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Abstract

We study the dynamics arising when two identical oscillators are coupled near a Hopf
bifurcation where we assume a parameter € uncouples the system at € = 0. Using a
normal form for N = 2 identical systems undergoing Hopf bifurcation, we explore the
dynamical properties. Matching the normal form coefficients to a coupled
Wilson—Cowan oscillator network gives an understanding of different types of
behaviour that arise in a model of perceptual bistability. Notably, we find bistability
between in-phase and anti-phase solutions that demonstrates the feasibility for
synchronisation to act as the mechanism by which periodic inputs can be segregated
(rather than via strong inhibitory coupling, as in the existing models). Using numerical
continuation we confirm our theoretical analysis for small coupling strength and
explore the bifurcation diagrams for large coupling strength, where the normal form
approximation breaks down.

Keywords: Synchrony; Perceptual bistability; Bifurcation analysis; Normal form;
Neural competition; Hopf bifurcation

1 Introduction

The Hopf bifurcation is a generic and well-characterised transition that a nonlinear sys-
tem can undergo to create temporal patterns of behaviour on changing a parameter. At
such a bifurcation, an equilibrium of an autonomous smooth dynamical system develops
oscillatory instability and emits a small amplitude periodic orbit that, when followed, may
be used to understand a wide variety of oscillatory phenomena. This includes many prob-
lems that appear in neuroscience applications [7].

For larger network systems composed of similar subsystems that undergo oscillatory
instability, when coupled together, this can lead to the formation of non-trivial spatio-
temporal patterns. Notably there is a large body of literature on coupled oscillators, viewed
from a wide variety of theoretical view points and from the point of view of applications,
e.g. [34]. Much of this theory either considers very specific models or makes an assumption
of weak coupling which allows a reduction to a phase oscillator description such as that of
Kuramoto [1], suitable for answering a lot of questions about synchronisation of system
oscillations.

In this paper we consider identical subsystems undergoing a Hopf bifurcation that have
an uncoupling limit. This approach gives a natural setting of two parameters that allows a
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thorough and generic analysis of the low-dimensional dynamics of coupled oscillator sys-
tems, by means of normal form theory. We use this analysis to understand the behaviour
of a pair of Wilson—Cowan oscillators that arise in a model of perceptual bistability, which
complements the results in [11].

The phenomenon of perceptual bistability motivates this study of oscillatory dynamics
in a coupled dynamical system. For certain static but ambiguous sensory stimuli, two dis-
tinct perceptual interpretations (percepts) are possible, but only one can be held at a time.
Not only can the initial percept be different from one short presentation of the stimulus to
the next, but for extended presentations, the percept can switch dynamically. Perceptual
bistability has been investigated in a number of different visual paradigms, e.g. ambiguous
figures [33, 41], binocular rivalry [9, 10, 27], random-dot rotating spheres [47], motion
plaids [19] and multistable barber-pole illusion [29]. Such ambiguous stimuli provide an
opportunity to gain insights about the computations underlying perceptual competition
in the brain. Whilst synchrony of oscillatory activity is known to play a role in the encoding
of perceptually ambiguous stimuli [13], this mechanism has been widely overlooked.

Further background and motivation for the study of coupled oscillatory instabilities
close to the uncoupling limit are given in Sect. 1.1, whilst further background and mo-
tivation for the study of oscillatory dynamics in the context of perceptual competition are
given in Sect. 1.2 (not required reading if primarily interested in this paper’s mathematical
results).

1.1 Coupled oscillatory instabilities

As noted by several authors, networks of oscillators near Hopf bifurcation allow one to
explore not just the collective phase dynamics but also amplitude behaviour [16], and this
allows one to use many of the tools of generic bifurcation theory with symmetry (in par-
ticular, the consequence of group actions on normal forms and the phase space) to un-
derstand the creating and properties of many oscillator patterns that may arise, biological
applications including, for example, animal gaits and visual hallucination patterns [16].

A recent paper [8] explored coupled Hopf bifurcations in a two-parameter setting where
one of the parameters results in uncoupling of the systems. In that setting, they found that
it is possible to find not only a reduction to Kuramoto-like oscillators in a weak coupling
close to threshold limit, but also to find the next order corrections that include multiple
oscillator interactions. The setting also allows study of patterns where only part of the
system is oscillating. More precisely, [8] considers N identical and identically interacting
smooth (C*) vector fields on x; € R? (d > 2) and presents the normal form near a Hopf
bifurcation.

In this paper we explore the dynamical properties of the special case N = 2 with d = 2.
We give a dimension reduction via group-invariant coordinates in order to simplify dy-
namics. In the 2D normal form we look at the effects of coupling beyond the weak limit.
A similar analysis was performed in [6] for the case of a linear coupling term, thus con-
sidering a particular sub-case of the normal form studied here. We then apply this theory
to understand the appearance of a variety of oscillatory patterns in a model of perceptual
bistability.

We emphasise that we explore a special case of two identical Hopf bifurcations that has
symmetries and is close to 1 : 1 resonance. The case of a double Hopf bifurcation without
symmetries has been studied in [14] (see also [17]); by assuming non-resonant conditions
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Figure 1 Perceptually bistable stimuli that repeat periodically. (A): The visual stimulus alternates between
two frames f1 and f2 with a black square flipping between a position to the left (L) or right (R) of a fixed
fixation point (+). (B): Schematic of repeating stimulus, illustrating that the black square alternates between
the L (f1) and R (f2) locations over time. (C): Two perceptual interpretations are possible for the same repeating
stimulus: (1) apparent motion where a single square appears to travel between the L and R locations, (2)
blinking squares, where the squares appear to separately blink on and off at two distinct locations. (D): The
auditory stimulus features alternating pure tones at frequencies A and B separated by a difference in
frequency Af. (E): Two perceptual interpretations are possible for the same repeating stimulus: (1) an
integrated percept where both the A and B tone sequences are heard in a single alternating stream
"ABABAB..." (2) a segregated percept where the A tone sequence “A_A_A_..." is heard separately from the B
tone sequence “_B_B_B..." ("_"is a silent gap)

on the Hopf bifurcation frequencies, the author provides a normal form for the bifurcation
and performs a detailed study of the dynamics. Depending on the value of the coefficients,
very rich dynamics can be found. However, our study examines different behaviours that
are generic for systems with symmetries close to identical Hopf bifurcations, but not in
the more general case.

1.2 Oscillatory models of perceptual bistability

Perceptual bistability can also arise with stimuli that change periodically. Apparent motion
can be observed when a dot on a screen present at one location disappears and sponta-
neously reappears at a nearby location, as if travelling smoothly across the screen [3, 23].
Figure 1(A) shows two frames of such an apparent motion display,* where a black square
to the left of a fixation point might reappear on the right of the fixation point. If two such
frames alternate every, say, 200 ms as in the schematic Fig. 1(B), this can be perceived as a
single square moving from side to side (“percept 1” in Fig. 1(C)). However, another inter-
pretation is possible, of distinct squares blinking on and off either side of the fixation point
(“percept 2” in Fig. 1(C)). Watching such a display, perception switches between percept
1 and percept 2 every few seconds; see [4, 36], references within and more recently [15,
32]. Perceptual bistability also occurs for the so-called auditory streaming paradigm [5,
35, 45].> The stimulus consists of interleaved sequences of tones A and B, separated by
a difference in tone frequency Af and repeating in an “ABABAB...” pattern (Fig. 1(D)).
This can be perceived as one stream integrated into an alternating rhythm (“percept 1” in
Fig. 1(E)) or as two segregated streams (“percept 2” in Fig. 1(E)); see recent reviews [30,
44]. There are commonalities between these visual and auditory paradigms: in percept 1
(Fig. 1(C) and (E)) the stimulus elements are linked into a single; in percept 2, the stimulus
elements are separated into their distinct parts in space or in frequency. In both cases the
stimulus alternates rapidly (in the range at 2—5 Hz for the visual stimulus [4]; in the range
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5-10 Hz for the auditory stimulus [45]), whilst the perceptual interpretations are stable
on the order of several seconds (over many cycles of the rapidly alternating stimuli).

Models of perceptual bistability have successfully captured the dynamics of perceptual
switching [24, 49, 50], the dependence of these dynamics on stimulus parameters [24, 31,
39, 42], mechanisms for attention [28], entrainment to slowly varying stimuli [22] and
the effects of stimulus perturbations [38]. Generally models are based on competition
between abstract, percept-based units [18, 28, 43, 49], but more recently models with a
feature-based representation of competition have been developed [20, 24, 37, 39]. Some
percept-based models have explored how rapidly alternating inputs (>2 Hz) can still give
rise to stable perception over several seconds [28, 46, 50]. The models described above
have considered competition directly between populations encoding different percepts,
or between populations separated on a feature space. In general model studies of percep-
tual bistability have not explored how synchrony properties of oscillations entrained at
the rate of a rapidly alternating stimulus could be the mechanism by which different per-
ceptual interpretations emerge and coexist as bistable states (although see [48] for a large
network approach to this problem). We hypothesise that oscillations play a key role in per-
ceptual integration (such as “percept 1”) and perceptual segregation (such as “percept 2”).
Towards exploring this hypothesis in future modelling studies of perceptual bistability,
this paper lays the mathematical groundwork for studying the encoding perceptual states
similar to those described above. An aim of the study is to identify regions of parameter
space where such states coexist for a suitable neural oscillator model (but not transitions
between these states).

