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ARTICLE INFO ABSTRACT
ﬁ‘-’{wor‘lis-' We consider a FitzHugh-Nagumo reaction-diffusion type system (FHN). The dynamics of
etworks

the reaction part induces a unique repulsive stationary point (0, 0) and a unique attractive
limit cycle. After a description of the asymptotic behaviour of the FHN system, we deal with
the synchronization and control analysis of N coupled FHN systems.
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1. Introduction

In 1952, after experiences on the squid giant axon, Hodgkin and Huxley proposed the first neuron model (see for
example, [1-5]),

dV - 4 = 3 o
CE = —gxn" (V — Vi) — Gnam h(V — Vo) — gL (V — V) +1
dm
= = am(V)(1 —m) — Bn(V)m
t
dn e v
E_an( )( —n)_,Bn( )n
dh
o =W =0 = B(V)h

where,

V represents the membrane potential;

I represents an external applied current;

m, n and h, varying between 0 and 1, represent respectively the sodium activation, the sodium inactivation and the
potassium activation. They determine the membrane permeability with respect to the associated ion;

C is the membrane capacitance;

gk, nq and g; represent the maximal conductance of the membrane respectively for the potassium, sodium and leakage
(mainly carried by chlorure ions) current;

Vi, Vg and V; represent the Nernst equilibrium potential for potassium, sodium and leakage current. The «’s and ’s
are functions of V, they represent the transfer rates, and have been experimentally determined by Hodgkin and Huxley.
Thus, the Hodgkin-Huxley model gives a description of the main ionic fluxes across the neuron membrane creating the
nervous signal. In 1961, FitzHugh proposed a 2D model that reproduces excitability and oscillatory features found in the
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Fig. 1. Solutions of system (1).

Hodgkin-Huxley model; see [6]. It is a modification of the well-known Van der Pol model, and has been initially called,
the Bonhoeffer-van der Pol (BVP) model,

xx =c(Fx) +y+2)

1
ytzz(x—avtby)

with,

dw
Wy = —/—,
dt
and where F is a cubic function, a, b > 0, z corresponds to a stimulus intensity.

In the same paper [6], FitzHugh showed that the quantities u = V — 36m,w = 0.5(n — h) obtained from the
Hodgkin-Huxley model evolve like the variables x and y of the BVP model. In 1962, Nagumo et al. proposed an electronic
circuit whose behaviour is modelled by the BVP model; see [3]. The BVP model is now called the FitzHugh-Nagumo model.
Another way to reduce the Hodgkin-Huxley to the FitzHugh-Nagumo model is to use properties of the Hodgkin-Huxley
model and set,h = 0.85 —nand m(V) = #(‘//3:"(\/) then approximate the nullclines by a cubic and a straight line; see for
example [2]. Thus, we consider here the following model of the FitzZHugh-Nagumo type,

eur =f(u) —v
Ve =1u—98v (1)
where
f(u)=—-u>+3u and € > 0,8 > 0 are small parameters.

In this case, all the solutions of system (1) different from (0, 0) evolve towards the unique attractive limit cycle (see Fig. 1
and for example [7], in the limit case § = 0).
Based on model (1), we study a reaction—diffusion system of FitzHugh-Nagumo type (FHN) (see also [8]),

euy = f(u) —v+d,Au 2)
ve=1u—98v+d,Av

withu = u(x, t), v = v(x, t),onasmooth bounded domain 2 C R" withd,, d, > 0and with Neumann zero flux conditions
on the boundary I" of £2,

u av

av v
If the solutions of system (1) are well-known, what can we expect about the asymptotic behaviour of solutions of system
(2)? This is the aim of the first part of Section 2, in which we also provide sufficient conditions under which the solutions go
to (0, 0). In the second part of this section, we extend the obtained result for N coupled systems of FHN type, N =1, 2, ...
and give results on synchronization phenomenon in the last section of this paper.
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2. Analytical results on the space temporal behaviour of N coupled systems of FHN type

This section deals with the asymptotic behaviour of the solutions of N coupled systems of FHN type and mainly with the
space homogeneous characteristic or pattern formation.

