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In this paper, we consider a ring of neurons with self-feedback and delays. As a result
of our approach based on global bifurcation theorems of delay differential equations
coupled with representation theory of Lie groups, the coexistence of its asynchronous
periodic solutions (i.e. mirror-reflecting waves, standing waves and discrete waves),
bifurcated simultaneously from the trivial solution at some critical values of the
delay, will be established for delay not only near to but also far away from the critical
values. Therefore, we can obtain wave solutions of large amplitudes. In addition, we
consider the coincidence of these periodic solutions.

1. Introduction

In the field of neural networks, rings are studied to gain insight into the mechanisms
underlying the behaviours of recurrent networks [17,22]. Moreover, ring networks
belong to the class of cyclic feedback systems whose asymptotic behaviour has
been investigated in more detail [1,2,5,8,13,15,19,24,25,27,29,30]. These theoret-
ical results help in better understanding the system’s dynamics and are important
complements to experimental and numerical investigations using analog circuits
and digital computers. On the other hand, time delays are unavoidably encoun-
tered in the implementation of artificial neural networks, due to the finite speeds
of switching and transmission of signals. It is well known that time delays in the
response of neurons can influence the stability of a network creating oscillatory and
unstable characteristics, and can dramatically increase the number of co-existent
attractors, even in the simplest case of a recurrent inhibitory loop composed of a
single excitatory and inhibitory neuron [9, 10].

By means of the general symmetric local Hopf bifurcation theorem [30, theo-
rem 2.1] coupled with representation theory of standard dihedral groups, Guo and
Huang [13,15] studied the influence of the delay on the behaviour of a ring of cou-
pled oscillators in which each neuron receives self-excitatory feedback and from its
nearest neighbours, inhibitory feedback:

wi(t) = —ui(t) + fui(t = 7)) = [g(uia(t = 7)) + g(uitr(t — 7)), (L.1)

where i(mod N), f,g € CY(R;R) with f(0) = g(0) = 0. Such a network has been
found in a variety of neural structures, such as the hippocampus [3], cerebellum [7],
neocortex [28], and even in chemistry and electrical engineering. System (1.1) can
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be regarded as a special example of the general Hopfield model [14,18] for artificial
neural networks with electronic circuit implementation. According to the Cohen—
Grossberg-Hopfield convergence theorem [6,18], under some standard assumptions
on the transfer functions, a network modelled by (1.1) without delay (namely, 7 = 0)
relaxes towards the set of equilibria. However, the presence of a large delay 7 may
cause some stable nonlinear oscillations and lead to a completely different computa-
tional performance of the network [4,12,13,16,20, 22,23, 25,26,30]. Moreover, most
of these nonlinear oscillations may appear in the form of periodic solutions with
certain spatio-temporal structures and, if they are stable under small perturbation,
may represent memory of the network to be stored and retrieved. Therefore, it is of
great interest in many applications to discuss the spatio-temporal patterns of these
periodic solutions and to describe the mode interaction along multiple branches of
such periodic solutions.

In [13], Guo and Huang not only investigated the effect of synaptic delay of signal
transmission on the pattern formation, but also obtained some important results
about the spontaneous bifurcation of multiple branches of asynchronous periodic
solutions and their spatio-temporal patterns:

(i) mirror-reflecting waves of the form x;(t) = xyy2—;(t), t € R, j(mod N);

(i) standing waves of the form x;(t) = zy42_;(t — tw), t € R, j(mod N), where
w > 0 is a period of z;

iii) discrete waves of the form x;(t) = x;41(t £ kw/N), t € R, j(mod N), where
J Jjt+
w > 0 is a period of x.

In particular, the discrete waves are also called phase-locked oscillations, as each
neuron oscillates just like the others, except that they are not necessarily in phase
with each other. These wave solutions are special cases of the so-called ‘coherent
oscillation’ observed by Marcus and Westervelt [22]. Depending on the value of
the neurons’ gain and the topology and size of the interconnection matrix, the
aforementioned oscillations can be either stable or unstable. In [22], it has been
observed that some systems of neural networks with delay possess multiple basins
of attraction for coexisting equilibria and oscillatory attractors. Based on the normal
form approach and the centre manifold theory, Guo and Huang [15] derived some
formulae for determining the properties of Hopf bifurcating periodic orbit for a ring
of neurons with delays, such as the direction of Hopf bifurcation and stability of
the Hopf bifurcating periodic orbits.

The purpose of this paper is to study the global continuation of the aforemen-
tioned wave solutions, i.e. their coexistence for delay not only near to but also
far away from the critical values. Therefore, we can obtain wave solutions of large
amplitudes.

Throughout this paper, we always assume the following hypothesis holds.