Matching the normal form coefficients to a coupled Wilson—Cowan oscillator network
allows for an understanding of the parameters in the model that govern different types
of behaviour. Numerical continuation is used to confirm our theoretical analysis and to
complete bifurcation diagrams for large coupling strength demonstrating where the nor-
mal form approximation breaks down. Finally, our analysis is extended with numerics to
demonstrate that coexisting states akin to “percept 1” and “percept 2” persist in the pres-
ence of symmetrical periodic inputs. These coexisting states persist with low coupling
strengths (down to the uncoupling limit), thus removing the need for the assumption of
strong mutual inhibition between neural populations encoding different perceptual inter-
pretations.

1.3 Outline

The structure of the paper is as follows: in Sect. 2 we use recent theoretical results in [8]
to write the normal form of a system of two weakly coupled identical oscillators near a
Hopf bifurcation. In Sect. 3 we perform a dynamical analysis of the system given by the
dominant terms of the normal form. In particular, we study how the solutions for the
uncoupled system persist for weak coupling. In Sect. 4 we identify different dynamical
regimes depending on specific coefficients of the normal form and study the bifurcation
diagrams. In Sect. 5 we write the equations for two mutually inhibiting Wilson—-Cowan
oscillators near a Hopf bifurcation, and we perform a change of coordinates to put the
system in the normal form discussed in Sect. 2. For this example, we compare the theoret-
ical predictions given by the normal form analysis with a bifurcation diagram computed
numerically. Finally, we note that the results are of broad interest, extending beyond the
study of neural oscillators and perceptual bistability to the study of any system involving
two coupled oscillators.
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2 Two identical Hopf bifurcations with an uncoupling limit

We will study systems consisting of two identically coupled oscillators of the form:

dx
d—tl = H)L(XI) + Eh}b,g(xl;xZ)y
xl,xzeR2 &eLeR (1)
dxz
E = H)L(OCZ) + th‘g (x2;xl))

having S; permutation symmetry. We assume that when system (1) is uncoupled (¢ = 0),
each system undergoes a Hopf bifurcation at the origin when the parameter A crosses zero.

More concretely, we assume that the uncoupled system for x € R? given by

dx

ar = H, (%)

has a stable focus atx = 0 for A < 0 that undergoes a supercritical Hopf bifurcation for A = 0,
which gives rise to a small amplitude stable limit cycle for A > 0. For simplicity we assume
that the eigenvalues of DH, (0) are A % iw with @ # 0. Moreover, without loss of generality,
we assume that (x1,%2) = (0,0) is an equilibrium point for (A, €) in some neighbourhood of
(0,0) for system (1).

2.1 Truncated normal form in complex coordinates
In [8], it is shown that systems as in (1), having S; symmetry and undergoing a supercritical

Hopf bifurcation for A = 0, can be written in the following normal form:

dz

d—l = U, (z1) + €Fn(z1, 22, €) + Onya(21,22),
t

d 21,2y € (C; (2)
Z

d—tz = Uy (22) + €Fn(22,21,€) + Onii(22,21),

where Fy is an N-degree polynomial function that is equivariant under the rotational

symmetries
Ex(z1€%, 206, €) = € Fy (21,22, €).

If we consider the normal form up to order three and ignore the O4(z) terms, we obtain

the truncated normal form

dzy ; 2 2 2 -
oA (A +iw + agi|z1*) + €[z1 (aeo + @erz1]* + aealza]® + aesZazy)
2 2 =
+23(Beo + Barl21|* + Bealza|” + Beszaz) |, )
3
de . 2 2 2 >
RS (A +iw + aq1)22l*) + €[22 (cteo + @e1|22|* + aealz1|* + ae3Zi22)

+21(Beo + Betlzal* + Bealz1|* + Beszazi) ],

where the constants g, o, Be; € C with the restriction Re(ag;) < 0 because the Hopf bi-

furcation is supercritical.



Pérez-Cervera et al. Journal of Mathematical Neuroscience (2019) 97 Page 6 of 33

3 Dynamical analysis of the truncated normal form
3.1 Hopf bifurcations of the origin
It is straightforward to check that the origin

So={z1 =2 =0} (4)

is a fixed point of the normal form (3). Let us start by analysing its stability. The Jacobian

matrix of system (3) evaluated at the origin is

A+ iw+ €deo 0 €Beo
0 A — i+ € 0 €Beo 5)
€Beo 0 A+ iw+ €0 0 ’
0 €Beo 0 A — i + €deg
and their eigenvalues are given by
My = A+ iw + €(aeo + Beo), K=k +iw + e(@co — Beo), (6)

and its complex conjugate pairs (i, f-).

Clearly, when € = 0, the origin undergoes a double Hopf bifurcation at A = 0. More in-
terestingly, for € # 0, the origin undergoes two independent Hopf bifurcations, given by
Re(u,) = 0and Re(i_) = 0. These conditions define the following Hopf bifurcation curves
C]ﬁB in the (1, €)-parameter space:

Ciip = {Re(us) =0 orequivalently & := A + €(cteor + Beor) = 0},
7)
Cap = {Re(pL_) =0 orequivalently @ := X + €(tteor — Beor) = 0}.

At each curve C5;, a limit cycle, that will be denoted by S

~» is born.

To study the stability of the origin of system (3), we analyse the sign of the real part of
its eigenvalues u* and u~ given in (6) at the Hopf bifurcation curves CﬁB defined in (7).
Thus,

if ()‘76) € C]t[B g RC(M+) =0, Re(/‘*—) = —2¢€Bcor
(8)
if (Le)eChy —  Re(us) =2€Beors Re(u_) =0.

Therefore, we conclude that (see Fig. 2):

— If Beor > 0, for (A, €) € Cfy, the solution Sy changes from a stable focus to a
saddle-focus and a stable limit cycle S;,. emerges from C}z. Moreover, when
(A, €) € Cyp, the solution &y changes from a saddle-focus to an unstable focus and a

saddle limit cycle S,

osc appears.

— If Beor < 0, for (A, €) € Cj, the solution Sy changes from a stable focus to a
saddle-focus and a stable limit cycle S_,. emerges from Cpj. Moreover, when
(A, €) € G, the solution Sy changes from a saddle-focus to an unstable focus and a
saddle limit cycle S}, appears.

— If Beor = 0, for (X, €) € Cyyp = i, the solution Sy changes from a stable focus to an

unstable focus and two stable limit cycles S, and S,

0scC 0sc appear'
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Figure 2 Sketch for the curves CﬁB in (2). If Beor > 0, a stable limit cycle emerges from C;;B, whereas a saddle
limit cycle emerges from Cy. The case Beor < 0 is analogous just reversing & by . For the special case

Beor =0, two stable limit cycles emerge at the coincident curves G and Ciyp. For these plots, we assume
Beor > cteor >0

In the next section we analyse the oscillatory solutions SZ_ that arise from the bifurca-

tion curves CﬁB of system (3).

3.2 Truncated normal form in polar coordinates

To perform the analysis of the oscillatory solutions S

c» we express the normal form in

(3) in polar coordinates, that is, we write z,, = r,e* with r, >0 and ¢, € T:

i1 =r1(A +aorry) + €fi(r1, 12, Ag),
iy = ray(A + o1rr3) + €fi(ra, 11, — Ap), o)
rg1 =ri(o +aoury) + €fy(r1,r2, Ap),
2@ = ra(w + aour3) + €y (ra 11, —Ap),
where A = ¢y — @1 and the subscript X = R, I in o refers to its real and imaginary parts,

respectively. The expression for the functions f. and f, can be found in Eq. (53) in the
Appendix. System (9) can be also written using the variable Ag:

i1 =r1(+aowrry) + €fy(r1, 2, Ag),

ia =12 (A + ctg1rr3) + €f,(r2, 11, — Ag),
. (10)
Ap = Olou(l"% - T‘%) + equa(rlr ra, AQD),

) €
pr=w+ 00117’% + r—fw(rl,i”z, Ag),
1
where the expression for the function fs, can be found in Eq. (54) in the Appendix.
Remark 1 The general non-resonant case of the double Hopf bifurcation is discussed in

[14] (see also [17]). The equations for the normal form in polar coordinates satisfy that the

amplitudes ry,7; decouple from the angles ¢1, ¢o. However, in our case (see system (10))
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the equations for the amplitudes r1, , depend on Ag = ¢, — ¢ leading to different generic
dynamics than the one in [14], which we study in this paper.

Notice that the analysis of system (10) can be simplified by studying the system consist-
ing of the first three equations, since they can be decoupled from the last one. Further-
more, we can further simplify the analysis by exploiting the S, permutation symmetry of

the system. This symmetry acts on the phase space as
K:(r1,r, A@) = (ro,r1,—A@) and K% =1Id. (11)

This action can be diagonalised using sum and difference variables s = r; + 1y, d = r; — 1y,
with s,d € R* x R: in this case

K(s,d, Ap) — (s,—d,—Ap). (12)

Thus, expressing the first three equations of system (10) in the variables (s, d, Ag), we have

$= s<k + %(32 + 3d2)> +egi(s,d, Ap),

Qo1R

d= d(k e (d* + 332)) +€ga(s,d, Ag), (13)
A = —agusd + €ga,(s,d, Ap),

where the expressions for functions g, g; and g4, are given in Eq. (55) in the Appendix.