2.1. One system of FHN type

Our concern here, is the asymptotic behaviour of solutions of system (2) when those of system (1) are known. Such a
question may be found, for example, in [9]. Using these techniques, one can prove the following result.

Theorem 1. Let )\ be the smallest non zero eigenvalue of the Laplacian operator with zero flux Neumann boundary conditions. If,

3—Ad, <0 (3)
then,
t_llffw(nu — Ul + v —"2lpzg)) =0 (4)
where,
u(x, t)dx v(x, t)dx
ao o Jauede vt
[$2] [£2]

and where u, v are solutions of the following system,

{Gl_lt =fw—v+g® (5)

vy =U— 8V
with g(t) — 0 with exponential rate when t goes to +o0.

This means that, asymptotically, the solutions are space homogeneous, and for each x € £2, solutions of system (2) are
solutions of system (1) which,

(i) either evolve around the limit cycle of (1),
(ii) or evolve towards (0, 0).

(6)

Remark 1. Let us recall (see [9]) that the eigenvalue A increases when the size of £2 decreases. This means that condition
(3) is satisfied when the size of £2 is small or the diffusion coefficients d,, d, are large.

Proof of Theorem 1. Let ¢(t) = 5 (¢||Vul?% @t IVull?, () then,
¢ = /(ekut + VoV

k2]

= / (VuV(f(u) — v + dyAu) + VoV (u — Sv + dyAv))
2

= / (f' )| Vul> = 8| Vv|* — dy(Au)* — d,(Av)?)
2

< / 3|Vul? —Adu/ |Vul? — §|Vu|? —Adv/ |Vu|?
2 2 2

<@ —Adu>/ Vul — (ud, +5)/ Vol

2 2

Now, since, Ad, > 3 we have,

. [ Ady —3
¢ < —2min Ady +68 )¢
thus,
P(t) < p(0)e™ "
where,
o[ Ady—3
c; = 2min JAdy +6 ).
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Furthermore,
= @ g + 10 = 5120 < +(IVulZa 00 + IVVPEARDY = —(6)
12(2) 22 = L2@)" — A€

which implies (4). In the remaining of the proof, we show that, i et v are solutions of (5). We have,

_ 1 _
eut—Efo(u)—v
Vp=U—7
thus,
_ 1 _ _ _
ety = — [ Fw) —f@) +f@ —v
2 Jo
I_Jt == [l - 51_)
that is,
eur =g(t) +f@w —v
Uy =1u—080
where,

1 _
gt) = @/Q(f(u)—f(u)).

But,
1 )
2] = ‘|m /Q (f(w) —f(u))‘
M i
<M / ju— i
2] Jo
M i
= Tl —ull2 g
012
where,
M = sup |f' ()]

teRt

since from a result in [7], we know that (u, v) € L*°(£2) x L*°(£2), one can also see [10], which completes the proof. O

The following proposition gives a sufficient condition to the occurrence of the asymptotic behaviour (ii) given by (6).
Proposition 1. If condition (3) of Theorem 1 is satisfied and if,
/ u(x, 0)dx = / v(x, 0)dx = / f(u(x,0))dx =0, (7a)
2 2 2
and
vt > 0, / flu(x,t))dx =0 (7b)
2
then,

lim (||u v =0.
tﬁﬂo(” ||L2(S2) + ||L2(rz))

Proof. By integrating system (2) and dividing by |£2|, we have,

0 _ 1 _
e—u:—[f(u)—v

at |~Q| 2 (8)
Jd - _ _
—v=u—46v

at
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Fig. 2. Space homogeneous and periodic-time asymptotic behaviour of system (2) for almost initial conditions, with parameter values given by (9),
(a) initial condition u(x, 0), (b) asymptotic behaviour u(x, 200).
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Fig. 3. Mirror asymptotic behaviour of system (2) for particular initial conditions near the set of functions satisfying (7a), with parameter values given
by (9), (a) initial condition u(x, 0), (b) asymptotic behaviour u(x, 200).

f Audx =/ Avdx =0,
Q I?)

