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Abstract. We suggest a group approach to research
of functional-differential equations based on a search
of symmetries of underdetermined differential equa-
tions by methods of classical and modern group anal-
ysis.

During the 20th century almost all types of dif-
ferential equations were investigated by methods
of group analysis. However the symmetry approach
leaves aside practical significant and important class
of functional differential equations (FDEs). For ex-
ample, this class includes differential-delay equa-
tions, in particular, equations with lag. There exist
a few equations, integrated in a closed form. Their
number does not exceed several tens. Although
some attempts to use a symmetry and to extend
the methods of group analysis on the class of func-
tional differential equations were undertaken.

A.N. Sharkovsky and G.P. Pelyukh [9, 10] con-
sidered FDEs with arguments related by transfor-
mations that generate a finite group or an infi-
nite group with finit factor group, e.g., containing
functions y(x) and y(—z) and their derivatives.
Evidently, the re-notation y(z) = y1(z), y(—zx) =
y2(z) and replacement of the argument © — —z
transform a given equation in a system of two ordi-
nary equations with respect to y1(z), y2(x). How-
ever capabilities of this method are restricted not
only by the requirement on the finiteness for the
group of transformations of arguments (or its fac-
tor group), but also by the requirement on the ab-
sence of invariance of given equation with respect
to this group.

Some preliminary researches on applications of
methods of group analysis to FDEs are given in pa-
pers of V.P. Petukhov [11, 12], although any gen-
eral approach was not found. The main problem
arises: how to consider variables with a functional
arbitrariness, and consequently, how to extend the
operator to such variables. The ambiguity of the
interpretation generates a set of approaches that as
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a rule, essentially depend on a type of functional
relation between variables.

Therefore in our researches we replace a study
of FDEs by a study of underdetermined equations
[3, 5], supposing, for example that y(p(z)) = w(z).
The reduction of FDE to a system consisting of
an underdetermined differential equation (for ex-
ample, with two unknown functions) and one or
more functional equations allows to abstract from
these relations and to concentrate on symmetries
of the resulting generalized differential equation.

Underdetermined differential equations were co-
nsidered, by I.M. Andersen [1], G.N. Yakovenko,
V.I. Legenky [6], and V.I. Elkin [2] and othes. How-
ever, Andersen considered these equations as an
example of the applications of the classical group
analysis and the theory of Lie-Bécklund groups.
The others mathematicians treated only control pro-
blems and ”superfluous” variables was components
of a control vector and had no functional relation
with basic unknown functions. In particular,
V.I. Legenky pointed out that group analysis of
underdetermined equations is ineffective since ad-
missible operators have a functional arbitrariness
(equations admit an infinite Lie algebra), induced
not by real symmetries, but by the underdetermi-
nation of the equation. In fact, in this case the
algebra turns out to be "empty”, i.e. we did not
succeed in simplification of the equation by the use
of algebra.

However in the FDEs case, unknown variables
are of the same type and are connected by some al-
gebraic (not differential) relations. The inclusion of
these additional relations leads to vanishing of the
underdetermination. Therefore the functional ar-
bitrariness which exists in general does not reduce
efficiency of methods of the group analysis.

Using well known principle of factorization [3,
8], generalized differential equation can be re-
duced to a system of simpler equations embedded
in each other. Let us consider the generalized dif-
ferential equation of the nth order

F(xayvyla DR 7y(n)’w,w/, ’LU(T')) =0. (1)
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Theorem 1. The generalized differential equa-
tion (1) is factorized up to the system

21:G1(x7y’y/a 7y(kl)7waw/a 7w(81))a
22:G2(x7yay/a 7y(k2)7waw/a 7w(52))7
H(.ﬁ,Z%Z{v, 72,’2(7170-1.)) = 0, i:1,27

where o; = max{k;,s;}, i = 1,2, if and only if it
admits the (nonlocal) operator X = ®09, + V0,
with coordinates satisfying the system of equations
in total derivatives

s 0z; 0z;
> {priel et + prio i L= o i,

m=0

and the functions z; and zy are distinct lowest
invariants of this operator, differing from the uni-
versal invariant Ip = x.

Remark 1. Note, that the invariants z; and
zy are distinct if the only function ¥ for such
U(x, z1,22) = 0 is the zero function.

