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Abstract

In this paper we study the stability and bifurcation of the trivial solution
of a two-neuron network model with distributed time delays. This model
consists of two identical neurons, each possessing nonlinear instantaneous
self-feedback and connected to the other neuron with continuously dis-
tributed time delays. We first examine the local asymptotic stability of
the trivial solution by studying the roots of the corresponding charac-
teristic equation, and then describe the stability and instability regions
in the parameter space consisting of the self-feedback strength and the
product of the connection strengths between the neurons. It is further
shown that the trivial solution may lose its stability via a certain type
of bifurcation such as a Hopf bifurcation or a pitchfork bifurcation. In
addition, the criticality of Hopf bifurcation is investigated by means of
the normal form theory. We also provide numerical evidences to support
our theoretical analyses.
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1. Introduction

This work is concerned with the stability and bifurcation of the trivial solution
of a Hopfield-type neural network model which consists of two identical neu-
rons, each possessing nonlinear instantaneous self-feedback and connected to
the other neuron with continuously distributed time delays. The dynamics of
this neural netlet is governed by the following equations:

i) = —olt) +pf(a(t) + / K(0) £ (u(t — 0)) db,

i) = —y(t) £ i) +r / K(9) f(x(t — 6)) db,

where x and y represent the voltages of the neurons; p is the self-feedback
strength; r and s are the connection strengths; the nonlinear activation function
f is representing the output or firing rate; the continuous density function
k- [0,L] — [0,00) with L > 0 is prescribed which satisfies

/OLk(O)dG:L

As usual, the activation function f we consider is of sigmoidal type. More
specifically, we may assume that f is a smooth function possessing the following
properties:

f R — R is an odd function;

(H) f/(O) =1
f(£o00) = £ M, where M is a positive constant;
xzf"(x) <0 for all x # 0.

A typical example of f is given by f(z) = tanh(x).

It has been widely argued and accepted that for various reasons, time delay
should be taken into account in the modeling for practical problems. For exam-
ple, in models of electronic networks, time delays are likely to be present due
to the finite switching speed of amplifiers. In biological neurons, there are sev-
eral types of delays in their performances commonly known as cellular delays,
transmission delays, and synaptic delays (see [9] and references cited therein).
In practice, although the use of constant discrete time delays in the models
serve as a good approximation in simple electronic circuits consisting of a small
number of neurons, in biological neural networks, it usually has a spatial extent
due to the presence of an amount parallel pathways with a variety of axon sizes
and lengths. Thus, there will be a distribution of transmission delays and it
cannot be modeled with discrete time delays. In such case, a more appropri-
ate way is to incorporate distributed time delays in the models. Therefore, as



pointed out in [15], the studies of models with distributed time delays have more
important significance than the ones with discrete delays. For the fundamental
theory of delay differential equations, we refer the reader to the book of Hale
and Verduyn Lunel [12].

It is well-known that Hopfield-type neural networks with symmetric connec-
tion strengths but without time delays exhibit no oscillations and possess global
stability (i.e., all trajectories tend to some equilibrium) [13]. Consequently, in
the study of Hopfield-type neural networks with or without time delays, suffi-
cient stability conditions of equilibria for asymmetric connection weights and
the mechanism for the onset of instability of equilibria are widely considered.
See [2]-9], [14]-[21], [23], and many references therein. Most works mentioned
above considered the network models with discrete time delays. However, as
we have pointed out above, it is of great importance to discuss the model with
distributed time delays. Therefore, in contrast to the two-neuron systems with
discrete time delays examined in [9], [19], and [20], in this paper, we will study
the two-neuron network system with more realistic distributed time delays.

In the following discussion, for simplicity, we will always assume that k(6) =
1 with L = 1, namely,

i) = —a(t) +pfa(t) + s / F(y(t — 0)) db,

1 (1.1)
i) = )+ pfO)+r [ falt=0)as

We remark that most of results obtained in this paper might be generalized to
more general density functions. By inspection, it is obvious that (0,0) is an
equilibrium of (1.1). We will investigate the local asymptotic stability of the
trivial solution by studying the corresponding characteristic equation. The triv-
ial solution is locally asymptotically stable if all the roots of the characteristic
equation have negative real parts, and whether or not this is true will depend
on the values of the parameters involved in the network, namely, r, p and s.
In this paper, the stability and instability regions can be completely described
in the parameter space. Furthermore, we arrive at the conclusion that similar
to the results obtained in [9, 19, 20], the trivial solution may lose its stability
through a certain type of bifurcations such as a Hopf bifurcation or a pitchfork
bifurcation. We also investigate the criticality of the Hop bifurcation using the
normal form theory.

This paper is organized as follows. In section 2, we introduce some notations
and the characteristic equation associated with the trivial solution of (1.1). The
behaviour of the iw-curves for the characteristic equation are studied in section
3. In section 4, we describe the local asymptotic stability regions of the trivial
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solution on the yp-plane. In section 5, the mechanism of Hopf bifurcation as well
as the change of criticality are investigated. Finally, in section 6, we examine
the steady state bifurcation by studying the existence and local stability of
nontrivial equilibria of (1.1). At each stage, we also provide numerical evidences
to support our theoretical analyses.

2. The characteristic equation

In this section, we will derive the corresponding characteristic equation of the
linearization of (1.1) about the trivial solution (0,0). Some useful notations will
also be introduced.

The linearization of (1.1) at the trivial point is given by

z(t) = —z(t) + px(t) +s/0 y(t —6)do,

1 (2.1)
Jt) = —g(t) +py(t) + 7 /O #(t— 0)) do.

