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1 Introduction

In the case of ordinary differential equations the unknown function and
its derivatives are all evaluated at the same instant, {. This may not
always be the case as we could have differential equations, in which the
unknown function occurs with various different arguments. Such differ-
ential equations are popularly known as functional differential eqautions.
The simplest of these are found by expressing some derivative of the de-
pendent variable z at time ¢, which is the independent variable, in terms
of x and its lower derivatives, if any, at ¢ and earlier instants. Such equa-
tions are called delay differential equations. Further, if the differential
equations contain the unknown function and the derivative with time
delays, then such differential equations are called neutral differential
equations. Neutral differential equations in particular are of importance
in studying models involving flip-flop circuit [27], compartmental sys-
tems [30], etc. Several research papers deal with obtaining solutions of
neutral differential equations. In [28], neutral differential equations are
solved using multistep block method. Other methods of solution include
implicit block method [14], and analysing discontinuities of the deriva-
tives as studied in [1]. In general, these differential equations have a wide
range of applications which include heat transfer problems, signal pro-
cessing, evolution of species, traffic flow, study of epidemics, population
models, prey-predator models, biological systems, population dynamics,
networking problems, rolling of ships, electrical engineering, control sys-
tems, etc [15]. Well known methods to solve these kinds of differential
equations include the method of steps, numerical solutions, substitu-
tions, and power series solutions (See [7]). A great detail of literature
on delay differential equations can be found in [7, &].

Symmetries are transformations which leave an object unchanged or
invariant. Symmetries make a very important tool in studying various
laws governing nature. In [25] it is pointed that symmetry accounts
for the regularities of the laws that are independent of some inessential
circumstances. For example, reproducibility of experiments at different
places and time relies on invariance laws of nature under space trans-
lation, rotation and time translation. A very important implication
of symmetry in Physics and Mathematics is the existence of conserva-
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tion laws. Ndéether [24], in 1918, observed this connection in proving a
relation between continuous symmetries and conservation laws. Even
scientists like Kepler and Newton studied the motion of planets as a
symmetry principle. Symmetry analysis is widely used in Mathematics,
Physics and Mechanics. Sophus Lie, over a century back initiated this
subject. Lie group analysis is an excellent tool in studying the properties
of solutions of differential equations.

In this paper we make a complete classification of second order func-
tional (delay and neutral) differential equations with constant coeffi-
cients to solvable Lie algebras. The presence of delay terms makes espe-
cially the higher order nonlinear differential equations difficult to solve.
As there is no analytic method to solve them directly, group analysis
is the best way to study the properties of delay differential equations.
Most of the existing research on symmetry analysis are done by changing
the space variables. However, differential equations with deviating ar-
guments do not possess any equivalent transformations related with the
change of the variables — both dependent and independent. We consider
the absence of such equivalent transformations to obtain a basis for the
solvable Lie algebras of such differential equations. We shall use certain
facts stated later to simplify our second order differential equations. We
provide a basis for the Lie algebra given by first order linear and nonlin-
ear differential equations, for which there is no existing literature. We
deal with second order differential equations by simplifying them and
using an approach different from the existing literature. We also make a
classification for some second order nonlinear differential equations for
which there is no existing literature.

We shall be studying the differential equation

O(t,x(t),z(t —r),2'(t), 2" (t —r), 2" (t), 2" (t —r)) =0,
where ® is defined on I x D where D is an open set in R, I is an interval

——— # (0. We shall
ox"(t —r) 7 ¢ sha

find a Lie group under which these differential equations are invariant.
We call this the admitted Lie group by which we mean that one solution

in R and r > 0 is the delay. We assume that
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curve is carried to another solution curve of the same equation.

In [29], symmetries of delay differential equations are obtained by
defining a certain operator, equivalent to the canonical Lie-Bécklund
operator. In [20], equivalent symmetries for second order linear delay

differential equation are obtained. However, it may be noted that in [20]
too, an operator equivalent to the canonical Lie-Béacklund operator and
other suitable operators are defined. The research carried out in [1] ex-
haustively describes the Lie symmetries of systems of second order linear
ordinary differential equations with constant coefficients over both real
and complex fields. The research also proposes an algebraic approach
to obtain bounds for the dimensions of the maximal Lie invariance alge-
bras possessed by such systems. Further, such systems are thoroughly
provided their group classification in [19, 20], with extensions to linear
systems of second order ordinary differential equations with more than
two equations. Higher order symmetries for ordinary differential equa-
tions are studied in [10]. A group method is suggested in [16] to study
functional differential equations based on a search of symmetries of un-
derdetermined differential equations by methods of classical and modern
group analysis, using the principle of factorization. The method therein,
encompasses the use of a basis of invariants consisting of universal and
differential invariants. By using Lie-Bécklund operator and invariant
manifold theorem, [21] classifies second order delay differential equa-
tions to solvable Lie algebras. It is seen that [21] performs a symmetry
analysis without simplification of the linear delay differential equations,
the simplification of which will be seen in this paper. In addition several

crucial cases are not considered in [21]. The approach for classification of
delay differential equations to solvable Lie algebras is extended to some
nonlinear differential equations in [22, 23]. Recently in [17], an admitted

