Dynamics of PDE, Vol.2, No.1, 71-100, 2005

Steady-State Solutions in Nonlocal Neuronal Networks
Linghai Zhang
Communicated by Charles Li, January 5, 2005

ABSTRACT. We focus on the mathematical analysis of existence and nonlinear
exponential stability (linear exponential instability, respectively) of steady-
state solutions of the scalar nonlocal equation

ou
G-t (a=y0) [ K(e—y)H(u(y.0-0)dy+(3-5u) [ K(a—y)H(u(y.)-O)d.
and the nonlinear system of integral-differential equations
0
Stutw = (a-) [ K@-yH(.t - 0)dy
R

L (B bu) /R K(z - y)H(u(y, 1) — ©)dy,

ow

ot
The steady-states may cross the threshold 6 or © only. More interesting
cases are that they may cross both thresholds 6 and ©. Stable waves rep-
resent attractors of the dynamical system. We also investigate bifurcations
of solutions of these equations. The kernel is either an even probability func-
tion with exponential decay at infinity or a Mexican hat type function, e.g.
K(x) = Aexp(—alz|) — Bexp(—b|z|) and K (z) = Aexp(—az?)— B exp(—bz?),
where A > B > 0 and a > b > 0 are constants. The firing rate H is the Heav-
iside step function.

e(u — Tw).
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1. Introduction

In this paper, we are concerned with the following nonlinear system of integral-
differential equations arising from nonlocal neuronal networks

% tutw= (a—'yu)/RK(x—y)H(u(yj) —6)dy
1) (=00 [ Ko p)H(u(w.0) - ©)dy, u(w,0) = uofa)
R
(2) %—Z) = e(u—71w), w(z,0)=w(x).

We focus on the existence and nonlinear exponential stability (linear exponential
instability, respectively) of steady-state solutions of the system. We also investigate
bifurcations of the solutions. To achieve our main goal, we use ideas in nonlinear
analysis.

In this system, u(x, t) represents the membrane potential of a neuron at position
x and time ¢, while w represents the leaking current processes on a slow time scale.
The system represents a one-dimensional chain of neurons with nonlocal synaptic
coupling, with a—~u and §—du being the coupling strength. The constants 6§ and ©
are the thresholds for synaptic coupling to be activated. The integral terms on the
right-hand side of equation (1) account for excitatory connections between the cell
at x and other neurons in the network. See [3]-[6] for more biological backgrounds.

To derive the nonlocal model equation, first of all, we consider one-dimensional
chain of discrete array of neurons. Each neuron may represent a relaxation oscilla-
tor. Moreover, every neuron receives strong contributions of membrane potentials
from some neurons and weak contributions from other neurons: [ —~yu(x,t)] K (x—
y;)H (u(y;,t) — 8)Ay;, where K(z — y;) (representing a synapse weight) can be
viewed as the probability that there is a synaptic connection between the nerve cell
at y; and the cell at z; H(u(y;,t) —6) = 1 if u(y;,t) > 0 and H(u(y;,t) —0) =0if
u(y;,t) < 0; a —~yu(x,t) denotes synaptic coupling strength; and Ay; = y; —yj—1.
Note that synapses are the principal sites where neurons communicate with each
other. Most neurons communicate with each other at chemical synapses in which
messages are transmitted by the release of chemicals called neurotransmitters from
the presynaptic cells and detected by receptors on the postsynaptic cells. Now we
find that this coupling is indeed of chemical synapses type. Summing up the con-
tributions of membrane potentials from all other neurons to a single neuron would
yield the Riemann sum: [o —yu(z,t)] E;\Ll K(x —y;)H (u(y;,t) — 0)Ay;, where N
denotes the total number of neurons.

Secondly, note that there are about a trillion (10'2) neurons and approximately
a zillion (10*®) synapses and a single neuron may receive inputs from about 10%
synapses. Therefore the number of neurons and their tree-like dendritic structure
in even a small piece of cortex is so large that a natural approach to take in mod-
eling layers of cortex is to consider a continuum of cells. That is to say, a cortical
layer of nerve tissue can be regarded as a neuronal field that supports and prop-
agates interacting patterns of excitation. Motivated by this fact, if we consider
an ideal situation, namely, along the one-dimensional neural field, the neurons are
continuously distributed (so that N — 4o00), then we obtain a nonlocal term:
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(v —yu) [p K(x —y)H(u(y,t) — 0)dy. Thus, the equation (1) is of great interest in
nonlocal neuronal networks.

We consider a different characterization of the gain function in which there
is a low persistent activity rate and a high saturating rate. This case differs from
previous works and myself, because the system has two firing rates and two nonlocal
terms. Mathematical analysis of this problem is more challenging than before.

Suppose that the constants o > 0, 8 >0,v> 0,5 >0, 0<e < 1,60 >0,
© > 0 and 7 > 0 satisfy the following assumptions

0<9<L<6<ﬂ,
147 1+v+90
and
ar (a+ B)r

<< ——mm—< —_——
1+ (1+9)7 1+ (1+~vy+0)7

The kernel function describes the network architecture and it is a sufficiently regular
even probability measure with exponential decay at infinity. Let H(x) = 0 for all
x <0and H(z) =1 for all z > 0.

We display several well-known results of (1)-(2). The main results are stated
and established in the next three sections. Consider the scalar integral-differential
equation

(3) w1 = (o — Bu) / K — y)H(u(y,t) — 0)dy,

with 0 < 6 < 1+ﬁ Traveling wave fronts (namely, u(x,t) = U(z), U, # 0, where

z = ¢ + vt and v denotes wave-speed) are probably one of the most interesting
solutions of (3). Waves with positive or negative wave-speed satisfy

(4) vU, + U = (a — BU) /RK(Z —y)H(U(y) — 0)dy.

Theorem A. Let 8 = 0. For each fixed kernel functz’on satisfying 0 < K(x) <
Cexp(—plz|), K(-z) = K(x) for all z € R and [ K(x)dz = 1, where C > 0
and p > 0 are constants, there are two wave fronts, one mcreasmg and the other
decreasing, with one of the wave-speeds +vg:

Cucels) = o / oo [ e (12 o
—o0 1%

exp ( ) K(z)dz, z=x + vt

K(z)dx — /:o exp (z - x) K(z)dz,

Vo

(6%
370 =

Udccrcasing(z) = « /

&g = a/ exp > K(z)dz, z =2 — yt,
2 0

5\&
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if 0 < 0 <5, and very similarly,

Udecreasing(z> = Oé/ K(I)d:E + a/ exp (I — Z> K(x)da:,

Vo

0
p— < — a/ exp <+x) K(z)dz, z =z + vt,
2 oo 120
# & z—x
Uincreasing(z) = Oé/ K(I)dib + Oé/ exp ( > K(SC)dZL‘,

Vo

a_g — a/ eXp(—I>K(I)dI,Z—I—V0t7
2 0 o

if 0 > 5. There are two steady-state solutions

Uincreasing (2) = a/ K(z)dx and Ugecreasing(2) = a/ K(z)dz,
if 0 = 5. Overall, there hold U(0) = 0. Either U, > 0 on R and
lim (U(2),U.(2)) = (0,0), lim (U(2),U.(2)) = (,0),
orU, <0 on R and
lim (U(2),U.(2)) = (2,0), lim (U(z),U.(2)) = (0,0).

Z——00 z—+00

The wave-speed is a well defined function of 2 =, such that

0 0 6
lim v <> =400, lim v () =07, lim v () = +o00.
£ ot [e% £1 o e o

Moreover
0 o
%hm Ulncreasmg < OL) aH (0 - 5) )
hIIl Ulncrea%lng < 0) OZ/ K(SE)dZB
o1 « o
lim U, f H(6-2
ii,m increasing E ( - 5) )
and
lim U, 0 H(0-2
o lIIl decreasing E « ( - 5) )
hm Udecreasing ( 9) a/ K(x)dx
o % o >
. 0 e
;h—{rll* Udccrcasing (Z (LY) - H (8 - 5) .
Proof. See [13]-[15] for its proof. #

Note that when € = 0, the second variable w in system (1)-(2) becomes a
constant. The equation

VUz-l-U—i-W:(a—ﬂU)/}RK(z—y)H(U(y)—Q)dy,
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has a decreasing (increasing, respectively) traveling wave solution U, such that
U(0) = 6, if the counterpart equation (4) has an increasing (decreasing, respec-
tively) solution for 0 < 6 < § (6 > § > 0, respectively), where v = +1y and
W =a—26.