The characteristic equation for this linearized system is obtained by looking
for nontrivial solutions of the form (Z(t), 7(t)) = (c1, c2)e* where ¢; and ¢, are
constants. Such solutions will be nontrivial if and only if

1
A—p+1 —s/ e M dp
0 =0

P(\) = det 1 =0, (2.2)
—7“/ eMd) N—p+1
0

which is called the characteristic equation of (1.1) with respect to the trivial
solution (0,0). Expanding the determinant in (2.2), we obtain

PO = (p—1— A2 —rs( /0 M0 = AL (VA (M), (2.3)

where

1
(p—l—/\)iv/ e do if rs >0,
ALY = : (2.4)

1
(p—l—/\)j:iv/ e do if rs <0,
0

with v = /|rs| and i = v/—1. Now, letting A\ = p + iw for some p, w € R and
separating A4 () into real and imaginary parts, we further have

Ai()‘) = Ri(lu> w) + ZIi(:“? w)? (25)



where

(

1
(p—1—p) =+ v/ e cos(wh) df if rs >0,
Ry(p,w) = 0, (2.6)
(p—1—p) =+ v/ e sin(wh) df if rs <0,
\ 0
( 1
—wF ”y/ e " sin(wh) do if rs > 0,
Li(p,w) = | 01 (2.7)
—w+ ”y/ e " cos(wh) df if rs < 0.
\ 0

It has been known that the local stability of the trivial solution (0,0) com-
pletely depends on the real parts of the complex roots of (2.2) (cf. [12]). How-
ever, the characteristic equation (2.2) has infinitely many complex roots, and it
is quite difficult to determine the values of the parameters r, p and s such that
the complex roots have positive or negative real parts.

The following is a useful observation for finding the nonzero roots of P(\) =
0. We note that X is a nonzero root of Ay(A) = 0 if and only if A is a nonzero
root of

(p—1—=XAE~(1—e?) ifrs>0,

(p—1—=XMAE£iy(l—e?) if rs <0. (28)

0=AAL(N) :{

Again, letting A = pu + iw for some p, w € R and then separating AAL(\) into
real and imaginary parts, we obtain

AAL(N) = Ry (1, w) +il3 (1, w), (2.9)
where
A\ B (p—Dp—(p?—w?) £ ~(1 —e*cosw) if rs >0,
Rilp,w) = { (p—Dp — (u? — w?) Fye Hsinw if rs <0, (2.10)
A B (p— 1w — 2uw + ve *sinw if rs > 0,
Lelp,w) = { (p— 1w —2uw £ vy(1 —e *cosw) if rs < 0. (2.11)

In the next section, we are going to describe the solution curves in the parameter
space such that the nonzero complex roots of the characteristic equation (2.2)
have zero real parts.

3. Behaviours of the ‘w-curves

Although complex roots of P(\) = 0 always come in complex conjugate pairs,
we may just consider the case of w > 0 in this section; see (3.1)-(3.2) and (3.4)-
(3.5) below.



We first consider the case rs > 0. Let A = iw be a nonzero root of P(\) = 0.
By (2.10) and (2.11), we have

w? = Fy(1 - cosw), (3.1)

(p—1w = Fysinw. (3.2)

Since v > 0 and |cosw| < 1, we only need to consider the plus parts in the
above equations with w # 2kw, k € N. Thus, we can represent p and v in terms
of w and then describe the infinitely many parametric curves in the yp-plane.

Definition 3.1. Assume rs > 0. The jth iw-curve (v;(w),pj(w)) is defined by

1
v (w) = §w2 csc2(g) and pj(w)=1+ wcot(%), (3.3)

forj=0,1,--- and w € (257, (25 + 2)7).

Some properties of the iw-curves follow immediately from elementary com-
putations.

Lemma 3.2. Assume rs > 0.

(1). For each j € {0} UN, p;((2j + 1)m) = 1 and p;(w) is strictly decreasing
in variable w.

(2). Foreachj € N, v;(w) has a unique minimizer at w = w; with w;j cot % = 2
(i.e., pj(w;) = 3), and v;(w) is strictly decreasing (resp., strictly increasing)
in variable w when w < w; (resp., w > w;).

(3). For j =0, we have

lim v;(w) =2 and lim ~;(w) = oo,

w—0t w—2m—
lim pj(w)=3 and lim p,(w)= —o0.
w—0 w—2m~

For each j € N, we have

lim 7 (w) = d i (w) =
Jm (w) =00 an y (21]14{12)”7 v (w) = oo,

lim pj(w) =00 and lim (W) = —o0.
w2t Pi(@) w—>(2j+2)rp ()

As a consequence of Lemma 3.2, for 7 > 1, the jth iw-curve has a unique turning
point at p; = 3 in the yp-plane. In addition, assume that p;(w;) = pr(wy) with
w; € (2im, (20 + 2)m), wy, € (2km, (2k + 2)m), and ¢ < k. Then

1

Yilwi) = = (wf 4+ (i = 1)%) < ylwr) =

X (W + (1 = 1)?).

N | —
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Therefore, all the iw-curves do not intersect each other. The numerical results
of the iw-curves are depicted in Figure 1 that confirm our analysis.

We now consider the case rs < 0. If A\ = iw is a nonzero root of P(\) = 0,
then we have

w? = Z4ysinw, (3.4)

(p—1w = Fvy(1 —cosw). (3.5)
The iw-curves in the yp-plane are defined as follows.
Definition 3.3. Assume rs < 0. The jth iw-curves (v;(w),pj(w)) is defined by
vi(w) = w?|escw| and pj(w)=1-— wtan(%), (3.6)
for j=0,1,--- and w € (jm, (j + 1)m).
Note that p;(w) < 1 (resp., > 1) when j is even (resp., odd).
Lemma 3.4. Assume rs < 0.