Lie group for first order delay differential equations with constant coef-
ficients is defined, and the corresponding generators of the Lie group for
this equation are obtained. The approach in [17] consists of using Lie-
Béacklund operators to obtain the determining equations. Further first
order neutral differential equations with most general time delay have
been studied in [18]. The drawback of the analysis in [17, 18, 26, 29]
is that the inverse of the obtained classification cannot be found. The
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research in Lie symmetry analysis has been extended to first-order lin-
ear and nonlinear fractional differential equations by [12]. Further, [13]
develops Lie symmetry analysis for second-order fractional differential
equations, based on conformable fractional derivatives and presents some
numerical examples to illustrate the approach. In this paper we use the
ideas from [2, 3, 11] for ordinary differential equations, (we particularly
use only Taylor’s theorem) to extend the study and results of obtain-
ing symmetries for linear and nonlinear functional differential equations.
Unlike the existing research, our approach does not lead to magnifica-
tion in the delay terms when obtaining the determining equations.

The rest of this paper is organised as follows: The next section gives
some preliminaries — definitions, examples and existing results. The
following section extends the results for ordinary differential equations
to functional differential equations, by obtaining a Lie type invariance
condition using Taylor’s theorem for a function of several variables. In
the sections to follow, each section will consist of two subsections —
one for linear and the other for nonlinear differential equations with
constant coefficients. Each section will independently be concerned with
(i) Second order delay differential equations (ii) Second order neutral
differential equations. We conclude with representation of our results,
which are the basis for the Lie algebras, in a tabular form.

2  Preliminaries
In this section, some preliminaries are given.

Definition 2.1. ([6]) In general, we consider transformations

ti = fi(tj,9), i,j =1,2,--- ,n., which continuously depend on the pa-
rameter 6.

Further we assume that, for each i, f; is a smooth function of the vari-
ables t; and has convergent Taylor series in 0.

These set of transformations are said to form a group if:

1. Two transformations carried out in succession are equivalent to
another transformation of the set
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2. There is a transformation for which the source and image points
coincide.

3. Fach transformation has an inverse.

Remark 2.2. The associativity law for groups follows from the closure
property.

Remark 2.3. In general, the order in which the transformations are
carried out matters. If the order does not matter, then we label the
group as abelian.

Having defined Lie groups, we now turn to define Lie algebras and
the terminologies involved:

Definition 2.4. ([11]) A Lie algebra L is a vector space over a real

or complex field F together with a binary operation 7 satisfying the
following properties:

1. (Bilinearity) For S1,S2 € L and a,b € T,
[S1,aS2 4+ bS3] = a[S1, S2] + b[S1, S3],
and

[a51 + bSo, 53] = a[Sl, Sg] + b[SQ, Sg].

2. (Anti-symmetry) For Sy, Ss € L,
[S1,82] = —[S2, 5]

3. (Jacobi identity) For Sy, S9,S3 € L,
[Sla [SQ) 53]] + [527 [537 Sl]] + [537 [517 52]] =0.

Definition 2.5. (Basis for a Lie algebra)([11]) A finite set of infinitesi-
mal generators {S1,S2, -+ ,Sm} is said to be a basis for the Lie algebra
L if:

1. S; € L and {S1, 52, -+ ,Sm} forms a basis for the vector space L,
2. [SZ,S]] = Zciijk.

The coefficients c;j; are called the structure constants of the Lie
algebra, 1,7,k =1,2,--- ,m.
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Definition 2.6. (Solvable Lie algebra)([11]) A Lie algebra L is said to
be solvable if there exists a sequence

L=L,D>L._1D>---D Ly,

of sub-algebras of dimensions r,r — 1,--- 1, respectively such that
Vs=2,3,---,r, Lg_1 1s an ideal in L.

Definition 2.7. (Commutator)([11]) Let S; = wia(a:)i, S; = wjg(a:)i,
8.Ta aJIB
where x = (21,2, ,2y). Then the commutator of S; and S; is defined
as:
- 0 0
[Si, S]] = S“S’j — S]SZ = O;ﬁ);l [(wm(.ﬁ)axa) (wjﬁ(x)({').%'g>
0 0 " 0
~ (wis@) ) (wial@) s )| = 32 Vala) .
(w3560 ) (wimler 5 )] STiterg;
n Owjg(x) Ow;g(x)
where Tg(x) =Y~ [wm(x) 8jxa —w;g(w) dus

Example 2.8. Let S7 = taat, So =tx (8 + 8), then,
U

[S1,52] = S152 — 5251

Definition 2.9. (Derived algebra)([11]) Let {Si,---,Sr} be a basis of
a Lie algebra L,. The linear span of the commutators [S;,S;] of all
possible pairs of the basis operators is an ideal denoted by L. and is
called the derived algebra. The higher-order derived algebras are defined

recursively: Lﬁ”*” = (L&”))’, n € N.



