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Abstract. Equation E(a: t) + u(x, t) (x t) = G (u(x,t — 7)) is a delay partial differential equation with

an arbitrary functional G. Group analysis method is applied to find symmetries of the equation and to make group
classification. Representations of analytical solutions and reduced equations are obtained from the symmetries.

1. Introduction

Consider delay partial differential equation with delay 7 > 0
ou

ou
E(w,t) + u(x,t)a—x(a:,t) =G (u(z,t —1)).

(1.1)
For simplicity, notation «” will be used to denote u(x,t — 7), u denote u(z,t) and u,,u; mean first partial
derivatives of u with respect to x and ¢, respectively. Equation (1.1) can be simply written as

(1.2) up + uugy = G(u').

Equation (1.2) is similar to Hopf or inviscid Burgers’ equation [1]. However, (1.2) has a delay term, which
makes the equation difficult to be solved [2]. Applications of delay differential equations can be found in [2, 3, 4,
51

One of the powerful methods for finding analytical solutions of differential equations is group analysis. Group
analysis was introduced by Shopus Lie in 1895 [6, 7, 8]. Group analysis is applied for finding analytical solutions
of many types of ODEs and PDE:s [8]. Later, it was developed to apply to integro-differential equations [8], delay
differential equations [3], functional differential equations [4, 5] and stochastic differential equations [9].

In this manuscript, group analysis is applied to find symmetries of equation (1.2). Classification of (1.2) with
respect to groups of symmetries admitted by the equation is done. Representations of analytical solutions and
reduced equations are also presented.

2. Applications of group analysis to delay differential equations

Let p : Q x A — ) be a transformation where €2 is a set of variables (z,¢,u) and A C R is a symmetric interval
with respect to zero. Variable € is considered as a parameter of transformation ¢, which transforms variable
(z,t,u) to (z,t,u) of the same space. Let p(z,t, u;e) be denoted by ¢ (z,t,u). The set of functions ¢, forms a
one-parameter transformation group of space € if the following properties hold [6, 7, 8]:

(1) @o(x,t,u) = (x,t,u) for any (x,t,u) € Q;
(2) ey (Qey (T, t,u)) = Pe,te, (@, t,u) for any €1,e9,61 + 2 € A and (x,t,u) € Q;
(3) if pc(z,t u) = (x,t,u) for any (ac t,u) € Q, thene = 0.

The other notations Z = ¢%(z,t,u;¢), t = o'(x,t,u;e), 4 = ¢*(w,t,u;¢e) are used as the same meaning as
we(z,t,u) = (Z,t,u). The transformed variable u with delay term and it’s derivatives are defined by 4™ =
u(z,t — 7) and uz = Ou/dz, uy = Ou/Ot, respectively. Suppose that the transformations map a solution u(z, t)
of differential equation

(2.1) F(z,t,u,u” ug,ur) =0

into a solution of the same equation. These transformations are called symmetries. In [5], it is shown that for a
symmetry
OF (z,t,u,u”, gz, Uz -
( ’ 7, i) = XF(x,t,u,u”, Uy, uy) =0.
Oe £=0, (2.1) (2.1)

(2.2)
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The operator X is defined by
X = (C - uz£ - utn)au + (CT - u;—gT - UTUtTﬂ)auf + <urau¢ + Cutauta

where
x t

_ ¢ . _ o .
f(x,t,u) - ?(xatvuao)a n(xutvu) - e (xat7U,O)a

C(x,t,u) =

nT:n($7t—T7UT)a CT ZC(x,t—T,uT),
(" =Dy (C—ug€ —um), (" =Dy (¢ —uz€ —wn),

D, = 0+ uy0y +ul0] + tgypOu, + UgtOuy + - -,
Dt = 825 —l—ut(?u —i—u;@l —&—umt(?uz —I—utt@ut + ...

U

agp (x7t7u;0)7 57—:5(1'7t—r7u7-)7
e

The operator X is called a canonical Lie-Biicklund infinitesimal generator of a symmetry. Equation (2.2) is
called a determining equation. Lie’s theory [6, 7, 8] shows that there is a one-to-one correspondence between the
generator and a symmetry. This generator is also equivalent to an infinitesimal generator [7]

2.3) X = €0, + 10y + (0.

By the theory of existence of a solution of a delay differential equation, the initial value problem has a particular
solution corresponding to a particular initial value. Because initial values are arbitrary, variables u, u” and their
derivatives can be considered as arbitrary elements. Since every transformed-solution @(Z,?) is a solution of
equation (2.1), the determining equation must be identical to zero. Thus, if determining equation (2.2) is written
as a polynomial of variables and their derivatives, the coefficients of these variables in the equations must vanish.
In order to solve a determining equation, one solves the several equations of these coefficients. This method is
called splitting the determining equation. Unknown functions &, 7 and ¢ can be obtained from this process.

3. Symmetries of (1.2)

We define determining equation for u; + uu, = G(u”) by letting F' = u; + uu, — G(u"), then

3.1 X (us 4+ uug — G(u"))

u=G—uuy

0.

Splitting determining equation (3.1) with respect to u7,u, and later with respect to u”,u, the equation is
simplified to

(3.2) & (G = G) =0,
where the unknown function &, 7 and ( are
=&z +&, n=m, (=&u.

Here, &1, &5, 11 are constants.