System (13) will be the object of study for the rest of the section and will be referred
to as the reduced system. As we will see in Sect. 3.2.2, working in the variables s,d, Ag
has the advantage that the linearised system about the solutions of interest becomes block
diagonal.

3.2.1 Dynamical analysis of the reduced system in the uncoupled case (¢ = 0)

The general picture of the uncoupled case can be obtained straightforwardly from the
original system (3) for € = 0. Indeed, as we consider two identical systems having a super-
critical Hopf bifurcation at A = 0, the solutions of system (3) for A > 0 will correspond to
the Cartesian product of solutions of each 2-dimensional system. In this section we show
how the solutions for € = 0 are seen in the reduced system (13) so that we can explore how
they evolve for € # 0. System (13) for € = 0 writes

5= s(k + %(s2 + 3d2)>,
d:d(k » S8 (2 +3s2)>, (14)
A(p = —(Xousd.

Notice that in this case, the first two equations decouple from the third one and can be
studied independently. As the variables (s, d) are defined in R* x R, the fixed points of the
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d

Figure 3 Bifurcation diagram of system (14) for € = 0 as a function of A. For the critical value A =0, the system
undergoes a bifurcation

first two equations of system (14) are given by

[ =4\ [ —A [ —A [ —A [ =X
(010)1 ( —10)) <+ = —>1 (+ —* —> (15)
Qo1R Q01R Q01R Qo1R Q01R

Then, as the Jacobian matrix for the two first equations of system (14) is given by

3 o
(k + =R (5% + 4?) 2R 6 dls ) , 16)

3 2, n
2R 6 ds A+ ZOR (% + d°)

it is straightforward to see that the eigenvalues of (16) for (s,d) = (0,0) are A (double), for
(s,d) =( /ﬁ,O) are -2 (double) and for (s, d) = ( /ﬁ, + ﬁ) are A and —2A.
Thus, as Fig. 3 shows, when X = 0 the origin undergoes a bifurcation and changes from
stable to unstable, while three new fixed points appear: one stable corresponding to (s, d) =
A . _ - —A
( %7’0) plus two unstable corresponding to (s,d) = (,/ L + /W)'
Now let us study the solutions of system (14) obtained from the fixed points (15) when

considering the variable Ag. The (singular) solution
So={s=d=0, AgeT)} (17)

corresponds to the origin S in (4) of system (3), which is a focus with eigenvalues A + iw
(double) (see Sect. 3.1).

For any value Agy, the solution

— —4A
S1(Apo) = {s =/—,, d=0, A¢p= A(po} (18)
Q01R

is a fixed point of system (14) with eigenvalues —2X (double) and 0. These fixed points fill

up the invariant curve

7'5:{52 0 doo, A(peT}, (19)

Q01R
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whose characteristic exponents are —2X (double). The fixed points S;(Ag,) and the in-
variant curve Ty correspond in the original system (3) for € = 0 to the periodic orbits

Sl((ﬂg):{zlz —* i) I e Y
Qo1R Q01R (20)

o1/
Ago = ¢ — ¢, wl(t)=<p?+<w—k—)t, teR}
Q01R

and the 2-dimensional invariant torus 7y

[ x
To=J Si(¢9) = {|Zl|=|22|= o <p1,¢zeT}, (21)

(p(Z)ET

respectively. Notice that the periodic orbits S;(¢)) fill the torus 7o. The characteristic ex-
ponents of Ty are the eigenvalues of the fixed point (s, d) = (\/% ,0) of the first two equa-
tions of system (14) which are —2A (double).

The invariant 2-torus 7y is the product of two periodic orbits with the same period
in the uncoupled case € = 0. Note that 7, is normally hyperbolic as each periodic orbit
is linearly stable and the torus is foliated with periodic orbits; see for example [8]. We
recall that roughly speaking an invariant manifold is normally hyperbolic if the dynamics
in the normal directions expands or contracts at a stronger rate than the internal dynamics.

~2xt whereas the internal

In our case the normal dynamics near the torus behaves as e
dynamics is just a rotation. Therefore the torus 7y is normally hyperbolic.

The last two fixed points in (15) give rise to the following periodic orbits of system (14):

- o
Szz{s:d: o AQD:A%—ﬂM, teR},
Q01R Q01R

_ —A o
ng{s:—dz L Ag=Apy + i, teR},
Q01R o1R

whose characteristic exponents are A and —2A, so they are of saddle type. These solutions

(22)

correspond to the periodic solutions

A o
82: {le —e”pl(t), 22:0, (pl(t)zgl)?"' (a)—)\.ﬂ>t, tGR},
Qo1R Q01R
-2 o
Qo1R Q01R

of the original system (3) for € = 0 which have characteristic exponents -2, A +iw. There-

(23)

fore, they are hyperbolic periodic orbits of saddle type for A > 0.

In conclusion, for € = 0, the 4D solutions Sy, 7y and S? and S? arising from the union
of solutions of each independent subsystem in (3) can be seen in the uncoupled reduced
system (14) as two invariant curves filled with fixed points, So and 7o, and two saddle
periodic orbits, S* and S, respectively (see Fig. 4).

Page 10 of 33
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Figure 4 Phase_ space for the unperturbed system (14) for A > 0. There are two invariant curves, Sy (which i_s
unstable) and 7o (which is stable), filled with fixed points. Moreover, there exist two saddle periodic orbits S,
and S3

Solutions S? and S are hyperbolic periodic orbits for A > 0 and € = 0. Therefore, for
A >0 fixed and € small enough, there exist periodic orbits S? and S? that are C*-close to
the unperturbed ones.

To ensure the persistence of the torus 7, we use the Fenichel theorem [12] which guar-
antees the persistence of normally hyperbolic invariant manifolds (with a certain degree

of smoothness) for small enough perturbations.

Lemma 1 For a fixed value of 1 > 0, there exists €y = €o(X) such that, for any 0 < € < €,

system (3) has a stable 2-dimensional torus T; that is C'-close to Ty.

The analytic continuation when € increases of the periodic orbits S?, 82 and the in-
variant torus 7, provided by Lemma 1 is beyond the scope of this paper. We note that
the periodic orbits S? and S? are limited only by hyperbolicity. Moreover, previous work
[8] highlighted that continuation of the torus 7, with ¢ in Lemma 1 is only possible for
€ = 0(A). Beyond this regime there will typically be loss of smoothness and breakup of the
torus [2].

In Sect. 3.2.2 we are able to study the persistence, for (1, €) small, of the periodic solutions
Sj:

+ that are born at the bifurcation curves Ci; (see (7)). In Remark 2 we relate these

periodic orbits S

. With the invariant torus 7¢ for X fixed and € small enough, i.e. where

the existence of the invariant torus is guaranteed. Later, in Sect. 4 we give a detailed study

of all the possible bifurcations of the solutions SZ...

3.2.2 The oscillating solutions S in the coupled case (€ > 0)

We can take advantage of the S, symmetry of system (13) to look for solutions which
remain invariant under the application of the permutation map K in (12). Notice that by
denoting r; = ry = r*, the curves (r*,r*,0) and (r*, r*, ) are invariant for system (13). Then,

if we write these curves in the (s, d) coordinates

g+ ={(s,d, Ap) = (5,0,0)}, g™ ={(s,d, Ap) = (5,0,7)}, (24)
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the dynamics for system (13) when restricted to £+ reduces to

. 53060112
S=AS+ T + €| (ateor £ Beor)s

+
Ks th

$3
2 @5212 +0e1r + Besr  (Bear + Beir + aeBR)):|: (25)

d=0,

where the =+ sign corresponds to Ag = 0,7, respectively.
It is straightforward to check that the equation for s in (25) has three steady solutions,

namely s = 0 (which corresponds to the solution Sy studied before) and s given by

£ \/—4-(A +€(aeor ﬁeOR))' (26)

osc +
Qo1R + el(stb

Notice that since s € R* we have discarded the negative solutions for the square root.

+

% . in (26) are only admissible when a* =

Taking into account that oz < 0, solutions s
A+ €(ateor £ Beor) > 0. This restriction defines the following conditions for the bifurcation:

~+

a’ =e€(oeor + Peor) + 1 =0 for Agp=0,
(27)
@ =e(@or—Peor) +A =0 for Ap=m,

which are exactly the conditions defining the curves C;f; in (7) corresponding to the Hopf
bifurcations of the origin.
Therefore, for (A, €)-values on the right-hand side of curves CﬁB, we can define, respec-
tively, the following fixed points of system (13):
St = (s,d, Ap) = (s

0sc

;sc’ O’ O)’

_ (28)
S(:sc = (S’ d’ A(p) = (

Sosc’

O,n),

which appear across a pitchfork bifurcation (whose character will be discussed below) of
the origin in the s direction. Fixed points in (28) correspond to the periodic orbits SZ. of
system (3) that appear at the Hopf bifurcation curves. Next, we will study its stability and
possible bifurcations by using the reduced system (13).