J.Z. LOBO AND Y. S. VALAULIKAR

Theorem 2.10. In any algebra L,,r > 2, there exists a two-dimensional
sub-algebra. Moreover, any operator S € L., can be included in a two-
dimensional sub-algebra.

Theorem 2.11. An algebra L, is solvable if and only if the derived al-
(n)

gebra of some order equals zero: Ly = 0 for some n > 0. In particular,
any two-dimensional algebra is solvable.

Theorem 2.12. Any two infinitesimal generators of a r— parameter
Lie group satisfy [S;, S;] =Y cijuSk, where 1,5,k =1,2,--- .

Symmetry analysis for ordinary differential equations is described
below. The work done for ordinary differential equations stands as a
motivation for our research.

For a second order ordinary differential equation expressed as
d*z __dz, .,
— = G(t,a’:,ﬁ), ift = fi(t,x;6),& = fa(t,z;0), where fi and fy are

dt?
smooth functions in ¢t and x having a convergent Taylor series in d, then
8f1(t,$;0) 8f2(t,x;0)
ta)=—22 2 T(tz) =
W( ’ ‘T) 35 ) ( Y x) 85

w and 7" are called coefficients of the infinitesimal transformations or
simply infinitesimals.

Then using invariance, we get the Lie Invariance condition for second
order ordinary differential equations as

Tt + (2010 — wig)r' + (Ve — Zwtx)xa — W+ (Ve — 2w;)G — 3w, 2'G
= wG; + TG, + T[t] Gy,

where Y =13 + (¥ — wi)2’ — wex'?.

3 Lie Type Invariance Condition for Second Or-
der Functional Differential Equations

In this section, we extend the results for ordinary differential equations
to functional differential equations. The notation " whenever it appears
will denote x(t — ).

We establish the following Lie type invariance condition for second order
neutral differential equations.
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Theorem 3.1. Consider the second order neutral differential equation

A2z

e F(t,z,x(t —r),2'(t),2'(t —r), 2" (t — 1)),

where F be defined on a 6-dimensional space I x D5, D is an open set
mn R and I is any interval in R. Then the Lie type invariance condition
s given by

wE + Y Fy + Y For) + Vg Fory + Ty Fore—r) + Vg Farp—ry) =
T+ (2010 —wig)x' + (Voz — Qu)m)ma — W+ (Ve —2wy)2"” — 3wz’ 2",

where,
T[t] = Dt(T) — x'Dt(w),

0 , 0 , 0
T[tt} = Dt(T[t]) — x//Dt(w), where D; = pn T+ o +x 835 +-

(' (t = 7)) (wa)",
Tig = 1) + 2(T)" — (wa)")a'(t = 1) + ((Var)" — 2(wia)") 2" (E — r)?

) —
(
— (Wa)" 2 (= 7)3 + ()" = 2(we)")2" (t —7) — 3 (W) @' (t=r)"(t—1)),
and W' =w(t —r,x(t—7r)), T =0t —r,z(t —71)).

T = (1) + (L) — (wi))a/(t—r

Proof. Let the neutral differential equation be invariant under the Lie
group

t=t+0w(t,z)+0(0%), z=ux+0T(tz)+O(5).

We then naturally define ¢ —7r =t —r + dw(t —r,z(t — 1)) + O(5?)
and
o(t—r)=x(t —7r)+ 6Vt —r 2zt —71))+O0(5?).

With the notations, w" =w(t—r,z(t—r)), and V" =2 (t—r,z(t—
1)), it follows that,

(t—r) = %(ﬁ)
a:,/
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Considering the second-order extended infinitesimals, we can write
£r_d (i)
dt2  dt \ dt
d {dm [Dy(Y) — 2/ Dy(w)]6 + 0(52)}
14 0Dy (w) + O(6?)

2
= <Z,t2 + D(Yjy)0 + 0(52)> (1 — 6Dy(w) + O(6%))

dt | dt

d2x " 2
= =5 + (Di(Ty) = Dy(w)a")s + 0(8?).

So, Yy = Di(Ypy) — 2" Di(w).
As T} contains ¢,z and x’, we need to extend the definition of Dj.

0 0 0
Let Dy = — " ...
et Dy = It +:Eax+x 83:’+

Expanding Y[, gives,

Ty = Yot + (202 — wie)2' + (Voo — 2wie) 2"

— Wt 4+ (T — 2wp)z” — 3w’z

It follows that,

- %z
't —r) = ) (t—r)

= 2(t=7) + [(T) + (2(Tia)" — (we) )2t = 7)

+ (V)" = 2(wia)")2 (t = 1) = (wea) 2/ (t = 1)
+ (T2)" = 2(we)")2" (t =) — 3(ws)"
o (t— 1)’ (t — r)} 5+ 0(5?).