Remark 2. The initial equation can be written
also by one lowest invariant z # f(z). In this case
the resulting system consists of two equations.

It is known that the group approach is not effec-
tive for first order ordinary differential equations.
However a special structure of generalized differen-
tial equations (the presence one more independent
variable) enables to receive essential results using
the same algorithm both for high order equations
and for first order ones. In particular, the univer-
sal principle of factorization allows to reduce first
order generalized differential equation up to either
an ordinary differential equation of the first order
or to a functional equation [4].

Example 1. The generalized first order differ-
ential equation

Y + G(x)w' + f(2)y + g(x)w + h(z) =

where g(z) = G'(x) + f(z)G(z), admits the in-
finitesimal operator

X =G(2)0y — 0w
and factors up to the system

{ 2+ f(x)z + h(z) =0,
z=y+ G(zx)w.

For any function g(z) and G(z) #Z 0 the equation
admits the point operator

X =exp|— [ flx)dz|d,+
- son]

T exp [ / g@) dl} O,

and if w(z) = y(7(2)), g(z) = 7(2)G(2) f(7(2))
then the given equation is reduced to the functional
equation

{ z(x) + G(z)2((z)) + h(z) = 0,
2(x) =y + f(2)y.

The main concern of the paper is the study
of second order generalized differential equations.
Therefore further statements will be formulated for
this class equations though all reasonings can be
extended to any order equations.

Example 2. The second order generalized dif-
ferential equation

1

y" = Cw'” + (Pry + 2)y’ + (xaw + xo)w'+
+ 30 + o — Prie)y+
+ (o + a® — Yoa)y + h(z,w), (2)

where 11,12, X1, X2, @ are enough smooth functions
of z, C' € R, admits the exponential nonlocal op-
erator (ENO)

X =exp [/(zply+ a)dm] Oy+

XQ’LU/ + h2w
- d aun
+exp [ / 2CwW" + xow + X3 x]

if 2Cw’ + x1w + x2 # 0. Except for the universal
invariant x, this operator has two lowest invari-
ants, namely two differential invariants of the first
order. By using these invariant whereby the initial
equation (2) is factorized up to the system

1=y - *%y —ay,
= Cw'? + xqww' + xow' + h, (3)
21/ = (Y2 — )21 + 22,

in which the ”external” equation is a generalized
differential equation of the first order.

In some cases the existence of an additional
functional differential relation between unknown func-
tions can essentially simplify the system which
the initial equation is reduced to. For example,
the inheriting of the functional differential relation
by invariants of the admissible operator is possible.
Thus, the number of equations of the system re-
sulting from the factorization can be considerably
reduced.

Example 3. If we assume, that in the equa-
tion (3) the unknown functions y and w are con-
nected by the functional relation w(x) = y(7(z)),
7 # 0, and also C =0, x;1 = 0, x2 = (7))}
and h = —311(7(x))w? — a(7(z))w then the same
functional relation zs(x) = 21 (7(z)) holds between
the invariants. Therefore the system (3), resulting
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from the factorization of the equation

y" = (hry + )y + (7))’ +
+ 31" + o — o) yP+
+ (& + a® = oa)y — 21 (T)w? — a(T)w,

will contain redundant conditions and it can be
written as

{ 2=y — 3y’ —ay,

2= (Y2 — )z + (7).

In the example the "external” equation is FDE of
the first order. Thus, the problem of finding the
second order FDE was in essentially reduced to the
sequential search of solutions of the first order FDE
and the first order ordinary differential equation
(Riccati equation).

Indeed, in the above example we reduced the
order of the equation, using one invariant due to
the specific form of the equation. However it may
occur, that an admissible operator has one first or-
der differential invariant and one universal invari-
ant x on a manifold. Then, by Remark 2 to The-
orem 1, the initial equation is factorized up to a
system of two equations. This means that the ”ex-
ternal” equation is a first order ordinary differential
equation. Solved this equation we lower the order
of the initial equation by one. We note that this
type of factorization is independent of functional-
differential relation between the unknown functions
y and w.