Joux, dx [, v(x, t)dx)
12 [£2] '

Thus, due to condition (7), we obtain, that (0, 0) is the unique solution of Eq. (8).
Then, the result follows obviously from application of Theorem 1. O

since

and

(u(), v(t)) = <

If condition (3) is satisfied, Theorem 1 gives a comprehensive description of the asymptotic behaviour. Either, the
solutions of system (2) evolve towards solutions of kind (ii) given by (6), that is space homogeneous solution (0, 0), and for
this, (7) provides a sufficient condition, either solutions evolve toward solutions of kind (i) given by (6), that is the asymptotic
behaviour is space homogeneous and time-periodic. Now, we consider the case where condition (3) is not satisfied and
perform numerical simulations to analyse the asymptotic behaviour of solutions. We use the following parameter values,

£ = [0, 100] x [0, 100] C R?

€ =0.1
8 =0.001 )
d,=d, =1.

We observe that, if (7) is not satisfied, the system still evolves like solutions of kind (ii) given by (6). For instance, Fig. 2 shows
such a behaviour in the case where the initial conditions u(x, 0), v(x, 0) follow a uniform law on the interval [0, 1] for all
X = (X1, x2) € £2.This figure and all the following have been obtained, using an explicit finite difference scheme, with C++
language, and with a time step discretization equal to 0.01 and space step discretization equal to 1.

While, if condition (7) is satisfied, our numerical simulations show special patterns. Indeed, Fig. 3 shows a mirror solution
of system (2) for particular initial conditions satisfying (7a). Likewise Figs. 4 and 5, show a spiral and a multiple spiral
solutions of system (2) for particular initial conditions satisfying (7a).

Under the same conditions, as those used for Figs. 3-5, if we choose initial conditions following a uniform law on [—1, 1]
forall x € 2, that is, near the set of functions satisfying condition (7a), our numerical simulations show a more complicated
asymptotic behaviour as done in Fig. 6.

Remark 2. Let us remark that wave propagation and pattern formation are of great interest in understanding the behaviour
of lot of systems and in particular the brain or cardiac dynamics. For example, in [11], and references therein cited, formation
of spiral patterns have been experimentally shown in neocortex.
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Fig. 4. Spiral asymptotic behaviour of system (2) for particular initial conditions near the set of functions satisfying (7a), with parameter values given by
(9), (a) initial condition u(x, 0), (b) asymptotic behaviour u(x, 200).
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Fig. 5. Multiple spirals solution asymptotic behaviour of system (2) for particular initial conditions near the set of functions satisfying (7a), with parameter
values given by (9), (a) initial condition u(x, 0), (b) asymptotic behaviour u(x, 200).
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Fig. 6. Solution asymptotic behaviour of system (2) for particular random initial conditions near the set of functions satisfying (7a), with parameter values
given by (9), (a) initial condition u(x, 0), (b) asymptotic behaviour u(x, 200).

2.2. Coupling N systems of FHN type

We can extend these results to N coupled systems of FHN type. Let us consider the following system,

ey = f(ug) — vy +dy, Ay
Vie = Uy — §1v1 +dy, Avg

ety = f(u) — vi + dy Aty + o (Ui—1 — W) (10)
Vie = Ui — 8iv; + dy Avi + Bi(viig — vy)

eune = f(uy) — vy + dyy Auy + oy (Un—1 — Un)
Une = UN — (SNUN + vaAUN + ﬁN(UN—l - UN)

where 8; > 0, fori = 2, ..., N, and with zero flux boundary Neumann conditions. Then, if¢; = 0, i = 2, ..., N, we have
the following result which can be also easily proved when «; # 0,