(H1) There exists some k € {1,2,...,[L(N — 1)]} such that |y+4nsin®(kr/N)| > 1,
where v = f/(0) — 2¢’(0), n = ¢’(0), and [] is the greatest integer function.

For convenience, we use the transformation z;(t) = wu;(7t) for i(mod N) and
h = f —2g, and then rewrite (1.1) as the system of delay differential equations

T (1) = —ai (0 +h(wi(t-1)) ~[g(@i1 (t=1) (i (t-1) —2g(2:(t-1))], (1.2)
where i(mod N).
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The rest of this paper is organized as follows. In §2, we discuss the associated
characteristic equation and collect some results from [13,20]. By using the global
bifurcation theory established by Krawcewicz and Wu [20], we show in §3 that
these bifurcations of periodic solutions exist for large delays (global continuation).
Section 4 is devoted to the coincidence of these periodic solutions.

2. Preliminaries

Let C([-1,0],RY) denote the Banach space of continuous mapping from [—1,0]
into RN equipped with the supremum norm

¢l = sup |6(8)] for ¢ € C([-1,0],RY).

—IxVx

In what follows, if c € R, A > 0 and z : [0 — 1,0 + A] — RY is a continuous
mapping, then z, € C([—1,0],RN), t € [0, 0 + A], is defined by z4(8) = x(t + ) for
—1 < 0 € 0. We denote a symmetric circulant matrix by J = circ(aq, ag,...,an),
where J;; = aj_;41 and a; = ay—i2, i(mod N).

We introduce three compact Lie groups in order to explore the possible (spatial)
symmetry of the system (1.2). One is the cycle group S!, another is Z,, the cyclic
group of order n (the order of a finite group is the number of the elements it
contains) and the third is the dihedral group D, of order 2n, which is generated
by Z,, together with the flip k of order 2 (see [11] for more details). Denote by p
the generator of the cyclic subgroup Z,, and by x the flip. Define the action of Dy
on RY by

(px); = zip1, (kx); = xN4o_; for all i(mod N) and z € RV, (2.1)

In [13], we showed that system (1.2) is Dy-equivariant.
Next, the linearization of (1.2) at the origin leads to

;= —1ai(t) + Tyx(t — 1) — e (= 1) + 241 (E— 1) — 22;(¢ — 1)],  (2.2)

where i(mod N). It is well known that the associated characteristic equation of (2.2)
takes the form

det A(T,\) =0,
where the characteristic matrix A(7, \) is given by
A(T,\) =N +7)Ild—TMe™*, NeC, (2.3)
with Id denoting the identity matrix and M = circ(y + 21, —7,0, ..., —n).

We put x = e?™/N and
vy = (I,Xk,xzk,...,X(N_l)k)T, 0<k<N-1
Clearly, vo = (1,1,...,1)T and vy = vx_g. Let
Cr ={vkz;2€C}, k=0,1,2,...,N—1.

Then
CN:CQ@C1@"'@CN—1 (2'4)
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and
(AT Nvr); = A+ )XY —re ™ (y + 2n)x Y DF — (VD% 4 x70)]
= {71y + 20— (XU

k
= [)\ +7 - <’y + 4nsin® ]\7;)7'6)\] (vg);.

Thus, we obtain the following results.

LEMMA 2.1.
N-1 -
det A(r,\) = klilo [)\ +7— <fy + 4n sin? N)Te’\} .

Thus, A € Cis a zero of det A(7, A) if and only if there existsa k € {0,1,2,..., N—
1} such that

Pr(T,A) == A+7— ('y + 4nsin® ]X;)Te_/\ =0. (2.5)

LEMMA 2.2 (Guo and Huang [13]). Let A(T) denote the infinitesimal generator of
the semigroup generated by system (2.2). Assume that hypothesis (H1) holds. Define

kr\ ! k
257 + arccos ( 7 + 47 sin? il if 7y + 4nsin® e < -1,
5 N N
k,s —

e\ k
2(s + 1)m — arccos (7 + 4nsin? ]\7;-) if 7y + 4n sin® Wﬂ- > 1;

e \2 —1/2
Th,s = 5,673{ (fy+4nsin2 ]\7/'T> — 1}

for all s € Ng :={0,1,2,...}. Then we have the following results.

(i) At (and only at) T = T, s € No, A(T) has purely imaginary eigenvalues.
These eigenvalues are given by +ify, s with Brs € ((2s + 3)m,2(s + 1)m)
provided that v+ 4nsin® kr /N > 1 and By € (25 + 3)m, (25 + 1)) provided
that v + 4nsin® kr /N < —1.

(ii) All other eigenvalues of A(Ty,s) are not integer multiples of £i0y s.