Example 4. Let us consider the generalized
differential equation

y'= Cy/z+(1/)19—C¢2w+¢3)y/+¢2w/+H1W+Ho7

C € R\{0}, 11,12, 93 are smooth functions of z,
o # 0, and H; and H are follows

Hy = —C%alz{ag exp(Cy)+
+[C(Wry +1s) + ] (Caz + ar o+
+ [C(¢1/y +43') + 1/11/]0412 + C(Oéll/aﬁ-
+Ca'ag + Cajas’ + CPas?) },
VYoar’ + 2 a1 + Cihrars

aq

H, =

where a; = a;(z),i = 1,3, a; # 0. By applying
the classical algorithm of the solution of the direct
problem, we find a family of admissible point oper-
ators in canonical form

X = (m— &)y + (n2 — &w') 0w,
and its coordinates are such that

£ = o,
m = gexp(Cy) + as,

N2 = % [(9exp(Cy) + a3)Cihaw — N—
—(le + HQ)Oél],

where

N = ail{ [(¢1y + 3)a1g 4+ on'g—

—a1g’ + Cgas] exp(Cy) + (Y1y + 3)aras+
+o'ag —aras’ + 00432}7

g = g(x). For any function g (the case g = 0 is
not excluded) basis of invariants of this operator
consists of two functions: the universal invariant
x and one differential invariant. Therefore the in-
vestigated equation is factorized up to the system
1

= Gy ooy 0 0
+  Cprayy+ (1 +C3)an +C(Cas+ay’),

’ Ozll + Cag (6%)
5 =0.

z + z+
(051 C2Oél

The second equation contains only one dependent
variable z and is the first order linear differential
equation (with respect to this variable) which is
always solvable.

We note that the admissible Lie algebra L is
infinite-dimensional and L = Lo, € L1, where Lo,
and L, are determined by the operators

¢2@1
— Cas® + (Chow — hry — ¢3)ala3] -

H H,
_Hwt Han by
by

. 1
X1 = (Ckg - aly’)ay + { |:O[10[3/ - Oéllag—

and

Ko = gexp(Cy)d, + [(szw — Y1y — Ys)arg—

exp(Cy)
Yoy

The factorization resulting by application of the
operator X, was given above. In contrast to X,
the basis of invariants of the second operator X,
consists of three invariants: two universal and one
differential invariants. The system which the initial
equation is reduced to takes the form

- allg + Oflg/ - CgOlg:| aw-

L Cgy' +¢'
te Cyg exp(Cl'y)’

_ 2 o
z22 = C2¢2algeXp(Cy) |:1/}10419 +C as3g

—Cayg' + Cay'g +

+ Carg(1y — Coow + ¢3)] ;

C ! !
2 + ez + Paauz +¢;Oél + 1o a
1

Cas + oy’ Qg
+ 22+ =5
a1 C (6751

1+

=0.
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It must be emphasized that the substitution z =
21 + 229 reduces once again the initial equation to
the ordinary differential equation of the first order
resulting with use of the operator X;.

The examples considered above demonstrate,
that a key role in a reduction of generalized differ-
ential equations is played not by admissible opera-
tors but by the structure of the set of its invariants
[7]. As a rule, to find invariants of an admissible
operator, we need to consider the invariance con-
dition on a manifold determined by a generalized
differential equation. Having several higher deriva-
tives, we can express only one derivative from the
equation. Therefore there are situations where the
admissible operator has no differential invariants
which order is less than the order of the equation)
on the manifold, and consequently it is ineffective
for factorization. Thus, we need to solve the prob-
lem of the number and the structure of invariants
of an admissible operator depending on a type of a
generalized differential equation. In addition, spec-
ification of the class of operators under condition of
the availability of a factorization results to the con-
dition for a type of the initial equation and allows
to solve the inverse problem.

Theorem 2. In order that the canonical in-
finitesimal operator

X = [m(w,y,w) - §(x7y,w)y’} Oy~+
[772(907 Y, U}) - §(x7 Y, w)w/] 8w7 (4)

admitted by the second order generalized differen-
tial equation

1

y' = F(z,y,w,y'w' w"), (5)

has differential invariants of the first order, it is
necessary, that any of two conditions is fulfilled:

1) & # 0 and the equation is linear with respect
to the higher derivative of w, i.e.

F = fiw"+ fa, Fur #0,
fi:fi(xvyaw,ylvw/),i:1;2, (6)
or
F = glw/ +927 Eu’ # 05
9 = gi(z,y,w,y), i =12 (7)
2) £€=0.