Let 75 = (10)" 4+ ((T2)" — (wi)")x '(t —7r) — (2'(t — 1))*(wy)" and
Ty = )" + Q)" — (@)’ (t =) + (Yw)” — 2(wia)")
2t = 1) — (@)@ (= 1)+ (Le)” = 2(we)")a"(t — 1)
)@t — e’ (¢ =)
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A’z __ —— _ dz dz A’z
W —F(t,x,x(t — T), 7, ﬁ(t — T), W(t — 'I"))
This gives,
d2z

et Tiyd + O(6%) = F(t + 6w + O(6%),z + 61 + O(6°), z(t — ) + 61"

dx dx
2 2 T
+ 0(67), I + 5T[t] + 0(67), —dt (t—r)+ T[t]é
2 d*x r 2
+ 0(69), @(t —r)+ T[tt]é + 0(06%))

=F(t,z,z(t —r),2'(t),2'(t —r), 2" (t — 7))+
(UJFt +TF, + TTFx(t_T) + T[t}Fx’(t) + T[Z}Fx’(t—r)
+ Vi For(t—r))0 + 0(8%).

Comparing the coefficient of §, we get

WE AT E + T Fyry + T Foro) + Vg For -y + Vi For () =
Yot + (2V i — wit) 2’ + (Voo — 2012 ) 2" — weptt™ + (L — 2wp) 2" — Bwea'z”.

(1)

The above obtained equation (1) is a Lie type invariance condition. [

We can define a prolonged operator (the general infinitesimal gen-

erator associated with the Lie algebra) as below, for the second order
neutral differential equation as:

0 0

—w—+7— 47" —.
¢ w8t+ 8x+ ox(t—r)

We then, naturally define the extended operator, for second order
neutral differential equations as:

0 0 0 0 0
M, = r_ 2 i r_ 2
¢ Yot +T8x T Ox(t —r) 2 ox' i’ ox'(t —r)
0 3}

i) g+ i) gy — 7y

Defining, A = 2(t) — F(t,z(t),z(t —r),2'(t), 2’ (t — r),2"(t — r)) = 0,
we get,

(WA =V ~wF =T Fa=T" Fyoypy =Yg Fory =Yl Fore-m)— Vi Fz//(t(r).
2

11
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Comparing equation (2) and equation (1), we get

Yy = Vit + (200 — wit) 2" + (Voo — 2wig )2

— Wy + (Ve — 2wy)z” — 3wya’z”.

On substituting 2’ = F into (WA = 0, we get an invariance
condition for the second order neutral differential equation which is
¢CHA |a—o= 0, from which we shall obtain the determining equations.

Remark 3.2. If the term z”(¢ — r) is absent, then the corresponding
second order neutral differential equation reduces to a second order delay
differential equation.

We conclude this section by proving two very elementary results
which we shall be using in our subsequent sections:

Proposition 3.3. If the linear differential equation is given by
2 (t) + b2’ (t) + e’ (t —r) + d2" (t — r) + ex(t) + jz(t —r) = m(t), (3)

then by employing a change of variables namelyt = t, T = x— I, where &
is a solution of equation (3), we can convert the given non-homogeneous
linear differential equation to a homogeneous one, namely

2" (t) + b’ (t) + ca/(t — r) + da” (t — r) + ex(t) + jz(t —r) = 0.

Proof. The proposition easily follows by substituting ¢t = ¢ and

z(t) = T + z(t) in (3), by noting that

() + b (t) 4 c&'(t — ) + dZ"(t —r) + eZ(t) + ji(t —r) =m(t). O
The next proposition is particularly useful in simplifying second or-

der differential equations.

Proposition 3.4. If the linear differential equation is given by

2"(t) + a1 (t)2'(t) + by ()2’ (t — 1) + 1 (t)x(t)

" _ (4)
+di(t)x(t —r) + ki (t)z"(t —r) =0,

where ai(t),bi(t),c1(t),d1(t) and k1 (t) are twice differentiable functions
with variable coefficients, then by making a suitable transformation,
equation (/) can be reduced to a one in which the first order ordinary
derivative term is missing.
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Proof. By employing a change, x = u(t)s(t), where u(t) # 0 is some

twice differentiable function in ¢ and with s(t) satisfying
¢

d
s(t) = exp(— m(g)ﬁ) + sp, where sg is an arbitrary constant, equa-

tion (4) can be reduced to

u” () +bo () (t—71) +ca(t)u(t) + do(t)u(t —r) + ko (t)u” (t—7) = 0, where
_ bi(t)s(t —r) + 2k(t)s'(t — 1) _S"(t) 4 ar(t)s'(t) 4 ca(t)s(t)

bQ(t) - S(t) ’CQ(t) - S(t) 1)
() (t =)+ di(t)s(t — ) + ki(t)s" (t — 1) k(1)

cég(t) = S0 and ko(t) = )

Remark 3.5. It should be noted that this transformation does not affect
the symmetries of equation (4).