The Jacobian matrix evaluated at the fixed points S

- is block diagonal

¢ 0 0
0o & &, | (29)
0 cj‘p cﬁz

A A . . .
where the terms c;, cz, c‘i(p, cd“’ and ¢ Az are different from zero, and their precise expres-

sions are given in Eq. (56) in the Appendix.
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Figure 5 Solutions st appear through a supercritical pitchfork bifurcation of the origin in the s direction

which takes place at the critical value @* = 0 of the bifurcation parameter &* = A + €(cteor £ Beor)

Because of the block diagonal form of the Jacobian matrix, it is straightforward to check
the stability in the s direction as it corresponds to the 1 x 1 block. Thus, the eigenvalue
i takes the form

la“:lt = Ci = _2(6(0[601? =+ Beor) + }\); (30)

and therefore, the solutions S% . are always stable in the s direction as they appear for @* =

osc
€(ateor £ Beor) + A > 0. Therefore, the pitchfork bifurcations of the origin are supercritical
(see Fig. 5).

As the solutions S _are always stable in the s direction, one has to consider the eigenval-
ues of the 2 x 2 block, corresponding to the transverse directions in order to study possible
The trace (Tr*) and the determinant (Det®)

of the 2 x 2 block of (29) at S are given up to order two in A, € by

bifurcations of the symmetric solutions S

osc*

TrE (A, €) = ¢ +¢4) = —2(A + €(creor £ 3Beor)) (31)
Det™ (%, €) = e (A + €(cteor & Beor)) (Cutet + Beor) + %€ (B + B2or)» (32)
where
Cuer i= ,360101011‘ (33)
Q01R

So, computing the discriminant
A% = (Tr*)’ ~4Det* = (h-+€(ceor & feor)) (1 + € (cteor &= Beor) F 4€ Caer) ~4€2B2;, (34)
we find that the eigenvalues of the 2 x 2 block of the Jacobian matrix (29) write as

iy = —(X + €(teor £ 3Beor)) — Ve,

(35)
i3 == (A + €(cteor £ 3Beor)) + VE,

where

£ = (A + €(aeor £ Beor)) (* + €(teor = Peor) F 4€Caer) — 4€> B2,

Next, we study the stability of the solutions SZ_ given in (28) when the parameters A, €

St
lie in the domain

A= {(neoeR? | at=0, e>0}, (36)
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where a* are defined in (27). Notice that the domain .A* corresponds to the region on
the right-hand side of curves CﬁB and above the horizontal axis (see Fig. 2 left). Further-
more, as for the uncoupled case, we link the solutions for the reduced system (13) with
the original system (3).
For @® = 0, that is (A, €) € CﬁB, the eigenvalues of the Jacobian matrix (29) at the fixed
points S%_ are given by
/:Lli =0,
15 = F2Bcor — i2¢Beor, (37)

T = F2Beor + i2€Beor-

Therefore, when the parameters (A, €) cross the curves CﬁB from left to right, if Bz >
0, S is a stable focus-node whereas S, is a saddle-focus with a 1-dimensional stable
manifold (corresponding to the s direction which is always stable) and vice versa if Bz < 0.
These results match exactly the results in Sect. 3.1: the 4D system has two periodic orbits
that are born at different Hopf bifurcation curves Cj; and Cj;; given in (7), and the stability
of these periodic orbits depends on the sign of Beog.

For € small and @* > 0, the eigenvalues of the Jacobian matrix (29) at the fixed points

SZ. are given by

A =-21+O(e),
iy =21+ Oe), (38)

fi3 = F2e(Beor + Caer) + O(€?),

which are O(¢)-close to the ones of the uncoupled case, —2A (double) and 0. In particular,
depending on the sign of (Bcor + Caet), One fixed point is a stable node whereas the other
is a saddle with a 1-dimensional unstable manifold.

We remark that, for A > 0 fixed and € small enough, we know that there exists an in-
variant curve 7 corresponding to the invariant torus 7; obtained in Lemma 1. Since this
invariant curve is provided by Fenichel theory, it will contain the invariant points SE_.

Consequently, if Beor + Cet > 0, 7. consists of the union of the saddle point Sg

<> its unsta-

ble 1-dimensional manifold and the stable node S* (and vice versa if B.or + Cget < 0) (see

0scC
Fig. 6). In conclusion, for A > 0 fixed and € small enough, the invariant torus 7. of system
(3) contains the periodic orbits S}, . and S, with A =0 and A¢ = 7, respectively, whose

0scC osc

stability depends on the sign of Beor + Cet-

Remark 2 The existence of the invariant torus 7, is only guaranteed for A > 0 fixed and ¢
small enough by Lemma 1. The evolution and eventual breakdown of this torus 7 (or,
equivalently, the invariant curve 7;) when € increases is beyond the scope of this pa-
per.

However, in Sect. 4, using system (13), we study the evolution and bifurcations of the
periodic orbits S, (corresponding to fixed points Si.) for (1, ¢) small and no assump-

tion on € = o(X). We leave as future work the exploration of the relationship between
these bifurcations and the different mechanisms of destruction of the torus discussed in

2.
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e— 0t

5501-?, + Cdez >0

A+ €(aeor £ Beor) > 0

d

Figure 6 Phase space of system (13) for Beop + Cget > 0, A > 0,and 0 < € < €p(A) (in particular

A+ €(@eop £ Beor) > 0). There exist two fixed points Soisc, a stable node and a saddle point, respectively,
which together with the unstable invariant manifold of the saddle point form the invariant curve 7. Due to
the coupling term, there are only two fixed points on Te, whereas we had an infinite number in the

unperturbed case. Notice that the dynamics on the s direction is always attracting

Table 1 Values for the trace (Tr), the determinant (Det) and the discriminant (A) of the linearisation
of system (13) at the fixed points S=, near the curves CﬁB (@* =0) and near to the uncoupled case
(@* > 0and € small)

Sgsc S;SC

at— 0" at>0€e—0" a — 0" a >0€e—0"
Tr —4€Beor -2\ 4€Beor -2\
Det 452(/3620/ + /3620/?) 46}"(Cdet + ﬂEOR) 462(/3520/ + ,3620;?) ’46)"(Cdet + ,BGOR)
A ~4€’ B » —4€”B A

4 Bifurcation diagrams of the oscillating S solutions
In the previous sections we have shown that when € is small and a* > 0 there exist two
critical points Si_ of system (13) belonging to the curve 7; which disappear at two inde-
pendent curves Cjs;. Therefore, the points ;- undergo several bifurcations in the domain
A* defined in (36). Table 1 shows the values of the trace Tr* in (31), the determinant Det*
in (32) and the discriminant A* in (34) of the Jacobian matrix of system (13) at S_'ggc near
the curves CﬁB (given by the condition @* = 0) and for @* > 0 and € small. Notice that
the sign of the constants Bcor and Cget + Beor is relevant to determine the local dynamics
around the fixed points. In particular,

— Beor determines which of the two solutions S’fsc can have a null trace. For Bcor > 0, it

is S, whereas for oz <0, it is Sj..
— The sign of Cget + Beor determines which of the two solutions Soisc can have a null

.» whereas for Cyet + Beor < 0, it is S,

determinant. For Cget + Beor > 0, it is S, e

0os
— Moreover, as we increase €, the discriminant always changes from negative to
positive. That is, consistently with the eigenvalues obtained in (37) and (38), the fixed
points SE_ change from a stable node and a saddle point to a stable focus and a
saddle-focus.

Depending on the sign of S0z and Cget + Beor, We consider three different cases: (1)
Beor > 0, Ceet + Beor > 0, (2) Beor < 0, Caet + Beor > 0, and (3) Beor = 0, Cyet > 0. The cases (i)
Beor < 0, Cet + Beor < 0, (if) Beor > 0, Cyet + Beor < 0, and (iii) Beor = 0, Cyet < 0 are analogous
to (1), (2) and (3), respectively, just replacing S,
the different bifurcations of the solutions S _

results obtained for the 3D system (13) with the complete 4D system (3), and we discuss
the regions of bistability.

by SF.. For each case, we study in detail

osc

in the (A, €) parameter space, we link the
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e in the case Beop > 0 and Caet + Beor > 0. The fixed point S appears
at a supercritical pitchfork bifurcation of the origin occurring at the curve G

Figure 7 Bifurcation diagram for S

4.1 Case Beor > 0and Cyet + Beor > 0 (or Beor <0and Cyer + Beor <0)
4.1.1 Dynamics of S},
For @* > 0, A fixed and € small, the fixed point S},

- for system (13) is a stable node con-

tained in the invariant curve 7; (region B in Fig. 7), and as ¢ increases it becomes a stable
focus at the curve A* = 0 (region A in Fig. 7). It disappears at a pitchfork bifurcation of the
origin in the s-direction at C}5.

Going back to the original 4D system (3), we have that for € small there exists a stable
periodic orbit S}

osc

(which belongs to the invariant torus 7¢), which disappears at a Hopf
bifurcation of the origin in C}{5.

4.1.2 Dynamics of S,
The fixed point S, changes from a saddle-focus with a 1-dimensional stable manifold
near Cjjp to a saddle with a 2-dimensional stable manifold for € small and &~ > 0. More-

over, in this case the trace for S vanishes. Therefore, if

IBEOR < _Cdet + Y, Cﬁet + 1352011 (39)

then Tr~ = 0 and A~ < 0 and S, undergoes a Hopf bifurcation.