The stability of each of these monotone traveling waves is determined com-
pletely by the essential spectrum and eigenvalues of an associate linear differential
operator L, see [13]. Furthermore, the eigenvalues of the operator coincide with the
zeros of a complex analytic function £(\), which is called the eigenvalue function.
The eigenvalue function is defined by

£ =1- /_Ooo exp ( A:; 1x> K(z)dz/ /_OOC exp <+jo> K(x)de,

for traveling waves with a positive speed 41, and by

5(A):1—/0°Oexp( Atl ) dm// exp (—) K(2)dz,

for waves with a negative speed —vy. Making a change of variable © — —zx, we
find £ (X)) = £E_()). Rigorous mathematical analysis demonstrates that all of these
monotone traveling wave solutions are stable relative to (3), see [13].

When ¢ > 0, under certain conditions on the parameters «, v and 6, the system
(1)-(2) can support both slow and fast homoclinic orbits as well as heteroclinic orbit.

Theorem B. Suppose that 0 < 20 < o, 3 =0, 0 < 75 < 6 and 0 <
e < 1. Then, there exist a unique slow homoclinic orbit (Usiow(€, ), Walow (€, *))
corresponding to a unique slow wave-speed Vglow(€), and a unique fast homoclinic
orbit (Usast (€, ), Wreast (€, ) corresponding to a unique fast wave-speed vigi(€). The
slow wave-speed Vgow(€) = Kk1(e)e and the fast wave-speed v (€) = vo — Ka(€)e,
where K;(€) > 0 are constants such that k;(e) > 0 for all 0 < ¢ < 1. Both
homoclinic orbits satisfy the traveling wave equations

(5) vU, +U+W /Kzf (U(y) — 0)dy,
(6) v, e(U — W),

and the homogeneous Dirichlet boundary conditions

Zli)rinoo(U(E,z), Wie, z)) = ZEIirlw(UZ(£7z),WZ(€7z)) = (0,0).

Furthermore, the slow orbit is unstable and the fast orbit is stable, in the sense of
L>*(R) x L*®(R)-norm. Suppose that 0 < 20 < «, 1+ >0 and 0 <e 1. Then,
there exists a unique heteroclinic orbit (Unetero(€, *)s Whetero (€, *)) corresponding to a
unique wave-speed Vhetero(€) = Vo — k(€)e. The heteroclinic orbit satisfies the above
traveling wave equations (5)-(6) and the Dirichlet boundary conditions

Jim (U(e,2), W(e,2)) = (0,0), _lim (U(e,2), W(e,2)) = T

ng (U(g,2),W,(g,2)) = (0,0).
The heteroclinic orbit is also stable relative to system (1)-(2).
Proof. See [8], [13], [15] for its proof. #
Remark 1. The slow homoclinic orbit being unstable and the fast homoclinic
orbit being stable is consistent with the results of the nonlinear singularly perturbed
system of Fitzhugh-Nagumo equations u; = uz,+u(l—u)(u—a)—w, wy = e(u—yw),

(v, 1),
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where 0 < a < %,y > 0 and 0 < ¢ < 1 (this is a single cell cable model), see [10]-
[11].
Consider the scalar integral-differential equation

G +u= o= [ K- pHm0 - 0)dy
) +(3=bu) [ Ka=y)H(uly.t) - )y

Traveling wave fronts (namely, u(z,t) = U(z), U, # 0, where z = z 4+ vt and v
denotes wave-speed) are probably one of the most interesting solutions of (3) and
they satisfy

VU, +U = (a —1U) / K(z — ) H(U(y) - )dy

(8) (6 — o) / K(z— y)H(U(y) - ©)dy.

Theorem C. Suppose that 20 < o < O < a—i—g and vy =90 =0. For each fized
kernel function satisfying 0 < K(x) < Cexp(—p|z|), K(—z) = K(x) for all z € R
and fR K(x)dz =1, where C > 0 and p > 0 are constants, there are exactly three
monotonically increasing, exponentially stable traveling wave fronts to equation (4).
The first traveling wave front is given by

Ui(z) = a/ K(x)dx—a/ exp <x—z> K(x)dz,
—o0 —o0 V1
iU (2) = [ e R K(z)dx
dz ! - V1 J_so *P 141 ’
: . . d
ZEr_nOO Ui(z) = 0, ZETM Ui(z) = «, zl{rinoo £U1(z) =0,

and the first wave-speed v = vy > 0 is determined by
@ 0 x
5 —a/_ooexp <u1> K(x)dz = 6.

r—z

Us(z) = a+ ﬁ/_; K(z)dz — g/_; exp ( = ) K(x)da,

Aoy = 2 exp(x_Z>K(x)dx,

The second front is

dz V2 J_~o Vo
. . . d
zEI—nooUQ(Z) = @, ZEI-‘,I}OO UQ(Z) :a—i_ﬁa zl{r:iloo%UQ(Z) 207

and the second wave-speed v = vy is determined by

0
a+§—ﬁlmexp (:2) K(x)dr = 0.
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The third front is
z z2—7Z
Us(z) = a/ K(sc)das—i—ﬂ/ K(x)dzx

_ /_ e (”fygz) [0k (z) + BK (z — Z)|da,

d 1 [ T—z
. . . d
Zgr_noo Us(z) = 0, zgr-ir-loo Us(z) =a+ 0, zll»rfoo @Ug,(z) =0,

and the third wave-speed v = vs together with the crossing Z are determined by

“esf _: K@~ [ " e (j) (0K (2) + BK (z — Z))dz = 0,

o 3

and
a/i K(z)dz + g - /ZO exp (;’;) 0K (z + Z) + BK ())dz = ©.

Proof. See [15] for its proof. #
Note that when ¢ = 0, the second variable w in system (1)-(2) becomes a
constant. The equation

WU+ W = (a=0) [ K= ) HU) - 0)dy

(8- oU) / K(z — y)H(U(y) - ©)dy,

has three decreasing traveling wave solutions, such that U;(0) = 60, Uz(0) = O,
Us(0) = 6 and Us(S) = O, for some unique S < 0.

The spectral stability of each of these monotone traveling waves is determined
completely by the essential spectrum and eigenvalues of an associate linear differen-
tial operator £, see [13]-[15]. Furthermore, the eigenvalues of the operator coincide
with the zeros of a complex analytic function £(A), called the eigenvalue function.
Rigorous mathematical analysis demonstrates that all of these monotone traveling
wave solutions are spectrally stable relative to (3), see [13]-[15].

When e > 0, under certain conditions on the parameters «, 3, v, 6, €, 8, © and
7, the system (1)-(2) can support both slow and fast homoclinic orbits as well as
heteroclinic orbit.

Theorem D. (I) There are three exponentially stable, homoclinic orbits. They
satisfy the boundary conditions

ZEIEW(UI(E;ZLWI(&Z)) = (0,0),

. ay a
i (a0 (o) = (150,
lim (Us(e, 2), Wale,2)) = (0,0)

z—+o0

Furthermore, (U, W) crosses the threshold 0 twice but does not cross ©, (Uz, W3)
crosses the threshold © twice but does not cross 8, and (Us, W3) crosses the threshold
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0 twice and the threshold © twice. (II) There are precisely three exponentially stable,
heteroclinic orbits. They satisfy the following boundary conditions

ZEIPOO(Ul(e, z),Wi(e, 2z)) = (0,0),

. afy @
lim (U W = 1+~
Z_l)gl@( 1(&,2), Wi (e, 2)) <1+7’1+7>’

lim (Ug(e,z),Wg(a,z)):( a2 )

z——o00 1+ 147
lim (Usy(e, 2), Wa(e, 2)) = <M7 O‘+ﬂ> 7
z—+00 1+ 1479y
lim (Us(e, 2),Ws(e, 2)) = (0,0),

Z— — 00

lim (Us(e, 2), W3(e, 2)) =

z— 400

ay+py a+f
1+ "147)°

Furthermore, the second component of each of the heteroclinic orbits is strictly in-
creasing on R. (Uy, W) crosses the threshold 6 once but does not cross ©, (Ua, W)
crosses the threshold © once but does not cross 0 and (Us, W3) crosses the threshold
0 once and the threshold © once.
Proof. See [15] for its proof. #
Remark. There are three exponentially unstable, homoclinic orbits with the
same boundary conditions and crossings as above.