3.1. Kernel. The set of symmetries, which are admitted for any functional appeared in the equation is called a
kernel of admitted generators. In this case, G’u” and G are arbitrary. This implies that coefficients of G'u” and
G vanish, £&; = 0. Unknown functions &, 7, ¢ are

5252577:”17(:0'

For the sake of convenience, let arbitrary constants £, 171 be denoted by C4, Cs, respectively. The obtained
infinitesimal generator is

3.3) X =C10, + Cq04.

This generator is admitted for any functional G. By Lie’s theory, symmetry is derived from the infinitesimal
generator [7, 8]:

(3.4) T=x+Cie, t=t+ Coe, U =u.
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3.2. Extensions of the kernel. Extensions are symmetries for the particular functional G only. In this case, there
exists G(u7) satisfying equation (3.2). Here, the extension of kernel (3.3) will be considered. Since £ = &, n =
11, ¢ = 0 are considered in the case of kernel, then functions &, and ( for this case are

=&z, n=0, (=&u.
For the nontrivial case, £&; # 0 and a solution of equation (3.2) is
Gu") = ku”,

where k is a nonzero arbitrary constant. For the sake of convenience, let £&; be denoted by C3. The extension of
kernel (3.3) is

(3.5) X = C3 (20 + udu) .
The symmetry derived from X is
(3.6) =z, t=t, u=ue®".

4. Representations of solutions

Invariants are functions such that their values do not change by symmetries [6, 7, 8], i.e.
U(x, t,u) = ¥(z,t,u),
where W is an invariant for a symmetry o, (z,t,u) = (Z,t,u). If X = &9, + n0; + €, is an infinitesimal
generator for a symmetry ¢., then
4.1) XU(x,t,u) = 0.

Invariants of symmetries are found by solving differential equation (4.1) [7]. The system of characteristic equa-
tions for the infinitesimal generator (2.3) is

dz
& n

Representations of solutions are obtained from the invariants.

@_du

4.1. Representations of solutions for equation (1.2) with arbitrary functional G. For infinitesimal generator
(3.3), the system of characteristic equations is

dx dt _ du

C, Gy 0
Solving the system of equations, the invariants are u and Cox — C1t. For constructing a representation of solution
[6, 7], the relation between these two invariants is
(42) u = fl(CQ:L' — Clt),

where f; is an arbitrary function. We call u in equation (4.2) a representation of solution of equation (1.2) for the
infinitesimal generator (3.3).

4.2. Representations of solutions for G = ku”. The infinitesimal generator for equation
4.3) Uy + vty = ku”

is the linear combination of kernel (3.3) and extension (3.5) :

4.4) X = (C1 + C32) 0y + C20¢ + C3ud,,.

Thus, the system of characteristic equations for infinitesimal generator (4.4) is

@ _a_
C1+ Csz - Cy o Csu’

u
Let Cy = 0. In this case, the invariants are t and ————.
2 x + 01/03

Since C; and Cj are arbitrary and C3 # 0, for the sake of convenience, we denote Cy = C4/C3. The repre-
sentation of a solution for equation (1.2) with the functional G = ku” is

4.5) u = (37 + C4)f2 (t),
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where f5 is an arbitrary function and C} is an arbitrary constant.

Let C2 # 0. In this case, the invariants are (z + Cy) e~ (C3/C2t and ue=(F3/C2)t The representation of a
solution for equation (1.2) with the functional G = ku" is

(4.6) u = elC3/C2)t ((JC +Cy) e_(c3/c2)t) ,

where f3 is an arbitrary function. Let C5 = C3/C5, equation (4.6) is simply written as

u = e5t fy ((9: +Cy) 6fc5t) .

5. Reduced equations

Representations of solutions obtained in section 4 simplify equation (1.2). They reduce the number of independent
variables appearing in the equation. Substituting the representations into the equation, equation (1.2) is reduced to
an ordinary differential equation, which is called a reduced equation.

5.1. u = f1(Cex — C1t). Substituting v into equation (1.2), the equation is transformed to
—C1f1(0) + C2f1(0) f1(0) = G(f1 (0 + C17))
where 6 = Cyx — Cyt. This equation may be written in the other form,
G(f1(0+Cyi7))
5.1 )= L~ _——— 27,
( ) fl( ) C2f1(9)_01
5.2. u= (z + C4)f2(t). Substituting u into equation (4.3), the equation is transformed to
(@ + Ca) f(t) + (z + Co) [fo(&)]* = k(z + Ca) fo(t — 7).
It can be simplified to

(5.2) Fo(t) = kfa(t — ) — [fa ()]

5.3. u=e%"f3 ((z + Cy) e "), Substitute v into equation (4.3), the equation is transform to
Cs f3(0) — Cs0f5() + f3(9) f3(¢) = ke~ f5 (€779) |
where ¢ = (x + C4) e~ 5%, The other form of the equation is

Cs f- — ke Cs7 Cst
(5.3) 1(6) = fs(qﬁ)fg(;) —Cﬁﬁ (c%79)

Note that equation (5.1), (5.2) and (5.3) are not typical ODEs, they are functional ODEs [5].

6. Conclusion

Symmetries, representation of solutions of equation (1.2) and reduced equations are presented in section 3, 4 and 5,
respectively. Equation (1.2) is classified with respect to the symmetries into the case of G(u") = ku” (symmetry
is (3.6)) and otherwise (symmetry is (3.4)). By the review literature, there are not many examples of applications
of group analysis to delay differential equations. This manuscript presents another example.
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