking into account that |v(ly)| = 1 we obtain

U/(lo) = iCOU(lo). (25)

Now, interpreting the complex numbers v(l) as planar vectors we see that the necessary condition for
|v(1)| = 1 in the vicinity of | = I, is that the tangent vector v’ (ly) is perpendicular to the vector v(ly).

2.2 Finite-rank operator

Solving the integral equations for the chimera states and their stability properties typically requires
substantial computational effort. However, reformulating the equations in terms of the local mean fields
leads to significant reduction in computational complexity whenever the coupling kernel (2) is such that
the corresponding convolution operator G is of finite rank. In this case, one can search for the unknown
profile of both the chimera state and its perturbation within a finite-dimensional space. This approach
has been elaborated for the self-consistency equation determining the chimera profiles in [1] and was
extended to the stability problem in [19]. For the two-dimensional problem with the kernel function used
here, this method was used already in [28, 29]. Here, it means that we can solve for the perturbations
V = (V,,V_)T of the local mean field as linear combinations

V 5.
V_ k=1

of eight basis functions
(Y1, y), ..., Ys(x,y))t = (cosx, cosy, cos 2z, cos 2y, sin z, sin y, sin 22, sin 2y)*  (27)

spanning the range of G. Collecting the eight pairs of complex coefficients Vi, € C2 k= 1,....8,
into a single vector V' € C!°, we can rewrite Eq. (19) as an equivalent matrix equation

V= %B(A)f/, (28)

where we solve for the eigenvalue A and the corresponding kernel vector V € C'6. The matrix B(X)
consists of 2 X 2 blocks:

(O ) ) e (O ) )

a < (,\ + QW) - dzwm¢n> e’ <<)\ + QW) - ¢m¢n>

for first harmonic components, m = 1, 2, 5, 6, and
e (Ot Qo) )27 (0+ ) i )

“(l
e ( (ot nTa)) ) e (3 ) b )

anO‘) =

an()‘) =
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O. E. Omel’chenko, M. Wolfrum, E. Knobloch 10

for second harmonic components, m = 3,4, 7, 8. Here the angled brackets (-) denote the integral

WO?=/:dx/:w@awd%

where ¢ € C([—m, w]?; C) is an arbitrary function. The eigenvalues A can be found as solutions of
the characteristic equation

det |:]16 - %B()\):| = O,

where I,, denotes the n. X n identity matrix. Having solved in this way for the eigenvalue \ the kernel
vector (V1,...,Vg) € C'6 can be transformed into the components of the corresponding eigen-
mode (v (z,y),v_(z,y)) using the formulas (18), (20) and (26).

Note that according to (16) the incoherent core always generates an essential spectrum on the imag-
inary axis. Hence, critical eigenvalues can interact with the essential spectrum and classical center-
manifold theory is not applicable. This fact is related to the fact that eigenmodes become singular
when the corresponding eigenvalue approaches the imaginary axis. Despite this complication we re-
fer in the following to the associated bifurcations according to their critical point spectrum, e.g. as Hopf
bifurcations.

3 Results

3.1 Symmetric four-core spiral chimera

Recall that for a symmetric four-core spiral chimera the local mean field w,, given by expression (10),
the inequalities |w,(z,y)| > 1 and |w,(z,y)| < 1 identify the coherent and incoherent regions
D¢ and Dy, respectively. These regions are both nonempty for p > 1/\/§ only and the coherence-
incoherence boundary is then determined by the equation

cos? r 4 cos? Y = p_2. (29)

The discrete symmetries of such a pattern, which we discussed in Section 1.3, leads to a block-
diagonal structure of the matrix B(\):

Bi1(A) Bia(A) 0 0 0 0 0 0
Boi(A) Bxa(X) 0 0 0 0 0 0
0 0  Bss(A) Byu(\) 0 0 0 0
B0 = 0 0  Bu(\) Bu()) 0 0 0 0
0 0 0 0  Bs(\) 0 0 0
0 0 0 0 0  Be(A) 0 0
0 0 0 0 0 0  Br(A) 0
0 0 0 0 0 0 0 Bgs(N)

This allows us to factorize the eigenvalue problem (28) into six independent subsystems. We checked
carefully the characteristic equations for all these subsystems and found that only three of them can
lead to unstable eigenvalues. Among these are the two subsystems given by the blocks Bss(\)