(iii) For each fized s € Ny, there exist 65 > 0 and C'-mapping \g,s : (Th,s —
Ok.ss Th,s +0k,s) = C such that A s(Tk,s) = iBk.s and det A(7, A (7)) =0 for
all 7 € (Th,s — Ok,s5 Thys + Ok,s). Moreover,

d
e Re{k,s(7)} > 0.

T=Tk,s

Under hypothesis (H1), Guo and Huang [13] show that near 7 = 7 5, for each
s € Ny, there exist 2(n + 1) branches of asynchronous periodic solutions of period
near (2m/0,s), bifurcated simultaneously from the zero solution of system (1.2) and
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these are two phase-locked oscillations, N mirror-reflecting waves and N standing
waves. In what follows, we need the general global symmetric Hopf bifurcation
theorem developed in [20] to show that these bifurcations of periodic solutions
exist for all 7 > 75 5 (i.e. these bifurcations are supercritical and global). Namely,
we consider the following one-parameter family of retarded functional differential
equations (FDEs)

i(t) = TF(x1), (2.6)
where x € RV, 7 € (0,00) and F : C([-7,0];RY) — R¥ is continuously differen-
tiable and completely continuous. Furthermore, we make the following assumptions.
(A1) There exists some positive integer n such that the cyclic group I' := Z,, acts

on RN and F: O([-7,0; RY) — R¥ is I'-equivariant.
(A2) For every zg € M := {x e RN;yz = for y € ', F(7) = 0}, where 7 € C
is the constant mapping with the constant value z € RY, det DF(x¢) # 0,

where F' is the C' mapping from RY into RY, induced by F according to
F(z) = F(z) for z € RV,

(A3) For every 7o > 0 and g € M such that the generator A(ro,zo) of the
linearized system of (2.6) with 7 = 79 at £ = z( has a pair of purely imaginary
eigenvalues +ify, there exist positive constants b, ¢ and § such that:

(i) the only possible eigenvalue u + iv of A(71g,xg) with (u,v) € 042 is ify,
where 2 := (0,b) x (8o — ¢, Bo + ¢);
(i) for (7,8) € [10— 0,70+ 0] X [Bo — ¢, Bo + ], iB is an eigenvalue of A(T, )
if and only if 7 = 19 and 8 = .
(Ad) M* :={(r,z,8) € (0,00) x M x (0,00); £if3 are eigenvalues of A(7,z)} is a
discrete set.

Note that the action of I" on RY induces an action on CV = RV + iR¥, with
respect to which we have the isotypical decomposition

cV=cfeCle --aCYa®- -,

where (Cé—v ,j = 0, is the direct sum of all one-dimensional I'-irreducible subspaces V'
of CV such that the restricted action I" on V is isomorphic to the I'-action on C
defined by p - z = p?z for the generator p € Z,, < S! and for z € C. Let

Ay (T, A) := My — 7D F (7o) (eM Iy) (2.7)

for 7 >0, zo € M" and X € C. By assumption (A1), we have A, (7, \)CN c CV
for j > 0 and for A € C. Put

Agy i (T, A) = Agy (1, /\)|C§v, j=0. (2.8)
Clearly, A, (7, A) is analytic in A € C and continuous in 7 > 0. So, under assump-
tion (A3), we may assume that det Ay (19£0, u+iv) # 0 for (u,v) € 912. Therefore,

det Ay, (100, u+iv) # 0 for (u,v) € 992 and for j > 0. Consequently, the following
integers are well defined:

¢;(xo, 70, Bo) = degg(det Ay, (10 — 9,-), £2) — degg(det Ay, (10 +9,-), £2),
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where degp is the Brouwer degree. Let
e(z0) = (=1)N sgndet DF (o). (2.9)
We have the following global symmetric Hopf bifurcation theorem due to [20].

LEMMA 2.3. Assume that (A1)-(A4) are satisfied and that c;(zo, 10, B80) # 0 for
some integer j > 0 and some (70, %o, o) € (0,00) x M1 x (0,00). Let Sj denote the
closure in [0,00) X C(R;R™) x [0, 00) of the set of all (1,z,3) € [0,00) x C(R; R™) x

R\ M* such that
z(t) :== z(fﬂt)

is a 27/ B-periodic solution of (2.6) with
-y
px(t) = x(t - gi) forteR.

Then for each connected component E; of S;, at least one of the following conditions
holds.

(i) E; is unbounded, i.e.

sup {7+ 34571+ sup a(0): (. ) € By} = .

