Downloaded by [Vilnius Gedimino Tech University] at 06:19 25 August 2011

MATHEMATICAL MODELLING AND ANALYSIS www.tandf.co.uk/journals/ TMMA

Volume 16 Number 2, June 2011, 248-259 Publisher: Taylor&Francis and VGTU
Doi:10.3846,/13926292.2011.579627 Online ISSN: 1648-3510
© Vilnius Gediminas Technical University, 2011 Print ISSN: 1392-6292

Special Solutions of Huxley Differential
Equation

Zenonas Navickas, Minvydas Ragulskis
and Liepa Bikulciené

Kaunas University of Technology

Studentuy 50, Kaunas, Lithuania

E-mail: zennavi@ktu.lt; minvydas.ragulskis@ktu.lt
E-mail(corresp.): liepa.bikulciene@ktu.1lt

Received August 30, 2010; revised March 31, 2011; published online May 1, 2011

Abstract. The conditions when solutions of Huxley equation can be expressed in
special form and the procedure of finding exact solutions are presented in this pa-
per. Huxley equation is an evolution equation that describes the nerve propagation
in biology. It is often useful to obtain a generalized solitary solution for fully un-
derstanding its physical meanings. It is shown that the solution produced by the
Exp-function method may not hold for all initial conditions. It is proven that the
analytical condition describing the existence of the produced solution in the space of
initial conditions (or even in the space of the system’s parameters) can not be derived
by the Exp-function method because the question about the existence of that solu-
tion is omitted. The proposed operator method, on the contrary, brings the load of
symbolic computations before the structure of the solution is identified. The method
for the derivation of the solution is based on the concept of the rank of the Hankel
matrix constructed from the sequence of coefficients representing formal solution in
the series form. Moreover, the structure of the algebraic-analytic solution is generated
automatically together with all conditions of the solution’s existence. Computational
experiments are used to illustrate the properties of derived analytical solutions.
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1 Introduction

Huxley equation is a core mathematical framework for modern biophysically
based neural modelling. It is often useful to obtain a generalized solitary solu-
tion for fully understanding its physical meanings. The traditional approaches
to this task are variational iteration method [1], the homotopy perturbation
method [4, 16], Adomian‘s decomposition method [6], the tanh method [6],
the Exp-function method [7, 19]. Approximate numerical tools describing
Hodgkin-Huxley models help to identify peak currents in biological systems,
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[17]. The Hodgkin-Huxley reaction-diffusion system [§] plays an important
role in graph structures describing real neurons. Recent numerical approaches
for the solution of this demanding nonlinear problem are described in [2] where
finite-difference schemes and in [3] where parallel predictor-corrector schemes
for parabolic problems on graphs are employed. It is often useful to obtain a
generalized analytical solitary solution for fully understanding physical mean-
ings of nonlinear processes taking place in Hodgkin-Huxley models. However,
many methods for the construction of an analytical solution may sometimes
fail or the solution procedure becomes complicated as the degree of nonlinear-
ity increases. An analytical criterion determining if a solution of a differential
equation can be expressed in an analytical form comprising exponential func-
tions is developed in [12]. The employment of this criterion does not only give
an answer to the above-stated question but gives the structure of the solution
so that one does not have to guess what the form of the solution is. The load of
symbolic calculations is brought before the structure of the solution is identi-
fied. This is in contrary to the Exp-function type methods where the structure
of the solution is first guessed, and then symbolic calculations are exploited for
the identification of parameters. Hodkin and Huxley presented [8] the results
of electrophysiological experiments in which they investigated the flow of elec-
tric current through the surface membrane of the giant nerve fiber of a squid.
Huxley equation is a nonlinear partial differential equation of second order of
the form u; = uzy +u (k — u) (u — 1). This equation is an evolution equation
that describes the nerve propagation in biology. From this equation molecular
properties can be calculated. It also gives a description of the behaviour of the
miosin heads. This equation has many fascinating phenomena such as bursting
oscilation, interspike, bifurcation and chaos.