So, we will distinguish two cases as follows.

(1) Case Beor < —Caet +/ Cao, + By For @* > 0,  fixed and € small, the fixed point S,
is a saddle point with a 1-dimensional unstable manifold (in the A¢ direction) contained
in the invariant curve 7 (region D in Fig. 8). When crossing the curve Det™ = 0 (region C),
the point S,

s becomes a stable node. As the coupling € is increased, S crosses the curve

A~ =0and S;,. becomes a stable focus (region B). When the parameters cross the curve
Tr~ =0, S;,. undergoes a Hopf bifurcation # in the d, Ag directions and S, becomes a
saddle focus with a 1-dimensional unstable manifold (region A). At this bifurcation there
appears or disappears a periodic orbit 7~ depending whether the Hopf bifurcation is su-
percritical or subcritical. Finally, the fixed point S;,. disappears at a pitchfork bifurcation
of the origin in the s-direction occurring at the curve Cy.

Going back to the original full 4D system (3), for € small enough, there exists an unsta-

ble periodic orbit S

<c» belonging to the torus 7¢, which will become stable at the curve

Det™ = 0. The periodic orbit undergoes a torus bifurcation and S;,. becomes unstable at
the curve Tr™ = 0, and a new torus 7~ appears or disappears depending whether the torus
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T?"fZ 0
A =0
[D]

Det_: O

A

Figure 8 Bifurcation diagram for Sy, in the case Beor > 0, Cget + Beor > 0 and Beor < —Cetet ++/ Cer + By
The fixed point Sy, appears at a supercritical pitchfork bifurcation of the origin occurring at the curve Cyg,

undergoes a Hopf bifurcation H at the curve Tr- = 0 and becomes unstable at the curve Det” =0

bifurcation is subcritical or supercritical. Finally, S, will disappear at a Hopf bifurcation
of the origin occurring at Cp.

(2) Case Beor > —Caet +4/ C2, + B%;. Fora* > 0, 1 fixed and € small, the fixed point S, is
a saddle point with a 1-dimensional unstable manifold (in the A¢ direction) contained in
the invariant curve 7; (region C in Fig. 9). As € increases, S, becomes a saddle with a 2-
dimensional unstable manifold at the curve Det™ = 0 (region B). When further increasing
the coupling e, Sgsc becomes a saddle-focus point at the curve A~ = 0 (region A), which
disappears at a pitchfork bifurcation of the origin in the s-direction occurring at the curve
Cip-

Going back to the original full 4D system (3), for € small enough, there exists an unstable
periodic orbit S belonging to the torus 7. The periodic orbit undergoes a bifurcation at
the curve Det™ = 0 in which a stable manifold becomes unstable. Finally, S, will disappear

osc

at a Hopf bifurcation of the origin occurring at Cj.

4.1.3 Regions of bistability

Since é—’gsc is always stable, bistability between fixed points will appear in those regions

where S is also stable. As in the case Beog > —Caet + \/ Cﬁet + ,36201, the fixed point S‘gsc

osc

is never stable, it is not possible to find bistability regions. By contrast, if Scor < —Cet +
/ C3.. + B%,, there exists a region in the (1, €) parameter space defined as

Tr (A,e)<0 and Det (A,¢€)>0, (40)

in which S, can be either a stable node or a stable focus (see Fig. 8). Thus, the system is

bistable in region (40).

Moreover, in the case Beor < —Cuet + 1/ C2o + B2 the point S, undergoes a Hopf bifur-
cation . If the Hopf bifurcation is supercritical, then S;,. becomes unstable and a stable

limit cycle 7~ appears, generating bistability between S}, and 7. The detailed analysis

of this situation is beyond the scope of this paper.
Finally, we remark that the same bistable scenarios can be found in the full system (3)
by the limit cycles S, and the periodic orbit 7~ by the

0scC

replacing the fixed points SE

0sc
torus 7.
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Det = 0

Tr =0

A

Figure 9 Bifurcation diagram for Sgsc in the case Beog > 0, Caet + Beor > 0 and Beogp > —Cyet + /Cﬁet + /3620/‘

The fixed point S;sc appears at a supercritical pitchfork bifurcation of the origin in the s direction occurring at
the curve Cjy and undergoes a bifurcation at the curve Det” =0

[, P
A=0
%i

Figure 10 Phase space for Sgsc in the case Beor < 0 and Cyet + Beor > 0. The fixed point S;SC appears at a
supercritical pitchfork bifurcation of the origin in the s direction occurring at the curve Cjj and undergoes a

Hopf bifurcation H at the curve Tr" =0

4.2 Case Beor <0and Cyet + Beor > 0 (or Beor > 0 and Cyet + Beor < 0)
4.2.1 Dynamics of S},

In this case the trace for S

Beor < —Cet < —Clet + \ Cﬁet + /3301: (41)

then Tr* =0 and A* <0 and S~

0sc

For @* > 0, A fixed and € small, the fixed point S..__ is a stable node (region C in Fig. 10)

0sc

vanishes (Tr* = 0). Therefore, as

will always undergo a Hopf bifurcation H.

and becomes a stable focus when the parameters cross the curve A* = 0 (region B). For
larger values of €, the fixed point S,

and becomes a saddle-focus point (region A). At this bifurcation there appears or disap-

undergoes a Hopf bifurcation  at the curve Tr* = 0

pears a limit cycle 7+ depending whether this Hopf bifurcation is subcritical or supercrit-

ical. For larger values of ¢, the fixed point S

- . disappears at a pitchfork bifurcation of the

origin in the s-direction at the curve Cfj;.

Going back to the original 4D system (3), for € small enough, there exists a stable pe-
riodic orbit SZ, . This stable periodic orbit will lose its stability across a torus bifurcation
occurring at the curve Tr* = 0. At this bifurcation there appears or disappears a torus 7 *
depending whether the torus bifurcation is subcritical or supercritical. Finally, the unsta-
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A=0
Det =0

%
5y

Figure 11 Bifurcation diagram for S, in the case Beor < 0 and Cget + Beor > 0. The fixed point S, appears
at a supercritical pitchfork bifurcation of the origin in the s direction occurring at the curve Cyp and

undergoes a bifurcation at Det™ =0

| s @
s

ble limit cycle SZ,. collapses to the origin at a Hopf bifurcation occurring at the curve
Clp-

4.2.2 Dynamics of S,

SC
For @~ >0, 1 fixed and € small, the fixed point S;,_ of system (13) is a saddle point with a 1-
dimensional unstable manifold in the A¢ direction contained in 7, (region C in Fig. 11),
and as € increases it becomes a stable node when € crosses the curve Det™ = 0 (region
B). For larger values of ¢, the fixed point S;,. becomes a stable focus at the curve A~ =0
(region A) and disappears at a pitchfork bifurcation of the origin in the s direction at the
curve Cyp.

Going back to the original 4D system (3), for € small, there exists an unstable periodic
orbit S;.. This unstable periodic orbit becomes stable at the curve Det™ = 0. Finally, the
stable limit cycle S, collapses to the origin at a Hopf bifurcation occurring at the curve

Cis-

4.2.3 Regions of bistability
There exists a region in the (1, €)-parameter space given by

Tr*(A,€) <0 and Det (A, €)>0, (42)

in which both fixed points S

= _are stable. If the Hopf bifurcation is supercritical, then S

becomes unstable and a stable limit cycle 7+ appears, generating bistability between S,

and 7. The detailed analysis of this situation is beyond of the scope of this paper.
Finally, we remark that the same bistable scenarios can be found in the full system (3)

replacing the fixed points SZ:_ by the limit cycles S=_ and the periodic orbit 7 by the

0osc osc
torus 7+.

4.3 The degenerated case B¢or =0 and Cyec > 0 (or Beor =0and Cgec <0)
In this case, the curves C5; coincide. Moreover, the trace in (31) is identically zero for
(A €) € CﬁB. To obtain the sign of Trt, we compute Tr* when A + €eacor — 0*. We have

Tr(%, €) = (A + €aeor) (=2 + Oa(€)). (43)

So, near the Cif; curves, both fixed points SE_ are stable.
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in the case Beor = 0 and Cget > 0. The fixed point S

Figure 12 Bifurcation diagram for S;; e

0sc
supercritical pitchfork bifurcation of the origin in the s direction occurring at the curve Gy

appears at a

™
I
>]

4l

[O]
[O]

Figure 13 Phase space for the Sgsc fixed point in the case Beor =0 and Cyet > 0. The fixed point ‘S_‘(;SC appears
at a supercritical pitchfork bifurcation of the origin in the s direction occurring at the curve Cp and

undergoes a bifurcation at the curve Det” =0

4.3.1 Dynamics of S,
For @* > 0, A fixed and € small, the fixed point S*

0scC

is a stable node (region B in Fig. 12),
and as € increases it becomes a stable focus when the parameters cross the curve A* =0
(region A). For larger values of €, the fixed point S, disappears at a pitchfork bifurcation
of the origin in the s direction at the curve Cf;.

Going back to the original 4D system (3), for € small, there exists a stable periodic orbit
S*

osc’

which collapses to the origin at a Hopf bifurcation occurring at the curve Cj;.