(1). For each j € {0} UN, p;(w) is strictly decreasing in variable w.

(2). For each j € N, vj(w) has a unique minimizer at w = w; with w; cotw; =
2, and ~y;(w) is strictly decreasing (resp., strictly increasing) in variable w
when w < w; (resp., w > w;j).

(3). For j =0, we have

lim vj(w) =0 and lim ~;(w) = oo,

w—07F w—27~
lim p;(w)=1 and lim p;(w)= —oc.
w—07F w—2T~

For each j € N, we have

lim ~v:(w) =00 and lim (W) = o0,
w—jnt ’7]( ) w—(j+1)7~ VJ( )
li - =1 d li i— =
wjglﬂ_ P2j-1 (W) ol wH(QIJ'rill)ﬂ‘*‘ P2j-1 (W) >
w§£r+ p2j(w) =1 and w_)éijffl)wf p2j(w) = —o0.

By using a similar argument to the case of rs > 0, Lemma 3.4 implies that all
the iw-curves do not intersect each other. The numerical results of the iw-curves
with are illustrated in Figure 2 that confirm our analysis again.
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Fig. 1. iw-curves for rs > 0 Fig. 2. iw-curves for rs < 0

4. Stability of the trivial solution

In this section, we will investigate the local stability of the trivial solution (0, 0).
An equilibrium solution is locally asymptotically stable if all the roots of the
corresponding characteristic equation have negative real parts, while it is un-
stable if at least one root has positive real part. Our goal is to describe two
regions of the yp-plane, in which the trivial solution (0, 0) is locally asymptot-
ically stable and unstable, respectively. We shall refer to these subsets as the
stability and instability regions of the trivial solution.

First, we consider rs > 0. In this case, the stability and instability regions
of (0,0) can be clearly determined, even for a more general density function k.

Theorem 4.1. Assume rs > 0.

(1). If v > 1—p, then P(\) =0 has a root with positive real part.

(2). If v <1 —p, then all the roots of P(A\) =0 have negative real parts.
Proof. Note that v = +/rs > 0.

(1). From (2.4), we have

lim Ay(AM)=p—1+79>0 and lim A, (\) = —oc.

R3A—0 R3A— o0

It follows that there exists a A* > 0 such that A (\*) = 0.

(2). According to (2.6), we have

1
Ri(p,w) = p—1—p=+ v/ e cos(wh) df
0

< p-l—-p+ny
< 0,



for all 4 > 0 and w € R. Therefore all the roots of AL(A) = 0 have
negative real parts.

O

Next, we consider the case rs < 0. In this case, the analysis of the stability
and instability regions of the trivial solution relies on the following technical
lemma with the properties of the iw-curves studied in section 3.

Lemma 4.2. Assume rs < 0. As v and p vary in parameter space, the number
of roots of the characteristic equation P(\) = 0 with Re(\) > 0, counting mul-
tiplicities, can change only if a characteristic root passes through the imaginary
axis in complex plane.

Proof. Without loss of generality, we may assume p is fixed, and the charac-
teristic equation P,(A) = 0 indicate that v is the varying parameter. Denote
by A(7) a root of P,(\) = 0. Then A(y) is obviously isolated. Let C' be a circle
surrounding A(y) such that P,()\) never vanishes in the interior of C' except at
A(7). Furthermore, there exists a € > 0 such that for A € C', we have

|P,(N)] > |Py(X) — Py(\)| whenever |y — 4| <e.

Now, Rouché’s theorem [1] implies that P, () and P./()) has the same number
of zeros inside C' whenever |y —+/| < e. In other words, the multiplicity of A(v)
does not change for a small perturbation of v. Thus as 7 varies, the number
of roots of P,(\) = 0 in the right-half plane, counting multiplicity, can change
only in the case that either A(7) pass through the imaginary axis or there exists
a sequence A(y;) with Re(A(v;)) > 0 satisfying

lim [A(y;)] =00 and lim v; < oo.

J—00 Jj—00

However, we can verify that the latter case is impossible. Indeed, the above
implies that

[Py, (A7) :]@—1—Mwnﬂwﬂlexwwwf

2 .
> [p—1— A =22 = o0 as j = o0

which contradicts to P, (A(v;)) = 0. This completes the proof. O

We remark that in Lemma 4.2, we allow the degenerate case rs = 0, i.e.,
v = 0. Now, the stability analysis of the trivial solution for rs < 0 can be stated
as follows:

Theorem 4.3. Assume rs < 0.
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(1).

2).

If p # 1 and (v,p) lies in the right-hand side of the 0th iw-curve, then
P(\) =0 has a root with positive real part.

If p < 1 and (v,p) lies in the left-hand side of the 0th iw-curve, then all
the roots of P(\) =0 have negative real parts.

Proof. Keep it in mind that v = /|rs|.

(1).

First, from (2.3), we note that P(A) = 0 have positive real root A =p—1
of multiplicity 2, whenever v = 0 and p > 1. Next, let (y*,p*) be a
given point on some iw-curve and let A = 0 + w* with w* > 0 be the
corresponding pure imaginary root of P(A) = 0. According to (2.10) and
(2.11), if R} (u,w) = 0 and I} (p, w) = 0 then we have

(p—Dp— (1 =) Fretsinw = 0, (4.1)

(p— 1w —2uw £ vy(1 —e*cosw) = 0.
An implicit differentiation based on (4.1) and (4.2) leads to

dp _ 7*(1 — cosw*)(1 4 et

= > 0. 4.3
dylp=0w=w*  (p* — 1+ y*sinw*)? 4+ (2w* F v* cosw*)? (43)

Therefore, the real parts of characteristic roots of P(A) = 0 are always
positive, provided v > ~v* and v ~ v*. Now, combining the above facts
with Lemma 4.2, we can conclude that if p # 1 and (v, p) lies in the right-
hand side of the Oth iw-curve, then P(A) = 0 has at least one root with
positive real part.