DOI 10.20347/WIAS.PREPRINT.2417 Berlin 2017



Stability of spiral chimera states on a torus 11

and Bgg(A\) corresponding to symmetry related eigenvectors V' = 175 sinx and V = 176 sin y, re-
spectively. Their characteristic equations coincide and take the form

Since these equations arise from the first harmonic components in (27), the associated eigenvalues
are independent of the parameter v governing the contribution of the second harmonics. The other
subsystem providing unstable eigenvalues has the form

‘73 B 1 333()\) B3 () ‘A/é
Vi 2 \Bs(\) Bu()) Vi
with the characteristic equation

dot [[ 1 <B33()\) B34()\))] o @1)
2 B43<)\) B44(/\)

The corresponding eigenvectors can be found from the expression
V = V;cos 2z + Vj cos 2y, (32)

where (V3,V3)T € C*is the eigenvector corresponding to Eg. (31).

05

Re A

0 Bo /4 2

Figure 3: Unstable real eigenvalue determined by Eq. (30) (black curve) and the real part of the un-
stable eigenvalues determined by Eq. (31) (blue curve) for v = 1. Bifurcation points: 5y ~ 0.34,
61 ~ 042, 52 ~ (0.82 and 53 ~ 1.54.

For our numerical treatment of the characteristic equations, we employed elliptic integrals to simplify
the double integrals. The details of this procedure are given in the Appendices A and B. For Eq. (30),
the resulting numerics show that in the interval 5 € (0, 3y), where 5y = 0.34, there is an unstable
double real root, given by the black curve in Figure 3. This root corresponds to a parity-breaking
bifurcation.

In contrast to the eigenvalue from Eq. (30), eigenvalues determined by Eq. (31) depend on ~y. For
example, for v = 1, Eq. (31) determines a pair of complex conjugate eigenvalues of double multiplicity
that are unstable in two disjoint intervals 5 € (0, 51) U (B2, 53) (blue curves in Figure 3) where
B =~ 0.42, B ~ 0.82 and 3 ~ 1.54 correspond to Hopf bifurcation points. Varying the parameter ~y
we obtain the two Hopf curves shown in blue in Figure 2. These Hopf bifurcations are responsible for
the instability of the spiral chimeras at larger values of ~, whereas for smaller v the chimeras lose
stability in a steady state symmetry-breaking bifurcation as /3 decreases below [3,. This bifurcation
leads to chimera states that drift, i.e., the bifurcation along the line 5 = [, is a parity-breaking
bifurcation. Note that owing to the symmetry-induced degeneracy this bifurcation produces a pair of

DOI 10.20347/WIAS.PREPRINT.2417 Berlin 2017
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B=Bo

ﬁ=ﬁ1

[5:32

[5:33

Figure 4: Marginal eigenmodes v(x, y, 0) determined by expression (17) for the symmetric four-core
spiral chimera pattern at the four bifurcation points 3 = g, 51, B2, B3 when v = 1. Columns (a), (b)
and (c) show argv(z,y), |(Aer + Q(|w(z,y)|?))v(x,y)| and [Aer + Q(|w(z, y)|?)|, respectively,
where A, denotes the critical eigenvalue at the corresponding bifurcation point. Dashed lines show
the position of the coherence-incoherence boundary and of the singularity contour (for 3 = (35 these
lines are hardly visible because of their small size).
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Stability of spiral chimera states on a torus 13

solution branches, one consisting of solutions that drift in the x direction and the other with symmetry-
related solutions that drift in the y direction. However, in the present case both drifting states are
unstable and the system evolves to another state.

In Figure 4 we show the eigenmodes corresponding to the four critical eigenvalues from Figure 3.
Proposition 1(ii) implies that the eigenmodes (17) corresponding to a critical eigenvalue A = iw,., has
a singularity along the line

cos’z +cos’y = p 7 (1 — (wer /D)) - (33)

However, the corresponding quantities V., V_ remain well-defined.

3.2 Quasiperiodic spiral wave chimeras

(b)

<Y, >

-t 0 . -16

Figure 5: (a) Snapshot of the top-right core of the symmetric four-core spiral chimera pattern to the left
of the left Hopf bifurcation. (b) Mean phase velocities and (c) a one-dimensional section corresponding
to the dashed line in panel (b). Parameters: N = 256, v = 1.3 and 8 = 0.475. The two dashed
curves in panel (b) show the coherence-incoherence boundary (29) and the singularity curve (33) for
B = 0.483, the value of 3 corresponding to the left Hopf bifurcation when v = 1.3. Vertical dashed
lines in panel (c) denote position of the singularity curve for 5 = 0.483.