4 Classification of Second Order Delay Differ-
ential Equations to Solvable Lie Algebras

4.1 The Linear Case
We shall make a classification of
2" (t) + oz’ (t) + B2’ (t — ) + yx(t) + pz(t —r) = 0.
By using Proposition 3.4, we make a classification of
2" (t) + B (t — r) + yx(t) + pz(t —r) = 0. (5)
The extension and prolongation operator for equation (5) is given by,

0 0 0 0 0

(1): — T . r_ 2 Y
¢ Yot T ot —r) +T893 T ox(t —r) +T[t]8x’
., 0 0
+Y’[t]w +T[tt]w

(6)

Applying the operator defined by equation (6), to the delay equation
g(t) =t —r, we get w(t,z) =w(t—r,x(t—r1)).
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Applying the operator defined by equation (6), to equation (5), we get,
Yoo+ (2 10 — win) 2’ + (Lo — 2wia) 2" — wapt’™ 4+ (Ly — 2wy) (— B2/ (t— 1)
—yx—pz(t—7))—3w,z’ (=B’ (t—r)—yz—px(t—r))+ BT + (T —w})z"
— W) AT+ YT =0, (7)
Splitting equation (7) with respect to the constant term we get,
Y+ BY] +~4Y + pY" = 0. (8)
Splitting equation (7) with respect to = we get,
V(X —wi) = 0. (9)
Splitting equation (7) with respect to z’ we get,
2012 = wys.
Splitting equation (7) with respect to 2’ 2 we get,
Ve = 2Wig. (10)
Splitting equation (7) with respect to z’ 3 we get,
Wer = 0.
Splitting equation (7) with respect to z'z", zz’ or 2’x", we get,
wy = 0. (11)
Splitting equation (7) with respect to z" we get,
— p(Yy — 2wy) = 0. (12)
Splitting equation (7) with respect to 2" we get,
— pwi = 0. (13)
Splitting equation (7) with respect to =" we get,

— BT —2wi) + (T, —wi) =0. (14)
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From equation (11) and (13), we get w = w(t).
From equation (10), T = A(t)z + 6(t).
From equation (9) or (12), we get,

o = %A(t). (15)

From equation (14) and using equation (15), we get
1
T = iA(t)x + it —r).

The following theorems make a complete group classification of the

second order delay differential equation. The notation u is used to denote

z".

Theorem 4.1. The delay differential equation given by equation (5) for
which § # 0,y # —g admits a three dimensional group generated by

0 0 0
Sl_aa 52_3787:67 53_‘%%7
with the infinite dimensional Lie sub-algebra given by
. 1 A(y + g) 9 9 4(y + g)

Sp=— N Al =+ 0—2| A+ —F=w

9 1 2(y+ g) 0

— — —A+ —= —.

el Ll Il W

Proof. Let 3,7, p be arbitrary non-zero constants, v # —g. Then from

equation (8), we get,
g Py _
Att + §At + ’}’A + 514 = 0, (16)

and 0y + By + 0 + pyp = 0.
Solving equation (16) using equation (15), we get,

A+ 24

w=c — 72[), (17)
2(v +35)
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where ¢ is an arbitrary constant. From equation (17),

p
A(t) = co — BAt - T,

der (v + g)

where ¢y = T

This yields,

B B
and,
1 2w(y + g)
1" = Cs_BAt_ 3 T+,
where c3 = 0—2.

The infinitesimal generator is given by

., 0 o .0
Cewg e T o

At+éA 9 9 4w(7—|—£)

2 2

—|a-—2 |5+ |[[e-F4-—FF|a+0
2(7+§)

P
0 1 2w(y +3) 0
ot KCBBAtﬁ) ‘””“Z’] o

The Lie algebra is spanned by
S1 =

a, SQZJT%, 53:$%
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With g = 2wy, we get

Av+3)
1 0 2
54:— 0 + BPA a—F H—IL' BAt+T2w
2(7"‘5) 4(7+§)
p

B 1 2(v+3) B

il _ AL 27 il

al’+ Y —x ; t+ 3 w 90

is the infinite dimensional Lie sub-algebra.