. According to (2.6), if p + iw is a root of P(A) = 0 with non-negative real

part, we have

1
0<u = p— 1i7/ e M sin(wh) db
0
< p—1l+7,
which implies that if v < 1—p then all the roots of P(A) = 0 have negative
real parts. Next, it is easy to check that if v < 1 — p then (v, p) lies in
the left-hand side of the Oth iw-curve (cf. Figure 2). Furthermore, based
on the principle of Lemma 4.2, one can verify that, for (v, p) lying in the

left-hand side of the Oth iw-curve, the number of characteristic roots with
positive real parts is zero. This completes the proof.

O
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5. Hopf bifurcations

In this section, we will investigate the mechanism for Hopf bifurcation of the
trivial equilibrium (0,0) of (1.1). We first consider the case rs > 0. Let A =
p+iw # 0. In virtue of (2.10) and (2.11), if R} (g,w) = 0 and I} (pu,w) = 0
then we have

(p—Dp— (1 —w?) £9(1 —ePcosw) = 0, (5.1)
(p— 1w —2uw £ ye #sinw = 0. (5.2)

Theorem 5.1. Assume rs > 0. Let (Ve,p.) = (Vj(we), p(we)) for some j and
we > 0. Then for fized p = p. # 3, (1.1) undergoes a Hopf bifurcation at vy = ..
Furthermore, If f(0)(ye.cosw. —2 < 0) (> 0, resp.), then the Hopf bifurcation
is supercritical (subcritical, Tesp.).

Proof. According to the definition of iw-curves, (2.2) has the purely imaginary
root iw, when (7v,p) = (Ve, pe). To prove the assertion, it suffices to show that
the iw, is simple, the roots of (2.2) are transversal to the imaginary axis as ~y
varies near 7., and no other characteristic root is an integral multiple of iw,
except —iw, (cf. [12]).

First, from (2.8), we can verify that iw # 0 is a root of P(\) = 0 if and only
if A_(iw) = 0. A simple computation shows

o A+1)e -1
A,(lwc) - _1_7<( 2\2 ))\iwc

Ye(coswe + wesinw, — 1) N Ye(we cos we — sinw,.)
i )

= —1+

(5.3)

2 2
Wwe We

The imaginary part of (5.3) is equal to zero if and only if sinw, = w,.cosw,
which together with (3.1) and (3.2) will force the real part to be

ReA’ (iw.) = p. — 3.

Hence if p. # 3 then iw, is simple.

Secondly, at A = iw,., the derivative of real part of the characteristic root
with respect to v may be obtained by implicit differentiation based on (2.10)
and (2.11). Indeed, we can derive

d_,u _ 1 wz(ﬁ)/c_pc_‘_l)

= — > 0. 5.4
dy=ive Ve (e — 1 —Yecoswe)? + (2we — Ve sinw,.)? (5:4)

Hence the complex roots of (2.2) are transversal to the imaginary axis as 7y
varies near .

12



Thirdly, Lemma 3.2 (1) shows that p; is strictly decreasing in variable w.
Therefore, it is not even possible to have another pure imaginary characteristic
root except —iw, for p = p. and v = 7,.. Thus, Hopf Bifurcation occurs at

(Yes De).-

According to [6, 7] and the computations in the Appendix, it can be shown
that for p = p. and v = 7. the dynamics of (1.1) for (x,y) near (0,0) is
determined by the following differential equations in polar coordinates

= Wt ar®,

0 = w..

If @ < 0 (a > 0 resp.), the Hopf bifurcation is supercritical (subcritical resp.).
The sign of a is determined as follows:

sign(a) = sign(f"”(0)(y. cosw, — 2)).
This completes the proof. O

Next, we are going to investigate the Hopf bifurcation for the case of rs < 0
that can be treated by a similar argument.

Theorem 5.2. Assume rs < 0. Let (Ve,p.) = (Vj(we), p(we)) for some j and
we > 0. Then for fized p = p., (1.1) undergoes a Hopf bifurcation at v = ..
Furthermore, [ff”’(())(si;’—;c—Q—wf) <0 (>0, resp.), then the Hopf Bifurcation
is supercritical (subcritical, resp.). In particular, if (Ve,pe) lies in the Oth iw-
curve and f"(0)(z25- — 2 — w? < 0), then the periodic solution induced by the

Hopf bifurcation s attracting.

Proof. The proof is similar to Theorem 5.1.

First, a direct computation shows that

: A+ e =1
A (iw) = —1+ (( )
(ie) 7 ¥ A
_ 14 (wecosw, —sinw,) . (cosw, + wesinw, — 1)
= — ")/C wg 1Ye wc2 .

Suppose A/, (iw.) = 0. Applying (3.4) and (3.5), we have

We 2
and cosw,=——,
2 4 w? 2 4+ w?

sinw, =

(5.5)

which implies w. = 0. This leads to a contradiction and iw, is therefore simple.