(i) (I" x SHYE; N M* is finite and is composed of a finite number of disjoint
I'-orbits. Moreover,

e(z)cj(z,7,8) = 0. (2.10)
(1,2,8)€(I'x SHYE;NM*

3. Global continuation of waves

To obtain large-amplitude periodic solutions of system (1.2) when 7 is far away
from 73, 5, we need the following assumptions:

(H2) supyer [W'(y)] < 1;
(H3) ¢'(z) > 0 for all z € R;

(H4) there exist positive constants «; and s satisfying a3 + 4as < 1, and o;
(i = 1,2) such that |h(y)| < a1ly| + o1 and |g(y)| < ae|y| + o2 for all y € R.

It should be noted that the assumptions on the activation functions in (H4)
are very general. In particular, if the activation functions in system (1.2) are all
bounded on R, i.e. there exist positive constants o; (i = 1,2) such that |h(z)| < o1
and |g(z)] < og for all z € R, then (H4) holds with a3 = as = 0. For example,
in cellular neural network models, the activation function takes the form f(u) =
3(Ju+ 1] = Ju— 1]), which is bounded. Hence, it is wrong to think that condition
(H4) implies that the zero solution is globally asymptotically stable. In fact, if (H1)
holds, then the zero solution is unstable.
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As a illustrating example, we consider (1.2) with n = 3 and h(z) = 0.5 tanh(x)
and g(x) = tanh(z). Then, (H1) holds because v + 3n = 3.5 > 1; (H4) holds with
a; = a9 =0 and o1 =09 = 3.

LEMMA 3.1. Assume that (H1)-(H3) are satisfied. Then system (1.2) has no non-
constant 2-periodic solutions.

Proof. By way of contradiction, assume that z(t) is a 2-periodic solution. Con-
structing a Lyapunov functional,

L
V(xl,xz,...,mN)(t)z;zmi(t)—xi(t—lﬂ, (3.1)

and calculating the upper-right Dini derivative of V" along the solutions of (1.2), we
have

D+V($17$2, s axN)(t)

N
<Dl (0) = it = DI = 2lgli(®) = glas(t = )|+ |Aes) = bt = 1)
= +1g(@i1 (1) — 9@ (t— 1)+ lg(@i-1 () — g1 (t —1))]]

N
< = [1-swp @) ; @i (t) — i (t = 1)].

This implies that
tlim V(xy,xe,...,xn)(t) =0.
—00

Therefore, for a 2-periodic solution z of (1.2), we must have z;(t) = z;(¢t — 1) for
all i(mod N). Then we obtain a system of ordinary differential equations

%i'i () = —zi(t) + h(zi(t) + 29(2i(t)) — 9(wiy1 (1)) — g(zia(t))- (3-2)

We define an energy function associated with (3.2) as follows:

N T
Vienas,. . m) = —5 3 Tygledela) + 3 / [s — h(s)lg'(s) ds,
k=1

1<4,j <N
where Tj; is the connection weight, i.e. T;; = 2 if i = j, and —1if ¢ = j 4+ 1 or

t = j — 1, and 0 otherwise. Calculating the derivative of V along the solutions
of (3.2), we find that
. N
V(wr, @, oan) = Y {9 (@)ilg(@i) + g@igr) — 2g(2:) + i — h(xs)]}
i=1
N
=—7! Z g'(x:) (:)°
i=1
<0.
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Therefore, a standard Lyapunov stability theorem implies that every solution of
(3.2) converges to an equilibrium as ¢ — co. In particular, every 2-periodic solution
of (1.2) must be constant. This completes the proof. O

We now make an a priori estimate of the periodic solutions of (1.2).

LEMMA 3.2. Assume that (H1)-(H4) are satisfied. There then exists H = H(h,g) >
0 such that Zf\il |z; ()| < H for allt € R and for all periodic solutions x of (1.2).

Proof. Let x(t) = (x1(t),22(t),...,2n(t))T be an arbitrary periodic solution of

system (1.2). z;(t), j =1,2,..., N, as the components of x(t), are all continuously
differentiable. Thus, there exist ¢; such that |z;(¢;)| = max;cr |2;(t)|. Then &;(t;) =
0. That is,

zj(t;) = h(x;(t; — 1)) = [g(zj—1(t; — 1)) + g(jp12(t; — 1)) — 2g(z;(t; — 1))].
Thus, we have
|z ()| < [h(zi(t; — )|+ |g(zj-1(t; — 1))
+lg(zj41(t; — 1))+ 2]g(z;(t; — 1))]
< anlz(t))] + aolzj—1(tj-1)]
+ a2|xj+1(tj+1)| + 2042|$(:j(tj)| + 01 + 40s.