The commutator table is given by

S1| S2 | Ss
Si1] 0 0 0
Sy | 0 0 |Ss3
S3| 0] =S50

Then L = {51, 52,53} is a solvable Lie algebra. O

Theorem 4.2. The delay differential equation given by equation (5) for
which f # 0,y = —g admits a four dimensional group generated by

0 0 o 10 0o 10
Sl—ta, Sg—a, S3—tl'|:ax+28u:|, S4—$|:ax+2au:|,
with the infinite dimensional Lie sub-algebra given by

AQ 0 Brw, 0

Proof. Let 3,7, p be arbitrary non-zero constants, v = —g. Then from
equation (8), we get,

Wit + gwtt =0, (18)

and 0y, + By + 50+ p = 0.
Solving equation (18) we get,

A
w206t+67—g, (19)
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. 264 2c
where c4,c5 are arbitrary constants and cg =

equation (19),
A(t) = cst + cg — Pw,

where cg = Bcg, c¢9 = Bey. This yields,
Y = (cgt + cg — Pw)x + 6(t),

and,

"= %(Cgt—{—cg — pw)x +Y(t —r).

The infinitesimal generator is given by

.0 o .. 0
S T

A\ 0 0

+ [%(cst + cg — Pw)z + Y] aiT.

0 0
The Lie algebra is spanned by S1 =t—, So= —,

o 10 g 10 .

_ paw
4 "0Ou
Lie sub-algebra.

The commutator table is given by

St | S2 | S3| Sy
Sl 0 *52 S3
Sy | S 0 Sy
S3 | —=S3 | =S4 | 0
Sy 0 0 0

[es) Nev]l Hen) Nan)

Then L = {5y, S2,S53,54} is a solvable Lie algebra. O

BT B

)= as the infinite dimensional
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Theorem 4.3. The delay differential equation given by equation (5) for
which 8 =1,v =0 = p admits a three dimensional group generated by

=t |0 L0 g 0 O Lo O
V% T 0 T2au| 2T o T oz T 20u|t TP ou’

with the infinite dimensional Lie sub-algebra given by

i 0 0 zwy 0

Proof. Let f =1, v =0 = p. Then equation (8) becomes 13 + 1] = 0,
which yields,

1
Att + §At = 0, (20)

and ¢ = —0; + cqp.
Solving equation (20) we get,

w = ciit + c12 — A(t), (21)
where ¢y, c11, c12 are arbitrary constants. From equation (21),
A(t) =c11t + c12 — w.

This yields,
T = (Cnt + ci2 — w)l’ + G(t),

and,
1
= §(C1lt + c12 —w)T + 10 — by
The infinitesimal generator is given by

., 0 o .0
Cewg e T o

0 0
= (c11t +c12 — A(t))a + [(c11t + c12 —w)x + 9(t)]£
1 0
+ [5(011?5 +c12 —w)T + ci9 — 9t]@-

The Lie algebra is spanned by

Si=t0 | L 10
V=% T ag ’

19
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0 o 10 0
52_815+$[8x+28u]’ Sg—%
0 0 Tw\ O P .
and Sy = —Aa + (0 — xw)% — <9t + ?) 0 the infinite dimen-
sional Lie sub-algebra.
The commutator table is given by
S1| S | Ss
St 0| =510
So | Sy | O 0
Ss | 0 0 0

Then L = {51, S92, S35} is a solvable Lie algebra. [

Theorem 4.4. The delay differential equation given by equation (5) for
which B # 0,7 =0 = p admits a five dimensional group generated by

Slztg SQZQ ngt$|:i+1a:|,

ot’ ot’ 0 2 0u
o [0,10] 40
1T T20u] TP T aw
with the infinite dimensional Lie sub-algebra given by
’ A0 0 0y 0
7 - _ 9 _ _ -t _-
%= ~Gar Bx“)ax+<ﬁ+ﬁx“> ou

Proof. Let v = 0 = p, B be an arbitrary non zero constant. Then
equation (8) becomes 13 + 57 = 0, which yields,

B

Att + §At = O, (22)
_ 0+ . : 3
and ¥ = c14 — —, where c13 is an arbitrary constant and cy4 = ?
Solving equation (22) we get,
0
w=-crt+cig — —, (23)

B
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where c15, c16 are arbitrary constants and ci7 = %5, c18 = 6’%6. From

equation (23),
A(t) = ci5t + c16 — Pw.

This yields,
Y = (c15t + c16 — Bw)x + 0(1),

and,

1 0
T = 5(61575 +c16 — fw)z + c14 — Et

The infinitesimal generator is given by

.0 o .0
Cewg o 1 o

0 0
= (cirt +c18 — B)a + [(c15t + c16 — pw)x + G(t)]%
1 0 0
+ {2(615t +c16 — Bw)r + c14 — ﬁt] 9T

0 0
The Lie algebra is spanned by S7 = ta, So = —,

¢
53:t$|:a+18], S4:.%'|:ax+1a:|, S5:%With

oxr  20u 0 20u 0
Se = _ggt +(9—,8xw);;+ <95t + ,wa) 88u as the infinite dimensional

Lie sub-algebra.