13



Secondly, for A\ = iw,, from (4.3) we obtain

o _ Ye(1 — coswe)(1 + %&) 50
d7 p=0,w=w, B (pc -1+ Ye sin wC)Q + (2wc T 7. oS wC)Q’ .

and since the numerator of (5.6) is always positive, the complex roots of (2.2)
are transversal to the imaginary axis as 7y varies near 7..

According to Lemma 3.4 (1), we have % < 0. Therefore, no other charac-
teristic root is an integral multiple of iw. except —iw.. Thus, Hopf Bifurcation
occurs at (e, Pe)-

Similar to the proof of Theorem 5.1, the sign of a is determined as follows:

sign(a) = sign(f’”(O)(ﬁ —2-w?)).

This completes the proof. O

Finally, we provide an example with rs < 0 to demonstrate the occurrence
of the Hopf bifurcation.

Example 5.3. We consider the system (1.1) with f(z) = tanh(z) and rs < 0.
Choosing w = § and j = 0 in (3.6), then we have a point (7o(§),po(%)) located
on the Oth iw-curve. According to Theorem 5.2, for such fixed po(%), a Hopf
bifurcation should be occurred for v = 7o(%) and the induced periodic solution
is attracting. We choose r, = —s;, = 79(%) — 0.1 and rg = —sg = 7o(5) + 0.1.
Then we have v, = +/|rpsc| S (%) S Yr = V/|rrsg|. For the case
(v,p) = (vz,po(F)), the trivial solution (0,0) is locally asymptotically stable
which can be confirmed numerically (cf. Figure 3), while for (v,p) = (vr, po(5)),
a periodic solution occurs (cf. Figure 4). All numerical simulations in this ex-
ample are mainly based on the MATLAB codes provided by [22].

I
I
. | .
-1 -0.5 0 0.5 1
x(t)

Fig. 3. (0,0) is loc. asympt. stable Fig. 4. a periodic solution occurs
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6. Steady state bifurcations

Following the results obtained in sections 4 and 5, we conclude that the local
stability of the trivial solution (0,0) might be changed when the parameter val-
ues varied. In this section, we attempt to explore the steady state bifurcation
of the trivial solution by studying the existence and local stability of nontrivial
equilibria of (1.1).

6.1. Existence and multiplicity of nontrivial equilibria

Notice that an equilibrium (z*, y*) of (1.1) must satisfy the following system of
equations:

y =pfly") = rf@@).
First, we investigate the existence with multiplicity of the nontrivial equilibria.

To this aim, the following two observations are useful in our analyses and their
proofs are straightforward.

Lemma 6.1. (z*,y*) is an equilibrium of (1.1) if and only if (—z*, —y*) is an
equilibrium of (1.1).

Lemma 6.2. Let h(z) := = — pf(x). Then h(zx) is a C* odd function with
h(0) = 0. Moreover, we have

(1). If p <1, then h(z) is a strictly increasing function.

(2). If p > 1, then there exist constants B > A > 0 such that the minimum
value of h(x) for x € (0,00) occurs at x = A, h(B) = 0, and h(z) is
negative on (0, B) while positive on (B, 00).

For the case rs > 0, we have the following results:

Theorem 6.3. Assume rs > 0.
(1). Letp < 1.

(1-1). If y < 1 —p and p > 0, then there is no nontrivial equilibrium of
(1.1).

(1-2). If v < 1 —p and max{|s|, |r|} < 1 — p, then there is no nontrivial
equilibrium of (1.1).

(1-3). Ify > 1—p, then there are nontrivial equilibria of (1.1). In addition,
if p > 0 then there are exactly two nontrivial equilibria of (1.1).
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(2). Let p > 1. Then there are at least two nontrivial equilibria of (1.1).
Furthermore, we have

(2-1). If min{|s|, |r|} > p—1, then there are exactly two nontrivial equilibria
of (1.1).
(2-2). Ify < p—1, then there are at least eight nontrivial equilibria of (1.1).

Proof. We will focus on the case of » > 0 and s > 0. The case of r <0 and
5 < 0 can be treated in a similar way. By Lemma 6.1, we only need to consider
the equilibrium (x*,y*) with z* > 0. For convenience, we rewrite the isoclines

of (1.1) asy = Y(z) and z = X(y), i.e., Y(x) and X(y) satisfies
r—pf(z) = sf(Y(x)), (6.2)
y—pfly) = /(X)) (63)

Differentiating equations (6.2) and (6.3) with respect to = and y respectively,
we have

L—pfi(z) = sf'(Y(2)Y'(2), (6.4)
L=pf'ly) = rf' (X)X (y), (6.5)
—pf"(x) = sf'(YV(2)Y?()+ s/ (Y(x)Y"(x), (6.6)
—pf'(y) = (X)X ) +rf' (X(y)X"(y), (6.7)
and thus
my=Y'(0) = —2L, myi=X'(0) = —2L.

On the other hand, due to the boundedness of f, there exist x_ < 0 < z, and
y_ < 0 < yy such that

xy —pf(ry) = £sM, lim Y(x) = oo,
T—T4
yx —pflys) =M, lim X(y) = Foo.

(1). Under the assumption p < 1, it follows from Lemma 6.2 (1) that the
two isoclines y = Y (z) and x = X (y) lie in the first and third quadrants.
Thus, we are allowed to consider the nontrivial equilibrium (z*, y*) in first
quadrant only.

(1-1). (cf. Figure 5) If p > 0, then (6.6) and (6.7) imply that
Y"(z) >0 forx >0 and X"(y) > 0 fory > 0.
It immediately follows that
Y(z) >myx forx >0 and X(y) > may for y > 0.