Namely,

lz(t")| < Wlz(t")| + D,
where |z(t*)| = (|z1(t1)], |z2(t2)|, .- -, lan (tN))T, D = (01 + 402)vg, and W is an
n X n matrix given by W = circ(ag + 2ae9, as,0,...,a2). In view of a + 4oy < 1,

we have p(W) < 1, and hence (Id —W)T > 0 and B = (Id —W)~!D > 0. Therefore,
|z(t*)| < B, ie. |z;(t;)| < Bj forall j =1,2,..., N, where B, is the jth component

of B. Thus,
N N N
Z |z (t)] < Z |z (t:)] < ZBi = H.
i=1 i=1 i=1

Obviously, H is independent of the choice of periodic solution x(¢). This completes
the proof. O

We now start to apply the global symmetric Hopf bifurcation theorem (lem-
ma 2.3) to investigate the global continuation of standing, mirror-reflecting and
discrete waves.

First of all, note that near 7 = 75, 5 system (1.2) has two bifurcations of discrete
waves satisfying x;_1(t) = x;(t + kw/N), where w is a period. To look at the global
continuation of such local bifurcations, we regard system (1.2) as an FDE equivari-
ant with respect to the action of I" = Zy, where the action is cyclic permutation.
We obtain

MI'={zeRY;2y =29 =--- =y and z; = h(z;)} = {0}.
Under assumption (H1), lemma 2.2 implies that
M* = {(Tk,87075k,s);8 S NO}

Therefore, M* is discrete in RYV.
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Using the definition of A(7, A) (see (2.3)) and lemma 2.2(iii), for a fixed integer
s € Np, we can show that A(7, ) is analytic in A € C and continuous in 7 €
[Tk,s — 0, Tk,s +00], where dy is an appropriate positive constant. Moreover, it follows
from lemma 2.2(i), (ii) that there exist small positive constants b,c,d € (0,dp) so
that the only possible eigenvalue u + iv of A(7y ) with (u,v) € 012 is iB s, where

Q = (07 b) X (ﬁk,s —C, ﬁk,S + C) a'nd lf (Ta ﬁ) S [Tk:,s - 67 Tk,s + 6] X [ﬁk,s —C, ﬁk,s + 0]7
then if is an eigenvalue of A(7) if and only if 7 = 7 s and 8 = (. Then, in
view of lemma 2.2, we can conclude that py(7, \) has no zero in §2 for 7 = Tk,s £ 0.
Moreover, the above b, ¢ and ¢ can be chosen so that pg (74,5 — d, ) has no zero in

§2, while p(7x,s + 9, A) has exactly one zero in {2 and this zero is simple and is in
the interior of (2. Therefore,

degp(pr(Th,s —0,-),2) =0 and degg(pr(i,s +0,-),2) = 1.

For the isotypical decomposition (2.3) of the complexification of the above I" = Zy
action on RY | we have

AO,j = AO(Tv)\”(Cj :pj(T’)‘)’ 320717277]\7_1
Therefore, from the above discussions we obtain

Cj (07 Tk,s» Bk,s) = degB (pj (Tk,s -9, ')7 ‘Q) - degB (pj (Tk,s + 0, ')’ "Q)

_Jo, for j #k and j # N — k,
-1, forj=kN—Fk,

Let S;, j = k, N — k, denote the closure in [0,00) x C(R; RY) x [0, 00) of the set of
all triples (7, 2z, 3) ¢ M* such that

is a 2w /(-periodic solution of (1.2) with
Tig1(t) = (t - ) for ¢t € R and i(mod N).

Then lemma 2.3 implies that S; must have a non-empty connected component E;
passing through (74, 0, B, s) and this component must be unbounded, for otherwise
the summation (2.10) holds, which is clearly impossible because

N-1

€(0) = (=1)" sgn [ 11 <v — 1+ 48sin? sz;ﬂ = (=N

Jj=0

and ¢; (0, 7 s, Br,s) = —1, j =k, N — k.

The projection of E; onto the space C'(R;R") is bounded due to lemma 3.2.
Assumptions (H1) and (H2) mean that y + 47 sin?(kr/N) > 1. This, together with
lemma 2.2(i), implies that

216 27 2 c 1 1 c 1 é c 1 9
Jé] 2(s+ 1)’ (25 +3/2)m s+1"s+3/4 s+1'3 s+1’

for (r,z,8) € E;.
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On the other hand, because system (1.2) has no non-constant periodic solution of
period 2, it has no non-constant periodic solution of period 1/(s+ 1) for all s € Ny.
Therefore, lemma 3.1 implies that the projection of F; onto the 8-plane can never

reach the lines
2T 1 2T

7541 and 7= 2.
Therefore, the projection of E; onto the -plane always satisfies 7 < 8 < 2(s+1)7.
Moreover, the result of [21] shows that there exists o > 0 such that any period p of
a periodic solution of (1.1) must satisfy p > a*. Consequently, for (1, z, §) € E;, we
must have 2rr7/3 > o*. That is, 7 > Ba*/(27) > $a* for every 7 € I, the projection
of E; onto the T-axis which must be an interval. Therefore, I must be unbounded
from above. Clearly, I contains 73 . This proves the following theorem.