The commutator table is given by

S1 | S2 | S3|S4]| S5

Si 0 [ =S2|S3] 00
Sy | S 0 [S4] 010
S3| =S3| =S4 0] 0|0
Sy | 0 0 010710
Ss 0 0 01010

Then L = {5y, S2, 53,54, S5} is a solvable Lie algebra. O

21
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4.2 A Nonlinear Case

We make a classification of
2"(t) +2'(t) + 2/ (t — r)x(t) = 0. (24)

Applying the operator defined by equation (5), to the delay equation
g(t) =t —r, we get equation w(t,z) = w(t —r,z(t —r)).
Applying the operator defined by equation (5), to equation (24), we get,

Ttt—l—(2'fm—wtt)x'—l—(Tm—2wm)x'2—wmx'g—i—(Tx—Zwt)x"—Swmw’x”+Tt
’2
+ (T —wi)z’ — we'” + 2T + Y] + (Th —w))z" —wha™ "] = 0.
(25)

Splitting equation (25) with respect to constant term, z/, '*, z'*, z”,

12 .
2’2", 2" and 2"~ respectively, we get,

Y +1:+ 27 =0, (26)
and,

ZTtm_wtt+T:p_Wt:O> Tx:r_Zwtz_waOa Wee = 0,
Yo — 2w =0, w; =0, T+ 2(T; —wy) =0, zwl, =0.

From these equations we get, w = w(t), 71 = A(t)z + 0(t),
1
1" = §A(t)m + ¢(t — ), where A(t) = 2w.

Substituting the values of 7,7 in equation (26) and solving it, we get,
A(t) = c19, ¥ = c20, 0 = c21 — 0, and

w = ngt + C23,

Y =cigr+co1 — 0y, 1" = coax + cop,

where cy9, cog, C21, C22, C23, C24 are arbitrary constants.
The infinitesimal generator is given by

R R
0
:(622t+623)8t+(Clgx+021_Ht)%+(024$+620)8x7“'



CLASSIFICATION OF SECOND ORDER FUNCTIONAL ... 23

The Lie algebra is spanned by

0 0 0
Sl = l‘gfx, 52 = 875, S3 - taév 5
S, = oI Ss = xaf, Se = ™ and S; = —Qt% is the infinite di-

mensional Lie sub-algebra.

The commutator table is given by

Si Sy | S3| Sa | S5
S1 0 —=S2 | 0
Sy | S2 0
Ss 0 0 0| -
Sy 0 0 | Sy
Ss | =S5 | =S | O
Se 0 0 0

[an}

olo|o|w|e|e
=
&
olojo|o|olol

Then L = {51, S2, 53,54, 55,56} is a solvable Lie algebra.

Remark 4.5. For the non-homogeneous nonlinear second order delay
differential equation x”(t)+2'(t)+a' (t—r)x(t) = h(t), we get exactly the

same generators as in the homogeneous case, only that S; = (6; — y)a—
x

is the corresponding infinite dimensional Lie sub-algebra, where
Yy = C22 ft R dt + ngh.

5 Classification of Second Order Neutral Dif-
ferential Equations to Solvable Lie Algebras

5.1 The Linear Case

We shall make a classification of
2" (t) + ax'(t) + B2/ (t —r) +yx(t) + px(t —7) + k2" (t —r) = 0.
By using the Theorem 3.1, we make a classification of

2"(t) + B2’ (t — ) + yx(t) + pax(t — ) + k" (t —r) = 0. (27)
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The extension and prolongation operator for equation (5) is given by,

0 0 0 0 0
(1) v r v r_ Y Y r <
¢ Yot T ot —r) * T@x T ox(t —r) 2 ox’ ¢ Ox™’
0 ., 0
g + Y g
(28)

Applying the operator defined by equation (28), to the delay equation
g(t) =t —r, we get equation w(t,xz) =w(t —r,z(t —r)).

Applying the operator defined by equation (28), to equation (27), we
get,

0 =T+ 12 e —wi) ' + (Vi —2wt$)x’2 —wmx'?’—i— (Ve —2wi) (=B (t—r)
—yx—pz(t—r)—rx" (t—r))—3w, ' (=B’ (t—r)—yr—px(t—r)—rz" (t—r))

12
BT+ (T = wi)a™ — ™| 4 AT+ T [T+ (20, — )

12 '3 7 ”
+(1r, —2wp)a" T —wha" 4+ (V) —2w))x" — 3wha " } (29)

v b
Splitting equation (29) with respect to the constant term we get,
Tyt + BY) +4Y + pY" + KT}, = 0. (30)