Remark. We note that the condition (7) is
sufficient for the class of equations

"

y' = F(z,y,w,y v,

if the following relation holds:

Mg + 2m — &Yy 91, + 129 g1+
+ [mx +(my — &)y - £yy’2} Y g1y — 291+
+ (m = &Y') (9192 — 9192 — 9200)+
+ (nlz + N2,y + éyy’z) 91— €g192=0. (8)

As mentioned above, both the existence of dif-
ferential invariants and the dimension of the basis
of invariants of the admissible operator are impor-
tant because the structure of the system, which the
initial equation is reduced to, depends on these spe-
cial features.

In the case that the coordinate of the operator
(4) &€ = 0, the basis of invariants consists of two
universal invariants (one invariant is Jy = z) and
one differential invariant of the first order.

If the equation is of the form (7), and the con-
dition (8) is fulfilled, the dimension of the basis
of invariants of the operator (4) equals two: one
invariant of the zero order Jy = x and one differ-
ential invariant of the first order. This case is of
particular interest since the generalized differential
equation (7) is reduced to a first order differential
equation under factorization. If the structure of the
given equation satisfies the condition (7) then the
basis of invariants contains one universal invariant
Jo = z and no more than two differential invariants
of the first order.

Theorem 3. In order that the canonical in-
finitesimal operator (4), admitted by the equation
(5), which coordinate & # 0, has two distinct first
order differential invariants, it is necessary and suf-
ficient that the right-hand side of the equation (5)
is of the form (6), and the function f; and fo
satisfy the relation

_ /
fom &y/’
N2 — Ew

Jifey + fow — 2D(f1)

The considerable restrictions on the structure of
invariants of point operators lead to the considera-
tion of ENOs. In fact these operators has invariants
of any type as opposed to point operators. Hence
the extension of the considered class of operators
enables to factorized more general FDEs classes.

We note that the algorithm for search of ad-
missible ENO has more complex structure. The
general form of ENO is

X =exp (/ Cldx> Oy + exp </ ngx) Ow, (9)

where (; and (3 can depend on z,y,w and their
any order derivatives. For a simplicity of further

0.

y//:fl,w//_;'_f2 =
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reasonings we considered in more detail the case
CI = Cl (3?, Yy, w, yla wl)7 4-2 = CQ(J?, Y, w, yl7 wl) (See
Example 2).

Let us set up the defining equation for the gen-
eralized differential equation of the second order

y" = F(z,y,w,y'w', w") (10)

and the operator (9). Using well known algorithm,
we receive the relation

Clo +4'Cy + W'y + FCry + w' G+
+G = QFy = Fy— [(Gop + ¥/ G2yt
+ W'y + Flay + W' Cayy + (%) Fur+

+ Fu o + Fy) exp {/(g2 - Cl)d:n} =0. (11)

Under splitting of the equation (11) we need to take
into consideration the structure of the nonlocal fac-
tor exp {f((g — Cl)dx}. If the integrand is a total
derivative of a function then further reasonings are
similar to construction of defining system for point
operator. In the other case, if the integrand is not
a total derivative, then at first we need to split the
equation (11) by the nonlocal variable. Basis of in-
variants of admissible operator, which was found in
the second case, can be chosen so that each invari-
ant depends on z,y,y’ or z,w,w’. The structure
of invariants reflects on the type of factorization of
the equation (10).

Theorem 4. The equation (10) is factorized
up to the system

u=Ji(2,9,y),

U= J%(xaw7wl)7

G(z,u,v,u’,v") =0,
9Ji(z,y,y") 9J¢ (2, w, w') :

G # 0 e R

and only if it admits the operator (9), which the
structural components (; and (> satisfy the sys-
tem

Cip +Y'Cy +FGy + (G = Fy )G — F, =0,
Fw”CQz + Fw//w,CQw -+ quw”ng/Jr
—|— (Fw/ —|— F’LU”CQ)CQ + Fw = 0

In this case invariants turn out to be function
inheriting the functional relation between y and
w , consequently the initial equation is reduced to
a system of first order FDE and first order ordinary
differential equation (see Example 3).

Thus we suggested a new effective method of
FDEs reduction allowing to extend the group ap-
proach to a new class of objects and increase a num-
ber of equations, which solutions can be written in
a closed form.

Unfortunately the small volume of the article
does not allow to include in the paper proves of the
given statements.

where
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