THEOREM 3.3. Assume that hypothesis (H1)-(H4) hold. Then, for each T > Tj s,
s € N, system (1.2) always has two discrete waves satisfying

k
zjp1(t) = x; (t + ;;) fort € R and j(mod N),

where w is a period of x(t) and satisfies the condition that 1/(s +1) < w < 2.

Next, near 7 = 7y, system (1.2) has several bifurcations of mirror-reflecting
waves satistying «;(t) = xy12—;(t) and standing waves satisfying

2j(t) = xnpo—j(t — Fw),

where w is a period. Similarly, in order to study the global continuation of such
local bifurcations, we regard system (1.2) as an FDE equivariant with respect to
the action of I' = Z,, where the action is the flip. Namely, the action of I" = Zs on
RY is defined by

(pr); = xN12—; for j(mod N), » € RV,

In this case,

M" = {z e RY; a5 = h(x;) — g(wj—1) — 9(xj41) +29(;)
and z; = £n42—; for j(mod N)}.

Obviously, M contains at least one element 0. Moreover, the following assumption
plays an important role in describing the structure of M7’

(H5) If system (1.2) has a non-zero stationary point x* = (z7,x5,...,2%)" sat-
isfying 2} = 27,5, for j(mod V), then the spectral radius p(DF(z*)) <1,
where F(x) = (Fy(z), Fo(z),..., Fx(2))" and

Fj(x) = h(‘rj) + 29(37]) - g(xjfl) - g($j+1)7 .7 = 1727 .. '7N'

Thus, if M contains a non-zero element z* = (z%,23,...,2%)T, then z* is also
a non-zero stationary point of system (1.2). The linearization of (1.2) at z* =
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(w5, 2%, ...,2%)T takes the form
& = —7x;(t) + Th (x])xi(t — 1)
=7l (@i )z (t = 1) + g (@7 )i (t = 1) = 29/ (7)) (t — 1)),
where i(mod N), and the characteristic matrix becomes

Ap(1,0) = (A +7)Idy —TDF(2z*)e ™.

We may assume that gj, j = 1,2,..., N are eigenvalues of matrix DF (z*). Then
N
det Ay« (1,A) = H[x\ + 7 —T1g8 .
j=1

Recall that p(DF(z*)) <1, ie. |gj| <1for j =1,2,...,N. We see that every zero
of A\ 47— que*)‘ has a negative real part, and hence all zeros of det A« (7, \) have
negative real parts. This shows that (A2) is satisfied. Therefore, when I = Zo, we
have

M* = {(Tk787076k,s);5 S NO}

Thus, M* is discrete in RY.
The isotypical decomposition of CV with respect to the above I' = Z, action is

cN =cl oy,
where
CY ={(z1,72,...,28)"; 2; €C, x; = 2n40_; for j(mod N)},
CY = {(z1,72,...,28)"; 2; €C, x; = —xN40_; for j(mod N)}.
Therefore,

A070(T, A) == Ap(T, )\)|(C[J)V =A\+7) Id[N/2]+1 —TMlei)‘,
AOJ(T, A) .

AO(T, A)'C{V = (/\ + T) Id[(N,l)/g] —TM2€7)\,

where M; and Mo are ([3N]+1) x ([AN]+1) and [ (N —1)] x [$ (N — 1)] matrices,
respectively, i.e.

y+2n -2 0 .- 0 0
-n  y+2n -n - 0 0
M, = : : S
0 0 0 - =3B+ v+ B+ (DN
and
Yy+2n —n o --- 0 0
-n y+2n -n - 0 0
My = : : o
0 0 0 - —n y+[2-(=D"y
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Moreover, it is easy to see that

(Cév = span{v; + vy_j; 0<j < [%N]},
<j<[3

[Z(N =D},
where v; = (1,x7,x%, ..., x!N"UNT with x = s/ j =0,1,2,...,N — 1. Due
to the proof of lemma 2.1, we have