4.3.2 Dynamics of S,
For @* > 0, A fixed and € small, the fixed point S, is a saddle point with a 1-dimensional
unstable manifold (region C in Fig. 13), and as € increases it becomes a stable node when
the parameters cross the curve Det™ = 0 (region B). For larger € values, the fixed point S,
becomes a stable focus at A~ = 0 (region A) which collapses at a pitchfork bifurcation of
the origin in the s direction at the curve Cg.

Going back to the original 4D system (3), for € small, there exists an unstable periodic
orbit S, which changes stability at the curve Det™ = 0. Finally, the stable periodic orbit

84 collapses to the origin at a Hopf bifurcation at the curve Cpp.

Page 20 of 33
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4.3.3 Regions of bistability
In the region in the (A, €)-parameter space given by

Det (A, €) >0 (44)

both fixed points S, and S, are stable.
We remark that the same bistability scenarios can be found in the full system (3) replac-

by the limit cycles S

osc*

ing the fixed points S,
5 Wilson-Cowan models for perceptual bistability

Wilson—Cowan oscillators are biophysically motivated neural oscillators providing a
population-averaged firing rate description of neural activity, which have been widely
used to study cortical dynamics and cortical oscillations [40, 51]. The Wilson—Cowan os-
cillator (an excitatory (E), inhibitory (I) pair) considered here has dynamics described
by

tE = —E + S(aE - bl),
. (45)
tl=-I+S(cE -dI),

where 7 is a time constant and the constants a, b, c and d are the intrinsic E to E, I to E,
E to I and [ to I coupling weights, respectively. The function S is the sigmoidal response
function

1 1

S(x) = - )
) L+e? 0 1+l

(46)

which has threshold 6 and slope A with the convenient property S(0) = 0. The function S
has the property §'(0) = AS;, where S; = ﬁ, and A is treated as a bifurcation parameter

playing the equivalent role to A in the previous sections.

The system generically has a steady state (E,I) = (0,0), which undergoes a Hopf bifur-

cation at A, = ﬁ. When coupled with a second, identical oscillator the 4-dimensional

pair of Wilson—Cowan oscillators (E—I pairs) coupled with strength € are given by

'L'El = —E1 + S(ﬂEl - bll),

‘L'jl = —11 + S(CEl - d[l + 6(E2 - bsplz)),

. (47)
‘L'Ez = —E2 + S(ﬂEg — b[g),
‘L'I.z = —12 + S(CE2 - d[z + €(E1 - bspll))r
whose dynamics will be explored in this section.
For this study, we will consider the following set of parameters:
P={a=7,b=525c=5d=070=271=1}, (48)

whereas A and € will be the bifurcation parameters. By considering b, = —0.03,0.03,0.0,
we will study different types of dynamics. For each case we will write system (47) in the nor-
mal form (3) by numerically computing its corresponding coefficients (see Appendix B).
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Table 2 Coefficients of the normal form (3) for the three considered cases, namely bsp =-0.03,0.03
and 0. These coefficients have been computed using the procedure described in Appendix B

bep
-003 003 0

Qo1R -2194 -2194 -21.94
oo -20.94 -20.94 -20.94
UeOr 0 0 0
eo) 0 0 0
UelR 0 0 0
(2231 0 0 0
Qeor 84 9.02 8.72
Q) 6.34 6.8 6.57
Qlesn -2402 -223 -232
Qe -46.36 —44.92 —4546
® 1073 1073 1073
Beor 0.0047 -0.0047 0
Beor 0.252 0.241 0.246
Beir -12.91 -13.18 -13.05
Be 19.36 16.76 18.06
Bear 7.16 6.46 6.52
Beal -5.56 -547 -552
Ber 14.29 13.33 1381
Beai 1002 103 10.16

Next, by using numerical continuation, we will compute bifurcation diagrams for system
(47), so we can check the theoretical predictions in Sect. 4 and complete the bifurca-
tion diagrams for large values of A and €, where the normal form approximation breaks
down.

5.1 Case by, <0

We consider the case by, = —0.03. The coefficients of the normal form, which were com-
puted using the techniques described in Appendix B, are given in Table 2 and satisfy the
conditions Begr > 0, Cyet + Beor > 0and Beor < —Cet ++/ Cﬁet + ,35201. Therefore, this case cor-
responds to the one considered in Sect. 4.1. Figure 14 shows the bifurcation diagram of
system (47) for bg, = —0.03 obtained numerically. The results match the theoretical predic-
tions obtained in Sect. 4.1. More precisely, for a fixed € value and varying the bifurcation
parameter A, we have:

— A stable in-phase (IP) solution corresponding to S,

- will emerge from the Hopf

bifurcation at Cjjz. Moreover, when varying the bifurcation parameter, the IP
solution will maintain its stability (see Fig. 7).

— An unstable anti-phase (AP) solution corresponding to S, . will emerge from the
Hopf bifurcation at Cyjp. For fixed € and varying the bifurcation parameter, AP
solution gains stability across a torus bifurcation, but when further increasing the
bifurcation parameter, it will lose it again across a pitchfork bifurcation
(corresponding respectively to the lines Tr™ = 0 and Det™ = 0 in Fig. 8).

5.2 Case by, >0

We consider the case by, = 0.03. The coefficients of the normal form, which were com-
puted using the techniques described in Appendix B, are given in Table 2 and satisfy the
conditions Bcor < 0 and Cget + Beor > 0. Therefore, this case corresponds to the one con-
sidered in Sect. 4.2. Figure 15 shows the bifurcation diagram of system (47) for by, = 0.03
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Figure 14 Bifurcation diagram with parameters P and bg, =-0.03 in (47) (corresponding to the case

Beor > 0, Caet + Beor > 0 and satisfying Beor < —Caet ++/ Coer + B2y as described in Section 4.1). (A):
Two-parameter bifurcation diagram in the (A, €)-plane. The legend indicates bifurcations of a fixed point (FP)
or a limit cycle (LC) giving rise to or involving the Ag = 0 in-phase (IP) or Ag = anti-phase (AP) solution
branches; PD: period doubling; PF: pitchfork; TR: torus bifurcation. Text labels indicate the solutions that are
stable in a given region, e.g. IP+AP’ is a region with coexisting, stable IP and AP solutions. (B): One-parameter
bifurcation diagram at & = 0.05 showing the FP branch, IP branch and AP branch; dashed segments are
unstable. The IP and AP branches bifurcate from the FP branch in subsequent Hopf bifurcations (bullet) for A
increasing. The IP branch emerges stable and remains stable. For increasing A, the AP branch is initially
unstable, gains stability at a torus bifurcation (star) and loses stability at a pitchfork bifurcation (diamond). (C):
Coexisting solutions at A & 3.05 and € = 0.05 in the (£1, £»)-plane. Motion on the diagonal (blue) corresponds
to in-phase oscillations. (D): As (C) in the (£, /1)-plane for one E-/ oscillator. (E): As (C) at € = 0.5, where a torus
bifurcation (star) is on an unstable branch that gains stability at a fold of limit cycle (square)

obtained numerically. The results match the theoretical predictions in Sect. 4.2. More pre-
cisely, for a fixed € value and varying the bifurcation parameter A, we have:

— A stable anti-phase (AP) solution corresponding to S, will emerge from a Hopf
bifurcation at Cyp, whereas an unstable in-phase (IP) solution corresponding to Sy,
will emerge from the Hopf bifurcation at Cfj5.

— The stability of both solutions is reversed as the bifurcation parameter grows.
Moreover, the bifurcations giving rise to these stability changes are of the same type
as we predicted: IP solution becomes stable across a torus bifurcation (corresponding
to the Hopf bifurcation 7 at the Tr* = 0 line in Fig. 10), whereas the AP solution loses
stability across a pitchfork bifurcation of limit cycles (corresponding to the Det™ = 0
line in Fig. 11).

5.3 Caseby, =0
We consider the case by, = 0.0. The coefficients of the normal form, which were com-
puted using the techniques described in Appendix B, are given in Table 2 and satisfy
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Figure 15 Bifurcation diagram with parameters P and b, = 0.03 in (47) (corresponding to the case Begr <0
and Cget + Beor > 0, as described in Section 4.2). (A): Two-parameter bifurcation diagram in the (A, €)-plane.
Legends and labelling as in Fig. 14; TR: torus bifurcation. (B): One-parameter bifurcation diagram at &€ = 0.05
showing the FP branch, IP branch and AP branch; dashed segments are unstable. The AP and IP branches
bifurcate from the FP branch in subsequent Hopf bifurcations (bullet) for A increasing. The AP branch loses
stability in a pitchfork bifurcation (diamond). The IP branch is initially unstable and gains stability at a torus
bifurcation (star)
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Figure 16 Bifurcation diagram with parameters P and by, = 0 in (47) (corresponding to the “degenerated
case” in Section 4.3). (A): Two-parameter bifurcation diagram where curves are the locus of bifurcations in the
(i, €)-plane. The legend indicates bifurcations of a fixed point (FP) or a limit cycle (LC) giving rise to or
involving the Ag = 0 in-phase (IP) or A = 7 anti-phase (AP) solution branches; PD: period doubling; PF:
pitchfork. Text labels indicate the solutions that are stable in a given region, e.g. IP+AP" is a region with
coexisting, stable IP and AP solutions. (B): One-parameter bifurcation diagram for fixed € = 0.05 showing the
fixed point branch, IP branch and AP branch; dashed segments are unstable. The IP and AP branches
bifurcation from the FP branch at a degenerate Hopf bifurcation (bullet). The AP branch loses stability in a
pitchfork bifurcation (diamond)

the conditions Bz = 0 and Cye¢ > 0. Therefore, this case corresponds to the “degen-
erated case” discussed in Sect. 4.3. Figure 16 shows the bifurcation diagram of system
(47) for b, = 0 obtained numerically. Notice that it matches the theoretical predictions,
namely:
— Both Hopf bifurcation curves CﬁB coincide and give rise to a bistable situation. On
one side of the double Hopf curve, there exists bistability between the in-phase (IP)

solution Ag = 0 corresponding to S, and the anti-phase (AP) Ag = 7 solution

0scC

corresponding to S_..
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— For € fixed and increasing the bifurcation parameter A, the S, (AP) solution loses
stability across a pitchfork bifurcation of limit cycles that we found for the 3D system

as the line having Det™ = 0 (see Fig. 13).