Beyond the Hopf stability boundaries of the symmetric four-core spiral chimera (see Figure 2) we
expect solutions of the Ott—Antonsen equation (3) that are quasiperiodic, i.e. relative periodic orbits
with respect to the phase shift symmetry (13). However, as we mentioned above, due to the presence
of continuous spectrum on the imaginary axis we cannot get results from classical center manifold
theory about the leading order expansion of the bifurcating branch. But we can obtain some insight
from the critical Hopf frequency w., and the singular contour of the eigenmode.

Emergence of quasiperiodic spiral wave chimeras at Hopf bifurcations: In Figure 5(a) we show a
quasiperiodic spiral wave chimera of the oscillator system (1) directly after a supercritical Hopf bifur-
cation. It turns out that this solution is characterized by a secondary region of coherence located in a
narrow annular neighborhood of the singular contour of the eigenmode. Indeed, along with the large
plateau corresponding to the primary region of coherence at frequency € the averaged frequencies in
panels (b) and (c) show a small plateau located around the singular contour with a frequency close to
() + w.,. Note that according to Proposition 1 the secondary region of coherence has to be located
inside the incoherent region of the pattern on the primary branch and for the symmetric four-core spi-
ral chimera this region has the shape of a circular annulus centered on the singularity contour (33)
around the phase defect inside each incoherent core. We expect that the corresponding solutions of
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the Ott—Antonsen equation (3) are relative periodic orbits with respect to the phase shift symmetry (13)
and have the form

2(x,t) = b(x, t)e™,

where b(x,t) is periodic in ¢ with period 27 /w, where the new frequency w ~ w,. This frequency
differs from €2.

T 50 ;
o) LA (b)
O 25 M/\M
0 L
-t 0 5 10
Time, ¢
(d)

T T T 1 b1 T
0 0 r 1 0.5 0 0
- T : 0 T -7

T b o 0 b o 0 b

Figure 6: (a) Snapshot of a quasiperiodic spiral chimera in the system (1)—(2) for N = 256, v = 1.4
and 3 = 0.45. (b) Indicator function f(t) for (m,n) = (61, 30) (cross in panel(a)) as defined in (34),
showing periodic modulation with new period At, where At is the time interval between consecutive
minima. (c) Mean phase velocities. (d) Modulus and (e) argument of the local order parameter Zj;,
evaluated from expression (35).

Poincare section: In order to study the solutions along the branch that bifurcates from the Hopf bi-
furcation at these values of v we solve the oscillator system (1)—(2) numerically. The system exhibits
extensive chaos in the incoherent core regions, modulated by the new frequency w. To extract this fre-
quency from the numerics we choose an arbitrary oscillator inside the secondary region of coherence
and compare its phase ¥,,, () to the phase of the neighboring oscillator, which we also assume to
be located inside the secondary region of coherence. In this way, the quantity

ft) = 2n/N)  sin(V,, (1) — Uy o1 (1)) (34)

isolates the new oscillation period that sets in at the Hopf bifurcation. Figure 6(b) shows that f(t)
has nearly periodic behavior. We therefore average the intervals At between successive local minima
over many periods, and use the resulting average, At,,, to obtain the secondary frequency of the
profile b(x, t) via

w =27/ Atyy.
The successive minima can also be used to construct a Poincaré section and to obtain the pro-
file b(x,t) itself by calculating its average over sufficiently many snapshots taken at the crossings.

In order to filter out the primary oscillation with the collective frequency {2 we have to employ phase
differences between an oscillator in the core and an oscillator from the primary coherent region with
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phase V... Denoting by S the set of instants at which f(t) attains a local minimum we define the
following expression for the local mean field at the grid points:

1 ,
7k = @ Z ¢! (Vik(t)=Veon(t)) (35)

t €S

where | S| is the number of elements in S. In Figs. 6(d,e) we show the modulus and argument of Lk
representing the modulus and argument of the amplitude b(x, t), respectively. We see that |b(z, t)| =
1 in both the primary and the secondary frequency synchronized regions. indicating coherence as
supposed. On the other hand, if we compute the difference Aw = w — € in the quasiperiodic chimera
state and plot it as a function of /3, we find that as 3 — [, this difference tends to w., (see Figure 7).

95
Q) Fo ]
a
\ 9t
8
8.5 :
045 B 0.5

B

Figure 7: Difference between the secondary frequency w and the collective frequency ) measured for
different values (3. Parameters: N = 256 and v = 1.3.