The assumption v < 1 —p implies m;msy > 1. Therefore, the two isoclines
y =Y (x) and x = X(y) do not intersect in the first quadrant. This proves
the assertion (1-1).
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(1-2).

(1-3).

(2-1).

(2-2).

(cf. Figure 5) If (s+p) < 1 and (r+p) < 1, then Y'(0) > 1 and X'(0) > 1.
We claim that

Y(z) >z forz >0 and X(y) <y fory>0.

Suppose it is not true, say Y (z) > x for > 0 is not true. Then there
must exist zo > 0 such that Y (zp) = zo and Y'(zy) < 1. From (6.4), we
obtain

L= pf'(xo) = sf'(Y(20))Y'(w0) < sf'(w0),

i.e., (p+s)f'(xo) > 1. However, this contradicts to our assumptions (H),
since 0 < f’(x¢) <. Hence, the two isoclines are separated by y = z, i.e.,
there is no nontrivial equilibrium of (1.1).

(cf. Figure 6) It suffices to show that the isoclines intersect exactly once
in the first quadrant. If v > 1 —p, we have m;ms < 1. This together with
Y(zy) = +o00 and X(y4) = +oo implies that the two isoclines intersect
in the first quadrant. In addition, if p > 0 then both Y (z) and X(y)
are increasing and convex for x > 0 and y > 0, respectively. Hence, the
intersection is unique.

. (cf. Figure 7) By Lemma 6.2 (2), if p > 1 then

Y(z) >0forz>B and X(y) >0 fory> B.

This together with Y (z,) = +00 and X (y4) = +oo implies that the two
isoclines intersect in the first quadrant. Moreover, form (6.4) - (6.7), Y ()
and X (y) are increasing and convex for z > 0 and y > 0, respectively.
Hence, the intersection is unique in the first quadrant.

(cf. Figure 7) It suffices to show that the isoclines never intersect in the
four quadrant. By the assumptions, it is obvious that —1 < m; < 0 and
—1 < mg < 0. By the same arguments as the proof of (1-2), we have

Y(z)>—zfor0<z<A and X(y)<-yfor —A<y<O.

Since Y (A) is the minimum for 0 < x < B and X(A) is the maximum
for 0 < x < B, the isoclines are separated by y = —x in the fourth
quadrant. Hence, there are no nontrivial equilibria in the second and
fourth quadrants.

(cf. Figure 8 and Figure 9) By the assumptions, it is obvious that m;mgy >
1. Our goal is to prove that the isoclines Y (x) and X (y) intersect at least
once in the second and fourth quadrants. According to Lemma 6.2 (2),
we have

Y(z)<0forO<z< B and X(y)>0for —B<z<0,
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Y (A) is the minimum for 0 < # < B and X(—A) is the maximum for
—B < x < 0. It may happen that Y(z,) = —oco or X(y,) = +oo (cf.
Figure 11). However, no matter they are finite or not, the two isoclines
intersect at least at three points in the fourth quadrant.

The proof of Theorem 6.3 is complete. O

y=Y ()

y=mx

e T =may

z=X(y)

L =y

0
xT xT

Fig. 5. Theorem 6.3 (1-1) and (1-2) Fig. 6. Theorem 6.3 (1-3)

Y ol

N T y=max

T =mpy Yy =mzx

T =mpy

0 0
T xT

Fig. 7. Theorem 6.3 (2) and (2-1) Fig. 8. Theorem 6.3 (2-2)

Yy =nmyx

LT =mpy

Fig. 9. Theorem 6.3 (2-2) Fig. 10. Theorem 6.4 (1)
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Fig. 11. Theorem 6.4 (2-1) Fig. 12. Theorem 6.4 (2-2)

Next, we study the existence and multiplicity of nontrivial equilibria of (1.1)
when rs < 0.

Theorem 6.4. Assume rs < 0.
(1). Let p < 1. Then there is no nontrivial equilibrium of (1.1).
(2). Letp> 1.
(2-1). If min{|r|,|s|} >
rium of (1.1).

(2:2). Define b, := [ (- (A~ pf(A))) and 6, := [ (-(A~ pf(A)). If

(pf(A) — A), then there is no nontrivial equilib-

w=

16, > [r|f(A) + ‘%m — pf(A)

or (8, > [s|f(A) + o] A= pf(A)],

7]

(6.8)

then there are at least four nontrivial equilibria of (1.1).
Proof. Without loss of generality, we may assume that » > 0 > s.

(1). (cf. Figure 10) If p < 1, then it follows from Lemma 6.2 that the isocline
y = Y (z) lies in the second and fourth quadrants, while another isocline
x = X (y) lies in the first and third quadrants. Thus there is no nontrivial
equilibrium of (1.1).

(2-1). (cf. Figure 11) The proof of this part can be found in [14]. We omit the
details.

(2-2). (cf. Figure 12) As r > 0 > s, (6.8) becomes
5. > rf(A) + (A = pf(A)).
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By the definition of d; and A, it is obvious that (A, d,) lies on the first
isocline. Furthermore, the isocline has maximum value at this point.
Hence, if condition (6.8) holds, then

65 _pf((;s) > Tf(A), (69)

and the two isoclines defined by (6.2) and (6.3) will intersect exactly at
two points in the first quadrant.

O

We conclude this subsection with the following example.

Example 6.5. Consider the example that f(z) = tanh(x). Then we have

A = In(yp++/p—1), f(A=V@-1)/p,

5o — L s+In(yp+vp—1)—pp—-1)
2 s—In(yp+vp—D+plp—1)

5, = LprrhGprve—D - Vel -1
2 r—In(yp++vp—1)++plp—1)

6.2. Local stability of the nontrivial equilibria

In this subsection, we will provide some sufficient conditions for ensuring the
stability of the nontrivial equilibria.