2. steady-state solutions

Suppose that either the kernel function is nonnegative, even, at least piecewise
smooth, such that

/ K(z)dr =1, K'(z) <0in RY, K(z) < Cexp(—p|z|) in R,
R

for some positive constants C' and p; or the kernel is a Mexican hat type func-
tion, such as K(z) = Aexp(—alz|) — Bexp(—blz|) and K(z) = Aexp(—ax?) —
Bexp(—ba?), where A > B > 0 and a > b > 0 are constants, such that [, K (z)dz =
1, K'() <0on (0, M) and K'(x) > 0 on (M, +00), for some constant M > 0. In
neuroscience, lateral inhibition (i.e. short distance connection represent excitatory
connections and long range connections represent inhibitory connections) is of great
interests. The corresponding kernel functions look like Mexican hats.

We focus on the analysis with nonnegative kernel functions. The steady-states
are always positive if the kernel is positive and some of them are monotone. But for
Mexican hat type kernels, the steady-states are not necessarily positive or mono-
tone.

2.1. Existence and spectral instability: the case ¢ = 0. We study non-
trivial steady-states of the scalar equation (8) in this subsection.

Theorem 1. (1) When (2+4)0 < «, there exists a unique positive steady-state
U, such that U(0) = U(X,) =6, U <6 on (—00,0) J(X«,+00) and 0 <U < © on
(0, X.), for some X, > 0. (II) When (2 + )0 = «, there are exactly two positive,
monotone steady-states U, such that U(0) = 0. (III) When (2 + v)0 > «, there
exists a unique positive steady-state U, such that U(0) =U(X*) =6,0 <U < ©
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on (—00,0) J(X*, 4+00) and U < 0 on (0, X*) for some X* > 0. (IV) The steady-
states in the first and the third cases are spectrally unstable relative to equation

(8).

Proof. The steady-state solutions should satisfy the equation
Ue) = (@ =0) | Klz = HUG) - 0)dy
R

(I) Let (2 +v)# < a. By using mean value theorem, it is straightforward to show
that there exists a unique number X, > 0, such that

X.
«@ K(x)dx/
0

X.
1+7y K(x)dx] =4.
0

The steady-state solution is given by

U(x) = a / " K( — y)dy/

1+7/0 *K(x—y)dyl.

Furthermore K’ < 0 on Rt implies that U’ > 0 on (—oo7%X*) and U’ < 0 on
(1X,,+00), thus U(0) = U(X.) =0, U < 6 on (—00,0) J(X, +o0) and § < U < ©
on (0, X.). Therefore, U is the desired steady-state. Additionally, there hold

X

2
Ule) = ofK(z) - Kz - X,)]/ |1+ ; K(xy)dy] ;

X, 2
U0) = alK(©0)— K(X.))/ 1+7/ K(x)dm} ,

0

X 2
U'(X.) = KO~ KO/ 147 | K(x)dx] ,
UO) = (X = ~(a—8)2[K(0) - K(X.)]

)é* -axis, because

The steady-state is symmetric about the x =
X
X
* X*
a/ K(—x—y)dy/
0 2

b's
* X.
l—l-’y/ K<2—x—y>dy]
0

X
1+7/0 K(X*er—§>d§]

I

o
h
e

=
I/
vo | 24

_|_

8

|

N
N~

Q

N
~

I
=
N
=
+
|
N—

where we have made a change of variable ( = X, —y and also applied the property
K(—z) = K(z) for all z. The uniqueness of the steady-state (up to translation
invariance) is obviously true. Due to the assumption |K(z)| < Cexp(—pl|z|) on R,
the steady-state converges to zero exponentially fast as z — +o0.
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(IT) Let (2 + )8 = «, then
ncowinl@) = o [ K(€)de/ [1 s [ K(é)df] ,
Uscranse) = o [ K(@de/ |14 [~ m©)ae].

are the steady-states of (8). Moreover
xT 2
Ui/ncreasing (.’L‘) = +OéK(£L‘)/ |:1 + 'Y/ K(f)d§:| )
—o0
0o 2
Uélecreasing(x) = 7O‘K(‘Z‘)/ [1 +7/ K(ﬁ)df] )

4
|Ui,ncreasing(0)| - |U(/iecreasing(0)| - EK(O)GQ

(III) Let (2+7v)0 > o > (1 + )6, then very similar to the case (24 )0 < a, there
exists a positive number X* satisfying

[oz —a /OX* K(x)dm] /

There is a unique nontrivial steady-state

x*
1+’y—7/ K(x)d;c]z@.
0

X [ X
U(;v):la—a/o K(x—y)dy]/ 1+’y—w/0 K(x —y)dy| .

Moreover
- P 12
Ule) = ofK(z—-X")=K(@)]/|1+v—~ ; K(z —y)dy| ,
U'(0) = a[K(X")-K(0)]/ 1+7—7/0 K(w)dw] :
X 2
U'(X") = al[K(0) - K(X")]/ 1+7—7/0 K(x)dx] :

u'0) = IU'(X*)I=é(a—v9)2[K(0)—K(X*)]~

(IV) Let (2++)80 # « so that either X, or X* is well-defined. The case (2+7)0 = «
can be investigated similarly. The linearization of (8) about one of the steady-states
U is
Ple.0)+ |1+ [ K- pH@G) - 0)iy| Plo.
R
a—~yU(x) a—1U(z)
= Y K@) P0,t) +
U7(0)] U"(X)]
where X = X, or X = X*, and the corresponding eigenvalue problem is

[A s1ay [ K- HOG) - 9>dy} b()

a—~U(z)
Ur(X)]

K(x— X)P(X,t),

- MK(x)w(O) +

77 (0)] K(z — X)y(X).



STEADY-STATE SOLUTIONS IN NONLOCAL NEURONAL NETWORKS 81

Define the open, unbounded region @ = {A € C: Rex > —1}. We will study
the eigenvalue problem in Q. If ¥(0) = ¥(X) = 0, then v = 0. If 4(0) = 0 or
¥(X) = 0, then simple analysis also shows that ¥ = 0. Without loss of generality,
we assume that 1(0) # 0 and ¢(X) # 0. Now we define the linear operator
L:C%R)NL>®(R) — C°(R) (N L*>®(R) by

L= - [1 4o [ Ko=) HWG) - 0] v

a—~U(x) a—~U(x)
— 7y K (@)Y(0) + — = K (@ — X)p(X).
[U7(0)] U"(X))]
The essential spectrum of £ consists of those numbers satisfying ReA = —1. Due

to translation invariance of the steady-states, A\ = 0 is an eigenvalue of £ and U’
is the corresponding eigenfunction. To find other eigenvalues, setting x = 0 and
x = X in the eigenvalue problems, we get

<A+ « “‘791{(0)) 5(0) = 22 ge(x)p(x),

a—60  [U(0)] U (X)]
and
o a— ~0 _a—~0
<)\+ a_,yg |U’(X)|K(O)> 1/J(X)— |U,(0)|K(X)1/1(0)
Therefore
@ o — a a—~0
e o) P o

_ e —19)K(X)]?
U (0)[|U"(X)]
Note that |U’(0)| = |U'(X)] if (24 )8 # «. Solving this algebraic equation, we
find that

KO -KX) o _
U7 (0)] a—90

A= (a—~0) 0,

and

K(0)+ K(X) @
TO a-a

Therefore, any of the steady-states is spectrally unstable.
Suppose that (2 + )8 = a. Then by similar analysis, we can show that there

exists no nonzero eigenvalue of the associated linear operator £ in the right half

plane {A: Re\ > —1}, and the number A = 0 is a simple eigenvalue of £. Thus the

monotone steady-states are spectrally stable relative to (8). #

Ao = (v —70) 0.

