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Abstract

The manuscript is devoted to applications of group analysis to functional differential equations, It is
given a definition of an admitted Lie group for such type of equations and some examples of applications of
this definition are studied. The way for constructing an admitted Lie group is similar to the way developed
for differential equations: first, one has to construct determining equations, then to split these equations
with respect to arbitrary elements, and then to find the general solution of these equations. Particularly, for
delay differential equations the process of splitting determining equations and solving them is similar to the
case of differential equations. The proposed approach can also be applied for finding an equivalence group,
contact and Lie-Bicklund transformations.
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1. Introduction

In mathematical modelling for studying a real phenomena one uses differential equations.
Depending on the problem, these equations take various forms, such as ordinary differential
equations, partial differential equations, integro differential equations, functional differential
equations and many others. Functional differential equations are classified as of retarded, neutral,
or advanced type. The simplest type of retarded differential equations is a type of delay differential
equations, where some derivatives of the unknown functions at time ¢ are expressed through their
values at earlier instants. Delay differential equations appear in problems with delaying links
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where certain information processing is needed. Concrete examples of delay differential equations
are frequent in populations dynamics and bioscience problems, in control problems, electrical
networks containing lossless transmission lines. The theory and applications of functional dif-
ferential equations can be found in many books, for example, [1-5] and many others. Note that
beginning with the late 1940’s, the theory of delay differential equations is being developed rap-
idly.

One of the methods for studying properties of differential equations is group analysis.
The modern state of group analysis is reviewed in [6]. Group analysis side by side with con-
structing exact solutions provides a regular procedure for mathematical modelling by classi-
fying differential equations with respect to arbitrary elements. The application of group analysis
implies some steps. One of the most important steps is a construction of an admitted
Lie group. After finding an admitted Lie group one can apply it for constructing exact solu-
tions.

We should note here that many of partial differential equations have been studied. The al-
gorithmic approach of group analysis, developed for partial differential equations, can not be
directly applied to equations with nonlocal terms. The main obstacle for this is their nonlocality:
the nonlocality does not allow using the manifold’s approach for defining an admitted Lie group.
However, in this case one can try to use another definition of an admitted symmetry group, also
given by Lie [7]: a Lie group is admitted if it maps any solution of equations into a solution of the
same equations. In the sense of applications of group analysis for constructing solutions this
~ definition of an admitted Lie group is more appropriate: it excludes the possibilities [8] where an
equation admits a Lie group, but there is no any solution of this equation. This definition was
also applied earlier for studying integro differential equations [9-11). ! Since some retarded
equations are of the type of integro differential equations, it gave us an idea for using similar
approach in the case of functional differential equations and particularly for delay differential
equations.

The used definition of an admitted Lie group allows constructing determining equations.
For solving the determining equations one uses the method of splitting them with respect to
arbitrary elements. In the case of differential equations the arbitrary elements are para-
metrical derivatives. In the case of analytical systems the parametrical derivatives are dictated by
the Cauchy-Kovalevskaya theorem for a Cauchy type systems and by the Cartan-Khiler
theorem for involutive systems. For other types of equations an answer on the question
about arbitrary elements is obtained on the base of an theorem of existence of the Cauchy
problem.

Here we also mention an approach developed in [12] where a delay differential equation is
replaced by an underdetermined system of differential equations for which the classical group
analysis is applied. It should be noted that the reduction to underdetermined system widens a class
of equations admitted by a given Lie group. But an extension of equations narrows a set of
admitted Lie groups.

This manuscript is devoted to illustrate possibilities of direct applications of group analysis to
delay differential equations.

! See also [6).
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2. A definition of an admitted Lie group and determining equations

As it was mentioned the main difficulty for applying group analysis to functional differential
equations arises from the nonlocal terms present in these equations. To overcome this difficulty
the following method is suggested. For the sake of simplicity the method is described for func-
tional differential equations with one independent variable

S=X()-F(t,x)=0. (N

Here the notations accepted in literature on functional differential equations are used. ? If (¢) is a
function defined at least on [t — r, ], then one defines a new function y, : [—r,0] — D by

xs) =x(t+s), se[-r0]

where D is an open subset in R”, J is some interval in R, F is a functional. For delay differential
equations

F(t,3,) = f(tx(&1(0), .. x(gn(D)),

where f: [, f}) x D" — R", and g,(¢) <t for f<t<fforeach j=1,...,m. A continuous func-
tion x(¢), t € [ty — 7,4, + f) is called a solution of delay differential equations > (1) if it is differ-
entiable in the interval (f, ) and satisfies Eq. (1) in the interval (%, ). The value ¥'(#%) is
understood as the right-hand derivative.