5.4 Dynamics beyond the weak coupling limit

Our numerical bifurcation analysis has revealed the possibility for richer dynamics, whilst
noting a wide range of parameters for which the IP and AP solutions are stable and coexist.
Furthermore, a Bautin bifurcation on the AP Hopf branch for egr ~ 0.4, as seen in Figs. 14,
15 and 16, gives rise to a region of parameter space for A < A, where a stable AP solution
coexists with a stable fixed point. The bifurcation point egr separates branches of sub-
and supercritical Hopf bifurcations in the parameter space. As we can see, for nearby A, €
parameter values, the system has two limit cycles which collide and disappear via a fold
bifurcation of periodic orbits. Although the analysis done in Sects. 3 and 4 is restricted to
the weak coupling case, we briefly discuss how the reduced system (13) can provide some

insight about this bifurcation.

+

o solutions is

In the weak coupling regime, the denominator in formula (26) for the s

+

= solutions appear for

given by o1z + estb and is assumed to be negative. Therefore, s
a® = A+ €(aeor & Beor) > 0 at a supercritical pitchfork bifurcation of the origin (see Fig. 5).

Nevertheless, writing the equation for s in (25) in the following way:
$=A, €)s + B, €)s,

we clearly see that at the curve A(A,€) = 0 the origin undergoes a pitchfork bifurcation
that is supercritical or subcritical depending on the sign of B(%, €). Consequently, the point
(A, €) satisfying A(A, €) = 0 and B(A, €) = 0 corresponds to a Bautin bifurcation. Thus, using
the expression for A and B (which are known up to first order in € and 1), we can estimate

that a Bautin bifurcation occurs for

€T N ———, (49)

assuming that K3; > 0and for Agy such that (Apr, €pr) € Cjj. Although an accurate deriva-
tion is beyond the scope of this work, this transition from subcritical to supercritical in-
volves the appearance of a curve of saddle-node bifurcations of fixed points for system (13)
for nearby values of the parameters. More precisely, if we consider the exact expression of
the determinant of the 2 x 2 block of Jacobian matrix (29) given by

Det(s,.) = cact — ¢, (50)

where the constants are given by Eqgs. (56) in Appendix A with s = s in (26), one can see
that it is singular at B(%, €) = 0. Therefore, we consider the curve

B(},€)Det(s,.) =0,
and one can see that the Bautin point (Apr, €pT) belongs to it. Moreover, for € > epr as

B(A,€) > 0, this curve corresponds to the saddle-node bifurcations of the solutions s,
outside the C; curve.
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Using the numerical values given in Table 2, K7, > 0. Thus, we can estimate from
the normal form that the Bautin bifurcation occurs for egr & 0.42,0.43,0.42 for b, =
-0.03,0.03, 0, respectively, which matches the results obtained numerically (see Figs. 14,
15 and 16). Recall that in the original 4D system (3) the pitchfork and saddle-node bifur-
cations correspond to Hopf and fold of limit cycles bifurcations, respectively.

Besides this previous behaviour, we also remark that the IP solution undergoes a period-
doubling bifurcation for large € and A leading to richer dynamical behaviour away from

the analytically-investigated uncoupling limit.

5.5 Periodically forced coupled Wilson-Cowan equations

With the aim of finding coexisting IP and AP solutions (corresponding to “percept 1”
and “percept 2” as described in Sect. 1), we now introduce periodic forcing terms to the
coupled WC system given by (47). We consider anti-phase inputs with forcing frequency
f =2.5 Hz and amplitude A which will be varied as a bifurcation parameter:

tE = -E; + S(ozEl — b} + Asin™(2xft) + (1 - h)A cosQ”(ant)),

'L'Il = —11 + S(CEl - d[l + G(Ez - bsp12)),
) (51)
TEy = —Ep + S(aEy — bl + Acos™ (2rft) + (1 - h)Asin™ (27 ft))),

‘L'jz = —12 + S(CE2 - d[g + 6(E1 - bspll)):

where the parameters P (with the exception of 7) and nonlinearity (46) are as above. The
input asymmetry parameter / controls the balance of inputs across the two oscillators;
when % =1 the oscillators receive exclusive inputs (the case typically considered in com-
petition models [24, 28, 43, 49]), and when /4 = 0 the oscillators receive identical inputs
(the case considered here). The forcing terms are raised to an even power 2n with n =5 to
be positive and sharpened such that the anti-phase inputs do not overlap in time. Noting
that the isolated Wilson—Cowan oscillator undergoes a supercritical Hopf bifurcation at
A= ﬁ = 3.025, we set A = 2.6 before this bifurcation. Further, noting that the bifurcat-
ing branch emerges with period

2

T=rt (52)
VA28 (bc — ad) + 1S1(d —a) + 1

/2282 (bc—ad)+1.51 (d-a) +1
Afm
lations produced at the Hopf match the forcing frequency.

and fixing T = %, we can set T = such that the frequencies of oscil-

Figure 17 shows a bifurcation diagram for the pair periodically-forced Wilson—Cowan
oscillators. Each E—I oscillator receives the same input (4 = 0). Panel (A) shows regions
of the (¢,A) plane in which different types of oscillatory behaviours are stable. For low
forcing amplitude, there are only low-amplitude oscillations, effectively modulating the FP
solution in the unforced system. As A is increased, pitchfork bifurcations give rise to stable
IP and AP branches that coexist (see panel (B)) for small € approaching the uncoupling
limit. For large €, the IP solution persists at intermediate values of A. For large A, there is
a saturated high-amplitude solution.

The key result here is that the behaviour found in the unforced system is preserved
for sufficiently small coupling strength and for weak forcing (IP and AP solutions persist
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Figure 17 Bifurcation diagram with parameters PP whilst setting A and 7 as described in the text. (A):
Two-parameter bifurcation diagram in the (A, €) plane showing locus of bifurcations with legends and
labelling as in (16); LA is symmetric ((E1, /1) = (E2, 1)) low-amplitude limit cycle oscillations (following the
periodic input) and HA is a symmetric high-amplitude limit cycle. The IP and AP solutions coexist in the region
up to the dashed fold curve to the right. (B): One-parameter bifurcation diagram at fixed € = 0.5; dashed curve
segments are unstable. Diamonds are pitchfork bifurcations and squares are fold bifurcations. The stable [P
branch exists between a pitchfork bifurcation to the left and fold to the right. The AP branch emerges
unstable and is stable between a secondary pitchfork bifurcation on the left and a fold bifurcation to the right

close to the uncoupling limit, IP+AP region in Fig. 17(A)). For larger forcing amplitude,
the intrinsic dynamics is overwhelmed and the forcing modulates a symmetrical fixed
point (HA region in Fig. 17(A)). This bifurcation analysis demonstrates the possibility for
coexisting in-phase and anti-phase responses of the coupled Wilson—Cowan oscillators to
encode network states corresponding to “percept 1” (IP) and “percept 2” (AP) as described
in Sect. 1. This is possible without strong mutual inhibition (i.e. in the uncoupling limit)

between abstract representations of the two possible percepts.

6 Discussion and conclusions

The study of identical coupled oscillators near a Hopf bifurcation is applicable to a wide
range of systems where near-identical units undergo oscillatory instability. These systems
may in general be represented by very different vector fields. Using the normal form theory
in [8], we are able to predict universal aspects of the mathematical behaviour for such
systems. The analysis performed in this work for two oscillators reveals that, as is often
the case in normal forms, although (3) involves a big number of parameters, in the weak
coupling limit just a few of them govern and determine the possible bifurcations of the
system.