The Soliton model in neuroscience is a recently developed model that at-
tempts to explain how signals are conducted within neurons. It proposes that
signals travel along the cell’s membrane in the form of certain kinds of sound
(or density) pulses known as solitons. This model presents a direct challenge
to the widely accepted Hodgkin-Huxley model [8] which proposes that signals
travel as action potentials: voltage-gated ion channels in the membrane open
and allow ions to rush into the cell, thereby leading to the opening of other
nearby ion channels and thus propagating the signal in an essentially electrical
manner.

Using the wave variable n = wx 4 vt was obtained
—vu/ + " +u(k—u)(u—1)=0, (1.1)

where w, k,v € R.

The solitary solution of the Huxley equation, produced by the Exp-function
method, does not satisfy the original differential equation for all initial condi-
tions. We have used an alternative operator-based method to derive the solitary
solution of the Huxleys equation and have identified the region (in the param-
eter plane) of the initial conditions, where this solution does exist.

Math. Model. Anal., 16(2):248-259, 2011.
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2 Auxiliary Results

All the necessary notations, definitions and theorems associated with stating
conditions, under which the power series solution of a differential equation can
be reduced to a finite sum of standard functions, are presented below.

2.1 Structures of analytical solutions

Let two polynomials are defined as follows:
Py (v, s) Z apohst: Py (v, s,t) Z b v* st
kJ€Zo k,l,r€Zo

where ag; and by, are fixed real (or complex) numbers; v, s and ¢ are real (or
complex) variables. Then it is possible to construct two ordinary differential
equations with initial conditions:

Yo =Pi(z,y), y=y(@vs); yv,vs)=s (2.1)
and
wlhlo =Py (z,w,wl,);  w=w(z,v,s,t);
w5t =5 (50,851, =t (22)

Usual differentiation operations in respect of variables x, v, s and t are denoted
by symbols D,, D,, Ds and D;. Then it is possible to construct generalised
differential operators D,, and D,, in respect of variables y and w [10]:

Dy :=D,+ P1(v,s)Ds, Dy :=D,+tDs+ Ps(v,s,t)Dy.

These generalized differential operators satisfy all usual relationships of differ-
ential operators. Generalised differential operators D, and D,, can be exploited
to construct analytical solutions y (z, v, s) and w (z, v, s, t) of differentials equa-
tions (2.1) and (2.2) [10]:

+oo PRV +oo J
7=0 J: 7=0 J

which converge in some nonempty neighbourhood |z — v| < ¢ in the complex
plane. Furthermore, functions y = y(z,v,s) and w = w(x,v,s,t) can be
extended into the whole complex plane with the exception of possible singular
points. Here D%s and DJ s are generalised differentiation [10] and, for instance,

Dys = Pi(v,s), Dis = (P(v,8))) + Pi(v,5))(P1(v,5))..

2.2 Structure of analytical — algebraic solutions

It is important for many engineering applications to obtain analytical — alge-
braic representations of solutions in the form:

Y= Zﬂrfr (p(l‘ _U))a
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where m € N; p, € C; f, and p are ordinary functions. We will define the H-
rank and associated H-eigenvalues for the construction of special analytical —
algebraic solutions. Let (p;; j € Zp) is a sequence of numbers or functions.
Then the corresponding sequence of Hankel matrixes (Hy, Ha, . ..) reads:

Do P Po P1 D2
Hy:=[po]; Hz:= [ } i Hz:=|p1 p2 p3j;
P b2 P2 P3 P4

and the sequence of determinants of these matrixes is denoted as (di; k € N),
where dj, = det Hy.

DEFINITION 1. A sequence (pj; j € Zp) has an H-rank equal to m if d,, # 0
but d,;, 4+, = 0 for all n € N. The following notion will be used throughout the
manuscript:

Hr (pj; j € Zo) =m. (2.3)

Let (2.3) holds for a sequence (pj;j € Zp). Then it is possible to construct
a characteristic H-equation [13]:

Po pr Pm
p1 b2 - Pm+1
det e =0. (2.4)
Pm—-1 Pm - P2m-1
1 p DY pm
DEFINITION 2. Roots p1, pa, ..., pm of the characteristic H-equation (2.4) are

H-eigenvalues of the sequence (pj;j € Zy)

Theorem 1. Let the H-rank of a sequence (p;; j € Zo) is m. Moreover, let all
H -eigenvalues of that sequence are different: pp#p; for k #1 (k,1=1,2,...,m).
Then, following equalities hold true:

pi=> mepdi §=0,1,2,.... (2.5)

r=1

The proof of Theorem 1 is given in [11].