Numerical examples: Outside of the stability region of the symmetric four-core spiral chimera (shaded
in Figure 2) we performed a numerical study of the oscillator system (1)—(2). In a dynamical continua-
tion procedure we varied the parameter /3 for various fixed choices of v and recorded the value of the
classical Kuramoto order parameter

1 N
Winn (t)
e E (&
N?

m,n=1

r(t) =

Whereas for the basic symmetric four-core spiral chimeras this parameter stays close to zero (blue
shaded regions), it turns out to stay away from zero for most of the new states observed beyond the
Hopf stability boundaries. In Figure 8 we show the behavior of 7(t) for 5 (a) decreasing through the
left Hopf curve and (b) increasing through the right Hopf curve.

The transition across the left Hopf boundary corresponds to a transition from a simple spiral wave
chimera, Figure 1(upper row), to a quasiperiodic spiral state similar to that shown in Figure 2(a).
For larger values of y this transition is supercritical as seen by the continuous behavior of the order
parameter in Figure 8(a) but changes into an abrubt transition for smaller values of v (Figure 8(c)). In
particular, below the kink in the left Hopf bifurcation curve in Figure 2 located at (3, ) ~ (0.40, 1.14)
we reach a quasiperiodic spiral chimera with a different shape (Figure 2(b)). Instead of a coherent
region appearing in the incoherent core, the original coherent region breaks into several parts with
several equidistant frequencies, Figure 9.

Drifting state: We also have identified a small region in parameter space with a drifting symmetry-
broken state. Figure 2(f) and file betaO_4gamma0_95.avi show a snapshot and a movie of such a
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Figure 8: Time-averaged Kuramoto order parameter r,, (dots) for spatio-temporal patterns in sys-
tem (1)—(2) with N = 1024. (a) v = 1.3 and [ decreasing from 0.55 to 0.3, (b) v = 1.1 and (8
increasing from 0.55t0 0.9, (c) v = 0.9 and 5 decreasing from 0.5 to 0.25. The dashed vertical lines
show the position of the theoretically predicted Hopf bifurcations. In (a) the abrupt jump near 5 = 0.38
corresponds to a transition to a coherent twisted state.

Figure 9: (a) Mean phase velocities (\I/]k) averaged over 200 time units for the spiral chimera state
shown in Figure 2(b). (b) Cross-section of the same plot along the dashed line from panel (a).
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drifting state: the state is a four-core state in which the cores are no longer incoherent but instead
consist of coherent oscillators. These cores exhibit subtle but unambiguous differences resulting in
the breaking of the I'-symmetry of the state. This is most easily seen in the contours connecting the
two cores on the left and those on the right. There is also an asymmetry between the two top cores and
the two bottom cores. Consequently both x; and ko symmetries are broken, and as a result the state
drifts simultaneously in both = and y directions. Typically the magnitude of the nonsymmetric part of
the profile fluctuates in time leading to drift whose speed and direction also fluctuate in time. As in other
problems of this type these drifts are a consequence of the nonzero projection of the solution profile on
the Goldstone mode present due to the translation invariance of the system. In one spatial dimension
the speed of such a drifting coherent state can be found from a nonlocal nonlinear eigenvalue problem
[28] but this procedure does not apply when the drift changes direction in response to time-dependent
asymmetry. A detailed study of this interesting state will be undertaken in a future publication.

Genesis of filamented structures: For v > 1 Figure 8(b) indicates that the Hopf bifurcation along the
right stability boundary in Figure 2 is also supercritical. However, the resulting quasiperiodic spiral
chimera undergoes a sequence of further transformations which we call a 'synchronization cascade’.
This notion is explained in Figure 10 for v = 1.1.

The original spiral wave chimera, Figure 1 (upper row), has four symmetrically located incoherent
cores with no internal structure. For 8 = 0.65, i.e., just outside the right stability boundary, there is a
thin ring of coherent (phase-locked) oscillators that appears in the incoherent core along the singular
contour (33) whose common frequency w differs from the frequency 2 of the coherent oscillators
outside of the incoherent cores. For increasing (3 the coherent ring widens, while the outer incoherent
ring separating the new coherent ring from the coherent spiral state outside it gradually narrows and
for 5 > 0.70 disappears altogether (Figure 10, top row). The figure shows that although the two
coherent regions now meet they nevertheless remain distinct. This is because the oscillators in the
two coherent regions continue to rotate with different effective frequencies, a fact that manifests itself
as a rotating filament outside of the remaining incoherent core. In fact, for 5 = 0.70 another coherent
ring has already appeared in the remaining incoherent core and is beginning to grow. For increasing 3
this ring gives rise to a second rotating filament. A similar scenario repeats for 5 = 0.75 and again
for 5 = 0.80. Thus, for 3 = 0.90 (Figure 10, last row) we have a four-core spiral wave chimera
whose incoherent cores are surrounded by four rotating filaments. During this process the incoherent
core decreases in size and for sufficiently large (3 it disappears altogether, leaving a purely coherent
filamented structure (Figure 2, red triangles and panel (e)). For reasons we do not understand this
sequence of events does not take place to the left of the left stability boundary.