Remark . If (2 4+ 7)0 # «, then there are two eigenvalues, counting algebraic
multiplicities, because the steady-state crosses the threshold 8 twice. If (2+v)0 = «,
then there is only one eigenvalue, also counting algebraic multiplicity, because the
steady-state crosses the threshold 6 only once.

Theorem 2. (I) When (2 + 2y + )0 < 2a.+ 3, there exists a unique positive
steady-state U, such that U(0) = U(Yy) =0, 0 < U < © on (—o0,0) J(Ys, +0)
and U > O on (0,Y%), for some Y, > 0. (II) When (24+2v+6)O = 2a+ [, there are
exactly two positive, monotone steady-states U, such that U(0) = ©. (III) When
(24 27+ 0)O > 2a + (3, there exists a unique positive steady-state U, such that
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U0)=U(*)=0,U >0 on (—00,0) JY*,+00) and § < U < O on (0,Y*) for
some Y* > 0. (IV) The steady-states in the first and the third cases are spectrally
unstable relative to equation (8).

Proof. It is very similar to that of Theorem 1 and is omitted. #

Theorem 3. Suppose that (a—y0)[(24+0)O—0F] > 0 and (—430)[(24+7)0—a] >
0, such that
24+7)0—-a (2+6)0O-7
2G-00) | 2a—20)

<1,
for case (1),
24+7)0 -« (2—1—5)@—5_1
2G-00) | 2Aa—20)

for case (II), and

2+v)0—a (240)O0-p

2G-00) | 2a—10)

for case (III). (I) There exists a unique positive steady-state U, such that U(0) =
U(Z,)=0,U <0 on (—0,0) J(Zs,+00) and U > 0 on (0, Z,), for some Z, > 0;
Ul)=UA)=0,U <0 on (—oo,I',) J(As, +00) and U > O on (T, A), for
some constants 0 < T'x < Ay < Z,. (II) There are exactly two positive, monotone
steady-states U, such that U(0) =0 and U(Q) =0 or U(0) =0 and U(Q*) = O,
for some real numbers Q. and Q*. (III) There exists a unique positive steady-state
U, such that U(0) = U(Z*) =0, U > 6 on (—00,0)J(Z*,40) and U < 0 on
(0,Z*) for some Z* > 0; UT™*) = U(A*) = ©, U > O on (—oo,I'*) J(A*, +00)
and U < © on (T'*,A*), for some constants T* < 0 < Z* < A*. (IV) The steady-
states in the first and the third cases are spectrally unstable relative to equation
(8).

Proof. (I) There exist three numbers 0 < 'y < A, < Z,, such that

> 1,

Z. A.
(a— ’y@)/o K(z)dx + (8 — 59)/F K(z)dz = 6,

A A—T,
(a—’y@)/A By K(x)da:—i—(ﬁ—é@)/o Kz = ©.

The unique positive steady-state is given by

T x—T.
U(r) = {a | w@ass | K(f)df}
T z—T,
/{Hv/_z K<§>df+6/_A K(f)df}.
The derivative is

A
U'(x) = {la + (ad - ﬂv)/r K(z —y)dy][K(z) — K(z — Z.)]

+3+ (31— 0d) [ K@= pyl[K(a— ) = Ko =)}

/{1“/; K<£>d5+6/: *K<§)d5} .
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(IT) There exist exactly two real numbers 2, and Q*, such that

% _ /Q*K(gg)dz,
(225_395 / Kz

and )
W _ [ K@y
St " K

The positive monotone steady-states are given by, respectively

7) = {a / ; K+ [ OOQ K(E)df}
/{1+7/ K(¢ d5+5/:9* (g)dg}

- fo [ okea ., i
/{1 o [Tw@as o [T e}

The derivatives are

V) = {(ﬁ+(ﬁv—a5) | K@aore-a)

and

x—Q
Hat(as— ) [ K(ﬁ)dé)K(a?)}
x x— 2
/{1+7/_ K<§>d5+6/_ K(f)ds},

V) = —{(6 +(r—ad) | " K()de) Kz — @)

and

Har - ) [* K@K

/{Hv/:o K(s)dsw/;* K(f)df}2.

(III) There exist I'* and A*, such that
z* A
(@ —~0) l1 - / K(z)dz| + (8 — 50) l1 - / K(x)dx]
0 -
A*—T*
—/ K(m)dw]
0

A*
- / K(x)dx
A*—7*

(a—90) |1

+(8-40) |1

83
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The unique positive steady-state is given by

U(m)={a—a/m K©ds+p-5[ K(&)d&}

_Zx

/{1+v—7/iZ*K(£)d€+5—5/:* K(«s)df}.

The derivative is
z—I*

V@) = ~{la+ (@b =pn(1~ [ KOWK) - K- 2)

r—A*
T

+[ﬁ+(ﬂ7—a5)(1—/ K(§dO][K (z — A") = K(z = T7)[}

T—Z*

/{1+7—7/w KEde+s—5 [ K(f)df}-

—Z* r—A*
It is very similar to that of Theorem 1 and is omitted. #

2.2. Existence and spectral instability: the case € > (0. The parameter
€ > 0 is arbitrarily large in this subsection.

Theorem 4. Let 6 < ﬁ < ©. Then, there exist at least four nontriv-

ial steady-state solutions to the equations (1)-(2). The steady-states are spectrally
unstable relative to (1)-(2), if (2+ 27 4+ ~v71)0 # ar.
Proof. Solving the system

Uw)+ W) = (a—0) / Kz — y)H(U(y) - 0)dy,
Ulx) = 17W(x),
is equivalent to solving the system
V@) = pila=) [ Kla=pHUG) - 0)dy,
W) = ele=a0) [ K@= HU - o)

The rest of the analysis for the existence of the steady-states is the same as above
(i.e the case € = 0). If (2+ 27 + y7)0 < ar, then there exists a unique positive
number A,, such that

ar /0 " K(o)da

The unique nontrivial steady-state is given by

(U(z), W (2))
A
= {a/o K(z —y)dy/

Ay
1+T+’y7‘/ K(m)dm]z@.
0

A
1+T+77/0 K(my)dy]}m),

and

(U (z), W' (x))
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A, 2
=<a(l+7)K(z)— K(z— A))]/ 1+T+'yT/0 K(;v—y)dy] (1,1).

Furthermore

(o —0)?
a(l+7)
If (2+ 27 + v7)0 > ar, then there exists a unique positive number A*, such that

U'(0) = [K(0) — K(A.)] = —U'(A,).

ar — ar /O " kyr| )

A+
1+T—|—’}/T—’}/T/ K(a:)dx]zﬂ.
0

The unique nontrivial steady-state is given by

(U (), W(x))
A"
:{[a—a/o K(x—y)dy]/

and

"
1+T+77'_’Y7'/0 K(x—y)dy”(ﬂl%

(U (), W'(x))

- {a(l +7)[K(z — A*) — K(z)]/

A* 2
1+r+w—77/0 K(x—y)dy] }(7,1).

Moreover

(@ —10)°
a(l+7)
If (2+ 27 + 77)0 = ar, then there are precisely two monotone steady-states: (i)

(Uincreasing (I) ) Wincreasing (I))

— {a/; K(&)de/ [1+r+77/; K(&)dﬁ]}(ﬂ 1),

and the derivative

U'(0) = [K(A") = K(0)] = =U"(A").

(Ui/ncreasing ($> ’ Wi/ncreasing (.’IJ))

- {a(l + 1)K (2)/ [1 o | K(§)d£]2} (r,1),

—0oQ

xT

and (ii)
(Udecreasing (:E) ) Wdecreasing (LL') )

- {a/:o K(¢)de/ [1+r+w/xm K(S)dﬁ}}(ﬂl),

and the derivative
(Ucliecreasing (l‘) ’ Wéecreasing (SL’))

- {—a(l k(@) [ ar [ K(E)dfr} (m.1).