First, as for differential equations, let the symmetry group G of transformations 7,:

t=T(t,x;a}), x=T"(tx;a),

depending on a real parameter a, with ¢ = T*(¢,x;0) and x = T%(¢,x; 0), map a solution of Eq. (1)
to a solution of the same equations. Usually instead of a Lie group one considers the corre-
sponding infinitesimal generator

X = 1(4,x)0, + n(t,x)0,,

where
!

er or
t(t,x) = a(t,x, 0), n(t,x)= E(t’x’ 0).

Let x = x{) be a solution. A parametrical representation of the transformed function y,(7) is
given by the equations 7 = T*(¢, x(#);a), ¥ = T*(¢, x(t); a). In order to find y,(7), one has to define
t= K[’(E, a)’ (2)
from the equation 7 = T*(¢, x(¢); a). For differential equations this is guaranteed by a local inverse
function theorem. For delay differential equations (1) one has to define the function i not only in
a neighborhood of the point ¢, but also in the interval [z — #,¢] and in a right-hand neighborhood

of ¢. For obtaining this it is not enough only a local inverse function theorem. Assume that the
given Lie group possesses by this property. Hence, the function x,(f) is defined by x,(7) =

T*(¥ (% a), x(¥ (% 2)); a), and then

2 See, for example, [4].
3 See, for example, [5].
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where f,; means the partial derivative of f with respect to ith argument. Thus
F(?v}_fi) =f(—t_aTlx?"'?Tp;)1
where T = T*(y(gi(1); a), x(¥(g:{t); a));a), i=1,...,m.
Let E(t,x,x") =x" — F(t,x,). Since x(¢) and y,(7) are solutions, then
E(tx,x) =0, (3)

for x = (¢) and x = x,(7). Differentiating the functions Z(¢,x,,x"), where x = y,(7), with respect to
the group parameter 4, and taking a = 0, one obtains the equations

E(t, %, %)

=~ =0. (@)

a=0

The left side of these equations is expressed only through the coefficients of the infinitesimal
generator X, their derivatives, the function x(¢) and its derivatives. This we denote by

_ OE(t,x,,x')
H(x,7,n) S — o
_ Thus, Eq. (4) become
H(X, T, ’7) =0,

where x(¢) is an arbitrary solution of (1).
Note that Eq. (4) coincide with the equations obtained in the result of an action onto (1) by the
prolonged canonical Lie-Backlund operator [13] equivalent to the generator X:

X = (n(n,x) — (6, x)x)0, + -

The difference in applying a canonical operator for differential equations and for functional
differential equations is in the action of the derivative 9,: for functional differential equations its
action has to be considered in the sense of the Frechet derivative.

Above constructions allow giving the following definition of a Lie group admitted by functional
differential equations.

Definition. A Lie group, satisfying the equations
H(XvTa’?)[{s] =X_(S)|[51 =0, (5)

for any solution of (1) is called an admitted Lie group (or Eq. (1) admit this Lie group). Eq. (5) are
called determining equations.

The notation [8] in (5) means that Eq. (5) have to be satisfied for any solution of Eq. (1). This
notation is similar to the notation used in [13] for a frame of equations.

We emphasize that one of the main features of the determining equations in the given definition
is that they must be satisfied for any solution of Eq. (1). This lets us to split the determining
equations with respect to arbitrary elements. Since arbitrary elements of delay differential equa-
tions are contained in determining equations by a similar way as for differential equations, the
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process of solving determining equations for delay differential equations is similar to obtaining
solutions of determining equations for differential equations. This will be demonstrated in ex-
amples.

Note also that the given definition:

¢ is free of the requirement for the admitted Lie group to have (2) globally;

¢ coincides with one of the classical definitions of an admitted Lie group in the case of differential
equations (in sense of Lie-Bicklund representation);

¢ was also applied for integro-differential equations;

¢ can be applied for finding an equivalence group, contact and Lie-Béacklund transformations for
functional differential equations.