Additional information about the localization of the filaments is obtained when we calculate and plot
the phase velocity <\I/Jk) of the oscillators. The graph corresponding to the middle row of Figure 10 is
shown in Figure 11. It contains three circular regions with nearly constant mean velocities and a central
region where mean phase velocities vary smoothly. This behavior appears to be the consequence of
the presence of three filaments that originate from the defects on the boundary of the incoherent
core (the innermost black curve). Each filament in turn terminates at a defect that rotates around the

incoherent core along one of the three outer black curves.

The coherent rings corresponding to different filaments are phase-locked to each other so that the
resulting solution contains only a single new frequency. This frequency is localized in a bounded
region inside the original incoherent core. However, because different filaments terminate at different
distances from the center of the spiral there will always be radius intervals containing only one rotating
filament, two such filaments etc. As a result, averaging the state in time leads to a discontinous order
parameter, albeit with [D,-symmetry, as found in [29].
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Figure 10: (a) Phase snapshots of quasiperiodic chimeras and the corresponding local order param-
eters: (b) modulus |z(z,t)| and (c) argument arg z(x,t). Parameters N = 256, v = 1.1. The
black cross in each of the left panels indicates the oscillator index (7, m) used in the definition of the
corresponding indicator function f(¢), similar to Figure 6(a).
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(a) (b)

0

0 T

Figure 11: (a) Mean phase velocities (V¥ ;) averaged over 200 time units for the spiral chimera state
shown in the third row of Figure 10. (b) Cross-section of the same plot along the dashed line from
panel (a).

3.3 Dy-symmetric four-core spiral chimera

In Figure 2(c) we show a [Jy-symmetric four-core spiral chimera state with local mean field of the form
(12). From the self-consistency equation (8), we obtain for the coefficients c; the system

pucr = / dx/ h (Jw(z,y)|?) w(z,y) cos z dy,
pey = 7 / e / h(Jw(z, y)*) w(z, y) cos 2z dy,
e— / dx/ h(|w(x,y)|2) w(z,y) cosy dy,

pes = 7/ dw/ h (Jw(z,y)?) w(z,y) cos 2y dy,

with w(x, y) given by (12). Solving this system numerically when v = 1.4, we obtain the isola shown
in Figure 12. Stable solutions are found along the lower branch between the two folds at either end.
Varying -y, we obtain the existence region for this solution type enclosed by the fold curves shown in
black in Figure 2. For the stability analysis one can establish a matrix problem as in Section 3.1, but
with a different block structure due to the different symmetry properties of the D,-symmetric four-core
spiral chimera. However, the reduction of the double integrals by elliptic integration as elaborated in
the Appendix A for the fully symmetric four-core spiral chimera does not apply here. By this reason, we
did not undertake an explicit calculation of Hopf bifurcations of this state which numerical simulations
suggest are present. These restrict the stability region of this state to v < 1.35.

3.4 16-core spiral chimera
The 16-core spiral chimera is also determined from the corresponding self-consistency equation. To

compute this type of solution we substitute the Ansatz (11) into Eq. (8) and project the resulting identity
onto the cos 2x direction. We obtain

p=2 [y [ HW o )P cos 20 do (38)
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Figure 12: Stable (black) and unstable (gray) parts of an isola of Dy-symmetric solutions of the self-
consistency equation (8) corresponding to the Ds-symmetric pattern in Figure 2(c). Circles show
numerical data obtained by dynamical continuation of solutions of the system (1)-(2). Parameter:
v =14

This expression determines the pair of parameters (3, (2) for every v > 0, p > 0 and hence the
rotating wave (5) with w(x, ) given by (11). For p > 1/+/2 this rotating wave corresponds to a
coherence-incoherence pattern with the coherence-incoherence boundary determined by equation

cos? 2z + cos? 2y = p 2.