Now we obtain
4(1+ 7)6?
|Ui/ncreasing (O)‘ = |U(€1ecreasing (O)| = g

o K(0).
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The linearization of the system (1)-(2) about each of the steady-states (U, W) is

P+ {HV/RK(w—y)H(U(y)—@dy P+Q

_ a—1U() o —U(z)
= WK(I')P(O, t)+ WK(I — A)P(A, 1),
Qr = e(P—-1Q),

where (2 + 27 +77)0 # a7, and A = A, or A = A* is well defined. The eigenvalue
problem is

A+ [Hv/RK(x—y)H(U(y)—e)] £t

_a—7U(x) . a—1U(x) T —
= O ke + S K- i)
A= e(§—Tm),
equivalently,
(A1 [ K= @) -0y + )¢
_a—U(x) a—qU(z)
= WK(@HO) + WK(@" — A)¢(4),
B €
TN 755'

Define Q(e) = {X € C: ReX > —7¢e}. Define the linear operator
L(e) : [C°®) (L*®R) — [CO(R) () L= (R)]?

by
c(g)wz_( LR U =0 1 )w
10 fa—1U(z), a—U) .
+(0 0” o) OO T K AW(A)]'

The essential spectrum of L£(e) consists of all complex numbers satisfying

1
Re A = ~3 <1+TE:|: \/(1—7'5)2—45>.
Suppose that (2 + 27 4+ y7)0 # a7. Then, as before, the eigenvalues satisfy

at +~0 € K(0)+ K(A)

>\+(a—79)7+/\+752(a779) |U(0)]

= \Il:tv

SO

U —1-Tet/(Uy —1— 712+ 4(¥py —y— 1)

= 5 )

Suppose that (24274 ~7)8 = ar. Then there exists no nonzero eigenvalue of L(¢)
in the right half plane

At

1
{/\EC: Re)\>f§ <1+T6* (175)245)}.
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The neutral eigenvalue A = 0 is simple. Therefore, the steady-states are spectrally
stable.

Theorem 5. Let 0 < 6 < H((lyijrv)f <0< %. Then, there exist at
least four montrivial steady-state solutions, which cross the threshold 6 only, to the
equations (1)-(2). The steady-states are spectrally unstable relative to (1)-(2), if
(2427 +77)0 # arT.

Proof. It is very similar to that of Theorem 4 and is omitted. #
Theorem 6. Let 0 < 0 < 17755, < © < %. Then, there exist at

least four nontrivial steady-state solutions, which cross both thresholds 6 and ©, to
the equations (1)-(2). The steady-states are spectrally unstable relative to (1)-(2),
if (2427 +77)0 # ar.

Proof. It is very similar to that of Theorem 4 and is omitted. #

3. Nonlinear stability and linear instability

3.1. Nonlinear exponential stability. Consider the existence and expo-
nential stability of constant solutions of the scalar integral-differential equation (8).
Obviously, if

0<9<L<(~)<0[7—’_ﬂ7
1+~ T+~v+0
then
Q a+p
U507U577 =0
0 P14y P T 14940

are the constant solutions. Consider global solutions of the initial value problems
u(z,0) = up(x) for (8). We pay particular attention to the problems ug(z) = 6 and
up(z) = 0.

Elementary Lemma. The global solution of the initial value problem

O Fayu = g(a), ule,0) = uox).

where f >0 on R, is given by

X
) = explf(o)tlun(o) + {1~ explfa)]} 45
Proof. It is very easy and omitted. #
(D) If 1525 > © and ug(z) > © for all z € R [or if {925 > © and ug(z) > ©

for all € R], then a global solution of the initial value problem wu(z,0) = ug(x) is
given by

atf —(14+o)t at+p

t)= ——— v - 7

u(@,?) T+y+06 ¢ (@) 1+v+6
Here u(z,t) > O for all (z,t) € R x RT. Additionally

. atf
1 t) = ———.
A ule ) = 52
(I) If0 < 2= <©and 0 < up(z) <O forallz e Rjorif § < -2 <O and

14~ 14y
0 < ug(z) < O for all x € R], then a global solution of the initial value problem
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u(z,0) = up(x) is given by

a a
)= — —(14y)t _ )
u(z,t) 1+’y+e uo(x) Ty
Here 6§ < u(z,t) < © for all (z,t) € R x R*. Additionally
a

li t) = ——.
t—}gloou(x’ ) 1+~

(III) If uo(z) < O for all z € R, then a global solution is
u(z,t) = e tug(z).
Note that u(x,t) < 6 for all (z,t) € R x R*. Therefore

tlzgloo u(z,t) = 0.

It seems that each of the initial value problems u(z,0) = 6 and u(z,0) = © for (8)
has at least two stable solutions. Overall, we see that the constant solutions are
exponentially stable. Nevertheless, the stability problem becomes very complicated
if the initial data cross the threshold € or ©. For each of the above cases, if the
initial data is even, then the solution is also even. The initial data can be bounded
or unbounded. For examples, ug(x) = © + coshz or ug(x) = 1+ © + (tanh z)?.

To investigate the nonlinear exponential stability of the steady-state solutions
of (8), we have to study the initial value problems u(x,0) = ug(z) for the scalar
equation (8), here wug is well defined everywhere but it is not necessarily bounded
or continuous. Theorem 7, Theorem 8 and Theorem 9 are concerned with stability
of monotone steady-states.

Theorem 7. Let (2 + )0 = «. (I) Suppose that the initial data satisfy
uo(x) <0 for all z <0 and 6 < ug(x) <O for all x > 0. Then a global solution of
the initial value problem for (8) is

e =ow {1+ [ iere] t}uto

fimew |- (147 [ w@ae) ] o [ w@de 14y [ m)}.

u(z,t) < 0 for allz <0 and 6 < u(z,t) < O for all x > 0. Moreover

lim w(z,t) :a/_; K(&)de/ {1 —l—’y/_; K(§)d§} .

t——+oo

(II) Suppose that the initial data satisfy 0 < up(x) < O for allx <0 and ug(z) < 6
for all x > 0. Then a global solution of the initial value problem for (8) is

u(z,t) = exp { {1 + /x b K(g)dg} t} uo(z)

fimew |- (140 [T x@a)o| Ha [Tx@a 144 [T roa] }.

0 < u(z,t) <O forallz <0 and u(z,t) < @ for all x > 0. Moreover

in_u(e,t) =a [ K(E)de/ {1 =7 K(S)df] |

t——+o0
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Proof. (I) We are looking for solutions satisfying the conditions u(z,t) < 6 for
x < 0and 0 < u(z,t) < © for x > 0. Therefore, the integral-differential equation
(8) reduces to the equation

ou

E—Fu— a—’yu)/_ooK(g)dg

Formally, we can treat it as an ordinary differential equation in terms of ¢ with x
being a real parameter. The integrating factor is

eXp{{l +7/; K(ﬁ)di} t}~

Now it is straightforward to derive the solution formula. If z < 0, then ug(z) < 6

and
o f OO K(€)de/ {1 o [ OO K(f)ds]

<a/ K(¢ dg/{wv/ K(¢ ] 2+7—9

Thus u(z,t) < 6. Similarly, if © > 0, then 6 < ug(r) < © and

o f m K(€)de/ [1 o [ Oo K(&)df]

<oz/oo ()dg/[l—kv/ K(¢ dg] 2 <o,

—e T4+
and
o [ w1y [ wio]
>a/ K(¢ df/{l+7/ K(¢ df] 2+W70
Thus 0 < u(x,t) < ©. Other details are omitted. (II) is proved similarly. #

Theorem 8. Let (2+ 27+ §)© = 2a + 8. (I) Suppose that the initial data
satisfy 0 < ug(x) < O for all x < 0 and ug(x) > O for all x > 0. Then a global
solution of the initial value problem for (8) is

u(z,t) = exp{— [1+7+5/; K(g)df} t} uo ()
—l—{l—exp [— <1+7+6/_1K(§)d§> tH
{[a—l—ﬁ/_;[((f)df}/[1—1—7—&-6/:0]((5)%]}.