From one point of view to use solutions for defining an admitted Lie group it seems more
difficult for applications than the geometrical definition, * but from another point of view this
definition allows defining an admitted Lie group for more general objects than differential
equations: delay differential equations, functional differential equations, integro-differential
equations or even more general. For example, let us consider the functional differential equation
studied by Barba [4]

YWY (x) = y(r(x))- (6)

According to the given definition of an admitted Lie group the determining equation for (6) is

Xy (x) = y(r(x))) = (n(x, (x)) = ¥ ()&0x, (D)) (%) + ¥(x) (1%, 7)) + ¥ (x)m, (%, y(x))
= Y'(®)&(x, yx)) — ¥ ()& (2, p(x) + ¥ (0)&,(x, ¥(x))))
= (e, y (%)) — ¥ (), y(r(x))) + ¥ () }(n(x, y(x))
- yt(x)é(x: y(x))))a
which has to be satisfied for any solution y = y(x) of Eq. (6). Here a generator of the admitted Lie
group is X = &(x,»)0; + n(x, y)d,. To solve this determining equation one needs to know arbi-
trariness of the general solution of Eq. (6). Because this analysis is unknown for the authors, we
demonstrate solving determining equations for other examples.

3. Examples
3.1. One independent variable

Let us consider the retarded equation

K(t) = f_ " a(s)ds. (7)

4 Although for differential equations therc are theorems where studied conditions when these two approaches are
equivalent [13].
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According to the definition of an admitted Lie group, the determining equation for (7) is
m(t,x(t%) + X (.4, x(8)) = 2"(B)e(6,x(2)) — ¥ () (z (8, x(D) + ' (7). (¢, x(9)))
= f (n(t+ 5,x(t +5)) — 2 (¢ + s)e(t, x(t + 5))) ds,

.
which is satisfied for any solution x = x(¢) of Eq. (7). Here a generator of the admitted Lie group is
X = 1(t,x)0, +n(t,x)0,. To solve this determining equation one needs to deal with an integral
equation, which is more difficult for studying than a delay type equations. But one can note that
the Cauchy problem

0
0= [(26d 5@ =v6),  selo-rul ®)
is equivalent to the Cauchy problem
x'(e) =x(t) - x(t - 1), 9)
(o) =x, x()=y(s), s€—runl, (10)

with an arbitrary continuous function y(s) and arbitrary value x,. Further we study the deter-
mining equation corresponding to (9). This determining equation is a delay type. Regarding this
equation at the point (z + 0) (limit from the right handed side), on the solution of the Cauchy
problem (9) and (10), the determining equation becomes

D(to, X0, X1,%2,%3) = 211, {to, xo)x1 + 1, (0, %0) + 'Tn(l‘o,xo)xf + 11:(f0, %0)x0 — 1 (t0, X0)x2
— 2ty (to, %0)x7 — Tu(fo, ¥0)x1 — 27,(f9, X0 )Xo + 27,(n, Xo)X2 — Tey(to, X0)x>
= 3,{ty, x0)x0x1 + 37(f0, %0 )x2x) — 1(t0, %o) + #{ts — 1, %2) + ((fo,%0)
- T(tﬂ - ?",xz))JC:l, = 01
where xo = ¥(t), x_y = x; = Y(to — r), x3 = ¥'(% — r). Here also the derivatives
x'(to) = x{to) —x(to — 1), x"(ts) =x1 —x(t, — 1),
found from Eq. (9) and its first derivative, are substituted. Since the function y(s) and the value x,
are arbitrary and because of the theorem of existence [2] of a solution of the Cauchy problem (9)
and (10), one can account that the values #, xp, x;, x, and x; are arbitrary in the determining
- equation: one considers the determining equation with substituted in it the solution of this Cauchy
problem. The arbitrariness of the values 4, xo, x;, x; and x; allows splitting the determining
equation. Because further analysis of the determining equation is similar to the classical analysis

of solving determining equations for differential equations we present only result of calculations.
The general solution of the determining equations corresponds to the generator

X = (c1x + h(1)0; + ¢,0,,

where ¢|, ¢, are arbitrary constants and the function A(¢#) is an arbitrary solution of Eq. (9).
3.2. Two independent variables

Let us study the equation
u, + uu, = glu, ), (11)
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where u = u(x, 1), # = u(x,t — r), 4, = u,(x, 1), u, = u;(x, ). It is assumed that g; # 0 (otherwise it is
not a delay differential equation). The determining equation of the admitted Lie group is