Employing the symmetries of 1/, we find that the matrix B(\) has block-diagonal structure,

Bu(A) 0 0 0 0 0 0 0
0 By 0 0 0 0 0 0
0 0 Bss(\) Bsa(N) 0 0 0 0
B(Y) = 0 0  Bg(\) Bu()\) 0 0 0 0
0 0 0 0 Bss(A) 0 0 0
0 0 0 0 0  Be(A) 0 0
0 0 0 0 0 0  Bnr(A) 0
0 0 0 0 0 0 0 Bss())

and use this fact to factorize the eigenvalue problem (28) into seven independent subsystems. Four of
these generate unstable eigenvalues.

The subsystems corresponding to blocks BH(A) and Bz2()\) are identical. Their characteristic equa-
tions read

det <]2 — %BH()\)) = det (]2 — %BQQ()\)) = 0. (37)

These conditions determine a pair of complex-conjugate eigenvalues of double multiplicity which lie
apart from the corresponding essential spectrum. Figure 13 shows that these eigenvalues are respon-
sible for two intervals of instability, 54 < 8 < 5 and s < [ < m/2, bounded by three Hopf
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Figure 13: Real part of the eigenvalues determined by Eq. (37) for v = 0.63. Hopf bifurcation points:
B4~ 0.18, B5 =~ 0.44 and g ~ 1.24.

bifurcations, at 3 = 34, B5 and . Because the multiplicity of the eigenvalues at the Hopf bifurcation
is doubled, one expects oscillations aligned with either the x or the y axes, or along the diagonals.

Two other subsystems with unstable eigenvalues are those corresponding to blocks B77(A) and Bgs(A).
The characteristic equations are

By a simple rescaling argument one can show that the block B77(\) of a 16-core spiral chimera
with w(z,y) = W,(z,y) is equal to the matrix block Bs5(A/7) of the four-core spiral chimera with
w(x,y) = wy(z,y) defined in Section 3.1. This means that the zeros of Eq. (38) coincide with those
of Eq. (30) and so appear for identical parameter values (/3,). Thus every solution to Eqg. (38) is
a multiplicity-two real eigenvalue, this time with the eigenvectors shown in Figure 14 (top row). The
resulting bifurcation A\ = 0 is a parity-breaking bifurcation and takes place along the straight line
B = By =~ 0.34 (Figure 2).

4 Discussion and Conclusion

In this paper we have carried out a detailed analysis of the stability properties of four-core spiral
chimera states present in the system (1)—(2) with periodic boundary conditions in the plane, following
earlier work by Xie et al [29]. These four-core states are expected because the coupling function used,
Eq. (2), has D4-symmetry. We have performed a detailed two-parameter stability analysis of the Dy-
symmetric state in the (/3,y) plane using the linearization of the Ott—Antonsen equation valid in the
continuum limit. The stability analysis showed that this state can either lose stability at a parity-breaking
bifurcation or via a Hopf bifurcation. The results are summarized in the stability diagram in Figure 2.
We used numerical integration of the system (1)—(2) to study the evolution of each of the instabilities
identified by the linear stability analysis. The results led to the discovery of quasiperiodic four-core
chimera states, characterized by a coherent filament or filaments that rotate about an incoherent core
with a new frequency. We have shown that these states are responsible for the discontinuous time-
averaged order parameter profile noticed by Xie et al [29]. Our work shows explictly how the properties
of this profile relate to the number and termination of the coherent filaments present in this regime and
describes the sequence of transitions that take place as [ increases whereby the incoherent cores
gradually shrink, leading to a four-core state with no incoherence within the cores.

Our work also identified a parity-breaking bifurcation as a second mechanism whereby the four-core
chimera state can lose stability, but numerical simulations showed that the expected steadily drifting
states were not in fact stable. These simulations did show, however, that the [),-symmetric chimera
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Figure 14: Marginal eigenmodes v(x, y, 0) determined by expression (17) for 16-core basic chimera
spiral at the four bifurcation points 3 = [y, (4, 85, 8 and v = 0.63. Columns (a), (b) and (c)
show arg v(x, y), |(Aer + Q(|w(z, v)|?))v(z, y)| and | Ao + Q(Jw(z, y)|?)|, respectively, where A,
denotes the critical eigenvalue at the corresponding bifurcation point. Dashed lines show position of
the coherence-incoherence boundary and of the singularity contour.
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state coexists with a number of additional states. Of these we focused here on a DDy-symmetric four-
core chimera state and a 16-core chimera state. For each of these states we carried out a similar
linear stability analysis the results of which are also summarized in Figure 2.