0 < u(x,t) <O for all x < 0 and u(z,t) > O for all x > 0. Moreover

i (1) = [a—l—ﬁ/; K(g)dg] / {1#—74—5/; K(E)df} .
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(II) Suppose that the initial data satisfy ug(x) > O for allz < 0 and 6 < up(x) < O
for all x > 0. Then a global solution of the initial value problem for (8) is

w(zt) = exp{—[l%—v—i—é/:ol((g)dg} t}uo(x)
-‘r{l—exp[—(1+7+5/3U00K(§)d§>t:|}
{[aw/:off(f)d&}/[Hwé/f}f(&)d&”

u(z,t) > O for allx <0 and 6 < (x,t) < O for all x > 0. Moreover

i u(z,1) = [a+5/:o K(f)dg] / {1+7+5/:0 K(g)dg] .

Proof. It is very similar to that of Theorem 7 and is omitted. #

Theorem 9. Suppose that (a—v0)[(2+)O—F] > 0 and (8—060)[(2+~)0—a] >
0, such that
2+v)0—a (2400 -7
2G-00) | 2a-10)
(I) Suppose that the initial data satisfy ug(x) < 0 for all x < 0 and ug(x) > 0 for
all x> 0; ug(r) < O for all x < Q and ug(z) > O for all x > Q.. Then a global
solution of the initial value problem for (8) is
t} uo(x)

1+7/_;K(£)d§+5/_:Q
+ {1 —exp [— (1 + 7/_; K(€)de + 6/_:9* K(g)dg) t] }
x{a/;f((g)ngrﬁ/_: (€)de/ 1+v/ K(¢ d§+5/”2 gH

u(z,t) < @ for all x < 0 and u(z,t) > 0 for all x > 0; u(z,t) < © for all x < Q,
and u(z,t) > O for all x > Q.. Moreover

Jim_ u(at) = [/ K(¢ d£+ﬁ/ ]
/1+7/;K(§)d§+5/_:*

(II) Suppose that the initial data satisfy up(x) > 0 for all x < 0 and ug(x) < 6 for
all x > 0; ug(z) > O for all x < Q* and up(x) < O for all x > Q*. Then a global
solution of the initial value problem for (8) is

s e[ o o] s
o] (von [ s [ ioae) )

=1

u(z,t) = exp {—
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Alo [ x@iers [ w@a s 1en [Tr@ae s [T xa ).

u(z,t) > 6 for all x < 0 and u(z,t) < 0 for all x > 0; u(x,t) > O for all z < Q*
and u(z,t) < O for all x > Q*. Moreover

lim u(z,t) = [a /:OK(@dsw /:Q*K@)dg}

t——+oo

Sves [ x@as s [T wioa.

Proof. It is very similar to that of Theorem 7 and is omitted. #

Theorem 10, Theorem 11 and Theorem 12 are concerned with stability of
steady-states with a unique maximum/minimum at some point. Recall that X, Y,
Z, or X* Y* Z* are the numbers found in Theorem 1, Theorem 2, and Theorem
3, respectively.

Theorem 10. (I) Let (2 4+ v)8 < «. Suppose that the initial data satisfy
up(z) <0 for allz <0 and x > X, and 0 < up(x) <O for all0 <z < X,.. Then
a global solution of the initial value problem for (8) is

u(z,t) = exp {— [1 +v /;X K(f)dg] t} o ()

+ {1 ~exp [_ (1 + 7/:& K(f)dg) t} }
{a / wx* K(€)de/ {1 +o [ ZX* K(&)dé} } |

u(z,t) < 0 forx < 0 and x > X, and 0 < u(x,t) < © for all 0 < z < X,.
Moreover

lim wu(z,t) = a/ K(&)dg/ {1+7/ K(f)df].

t—+oo r—X, r—X .

(II) Let (24 )0 > «. Suppose that the initial data satisfy 0 < up(z) < © for all
x <0 and x> X*, and up(x) < 0 for all 0 < x < X*. Then a global solution of
the initial value problem for (8) is

u(z,t) = exp{ {1+’y’y/j K({)df]t}uo(w)

—X*

+ {1 —exp [ (1 +77/;X* K(g)dg) tH
{la-a " w@ae|/[tea-n [ xioa]}.

0 < u(z,t) <O for allz < 0 and x > X* and u(x,t) < 0 for all 0 < z < X*.
Moreover

in u(e.t) = |a—a [ K(@ae|/[1e - [ K.

t—+o00 _X* —X*

Proof. (I) We are looking for solutions satisfying the conditions u(x,t) < 6 for
x < 0and z > X, and 0 < u(z,t) < © for 0 < z < X,. The integral-differential
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equation (8) reduces to the equation

Formally, we can treat it as an ordinary differential equation in terms of ¢ with x
being a real parameter. The integrating factor is

ol |, mou] )

Other details are omitted. (II) is proved similarly. #

Theorem 11. (1) Let (2 + 2y + 0)O < 2a+ 3. Suppose that the initial data
satisfy @ < ug(x) <O for allx <0 and x > Yy, and ug(x) > O for all 0 < z < Y.
Then a global solution of the initial value problem for (8) is

o) = enf-[ieaa [ i uto

+{1 — exp [— (1+v+5/;Y* K(g)dg) t”

(o ] v, s}

0 < u(x,t) < O forallx <0 and x > Y, and u(x,t) > O for all 0 < z < Y,.
Moreover

Jimu(e,t) = [cH—ﬁ / iY* K(g)dg] / [Hwa / iY* K(f)dg] .

(IT) Let (2+ 2y 4+ 6)© > 2a + . Suppose that the initial data satisfy ug(z) > O
forallz <0 and x > Y™, and 6 < up(xz) <O for all0 <z <Y™*. Then a global
solution of the initial value problem for (8) is

u(z,t) = exp{ {1+’y+56/:w K(g)dg] t}uo(:c)
+{1exp[<1+7+55/:Y*K(g)dg>tﬂ
()
trvs-s [ xiou )

u(z,t) > O for allz <0 and z > Y™, and 0 < u(x,t) < O for all0 <z < Y™*.
Moreover

Jim (e, t) = {a—i—ﬁ ﬂ/ . d§}/[1+7+5 5/ )df]

Proof. It is very similar to that of Theorem 10 and is omitted. #

Theorem 12. Suppose that (a« —~vO)[(2+0)O — 3] > 0 and (5 —30)[(2+~)0 —
a] > 0, such that
2+7)0—-a (2+6HO0-0
2(6 — 00) 2(a—~0O)

£1.
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(I) Suppose that the initial data satisfy ug(x) < 0 for all v < 0 and x > Z,., and
ug(x) >0 for all0 <z < Z,; up(x) < O forallz < T and x > A, and up(x) > O
for allT. < x < Ay Then a global solution of the initial value problem for (8) is

u(z,t) = exp{— 1+7/iz K(f)df—l—(S/a:\ *K(f)dﬁl t}uo(m)

+{1—exp - <1+w/iz K(g)d§+6/: *K(f)d§> t”

x{ of _Z k(g +5 [ __AF K(é)df}

e [ Kiae+s | __AF K(é)df] b

u(x,t) <6 forallz <0 andx > Z,, and u(z,t) > 0 for all0 < x < Z,; u(x,t) < O
for allz < T, and x > A, and u(z,t) > O for allT', < x < A, Moreover

T x—T

x—T.

Jli+a [ xz k(e + | - K(S)dél-

(I1I) Suppose that the initial data satisfy uo(x) > 6 for all x < 0 and x > Z*, and
uo(x) <0 for all0 <z < Z*; ug(xz) > O for allz <T* and x > A*, and up(x) < O
for all T* < x < A*. Then a global solution of the initial value problem for (8) is

z—I"

= expg — — ’ K()de+d—6
u(z,1) ep{ L+ V/PZ* (§)d¢ + /%A*
T z—T%
—exp |— — dE+d—-9 d
+{1 exp <1+7 v [ w@asvs-s [ K f)t”
T z—I*
- de+ 8 — d
oo wouers-s[ K 5]

Jiern [ wedero-s [ K(&)d&] }

u(z,t) >0 forallz <0 and x > Z* and u(z,t) < 0 for all0 < x < Z*; u(x,t) > O
forallx <T* and x > A*, and u(z,t) < O for all T* < x < A* Moreover

K(ﬁ)dﬁl t} up(z)

t——+oo

T z—T%
hgl u(z,t) = [a - a/r_Z* K(&)de —&—ﬁL_A* K(ﬁ)df]

/

x r—I*
14+~ —7/_2* K(€)d + 6 — 5/_A* K(g)df] .