Theorem 2. Let A be the smallest non zero eigenvalue of the Laplacian operator, with zero flux Neumann boundary conditions.
Assume that,

3—Ad, <0 Viel, ... N; (11)

)
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then,
N
: ggaoo;nui — Gill2gg) + Ilvi = Gill22) =0, (12)
where,
u; (x, t)dx vi(x, t)dx
ﬁi(t):fﬂ'#, _i:M, Viel,...,N
[£2] [$2]
with (u;, v;) satisfying,
ety = f(U) — v +g(t) (13)
Ui = U — 6;v; + Bi(vi1 — Uy)

and where, g;(t) — 0 when t — +o00 with exponential rate decay.

Proof. It comes from an induction argument, by using similar techniques as those given in the proof of Theorem 1. More
precisely, let,

1 2 2
¢i == [ (elVuil” + [Vuil%),
2Ja

by algebraic computations we obtain,

b < (3—)»du,~)f |Vu|* — (Adui + 8 + é)/ |Vu]* + é/ |V [?
° 2/ Je 2 Jo

< 3=y [Vl = (ady+504 5 [ 190+ Do
e 2)Ja 2

where K;_1, ¢;_1 are positive constants.
This yields,

#i(t) < Kie™.
The remaining of the proof is similar as one of Theorem 1. O

Similarly, one can easily extend Proposition 1.

Proposition 2. If condition (11) of Theorem 2 are satisfied, and if,

/ u;(x, O)dx:/ vi(x, 0)dx = 0,
2 2

and
vt > 0, / fui(x,t))dx =10
2

then,
N
: ggaoo;nufnmm + llvillizgy) = 0. (14)

Proof. Similar to the proof of Proposition 1. O

3. Synchronization

Synchronization phenomenon has been widely studied, mainly for ordinary or delay differential equations. However, for
partial differential equations, only few results exist; see for example [12-14].

3.1. General result for coupled FHN systems

Definition 1. Let S; = (u;, v;). We say that S; and S; synchronize if,

t—l>il:0—noo(||ui — Uil 2y + lvi — vjlli2@)) = 0.
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The quantity,

(Ul = 112 ) + 105 = V12 )2
1 ] LZ(Q) Vi v] LZ(Q)
is called the norm of synchronization error between S; and S;. Let S = (51, S, . . ., Sy). We say that S synchronize if,

N-1
lim Ui — U Vi — v; =0.
Jim ;m i Uil + 10— vinllize)

The quantity,

1

N—1 2
2 2
(Z(”ul — Ui ”LZ(Q) + ”Ui — Vit ”LZ(Q)))

i=1
is called the norm of synchronization error of S.

Let us consider system (10) with d,; = duj, dy, = dvj and§; = 6; =4 Vi,je 1,...,N; then we have the following result.

Theorem 3. Assume that 8; >0, i=2,...,N.If,
>3, i=2,...,N,
then the system S = ((uq, v1), (Uz, v2), ..., (Uy, Uy)) Synchronize.

Proof. Let,
1 2 2
$i(0) = 5/(e<uf—u1_1) + = ).
2

Our proof is based on an induction idea; thus, we first consider the system (u5, v;). By derivating ¢, and using the Green
formula, we obtain,

<52(f) =< / ((f(uz) = fuy) —op(uz —up))(up —ug) — (6 + B2)(v2 — v1)2)dx
2

< / ((f/(u]) —oy+ (Zul) (U —uy) — (U — U1)2> (U — u1)? — (8 + o) (v2 — U])z) ,
2

1 2
s/ ((f/(u»—aﬁ“ﬂ%”) (uz—U1)2—(8+ﬂz)(vz—v1)2>
2

since for all real b, c,

b2
—xX>4+bx+c< Z—l—c.