H,87(T ~ 1) + w{—n, — Mg — M+ T+ Tgu+ Tt + ) + gl — 1) — gl — gl
- Tg Tugz — T,8uU + CJ + Cug + Cxu =0, (12)

where & = u,(x,t —r), W, =wlx,t—r), T=1lx,t—ru), f=n(xt—run), {=(x,t—rn),
t=t(x,t,u), n = n(x, t,u), { = {(x,t,u). The Cauchy problem for equation (11) with the initial
values

u(xvs) = l,b(x,&'), 5 € [tO - ?‘,fo]a

has a solution [14] for any arbitrary value # and any arbitrary given function W(x,s),
s € [ty — r,1p]. In the strength of the arbitrariness of the value #, and the function ¥ (x, s} one can
consider the variables @, #,, u., 4, &, x, and ¢ as independent and arbitrary in the determining Eq.
(12). Splitting the determining equation with respect to i, i, and u, one obtains

g&T-1=0, Zm—-n)=0,
{ =0, — 1,8 — 4+ T+ T.gu + Tl =0, (13)

- gug - gﬁz‘_ L7 Tugz — T gU + C: + Cug + Cxu =0

Since g; # 0, then t(x,t — r, %) = t(x,f,u), n(x,t — r,@t) = n(x,t,u). Because # and & are indepen-
dent in the last equalities, then the functions t(x, ¢, ) and 5{x, ¢, #) do not depend on the variable u
and t(x,t — r) = =(x, 1), 5{x,t — r) = n(x, t). From the third equation of (13) one finds the function
{(x, t,u):

{=mn+uln, —u) — il (14)
Substituting it and found { into the last equation of (13} one has
g+ g, — (G + galt — ) (1, — w) + (g’ + gal — 3gu)T, — g7+ 11, — Tt
+ (nxx - 2‘[7“)!12 + (2'71_7: - Tu)u =0. (15)

This gives that the kernel of admitted Lie groups consists of the transformations corresponding to
~ the generators

Xl = 6‘,, Xz = 8,.

Because the main goal of this manuscript is not to do full group classification of Eq. (11) we
consider only some particular cases of the function g(x, ).
The first case is the case where the function g(u, #) is a linear function

g=ku+ itk (kg#O)
In this case the only nontrivial extension of the kernel is for k3 = 0:
X = x0, 4+ ub,.

Another case of the function g(u, #) that we study here is the case where the functions n(x, ?),
1(x,t) are linear with respect to x and r. Because of t(x,¢ —r) = t(x, ), n(x,t — r) = n(x,¢), then
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n=cx+c, tT=cx+cs, (=ulci—cu).

Here the function ( is defined by (13). Note that an extension of the kernel of admitted Lie groups
exists only for ¢ + ¢} # 0. Eq. (14) becomes

gutt(cr — esur) + gai{c) — e3i) = glcy — 3esu). (16)
Let us analyze different choices of the constants ¢, and c;.
If ¢, =0, then

1 1
3
NP [
g=u (u ﬁ> )
and a nontrivial admitted generator is

X = xa, - uzau.

Here and later the function @ is an arbitrary function of one argument.
If ¢) # 0 and ¢; = 0, then one has

r=uo(2).

and an extension is given by the generator
X = x0, -+ ud,.
If ¢; # 0 and ¢; # 0, then

2, | ulku—1)
= Dol ——~
g =ulku—1) (u(kﬁ— 0
and an extension is given by the generator

X = x0, + kx0, — u{ku — 1)3,,
where k = ¢3/¢; # 0.

bl I~

Remark. Slight differences are in studying the delay differential equation
u, + e, = g(u, ).

For example, for a linear function g = kju + ki + k3 one obtains that an extension of the kernel
of admitted Lie groups is possible only for k3 = 0. If k; # 0, then there is only one extension

X = tal +xax,
if k; = 0, there is one more admitted generator
X = xB, + kyx®0, — ulu — 2kpx)0,.

4, Conclusion

The definition of an admitted Lie group for functional differential equations, proposed in the
manuscript, does not require using a global inverse function theorem as it was in [15]. The ap-
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proach is similar to the approach, developed for differential equations: first, one has to construct
determining equations, then, to split these equations with respect to arbitrary elements, which are
dictated by the theorem of existence of the Cauchy problem, and then to find the general solution
of the determining equations.

Practical construction of determining equations is performed by using the canonical Lie-
Backlund’s representation of an infinitesimal generator and acting by it on the original equation.
The derivatives with respect to the dependent variables should be understood in terms of the
Frechet derivatives. One should remember that determining equations have to be satisfied for any
solution of the original system of equations.

In the strength of the theory of existence of solution of the Cauchy problem for delay differ-
ential equations, the process of solving determining equations for them is similar to obtaining the
general solution of determining equations for differential equations.

The proposed approach can also be applied for finding an equivalence group, discrete, contact
and Lie-Bicklund transformations.
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