[N/2] (N=1)/2]
det Ago(m,A) = [ pi(mA) and detAgi(mN) = [ pi(mN),
j=0 j=1

CY = span{v; —oy_j; 1

where p;(7, ) is defined as (2.5). Using a similar argument as in the proof of
theorem 3.3, we can choose positive constants b, ¢ and § so that the only possible
eigenvalue u + iv of A(7y, ) with (u,v) € 992 is 10y, s, where £2 = (0,b) x (Ok.s — ¢,
Br,s+c), and if (7, 8) € [Tg,s — 0, Ti,s + 0] X [Br,s — ¢, Br,s +¢], then i is an eigenvalue
of A(7) if and only if 7 = 73, s and 5 = O 5. By lemma 2.2, the above b, ¢ and ¢ can
be chosen so that, for the analytic function py (7, A), we find that py (74 s — J, A) has
no zero in 2, while Pr(Tk,s + 6, A) has exactly one zero in 2 and this zero is simple
and is in the interior of £2. Thus,

degp(pr(Th,s —0,-),2) =0 and degg(pr(i,s +0,-),2) = 1.
Hence,

c0(0, Tk,s, Br,s) = degp(det Ag o(Tk,s — J,+), £2)
—degp(det Ago(T,s +6,-), £2)

[N/2] [N/2]

=Y degp(pj(hs —0,),2) — Y degp(p;(ths +6,-), 2)
=0 =0

=-1

and

c1(0, ks, Br,s) = degpg(det Ag 1 (Tx,s — 0,+), 2)
— degp(det Ag 1 (7,5 +6,-), 12)

[(N-1)/2] [(N-1)/2]
= Z degB(pj (Tkﬁ - 53 ')7 Q) - Z degB(pj (Tk,S + 5a ')7 Q)
j=1 j=1
=—1.

Let Sj, j = 0,1, denote the closure in [0, 00) x C(R; RY) x [0, 00) of the set of all
triples (7, z, 3) ¢ M™* such that
p
t) := —1
olt) =2

is a 27/ B-periodic solution of (1.2) with

o i
xi(t):xN+2_i(t—g‘;> for t € R and i(mod N).
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Then, as discussed in the proof of theorem 3.3, lemma 2.3, together with the test of
equation (2.10), implies that S; must have a non-empty connected component E;
passing through (75,0, Bk ) and this component must be unbounded. Moreover,
we can also conclude that the projection of ¢;(0, 74, Ok,s) on the 7-axis includes

[Tk,s, 00) and period
_m (1,
v B s+1'7)°

Namely, we have the following two conclusions.

THEOREM 3.4. Assume that (H1)-(H5) hold. Then, for each 7 > 715, s € Ny,
system (1.2) has one standing wave satisfying x;(t) = xnyj—o(t — sw) for t € R
and j(mod N), where w is a period of x and satisfies that 1/(s +1) < w < 2.

THEOREM 3.5. Assume that (H1)-(H5) hold. Then, for each T > 715, s € Ny,
system (1.2) has one mirror-reflecting wave satisfying x;(t) = xyyo—;(t) fort € R
and j(mod N), with period w € (1/(s+1),2).

REMARK 3.6. Due to the Dy-symmetry, theorems 3.3-3.5 in fact imply the exis-
tence of NV standing waves, N mirror-reflecting waves and two discrete waves for
each 7 > 73 . It follows from (H1) and (H2) that v + 48sin?(jn/N) > 1 for all
je{k,k+1,....[3(N—1)]}. Thus, for j € {k,k+1,...,[5(N —1)]} and s € Ny,
7,5 is a critical value of the delay, at each one of which (2(INV + 1)) branches of
phase-locked oscillations, standing waves and mirror-reflecting waves may bifurcate
simultaneously from the trivial solution. Note that, for s € Ny,

Tk,s > Tk+1,s > Tk+2,s > > T(N-1)/2],s"

Note also that
Teo < Th1 < Tho < ¢ - .

The above results establish the existence of (Ns) standing waves, (Ns) mirror-
reflecting waves and (2s) discrete waves.

REMARK 3.7. Theorems 3.3-3.5 mean that all (2(INV 4 1)) branches of waves are
global, i.e. all branches of waves exist for 7 > 7, ;.

REMARK 3.8. It should be mentioned that in the above theorems, w is not nec-
essarily the minimal period and several branches of waves may coincide at some
values of 7. We will further discuss the coincidence of these waves in next section.

4. Coincidence of waves

In this section, we discuss whether several branches of waves may coincide at some
values of 7.

THEOREM 4.1. If N is an odd number, then a branch of non-trivial discrete waves
and a branch of mirror-reflecting waves cannot coincide at any value of 7.

Proof. If not, there exists a non-trivial w-periodic solution = of (1.2) such that

xi(t) = mi—q (t + ?Af)) for i(mod N) and z,(t) = z;(¢)
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for some j # k. Without loss of generality, we assume that

xi(t) = xi_1 (t + i(\}u) and z;(t) = xnyt2—i(t) for i(mod N) and t € R.