These stability calculations form the highlight of this work (some key technical advances are sum-
marized in Appendices A and B) and open the subject of spiral chimera states to the techniques of
bifurcation analysis [19, 20]. Our results also point to the need for a clearer mathematical understand-
ing of the role played by the singular contour |w,(z,y)|* = 1 — (w,/)? (Eq. (33)) in determining the
origin of the coherent filaments that appear whenever the state loses stability via a Hopf bifurcation
and their interaction with the coherence-incoherence boundary (Eq. (29)).

Appendix A: Characteristic equations (30) and (31) for symmetric
four-core spirals

Each element of the matrix B(\) is defined as a double integral, therefore numerical solution of the
characteristic equation (28) turns out to be an extremely time-consuming process. In this section we
show that after an appropriate coordinate transformation these double integrals can be analytically
integrated with respect to one variable and thus significantly simplified. This allows us to increase the
speed of all numerical routines by several orders of magnitude without loss of accuracy.

First, we recall the standard definition of the complete elliptic integral of the first and the second kinds

/2 /2

=/ de : E(m)z/y/l—msin%pdgp, where m € [0,1). (39)
) V1 —msin? ¢ )

These integrals cannot be expressed in terms of elementary functions, but they are usually imple-
mented as standard functions in most programming languages (C/C++, FORTRAN etc) and mathe-
matical computing environments (MATLAB, Mathematica etc).

We explain the coordinate transformation approach for the self-consistency equation (8).

Proposition 2 Equation (8) can be rewritten in the form
1 ) s ) 82
=38 h 2 — ——h K|—)ds. 40
u=s [ (n - - gnie ) K (S ) as o)

Proof: Substituting expression (10) into Eqg. (8) and taking into account the obvious identity

/ dx/ (cos® z + cos y)) coszcosy dy =0

we obtain

o= / / (cos® x + cos y))coszcdxdy

1 ™ ™
= 3 / / h (p*(cos® x + cos y)) (cos® z + cos” y) dx dy.
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N4

Figure 15: Etalon domain Dy U D».

Using the symmetries of the integrand we can replace the integration domain [—, 7'(']2 with another
domain consisting of the two squares DDy and D5 shown in Figure 15. This yields

=2 // (cos® z 4 cos®y)) (cos® z + cos® y) dx dy.
D1UDo

In the square D¢ we rewrite the integrand using modified polar coordinates

x = arccos(qcost),
y = arccos(gsint),

with new variables (¢, t) € [0, 1] x [0, 27]. The Jacobian of this transformation reads

Ordy Oxdy 2q
Jat) =5 — 55 = — (42)
Oq 0t 0t dq  \/4(1 — ¢2) + ¢*sin 2t
In the square Dy we rewrite the integrand applying a slightly different coordinate transformation,
r = arcs%n(q cos t), (43)
y = arcsin(gsint),

which turns out to have the same Jacobian as in Eq. (42). Altogether we obtain

2 27r 2 2
-2 2 — -2
L= /dq/ )q* - 2q +2/ / 7°))(2—¢q%) - 2q
\/4 4q + ¢4sin® 2t \/4 4q? + ¢4 sin? 2t

_ / /27r (p%s)s + h(p (2_8))(2_S)dt
V4 —4s + s2sin? 2t

dy
:8/dshpss—|—hp22—s 2—8
0 (( ) d \/4 43+3281ng0

The integral with respect to ¢ can be expressed in terms of the complete elliptic integrals (39) and we
obtain the desired formula (40). [ |
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We next show that the elements of the matrices appearing in the characteristic equations (30) and (31)
can all be expressed in terms of just five independent functions. For the sake of brevity we introduce
the notation

M,(s5,2) :== (A + Qn(s)) " and  Np(s,\) = (A + Qp77(s))_1h2($)p2

where the functions h(s) and 7(s) are defined in Egs. (6) and (15). The index p in €2, (and also
in oy, below) indicates that parameters p, {2 and « are functionally dependent, namely they satisfy the
self-consistency equation (40) with ;1 = iQe™.