It can be noted that coeflicients pu1, o, ..., ttm can be found by solving a
linear system of algebraic equations which consists of m different equalities
of (2.5) (H-eigenvalues p1, pa, ..., pm must be determined beforehand). The
simplest system is produced when the first m equalities of (2.4) are selected
(for j = 0,1,...,m — 1). But the same results can be produced for j =
kiykoyo. . km; 0 < k1 < ko < -+ < ky,. Moreover, this linear system of
algebraic equations has a unique solution. The sequence defined by (2.4)is
called an algebraic progression.

Let us assume that the following relationship holds for a sequence
(Dis;j € Zo):

1.
Hr (_—'D;s; JE ZO) =m.
4!

Math. Model. Anal., 16(2):248-259, 2011.
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Then, using Theorem 1 was obtained that
Dis = 313 26)
r=1
where p,=pu, (v,8); pr=pr (v,8); pr#£p; for k # 1. For instance, when m = 1
Dgs =u1(v,s), Dys=p1(v,s)p(v,s) = Pi(v,s) =sp(v,s),
iep(v,s) = Pi(v,s)/s and Dis = jls(Pi(v,s)/s) .

Equation (2.6) can be exploited for the construction of the solution of dif-
ferential equation (2.1) in the form of a power series:

+oo —+oo m m )
S S e S s - Zurz (@=v)y (@7)
j=0 j=0 r=1 r=1  j=0

which converges in the neighbourhood |z —v| < min|p,|”". But the power
T

series (2.7) can be extended for all values of the variable & with the exception
of such values of = where p, (x —v) = 1. In other words, the function y =
y (z,v, s) takes the following form:

B wr (v, 8)
y_zl—pr(v,s)-(:zr—v)' (2:8)

r=1
Equation (2.8) is the analytical-algebraic solution of differential equation (2.1).
Following the papers [5, 15] the differential equations with Cauchy condi-

tions
A

v =a(y’+oy+p8), (2.9)

where y =y (z,v,s) and y =y (v,v,s) = s, and
L bl = a(wd + aw? + fw +79), (2.10)

w=w(x,v,s,t) and w =w (v,v,s,t) =5, w,, = w(x,v,s,t)|,_, =t are called
the Riccati and Huxley equations respectively. Here the parameters a, «, (3, I;,
a, a, B, 4, s, t are real (complex) fixed numbers, besides, a,a # 0.

Using the algorithm of solution for differential equations and a change of
variables [13], it was obtained that the solution of the Riccati differential equa-
tion has the following form:

Y2 (s —y1) exp (ay1 (¥ — v)) —y1 (s — y2) exp (ayz2 (z — v))
(s —y1)exp (ay1 (z —v)) — (s — y2) exp (ayz (v — v))

y(z,v,5) = (2.11)

But the Huxley differential equation has a solution expressed by (2.11) form
only with special Cauchy conditions whitch will be discussed further.
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2.3 Expanding and narrowing an ordinary differential equation

In paper [13] the algorithm of expansion and narrowing of differential equations
is presented and from this algorithm the theorem follows:

Theorem 2. Let two differential equations (2.1)and (2.2) be given. The rela-
tionship
w(x,v,s,Pl(v,S)) = y(.I,’U,S)

holds true if and only if such identity is satisfied:

8P1 (’U, S)
ov

+ P (v,s) % =Py (v,8,P1(v,5)). (2.12)

Proof of this theorem is given in [13].

DEFINITION 3. The differential equation (2.2) is an expanded differential equa-
tion (2.1) and the differential equation (2.1) is a narrowed differential equa-
tion (2.2).

3 Expansion of Riccati Differential Equation to Huxley
Differential Equation

3.1 Composition of expansion

For the Riccati differential equation (2.9) is given as
Pi(v,s) =a(s* +as+ ) =als—y1) (s — y2) .
For the Huxley differential equation (2.10) is given as
Py (v,s,t) = d(sg—i—dsQ—i—ﬁAs—i—ﬁ) — bt =a(w—w) (w—ws) (w—ws) — bt.