Proof. It is very similar to that of Theorem 10 and is omitted. #
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3.2. Linear exponential instability. We first discuss the cases
24+v)0—a (2400 -7
2(8 — 40) 2(—10)
so that X, Y, Z., X*, Y*, Z* are well defined. We then consider the cases
2+y)f0—-—a (24+00-70
2(3—-00) " 2(a—~0)

Theorem 13. (I) Let (1+v)0 < a and (2+7)0 # «. Then, the steady-states
are linearly exponentially unstable relative to the equation

P+ {1 +y /R K(z —y)H(U(y) — H)dy} P

2+7)0#a, or (2427+0)0O #2a+p,

£1

2+7)f0=a, or (2+2y4+9)0 =2a+ 4, =1.

_ K(x) K(zx—X)
= la= U] [uﬂ(o)”“’ ERNTTeOT

where X = X, or X = X*. (II) Let (14+v)0 < o and (2+ )0 = . Then, the
steady-states are linearly exponentially stable relative to the equation

P, + {1 +v /R K(z—y)H(U(y) — G)dy} P

P(X, t)} ,

=|la — x K(z)
= [a —U(z)] T7(0)]

Proof. (I) It is not difficult to solve the linear equation to obtain the global solution

P(z,t) = exp {—t [1 + ’Y/RK(QT —y)HU(y) — 0)dy} } Py(x)

=2 p(0, ).

+ [en{e-n [ [ Ka-pawe -om)]
< la—AU@) {IIIJ('((QIP(O’ o)+ WP(X, s)} ds.

To find P(0,t) and P(X,t), by setting = 0 and z = X, respectively, we obtain
the equations

OO = (@) - | PO.0 + (@ =a0) a PE)
PX.t) = [(a )|Uff((0))| af‘w] P(X,t)+(o<—70)|[[jl(()(§))|P(O,t)
The eigenvalues and eigenvectors of the coefficient matrix
<a—w>\5<%§| — (o= 70) gy e KO (11
( (@ —70) 57 (0 = 210) gy — = =) < 11 )
oy BO KX)o o KO HEX)
S 7 i A 7 R R

and
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respectively. Therefore, we can obtain

(E00 Y e 2 )e( ] Yemtrn

To find the constants C; and Co, we use the initial data P(x,0) = Py(x). It is
straightforward to find that

~ P(0,0) — P(X,0)

r P(X
o o, PO.0+ PO

2 2
Therefore
P(0,0) — P(X,0) P P(X
Pty = ZOOZPED | POD PO oy,
pxy — PO . P(0,0) , P(0,0) +2P(X, D exp(rat),

Now the global solution of the initial value problem P(z,0) = Py(z) for the linear
equation is given by

P(z,t) = exp {—t [1 + 'y/RK(:v — Y HU(y) - 9)dy} } Py(x)

v texp{<st> 1 [ K- @) - 0] |

K(x) K(x—X)
[ — ~U(z)] {|U’(0)|P(O’ s)+ WP(X7 s)} ds.

X

Therefore
lim |P(z,t)| = +o0.
t—+o0o
This proves the instability of the steady-states. The case (2 + v)8 = « is proved
similarly. #

Theorem 14. (I) Let (2 + 2y + 0)© # 2a.+ (. Then, the steady-states are
linearly exponentially unstable relative to the equation

P+ {1 bt 6/RK(Q: _ ) H(U(y) — @)dy} P

K(x) K(x-Y)
=[B-U(x [P(O,t) + =2 Jpw,b),
SR (7] vy T
whereY =Y, orY =Y*. (II) Let (24+2vy+0)O = 2a+ 3. Then, the steady-states
are linearly exponentially stable relative to the equation

o [1 40 [ K- pHUG) - @)dy} P

K(z)
=[8—-U(2)] P(0,t).
[U"(0)]
Proof. It is very similar to that of Theorem 13 and is omitted. #

Theorem 15. (I) Suppose that (o« —yO)[(2+ §)© — 5] > 0 and (6 — 60)[(2 +
70 — a] > 0, such that
2490 —a (2+06)0-7
2(8 — 60) 2(a—~0O)

£1.
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Then, the steady-states are linearly exponentially unstable relative to the equation
Pt 1o [ K- @G -0y +8 [ Ko - )HOE) - 0| P
R R
K (z)
P(0,1) +
O
K(z-T) K(z—A)
s K-
= 00| Ty ey

where Z = Z,, T =T, A=A; or Z =2, T =T%, A = A*. (II) Suppose that
(a=7v0)[(2+ )0 — 5] >0 and (8 —0)[(2+ )8 — o] > 0, such that

(2+’}/)0*O¢+ 2+0)0 -0 _1

26-00) | 2Aa—10)

Then, the steady-states are linearly exponentially stable relative to the equation

P+ [1+V/RK(I@/)H(U(Z/)9)dy+5/RK(fvy)H(U(y)@)dy P

K(x—Z)
umm|P“”}

~la— 0] |

P(T,t) + P(A,t)] ;

— o — U @) 2 po,)

[U(0)]
K(z—9Q)
+[B - 6U(x)] ———==P(, 1),
18 = 8U )] e P
where Q = Q, or Q) = Q*.
Proof. It is very similar to that of Theorem 13 and is omitted. #

Remark . The initial value problems (u(z,0),w(x,0)) = (ug(x), wo(z)) for the
system (1)-(2) can be studied similarly.

Remark . Similar results may be extended to the n-dimensional nonlocal equa-
tions

ou

E—l—u—i—w = (a—~u) K(x —y)H(u(y,t) — 0)dy
]R'n.
+(B=ou) | K@= y)H(u(y,t) - O)dy,
88—1;} = e(u—Tw),

where n > 2 is an integer.

Remark . The results in this paper strongly indicate that the linearized sta-
bility criterion is not valid at least for steady-state solutions of nonlocal equations
involving the Heaviside step function.

4. Bifurcations

To simplify our analysis, we only consider initial data identically equal to con-
stants. It was proved in Section 3 that the initial value problems for (8) with initial
data ug = 0 £ Kk or ug = © + k, where 0 < kK < 1, have a unique global solution,
respectively. Nevertheless, if k = 0, then there are at least four global solutions
corresponding to the initial data ug = 6 or ug = O, respectively. Therefore, ug = 6
and ug = © are bifurcation points.
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5. Appendix

We briefly discuss steady-states of the following nonlinear singularly perturbed
systems of integral-differential equations

9) % +o(u)+w = (a—u) /R K(z —y)H(u(y,t) — 0)dy,

(10) %—Qf—i—ew = eg(u), in RxR".

Theorem 16. Let ¢p(0) < a — ~0. Suppose that the kernel is nonnegative ev-
erywhere. Then, there exists at least four steady-state solutions U = U(-) to (5).
Suppose that the kernel is a Mexican hat function such that |K(z)| < Cexp(—p|z|)
on R hold, for some positive constants C and p. Let ¢’ > 0 and v = 0. Then, there
is at least a steady-state. In both cases, the steady-states are unstable, in the sense
of L>®(R)-norm.

The steady-state solution serves as a slow singular homoclinic orbit for (5)-(6).
If we perturb € > 0, then we get a slow pulse as well as a fast pulse.

There are two stable constant steady-states U = 0 and U = 8 to (5). These
stable steady-states correspond to neurons in their resting states. Let us search for
non-constant steady-states.

Proof of Theorem 16. (A) First of all, let the kernel be a nonnegative
function. The steady-state solutions U = U(-) satisty

(U) = (a— ) / K(x—y)H(U(y) — 6)dy.