Recalling that v5(x) = cos 2x, ¥4 (x) = cos 2y and using the expressions

wp@ )2 = plcoss+ cos’y),
aX(z,y) = b (lwp(z,y)?) wi(z,y)

= Rh*(p*(cos® x + cos? y))p?(cos®  — cos? y + 2i cos x cos y),

which follow from Egs. (5) and (10), we obtain

A1<)‘ap) A2(/\7p) AB(/\7p) 0
<B33(/\) B34(/\)) B A2<Xap) Al(xwp) 0 AS(va) (44)
Bis(\) Bu(N) | A4np) 0 Aup) A |

0 A3(X7 p) _A2<X7 p) Al(Xa p)

where
Ap) = e (A n (o) T ) = e (V4 (Jwy ) )
= <Mp (cos® z 4 cos®y), A) (cos® 2z + cos® 2y)>,
Ao(\p) = —mv<<A Qn (Jwpl?) " a2 ) = e (A + Qi (juy ) ™ a2d)
- <Np (cos®x + cos? y), A) (cos & — cos? y)(cos? 2z — cos® 2y)>,
A5(\p) = —Z%<<A+Qpn<|wp|2>>* Yt )
— e <Mp (p2(cos® z + cos y), \) cos 2z cos 2y> .

The anti-diagonal elements on the right-hand side of Eq. (44) vanish because for any continuous
function f : [0,1]> — R we have

/ f ((3052 r, cos” y) cosx dr = / f (C082 T, cos? y) cosy dy = 0.

—Tr —Tr

The same identity also explains the absence of the term proportional to

<Np (p*(cos® x + cos® y), A) cos x cos y(cos® 2z — cos® 2y)>
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on the right side of the expression for A, (\, p).

Similarly, using the definition ¢5(x) = sinz and the explicit form of the functions w, and a,, we
rewrite the matrix Bss(A) from Eq. (30) in the form

(Aél()‘ap) A5<)‘7p))
355()‘) = — — ) (45)
A5(>\,p) A4()‘7p)
where
Adap) = e (A (Jwpl?) T vE)
= _e Tt <Mp (cos® z + cos®y), A) (sin® z + sin® y)> :
As(\p) = e <<A O (Jwpl?)) ™ a2t

— e tap <Np (cos® z + cos®y), )\) (cos® z — cos® y)(sin® x — sin® y)>

1 .
_ _Ee—lap <Np (p2(0052 T + cos2 y), )\) (0082 xr — COS2 y)2> .

The coordinate transformation approach described in the proof of Proposition 2 can again be used to
simplify the double integrals in the definition of the functions Ax(\, p), k = 1,..., 5. This yields

M) = 16 [ (MR + M7~ 9,)

<(e-28 (5 5) -T2k (o) ) o

o) = 327 [ (w0800 = Mz - ). 0)

As(\p) = —l16e~ /0 1 (Mp(pQS,)\)+Mp(p2(2—s),/\)>
<(o-08 (5 Eg) 2 (o)) 4
A\ p) = —8eiew 1Mp<p23,x)(2_s;f;\@(p?(z—s),ms K<(5 i22)2) Us. (49

asp) = s | (300 + N2 - ). )

)

Computing the functions Ay (), p) from the formulas (46)—(50) significantly accelerates our numer-
ical routine for solving the nonlinear characteristic equations (30) and (31) obtained from Egs. (44)
and (45).
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Appendix B: Characteristic equations (37) for symmetric 16-core
spirals

Applying the procedure used above for the four-core spiral state leads to the following form of the
self-consistency equation for the 16-core spiral state:

=8 /01 (h(p2(2 —5)) — %h(ﬁs» K ((Si—22>2> ds.

The characteristic equation describing the lower stability boundary of this state (red curve in Figure 2)
can likewise be written in simpler form. This instability arises from the block

(Af)()\ap) A?()‘7p)>
Bi1(A\) = — — ) (51)
Az(Np) As(A,p)

where
Asnp) = e (A + 2 (W) wh)

1 .
- Ee_mp <Mp (p*(cos® 2z + cos® 2y), A) (cos® z + cos® y)> :

_ _geip /01 My(p*s,A) + My(p*(2 = 5),A) 1 (( s’ )2> ds.

5—2 5—2
Ap) = e (A @ (W) ™" a2u)
= %e_mf’ <Np (p*(cos® 2z + cos” 2y), A) (cos® 2z — cos® 2y)(cos® @ — cos” y)>
- —;le_mp <Np (p*(cos® x + cos® y), A) (cos® 2z — cos” 2y)(cos 2z — cos 2y)>
= 0.

The characteristic equation can thus be rewritten in the form
1 1 11—
det IQ — 5311()\) =[1- §A6()\,p) 1-— 5146()\,])) =0.
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