Here y1, y2 and wy, wa, ws are roots by variable s of polynomials P; (v, s) and
Py (v, s,t) respectively.

Regarding expression (2.12) from Theorem 2 and choosing right sides of
equations (2.9) (y. = Pi(v,s)) and (2.10) (w!, = Ps(v, s,t)) the expansion of
Riccati differential equation to Huxley differential equation is obtained

oP, _oP
50 + P P =a(s’+as+pB)a(2s+a), (3.1)
Pyl,_p, = a(s® +as? + fs+4) —ba(s’ +as+B). (3.2)

Using (2.12) relationships and after performing usual algebraic operations the
following expression is obtained from (3.1) and (3.2):

3a a? aff
3 2
Qa(s + 5 S +<2 +ﬁ)s+ 2)

:d<s3+<d—%> 82+<B—82a>8+<’7—82ﬁ>>. (3.3)

Math. Model. Anal., 16(2):248-259, 2011.
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From relationships (3.3) it follows that expansion of Riccati differential
equation to Huxley differential equation is possible if and only if the equalities

a 3« . baa a2 IA)aﬁ af
i=2% a-—=", f-— =+ y -2 =20 (34
G=2, d-F =7, BTG =5 Hh -7 =5 (4
are satisfied. For simplicity, if b := b then we obtain from (3.4) that
. b 3a . o2 ab af  bs
0 = 2 = Y= — —_— = — —_— V= — —
a=2a", b=0, a—2a—|—2, 38 2+ﬁ+2a, 4 2+2a' (3.5)

If the equalities (3.5) are satisfied, then Huxley differential equation, ob-
tained from Riccati differential equation has the following form

3 b
w!, + bwl, = 2a* [wg + (_a + —) w?

2 2a
o®  af af  bs
+<2+2a+ﬁ)w+<2+2a):|. (36)
It follows from the Viete theorem that o = — (y1 +y2) and 8 = y1y2, the

relationships (3.6) is given by:

wl, + bw!, = 2a® {w3 + <b _3unty2) (o + y2)> w?

2a 2
. W+w)’ ntw o ) wt byiye  (y1+y2) Y12
2 2a 2a 2

and it is equivalent to the relationship
" / 2 1
wzz+wa:2a (w_yl)(w_y2) w_§(y1+y2_b) .

Theorem 3. Structural solution (2.11) satisfies differential equation (2.2) if
and only if the relationship

W + 6w + fw+ 4 = (w—y1) (w—12) (w—% <y1+y2—§>> (3.7)

holds true.

It must be noticed that expression (2.11) is only a particular solution of
Huxley differential equation (2.2) which satisfies the relationship:

w(z,v,5,a(y —y1) (y —y2)) =y (z,0,5) (3.8)
or has such Cauchy conditions

w (’U,’U, Svt) =S, w;/n (Ia v, s, t)|m:0 =a (S - yl) (S - yQ) . (39)
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In case when y; = y2 := yp, from (2.1) we obtain the Riccati differential
equation

2
v, = a(y —vo)
and its common solution

S — Yo
Yo —s)(x —v)

y(.f,’U,S) :y0+ 1+a(

Then relationships (3.8) and (3.9) have the following form:
w(z,v,5,a(y —y)?) =y (z,0,s) (3.10)
w(v,0,8,t) = s, W, (x,0,81)],_, =a(y—uyo) (3.11)

and condition (3.7) has the form

w® 4+ Mw? + fw + 4 = (w — yo)* (w—yo—i-l;/(Qa)).

3.2 Special solutions of Huxley differential equation: condition of
existence

The expression (3.8) and analogous expression (3.10) are considered as special
solutions of Huxley differential equation. From relationship (3.6) using Viete
theorem such system of equalities

y1+y2+05 (yl +y2 — 5/0) =—aq,
y1y2 + 0.5y1 (yl + Yo — 5/@) + 0.5y2 (yl + Yo — 5/@) =8, (3.12)

0.5y1%2 (yl t Y2 — B/a) =7
was obtained. From system (3.12) after elimination y;+y2 and y;y2 the equality
(b —2ad) ((b+ ad) + 9Ba?) (b + ad) = 27a*4 (3.13)
was obtained. From (3.13), the following theorem follows.