This yields,

) _32_ 2 2
ha(t) < 3 il (U —u))” = 6+ B2)(vz —v1)° ).
2

Since, oy > 3, we obtain,

$2(6) < ¢2(0)e™ %,

where ¢, is a positive constant. The remaining of the proof follows by induction and using the same technique as in
Theorem 2. O

3.2. Numerical simulations

Now, we consider system (10) for N = 2 or3and d,, = d,, = 1,6 = 0.001, Vi € 1,..., N, that are two or three
coupled FHN systems. Moreover, we set «; = 0, choose 8; > 0, Vi € 1,..., N, and fix e = 0.1. First of all, let us consider
two coupled FHN systems,

eur = f(u) —v1 + Aug

Vi = Uy — v + Ay

€ty = f(Uz) — v2 + Ay

vy = Uy — 8V + Avy + Ba(v1 — v2).

(15)
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Fig.7. Synchronization of two systems of type FHN for § = 0.001 and ¢ = 0.1. Isovalues, of u, (x, t) at fixed time t = 200 and respectively for the coupling
strength (a) B, = 0.15, (b) B, = 0.15441558 and (c) B, = 0.15441559.

L 1
Bl AR g» s 1

10 0
0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200
t t t

Fig. 8. Synchronization of two systems of type FHN for § = 0.001 and € = 0.1. The norm of synchronization error given by the Definition 1 on interval of
time [0, 200] for the coupling strength respectively (a) 8, = 0.15, (b) 8, = 0.15441558 and (c) 8, = 0.15441559.
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Fig. 9. Synchronization of three systems of type FHN for § = 0.001 and € = 0.1. [sovalues, of us3(x, t) at fixed time t = 200 and respectively for the
coupling strength (a) 8, = B3 = 0.23,(b) B, = B3 = 0.24.

Our numerical simulations (see Figs. 7 and 8) show that system (15) synchronize for a coupling strength 8, belonging to the
interval [0.15441558, 0.15441559]. In this figure, the initial conditions are u(x, 0) = v{(x,0) = 1 and u,(x, 0), v2(x, 0)
particular functions leading to the spiral pattern formation as done in Fig. 4.

Now, we consider three coupled FHN systems,

ey = f(ur) — vy + Auy

Vit = Uy — (SU1 —+ Avl

ey = f(up) — vy + Auy (16)
Vge = Uy — 83 + Avy + Ba(vy — v2)

€us; = f(u3) — v3 + Aus

V3 = U3 — 8v3 + Avs + B3(v2 — v3).

Our numerical simulations (see Figs. 9 and 10) show that system (16) synchronize for a coupling strength 8, = 3 belonging
to the interval [0.23, 0.24]. In this figure, the initial conditions are u;(x,0) = v1(x,0) = 1 and (uy(x, 0), v,(x,0)) =
(u3(x, 0), v3(x, 0)) particular functions leading to the spiral pattern formation as done in Fig. 4.

4. Conclusion

In this paper, we have studied a reaction-diffusion FitzHugh-Nagumo type system. A natural question was how the
asymptotic behaviour of the PDE was related to one of the ODE. By using techniques from existing works we have
comprehensively responded to this question in case where a condition on the Laplacian operator was satisfied. In particular,
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Fig. 10. Synchronization of three systems of type FHN for § = 0.001 and € = 0.1. The norm of synchronization error between S, and S; given by
Definition 1 on the interval of time [0, 200] for the coupling strength respectively (a) 8, = B3 = 0.23, (b) B, = B3 = 0.24.

this condition is verified if the domain has a small size or if the diffusion coefficients are large. We also exhibited a
condition that allows the formation of special spacial time-periodic patterns. These patterns have been observed in brain or
cardiac dynamics. We then extended our results to N coupled FHN systems, and studied a synchronization phenomenon.
In neuroscience context, this can be interpreted in terms of control. Particular neurons or external signals could be used to
control the behaviour of other ones. Several open questions and further work on FHN systems are in progress and left to
forthcoming papers.
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