Lemma 6.6. Let (z*,y*) be a nontrivial equilibrium of (1.1).
(). I (1= pP @)1 = pf ") < rsf/ () ("), then (a4 is unstable.
(2). Assume [(1=pf'(z"))(A=pf'(y*))| > |rs[f'(«") f'(y"). If pf'(z") <1 and
pf'(y*) < 1, then (x*,y*) is locally asymptotically stable; If pf'(x*) > 1
or pf'(y*) > 1, then (x*,y*) is unstable.

Proof.

(1). Our goal is to show that the corresponding characteristic equation of
(1.1) at («*,y*) has roots with positive real parts. Similar to (2.2), the
characteristic equation at (z*,y*)

PrA) = A+1=pf@)A+1-pf(y))
—rsf/(a:*)f’(y*)(/o e M dg)* = 0. (6.10)
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Since

lim P*(\) = (1= pf'(z"))(1 = pf'(y")) — rsf'(@") f'(y") <0,
lim P*(\) = oo,

A—00

there must exist a real A* > 0 such that P*(A\*) = 0.

. Let I" be the half-circle in the right-half complex plane with sufficient large

radius and center at origin. If A € I' or A is a pure imaginary number, we
have

(A+1=pf(@")A+1=pf'(y")| =L —pf (@)1 —pf(y)l
and
1

sl @) < sl @) )

Therefore, for A € I" or A is a pure imaginary number, we have
1
O+ 1= o/ @D+ 1= )] > s @)1 ) [ doy

According to Rouche’s theorem [1], P*(\) and (A + 1 —pf'(z*)) (A + 1 —

pf'(y*)) must have the same number of zeros in the right-half complex
plane. Thus the assertions follow immediately.

O

According to Lemma 6.6, a classification of local stability for the nontrivial
equilibrium (z*, y*) is given in Table 1.

‘ sufficient conditions ‘ signs of (1 —py,1 — po) ‘ rs ‘ stability ‘
(1 =p1)(1 = pa) < rsaiay (+, +) + | unstable
(1 =p1)(1 = p) < rsaiay (+, —) + | unstable
(1 =p)(1 = po) < rsaiay (—, +) + | unstable
(1 =p)(1 = po) < rsaiay (—, —) + | unstable
(1= p1)(1 = p2)| > |rs|aiay (+, +) + | stable
(1= p1)(1 = p2)| > |rs|aiay (+, =) + | unstable
(1 = p1)(1 = p2)| > |rs|asay (—, +) + | unstable
(1 = p1)(1 = p2)| > |rs|asay (—, —) + | unstable

Table 1. a classification of local stability for the nontrivial equilibrium (z*, y*)

with (a1, a2) = (f'(«*), f'(y*))
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Finally, if » = s then the stability of the nontrivial equilibria can be exam-
ined in detail.

Theorem 6.7. Assume r = s. Let (x*,y*) be a nontrivial equilibrium of (1.1).
(1). If |z*| # |y*| then (z*,y*) is unstable.

(2). Assume |z*| = |y*|. If sf'(z*) > 1 —pf'(x*), then (z*,y*) is unstable; If
sf'(z*) <1 —pf'(z*), then (z*,y*) is locally asymptotically stable.

Proof. Since r = s, by (6.2) and (6.3), the isoclines Y (z) and X (y) are sym-
metric with respect to the curves: y = +z. Therefore, if (z*, y*) belongs to the
first or the third quadrant, then we have |z*| = |y*|.

(1). If |x*| # |y*| then (x*,y*) belongs to the second or the fourth quadrants
and the proof of part (2-2) of Theorem 5.3 implies that either |z*| <
A < |y*| or |y*| < A < |z*|. Since f'(A) = 1/p, in either case, we have
f'(@*) >1/p> f'(y*) or f'(y*) > 1/p > f'(x*). Therefore, the inequality
in Lemma 5.6 (1) holds. Hence, (z*,y*) is an unstable equilibrium.

(2). The proof is similar to that for Theorem 4.1 by replacing P()) with
1

PN = (pf (") — 1 — A — rsf'(a*)( / e dp)?.

0

0

Figure 13 is the bifurcation diagram of the equilibria of (1.1) with f(z) =
tanh(x) and r = s = 0.5. We note that pitchfork bifurcations appear.
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Fig. 13. bifurcation diagram of equilibria of (1.1)
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Appendix

Rewrite (1.1) as

0

a(t) = —u(t)+pflu(t))+M 71f(u(t+0))d0 (6.11)
where u = (z,y)”, M is the coupling matrix and f(u) stands for (f(z), f(y))".
Let

fu) =u+g(u) with g(u):= f (?)()')u + O(u?).