Theorem 4. Relationship (3.7) holds true if and only if the equality (3.13) is
correct.

So, the equality (3.13) together with system of equalities (3.12) allows to
establish existence of special solution of the Huxley differential equation and if
this solution exists, we can find values of parameters a,y; and yo.

It must be noticed that if in relationship (2.2) the parameters b =0 and
b =0, then the Huxley differential equation reduces to the Maccari differential
equation [18] with adequate special solutions and conditions of existence.

Math. Model. Anal., 16(2):248-259, 2011.
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4 Computational Experiments
Let the Huxley differential equation

wll, +wl, = 2(w3 — 4w? + 5w — 2);

w=w(z,v,st), wvst) =s w,(zv,st),_, =t (4.1)
be given. Then a = 2,a = l,l; =b=1a —4,3 = 5,4 = —2. From system
of equations (3.12), it is obtained that y; + y2 = 3 and y1y2 = 2, i.e. y; =1,
y2 = 2, besides the relationship (3.13) is satisfied. Thus, the special solution of
Huxley differential equation has a form:

2(s—1)e* v — (s — 2) e2(=—v)

w(:z:,v,s, (5_1) (5_2)): (S_l)ew—v_(s_2)e2(w—v) ’

(4.2)

when Cauchy conditions are w(v,v,s,(s — 1)(s — 2)) = s and w,(z,v,s,
(s —=1)(s —2))|z=0 = (s = 1)(s — 2) and s is a real (complex) number.

The surface of graphical representation of the initial conditions at s = 0,
s=3and s =5, t=vy'(x)|,_, = (s —y1) (s — y2) is plotted in Fig. 1. Here
variables on axes Ox and Oy are y; and ys respectively.

Figure 1. A graphical representation of the initial conditions at s=0, s=3 and s=5,
t=y (@)|pey = (s —y1) (s —12)

The validity of the produced results by a computational experiment is per-
formed. The initial problem (4.1) is solved using approximate computational
constant step marching technique. Let us denote the approximate partial so-
lution wy (0 + hk), k=0,1,2,..., where W depends on both initial conditions,
h is the step size and gy = s, where the analytical-algebraic partial solution
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Figure 2. The distribution of errors (4.3) between the analytical solution and the
computational solution in the parameter plane of initial conditions.

of (4.1) is defined on (4.2). But the constraint (4.2) was released and it was as-
sumed that the solution (4.1) is valid in all space of initial conditions. The 100
steps from the predefined initial conditions were travelled and the differences
between the approximate computational solution and the analytical “solution”
defined by (4.1) was computed:

- 100 - 00 2 (1 — s)exp (hk) — (2 — s) exp (2hk)
e(s,t) = kz::l lek] —; W (hk) — (1= 5)exp (hk) — (2 — s) exp (2hk) | (4.3)

The distribution of (s, t) is illustrated in Fig. 2. Numerical values of (s, t)
higher than 100 are truncated to 100 in order to make the figure more com-

prehensive. It can be clearly seen that errors are almost equal to zero on the
curve defined (4.2).

5 Concluding Remarks

The Exp-function method, with the help of symbolic computation, provides a
powerful mathematical tool for solving high-dimensional nonlinear evolutions
in mathematical physics. Unfortunately, there have been a number of cases
when straightforward and formal application of the Exp-function method has
produced irrelevant results. Seven typical errors done when using the Exp-
function method are discussed and illustrated in detail in [9, 14].

The solution produced by the Exp-function method may not hold for all ini-
tial conditions. We argue that the analytical condition describing the existence
of the produced solution in the space of initial conditions (or even in the space of
the system’s parameters) cannot be derived by the Exp-function method. The
Exp-function method is based on two main steps (omitting transformations
and variable changes leading to a nonlinear ordinary differential equation). In
the first step we should define the structure of the algebraic-analytical solution.
The second step consists in using symbolic computations for the determination

Math. Model. Anal., 16(2):248-259, 2011.
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of unknown parameters of the solution. The question about the existence of
that solution is typically omitted. The operator method, on the contrary, brings
the load of symbolic computations before the structure of the solution is iden-
tified. Moreover, the structure of the algebraic-analytic solution is generated
automatically together with all conditions of the solution’s existence.
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