(MU < 6 on (—o0,0) (X, +o0) and U > 6 on (0, X..), for some number X, > 0,
then

[ Ka—prw)-oa - [ K@=,
R z—X.
(I) fU > 6 on (—00,0) |J(X*, +00) and U < 0 on (0, X*), then

r—X* oo
/ Kz — y)H(U(y) — 6)dy = / K(€)dé + / K(€)dé = gala).

— 00

(III) If U < 6 on (—00,0) and U > 6 on (0,+00), then

[ K- a0y = [ K(€de =l

(IV) If U > 6 on (—00,0) and U < 6 on (0, +00), then

[ Ko=) -0y = [ K(de = guo).

Suppose that ¢’ > 0 so that it is strictly increasing and smooth. Then ¢'(U) +
vg; > 0 for U > 0 and v > 0. Applying the implicit function theorem, the
existence and uniqueness of a steady-state are proved. By using the equation
dp(U) = (a—~U)gi(z), if UQ) > [ at some Q € R, recall that 8 > 0 is the
solution of the equation ¢(U) = a — yU, then we obtain a contradiction g;(2) > 1
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immediately. Therefore U < 3 on R. We have to verify the above prescribed con-
ditions for each case.

Case 1: Let a — v0 > 2¢(f). By using fundamental analysis, there exists a
unique number X, > 0, such that ¢(0) = (o —~0) [, * K(z)dz. By differentiating

the equation
xr

(U) = (a— 1) / KO
about z, we have )
U+ / | KU = (0= V)K(a) - K(a = X)L

Hence
x

U = (0 =) ) - Ko - X/ [0@) 40 [ K]

It is easy to show that « —yU > a— 3y > 0 and that if K/ < 0 on R, then U’ > 0
for z < &= and U’ < 0 for z > 2=, Clearly U(0) = U(X.) = 0. The proof is
finished.

Case 2: Let a — 70 < 2¢(0). As in Case 1, there is a unique number X* > 0,
such that ¢(0) = (o — v0) {f__jj K(z)dz + [~ K(w)dm}. As in Case 1, by

(U) = (a—=U) ,

/ " K(ede+ / K (e

— 00

we have

U = (a—vU)[K(ff—X*)—K(x)]/{aﬁ'(U) +7/

z—X" 0o
[ K©dg e / K(&)dé} .

SoifK’<OonR+,thenU’<0fora:<XT*andU’>Oforx>XT*.

Case 3: Let a —~v0 = 2¢(0). Note that ffoo K(z)dz = }. By using implicit
differentiation on the equation

o) = (-0 [ K@
we get - .
SO = (@ = V)K () -V [ K(de
Thus "
U’ = (0 — U)K (x)]/ [¢'<U> 4 K(f)df} > 0.
Case 4: Let a — 0 = 2¢(6). Similar to Case_iio Jy° K(z)dz = L. From

o) = (a=0) [ K€,
we have

U = ~(a =K@ [$ @)+ [ K] <0
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Therefore, altogether we have found four steady-states under different conditions.

(B). Suppose that ¢(U) = U(U—1)(U —a) and 0 < a < 1. Then, the existence
problem reduces to

U? — (1 +a)U? + [a +v9;(2)]U — agi(x) = 0.

Based on a fundamental formula for third-order polynomial equations, we can find
the formal steady-state solutions for the four cases as follows

l1+a
Ui(z) = 3

{€@@) + (@)} = (&) = n()}'7?,

where ¢ = 1,2, 3,4; and

§(x) = —%gz‘(ff) + %(1 +a)la +~gi(x)] — %(1 + a)?,
and
2
n(x) = { {—Zgi(:v) + %(1 +a)(a+7gi(x)) — 2i7(1 +a)3]

+ [;(a +79:()) — é(l + a)ﬂ 3 }1/2~

The analysis to select the unique number X, or X* is very similar to the case ¢
being strictly increasing.

Now, let the kernel be a Mexican hat function. We can prove the existence and
uniqueness of X, and X*, respectively, such that

X
o) = (a— 79)/ K(z)dz, if a —~0>2¢(0) and X, < 400,
0
-X o)
o0) = (a—~0) [/ K(z)dz —|—/ K(x)dw} , if @ —~0 < 2¢(0) and X™* < +o0,
—0o0 0
0
o) = (a— 79)/ K(z)dz, if a —~0=2¢(0) and X, = +o0,
o0) = (a—~0) /OO K(z)dz, if a—~0=2¢(0) and X* = +oo0.
0

Without loss of generality, let ¥ = 0 and ¢ be an increasing function. The existence
problem becomes ¢(U) = ag;(x) and the steady-state is U = ¢~ *(ag;(x)), for
1=1,2,3,4.

Because of translation invariance of the steady-states, A = 0 is a neutral eigen-
value of the differential operator £. However, unless X, = 400 or X* = 400, there
is a positive eigenvalue, thus the steady-states are not stable. Therefore the proof
is finished. #

Acknowledgment: The author is very grateful to Professor David Terman
(The Ohio State University) for his encouragement.



10.

11.

12.

13.

14.

15.

LINGHAI ZHANG

References

. Shun-ichi Amari, Dynamics of pattern formation in lateral-inhibition type neural fields. Bio-

logical Cybernetics, 27(1977), 77-87.

. Paul C. Bressloff, S. E. Folias, Alain Prat and Yue-Xian Li, Oscillatory waves in inhomoge-

neous neural media. Physical Review Letters, 91(2003), 178101.

. Xinfu Chen, Existence, uniqueness, and asymptotic stability of traveling waves in nonlocal

evolution equations. Advances in Differential Equations, 2(1997), 125-160.

. Stephen Coombes, Gabriel J. Lord and M R. Owen, Waves and bumps in neuronal networks

with axo-dendritic synaptic interactions. Physica D, 178(2003), 219-241. Evans functions for
integral neural field equations with Heaviside firing rate function. STAM Journal on Applied
Dynamical Systems. submitted.

. G. Bard Ermentrout, Neural networks as spatio-temporal pattern-forming systems. Institute

of Physics (Great Britain) Reports on Progress in Physics, 61(1998), 353-430.

. G. Bard Ermentrout and J. Bryce McLeod, Existence and uniqueness of travelling waves for

a neural network. Proceedings of the Royal Society of Edinburgh, 123A(1993), 461-478.

. John W. Evans, Nerve axon equations: Indiana University Mathematics Journal, I Linear

approximations. 21(1972), 877-885. II Stability at rest. 22(1972), 75-90. III Stability of the
nerve impulse, 22(1972), 577-593. IV The stable and the unstable impulse. 24(1975), 1169-
1190.

. David J. Pinto and G. Bard Ermentrout, Spatially structured activity in synaptically coupled

neuronal networks. I. traveling fronts and pulses, II. Lateral inhibition and standing pulses.
SIAM Journal on Applied Mathematics, 62(2001), 1. 206-225, I1. 226-243.

. Clifford Henry Taubes, Modeling Defferential Equations in Biology, Prentice Hall, Inc., 2001.

David Terman, Dynamics of singularly perturbed neuronal networks. An introduction to math-
ematical modeling in physiology, cell biology, and immunology (New Orleans, LA, 2001), 1-
32, Proceedings of Symposium in Applied Mathematics, 59, American Mathematical Society,
Providence, RI, 2002.

David Terman, An introduction to dynamical systems and neuronal dynamics. to appear in
Proceedings of the MBI Program on Computational Neuroscience.

J. M. T. Thompson and H. B. Stewart, Nonlinear Dynamics and Chaos, Second Edition, John
Wiley and Sons, 2002.

Linghai Zhang, On stability of traveling wave solutions in synaptically coupled neuronal net-
works. Differential and Integral Equations, 16(2003), 513-536.

Linghai Zhang, Existence, uniqueness and exponential stability of traveling wave solutions of
some integral differential equations arising from neuronal networks. Journal of Differential
Equations, 197(2004), 162-196.

Linghai Zhang, et al, Connecting orbits in nonlocal excitatory neuronal networks. Preprint.

DEPARTMENT OF MATHEMATICS, LEHIGH UNIVERSITY, BETHLEHEM, PENNSYLVANIA USA 18015
E-mail address: 11z5@1ehigh.edu