Denote by C' the Banach space of all continuous functions from [—1,0] to the
2-dimensional space of column vectors and u; € C with u(0) = u(t + ) for
0 € [—1,0]. Splitting the right-hand side of (6.11) into linear and nonlinear

parts, we have
u(t) = Luy + F(uy), (6.12)

where L is the linear functional on C' defined by
0
Lu := (p— 1)u(0) + ./\/l/ u(0)do,
-1
and o
Pu) = po(u(0)) + M [ g(ul6))d(o).
-1
Following the notations of [12], we may write
0
Lu = / dn(O)u(0),
-1

where 7(6) is a function of bounded variation from [—1, 0] to the space of 2 x 2
matrices. The eigenvalue A\ of the infinitesmall generator of the Cy-semigroup
A, which is defined by the solution of (6.11), satisfies

det A(N\) =0

with .
AN =M —(p—1)] - M / eMdo.
-1

Let (v, pe) be the parameter where Hopf bifurcation occurs (cf. Theorem 5.1
or Theorem 5.2) and M. be the coupling matrix corresponding to 7., then the
eigenvector v of A(iw,.) satisfies

0
Mc/ Mdbv = —(p, — 1 — iw)v. (6.13)
—1
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Let
$1(0) == v, y(0) = e . (6.14)

Then P := span(¢q, ¢o) is the eigenspace corresponding to +iw.. According to
the adjoint system theory developed by Hale (cf. [13]), C' admits a direct sum
decomposition associated with P. Indeed, denote by C’ the Banach space of all
continuous functions from [0, 1] to the 2-dimensional space of row vectors. Let
w’ be a left eigenvector of A(iw,), i.e.

0
w! M, / e df = —(p. — 1 — iw,)w” (6.15)
-1
and

¢1(§) = wTeiiéwc and ¢2(§) = ET@ZEwCa 6 S [07 1]7
then v; € C’. Consider the adjoint bilinear form on C’ x C' given by

(4, 6) := $(0)(0) — / [ vte=nran@oierde.

and define the subspace @ := {¢ € C|(¢;,¢) =0, i = 1,2}, then we have
C=PadQ.

For convenience, let

U= (;ﬁl) and @ := (¢, ¢2).
2

Reset the coefficient of 1; by

0
Yy = ((w" (I — ./\/lcoz)v)f1 w’e ™ and 1y := ¢, with o 1= / et dp.

-1

Then ((¢4, ¢;)) is an identity matrix and the projection operator of C' on P is
given by
m:C — P with 7(u) = &z,

where z := (¥, u) is the coordinates of u with respect to the basis {¢1, ¢} of P.
Furthermore, by considering (6.12) as an abstract ordinary differential equation
in C (cf. [7]), we have the following differential equations for variables ¢z € P
and y :=u — ®z € @ respectively,

zZ = Bz+VY(0)F(Pz+vy), (6.16)
% = Ay+ (I —m)XoF(®z +v), (6.17)
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where B = diag(iw,, —iw.) and

1, =0
Thus, (6.16) and (6.17) are equal to
" 0
z =Dz + ‘I’(O)f 3(,0) (pc(@(o)z +y)? + Mc/ (D2 +y)*do + - - )
~ -1
(6.18)
d " 0
d_gz,{ =Ay+ (I - W)Xo—f 3(!0) (pC(CID(O)z +y)* + M. /1(<I>z +y)*d + - - )
(6.19)

The nonlinear terms in (6.18) and (6.19) are of order > 3, therefore the center
manifold near (0,0) can be identified approximately.

Lemma A.1. Let (7., p.) be described in Theorem 5.1 or 5.2, then there is a
2-dimensional center manifold near (0,0) given by y = h(®z) := 0+ O((2,y)?).

According Lemma A.1, the projection of the vector field (6.18) and (6.19)
on the center manifold into the center space is
£(0)

2 = Bz w0 0 (o0 M [ @),

where the terms of order > 3 are ignored. Notice that the power of a vector

in the above equations stands for the power of each component in this vector.

The vector z can be replaced by (z,2)T with z € C and it suffices to consider
the dynamics of z,

f///(o) 0

1

Z = 1wz + %(O)T ( o(¢1(0)2 + ¢2(0)2)° +/ (¢12 + ¢2§)3d6) - (6.20)

The coefficient of 2%z in (6.20) are concerned. Indeed, it can be shown that for
v = 7. and p = p,, the dynamics of (6.11) for (z,y) near (0,0) is determined by
the differential equations in polar coordinates,
io= () + ar®, (6.21)
0 = w., (6.22)

where a is the real part of the coefficient of 22z in (6.20) and p'(v.) is the
derivative of the real part of the root of A(\) = 0 with respect to v at .. Since

= 3
(¢1Z+d)25)3 - <(z;) e 5 | (5;) ei@wcz)

_ <v1|v1|2) Jeifwe 25 | ...
)

U2‘Un|2
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the coefficient of 22z in (6.20) is

" 0 2
S0 (w" (I - J\/lca)v)f1 w’ (pc[ + M. eiew“‘d@) (Ul‘vl‘ ) 22z
-1

2 U2‘Un|2

_ IO i) (" (7 - Mea)w) " (“1‘“1‘2) 23

2 U], |2

=00 i) (@ (1 - Moo (Zﬂmmo

Thus, we have

(f//;( )(1 +iwe) ((w" (I — Mea)v ijvj|vj| ) (6.23)

From (6.13) and (6.15), v is an eigenvector of M, and w” is a left eigenvector
of M., we obtain

vy = (i@, DT with Movy = £y/rsv., (6.24)
T
and
wi = (i@, 1) with wiM, = +/rswl. (6.25)
S
Therefore,

2(1 Fye), 1s>0,

6.26
2(1 Fiver), 1s<O. (6.26)

wi(f — M )a)vy = wivi(l T ay/rs) = {

Substituting (6.24)~(6.26) into (6.23) and simplifying for the case rs > 0 and
rs < 0 respectively, we obtain

1

"0)(v.cosw, — 2)(1 + =) (———m rs >0,
o A+ ) e
w S
(0 < 2—wH(l - ) (———m <0.

Notice that for the case 7s > 0, only the v_ and w” in (6.24)~(6.26) need to
be substituted into (6.23) since v, corresponds to the equation Ay (A) =0 (cf.
(2.4) and (6.13)), which have no purely imaginary roots (cf. Section 3).
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