Then
kw
Tiny2+1(t) = 2(vy242(t) = vy | E+ N )

which implies that kw/N is also a period of z. Thus, z;(t) = y(t) for all i =
1,2,..., N, where y(t) satisfies the scalar equation

y'(t) = —7y(t) + Th(y(t - 1)). (4.1)

Namely, z is a synchronous periodic solution of (1.2). However, under assump-
tion (H2), it is easy to see that system (4.1) takes y = 0 as its global attractor
and hence has no non-constant periodic solutions, which is a contradiction. This
completes the proof. O

THEOREM 4.2. If N is an odd number, then a branch of non-trivial discrete waves
and a branch of standing waves cannot coincide at any value of T.

Proof. If not, there exists a non-trivial w-periodic solution = of (1.2) such that

xi(t) = xi—1 (t + ]j:;) for i(mod N)

and 2;(t) = 2(t + $w) for some j # k. Without loss of generality, we assume that
z;(t) = ;-1 (t + kw/N) and z;(t) = xn42-i(t + 3w) for i(mod N) and ¢ € R. Then

kw 1
rnyo42(t) = Tvy241 | ~ )= TNy (4 5w),

which implies that (3w — kw/N) is also a period of z. Hence, for all i(mod N),

kw kw
TN/ tire(t) = Tnj22 | E+ N ) = T/ t+ N

= TNy rivr (T — %w) = 2[n/2)44(t)-

Namely, z(n/2)4i+2(t) = T[n/2)+i(t) for all i(mod N). In view of the fact that N is
an odd number, it is not difficult to verify that x;(¢) = y(¢) for all t = 1,2,..., N,
where y(t) satisfies the scalar equation (4.1). Using a similar argument to that
above, we can obtain a contradiction and complete the proof. O

THEOREM 4.3. If N is an odd number, then a branch of non-trivial discrete waves
of the form x;(t) = x;—1(t — kw/N) and a branch of discrete waves of the form
2i(t) = xi—1(t + kw/N) for i(mod N) and t € R cannot coincide at any value of 7.

Proof. If not, there exists a non-trivial w-periodic solution z of (1.2) such that

xi(t) = 21 (t — IX;) and x;(t) = xi—1 (t + l};\cfu) for i(mod N) and t € R.
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Then 2kw/N is also a period of z. Thus,

k 2k
Tiyo(t) = @ip1 (t + ;;) =2 (t + Nw) = z;(t) for all i(mod N) and ¢t € R.
In view of the fact that N is an odd number, it is not difficult to verify that
x;(t) = y(t) for all ¢ = 1,2,..., N, where y(t) satisfies the scalar equation (4.1).
Using a similar argument to that above, we can obtain a contradiction and complete
the proof. O

On the other hand, if N is an even number, then we have some different proper-
ties. In fact, if at some value of 7, the system

Ty (t) = —y(t) + h(y(t — 1)) + 2g(y(t — 1)) — 2g(2(t — 1)),} 42)
T (t) = —2(t) + h(z(t — 1)) 4 2g(2(t — 1)) — 29(y(t — 1)), '

has phase-locked 2kw/N-periodic solutions (y(t),z(t))T satisfying y(t) = z(t +
kw/N), then a branch of non-trivial discrete waves of system (1.2) may coincide
with a branch of mirror-reflecting waves of system (1.2) such that xz;_1(t) = y(t)
and x9;(t) = 2(t) for all j = 1,2,..., %N. However, if for any 7 > 0, there exist
no phase-locked 2kw/N-periodic solutions (y(t),z(t))" of system (4.2) satisfying
y(t) = z(t+kw/N), then it is easy to see that a branch of non-trivial discrete waves
of system (1.2) and a branch of mirror-reflecting waves of system (1.2) do not coin-
cide at any value of 7. Similarly, we can see that the coincidences between a branch
of non-trivial discrete waves and a branch of standing waves, between a branch
of non-trivial discrete waves of the form z;(t) = x;_1(t — kw/N) and a branch of
discrete waves of the form z;(t) = x;_1(t + kw/N), are completely determined by
the existence of phase-locked 2kw/N-periodic solutions (y(t), z(t))T of system (4.2)
satisfying y(t) = z(t + kw/N).

Because (4.1) has no non-trivial synchronous periodic solutions, we have the
following result whatever the value of N.

THEOREM 4.4. A branch of non-trivial mirror-reflecting waves satisfying z;(t) =
z;(t) for somei # j and a branch of mirror-reflecting waves satisfying x;(t) = xm (t)
for some l # m cannot coincide at any value of T if (i,7) # (I,m).

Unfortunately, the above arguments cannot be extended to rule out the possibility
of the coincidence of a branch of non-trivial w-periodic mirror-reflecting waves with
z;(t) = x;(t) for some i # j and a branch of w-periodic standing waves with
z;(t) = zj(t + jw) for some i # j. In fact, such a coincidence may occur at some
value of 7 where period doubling happens: z;(t) = z;(t + tw), i(mod N), t € R.
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