Because of the symmetries of the system, there are usually two phase-locked oscillating
solutions corresponding to in-phase (A¢ = 0) and anti-phase (A¢ = 7). Depending on
parameters, we find that all possible combinations between different stabilities of both
solutions are possible. Our numerical analysis has shown that away from the coupling
limit, richer dynamical behaviour is possible, with secondary bifurcations from the anti-
phase branch and regions of coexistence between fixed-point and anti-phase solutions
mediated by a fold of cycles. These scenarios can include modulated states that appear at
torus bifurcations (see for example Fig. 15). Furthermore, we find that the coexistence of

in-phase and anti-phase solutions persists even in the presence of periodic forcing.
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6.1 Implications for models of perceptual bistability and neural competition

Models of perceptual bistability are widely based on the assumption of strong mutual in-
hibition between populations of neurons that encode different perceptual interpretations
of ambiguous stimuli. In general, this assumes that populations associated with different
percepts are separated in some feature space (e.g. orientation in binocular rivalry) and
that these populations enter into competition through mutual inhibition. However, when
stimuli are periodic and the two possible perceptual interpretations involve the same fea-
tures, it is less clear how competition between percepts might arise. For example, for the
visual (auditory) stimulus in Fig. 1 both “percept 1” and “percept 2” involve the left spatial
location (higher pitch A tone). It is therefore unclear how mutual inhibition between “per-
cept 1” and “percept 2” could be implemented in neural hardware (although see [39] where
population pooling inputs from an intermediate feature location were proposed). Another
possibility, proposed and demonstrated to be feasible in this study, involves oscillatory
neural activity. Indeed, encoding of perceptual interpretations through oscillations allows
for complete synchronisation of the network with all incoming inputs (like “percept 1”) or
for partial synchronisation of different parts of a network with separate elements (here in
anti-phase). Furthermore, such an encoding mechanism does not rely on strong mutual
inhibition, widely assumed between the abstracted percept-based neural populations in

competition models with little supporting evidence.

6.2 Future perspectives

An obvious extension of the bifurcation analysis would be to the forced symmetry broken
case. If there is no assumed symmetry between percepts 1 and 2, this will result in a sepa-
ration of Hopf bifurcations in the uncoupled limit and presumably mode locking and torus
breakup scenarios familiar from the non-symmetric Hopf-Hopf interaction case [14]. Fi-
nally, one can consider the periodically forced system. Periodic forcing of the oscillators
considered here (e.g. [21] for a single oscillator) will bring us to potentially much more
complex bifurcation problems.

The study has demonstrated the potential role of oscillations in encoding different inter-
pretations of periodically modulated ambiguous stimuli. It remains to explore the further
role of feature space (say spatial location or tone frequency) and its interaction with oscil-
latory mechanisms. Additionally, as bistable perception involves spontaneous switching
between perceptual interpretations, the mechanisms for these switches in the light of os-
cillatory stimuli remain to be explored.

Perceptual bistability with periodically modulated stimuli is robust over a range of input
rates for the stimulus, whereas the simple network motif studied here has a fixed preferred
input rate. So-called gradient networks of coupled oscillators have been proposed as a
framework to understand many elements of early auditory processing and for perception
of musical rhythm and beat [25, 26]. Such a framework could be extensible to the study
of perceptual bistability, relying on the dynamic mechanisms proposed here in the simple

case of only two coupled oscillators.
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Appendix A: Coupling terms
The coupling terms f; and f, for system (9) are given by

f;'(rlr r, AQD)
= rra[ (Beir + tesr) c0S(A@) = (Be1s — cesy) sin(Ap)|
+ ryri[cear + Besr COS(2A¢) — Bess SIN(2AP) | + ricteor + 1 teir

+ 15[ Bear cos(A@) — Bear sin(Ag)] + r2[ Beor cos(Ap) — Beor sin(Ag)],

(53)
f(‘p(rl, ra, Aw)
= 1o (Bews + ctesr) cos(A@) + (Beir — ctesr) sin(Ap) ]
+ 731 [Ole21 + Bearcos(24¢) + Bear sin(ZAga)] + F10eor + 701
+ 73] Bear c0S(A@) + Bear sin(A@)] + 15[ Beor cos(Ap) + Beor sin(Ap) -
The coupling term f,, for system (10) is given by
fA(p(rl) I, AQD)
=f¢(7’2, r, —A@)/ry _ﬁp(rlr ry, Ap)/r
= (r} = 13)[ctear — s + Besr c08(2A¢) | — 2r1r2(Beir — etesr) sin(Ag)
2.2 . V% Vg ’"f ”g .
— (1} +73) Besrsin(2A) + | = — = ) Bearcos(Ap) — | = + = | Bearsin(Ag)
ry r r "
¥ (’—1 - r—2>ﬁ601 cos(Ap) - (r—l + r—z)ﬂdm sin(Ag). (54)
%) r rp n

The coupling terms g, g; and g, for system (13) are given by

gs(s)d; A@)
s+d s—d s—d s+d
#1555 a0) (55 )

= 5(cos(Ap) Beor + teor) + d sin(Ap)Beor + i(s2 +3d%) (Bear cos(A@) + ete1r)
+ 2(52 — d*)[(Beir + @ear) cos(A@) + aterr + Besr cos(2A¢)]
d
*2 (s> — d*) [ Besr sin(2A¢) — (Be1s — etesy) sin(Ag) |

d
+ Z (382 + dz)ﬂey sin(A(p),

84(s,d, Ag)
s+d s—d s—d s+d
:f’(T’ T’A‘”> _f”<T’ T"‘W)

= —d(cos(Ag)Beor — deor) — sSin(Ag)Beos

d
~2 (dz + 352) (Bear cos(A@) — ate1r) (55)

Page 29 of 33



Pérez-Cervera et al. Journal of Mathematical Neuroscience (2019) 9:7 Page 30 of 33

d
*2 (8> = d*)[(Berr + ctesr) cOS(A@) — dtear — Besr c0s(24¢) |

= (- @) [Bearin(280) + (Bets ~ ) sin(Ag)]

- éS_L (3d2 + 52)/3521 sin(Ag),

gAw (S: d: A‘P)
d s—d
()
~ A 4sd 5 (A §2 +d?
= Peor cos( ¢)<m> — 2Bor sin( ¢)<m)
. (s>+d?)? (s*-d?) 2sd(s® + d?)
- Bear SIH(A¢)< C_d) 2 ) + Bear COS(A¢)W
2 d2 2 _ dz
= Besrsin@48) D) (1~ aesysin(ag) T L)

2

+ (ctear + Besr cos(2A¢) — ey )sdl.
The terms for the Jacobian matrix in (29) are given by

¢; = A+ €(aeor = Beor)

3s?
+ T(Oloue + €(e1r & (Bear + Beir + Aesr) + dear + Besr))»

¢4 = h + €(@eor F Peor)

S

.2 (3cto1r + € (3(ate1r F Bear) & (Beir + desr) — Aear — Besr))s

4 (56)

d s°
Cap =€\~ (2Besr & (Berr — tesr) & Bear) F Beors )

Cﬁw =—Qou$ + € (S(Olsy — a1y + Bear £ 2Bear) = 4/3;01),
A s>
Cap =€ (5 (F(Berr — ctesr) — 2Besr F Bear) F 2/35012),

+

= and, consistently with the notation used throughout the article, the & sign

where s =5

corresponds to Ag = 0,7 respectively.

Appendix B: Normal form computation
In this appendix we provide a brief description of the numerical procedure used to com-
pute the coefficients of the normal form (3). The procedure is related to normal form

techniques in which one constructs a change of variables of the form

z=y+Qx(1y) + Qs(»,)), (57)
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where Q,(y,y) and Qs(y, ) are polynomials or order two and three, respectively, such that
system (1) expressed in the variables y and y has the simplest expression possible. That is,

¥ =4y +L1,5) +0,9) + Os(3,3), (58)

where A is the linearised system (3) around the origin, f, = 0 and f; has the same mono-
mials appearing in (3), namely y1|y112, 115212, y492, 21511, ¥21y2|* and y3y3.
To that aim we perform the following steps:
— Consider the Taylor expansion of system (1) around the origin:

z=Az+ Py(z2,Z) + P3(z,2) + O4u(z,2),
- _ _ (59)
z=AZ+ Py(z2,Z) + P3(z,2) + O4(z,2),

where z = (21,2), Z = (21,22) € C2, A = diag(u*, ) is a diagonal matrix with
u*,u™ € C. Py and Ps in (59) correspond to polynomials of degree 2 and 3,
respectively. As z is the complex conjugate of z, we will just consider the first
equation in (59).
— Compute the g coefficients of the polynomial Q,(y,y) given by
N=4N=4
Q(,y) = qipyiYj» (60)

i=1 j=i

where y3 = y; and y, = y,, by solving the following equation for each monomial:

AQ>(9,5) - DyQ2(, M)Ay — DyQ2(v, M)AV = (9, 7) — P2(3,5). (61)

With this choice, all the monomials in f; in (58) are null.
— Compute f3(y,y) given by the expression

fé()/’.)_/) = DyPZ(y'J_/)Q2(Y7)_/) + Dipz()/»J_/)QZ()’»J_’) + Ps()’,J_’), (62)
thus obtaining the coefficients corresponding to the surviving monomials in (3):

yl"yi|27 %23_’1» )’1‘|J’i|2, yi|yj|2, J’,'ZJ_/i» y}|y1|2 (l =1, 21] #l)
— Perform the change of coordinates y = Cx in system (58), where

, (63)

S
S O = =
(=]

so that the system is written in the form (3).

Notice that to compute the coefficients of f; in (58) it is enough to compute the change
in (57) up to order two. As a final remark, notice that apart from w and «g; all the co-
efficients o, Be; (i =0,...,3) in (3) are multiplied by €. Therefore, to obtain the value of
the coeflicients, we follow the procedure described above for € = 0, thus obtaining w and
ap1, and then repeat the same procedure for small € # 0, which, using that w and «, are
known, provides the coefficients a;, Bc;-
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