Splitting equation (29) with respect to x we get,

vy —2wy) = 0. (31)
Splitting equation (29) with respect to =’ we get,

23y — wy = 0.
Splitting equation (29) with respect to 2/* we get,

Yiw — 2wig = 0. (32)
Splitting equation (29) with respect to 2’3 we get,

Wz = 0.
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Splitting equation (29) with respect to 2'z" za’, 2'x", or 2’2" we get,

wy = 0. (33)
Splitting equation (29) with respect to " we get,
—p(Vy — 2wy) = 0. (34)
Splitting equation (29) with respect to o we get,
—Bw! + k(T — 2wyi,) = 0.
Splitting equation (29) with respect to =" we get,
—B(Te — 2we) + B(Yy — wi) + K(27F, — wi) = 0.
Splitting equation (29) with respect to 2> we get,
—Kwy, = 0.
Splitting equation (29) with respect to 2" or """ we get,
— kw, = 0. (35)
Splitting equation (29) with respect to z"” we get,
— k(Y —2wy) + k(T — 2wy) = 0. (36)

From equation (33), we get w = w(t).
From equation (32), 1 = A(t)x + 0(¢).
From equation (31) or (34), we get,

o = %A(t). (37)

From equation (36) and using equations (35) and (37), we get
T =A(t)x + ¢t —r).

The following theorems make a complete group classification of the
second order neutral differential equation. The notation u is used to
denote x":
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Theorem 5.1. The neutral differential equation given by equation (27)
for which 8 # 0,k # 0,7 # —p admits a two dimensional group gener-

ated by
) 9 9
=g S=(5a)

with the infinite dimensional Lie sub-algebra given by

) 1+k B 0
Si= a) 2
5 (%7+m%+2w+p)>3t

14k 2(y +p) 9
#lome (a0 5
1+ kK 2(v+ p) 0
+[w_””< gt s “’)] ou’

Proof. Let 3,7, p,x be arbitrary non-zero constants, v # —p. Then
from equation (30), we get,

(1+rK)Ay + BA + (v + p)A =0, (38)

and ett + ,81/115 + ’)’9 + pw + /ﬁ?’lﬂtt =0.
Solving equation (38) by using equation (37), we get,
1+k I5;

ATy M R N (39)

c
where c; is an arbitrary constant and cp = Tl From equation (39),
TP

A(t)zcg_lgﬁAt_Q(v;p)

W,

2
where c3 = m

This yields,

T = <63— 1;KAt—2(7;p)w>x+0,
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and,

o <Cg_1;HAt_2(vﬁ+p)

The infinitesimal generator is given by

w>x—|—1j}.

0 0 0
Cmwg tTg + T 55

B <022(17t:;) t2(v5+p)A>§t
+[<03_1+ﬂAt_2(7+,0) > +0} 9,

p B o
+ ch_ 1;*”"At— 2<7ﬁ+p>w>x+¢] 83.

The Lie algebra is spanned by

0 0 0
Sl—a, 52_x<61'+8u>

With g = 2wy, we get

[ 14k B 0
%= (2(v+p)At+2( A)

e (e 3}
e (a )

is the infinite dimensional Lie sub-algebra.

0

o
9

du

The commutator table is given by

St | Se
S| 0] 0
Sy | 0] 0

Then L = {5y, 52} is a solvable Lie algebra. O

27
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Corollary 5.2. For the neutral differential equation given by equation
(27), we obtain the same result as in Theorem 5.1, if either ~ or p is 0.

Theorem 5.3. The neutral differential equation given by equation (27)
for which 8 # 0,v = —p,k # —1, admits a four dimensional group
generated by

0 0 g 0 g 0
Sl_t&’ 52—&, 53—7593[&6‘1'%], 54_30[8:64—011}7

with the infinite dimensional Lie sub-algebra given by

Qwa} 0 [“J) 3 263&0} 0

1+k 0
— — +
1+ &k 1+ k&

0x ou’

Proof. Let 3,7, p, k be arbitrary non-zero constants, v = —p,x # —1.
Then from equation (30), we get,

(1 + K)wur + Pwy = 0, (40)

and O + B +v(0 — ) + Kk = 0.
Solving equation (40) we get,

1+k

= cgt ———A 41
w = cgt + c7 28 , ( )
. C4 Cs .
where ¢4, c5 are arbitrary constants and cg = E, c7 = —. From equation
(41),
A(t) = et + 2
= C8 C9 A W,
2 2
where cg = “ , €9 = @ . This yields,
1+k 1+k
2
T = <c8t +cg — fw) z+6(t),
and,

1= <08t+69— ifw) x+ Yt —r).
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The infinitesimal generator is given by

R BN

= | cot + —1+’i t+cg—— 1o 2

= | Cs Cr 2/@ (&} C9 w T or
2 0

+ [(Cst +c9 — fw) T+ 1/J:| e

0 0
The Lie algebra is spanned by S; = ta, So = —

ot’
0 0 0 0 .
ngtm[ax—i-au], 54:33[83:—&-8”]W1th
_ 1+k 0 26wx| 0 2Bxw
Sy = 55 A— [9 1+/J 92 + [1/1 1+1@] u as the infinite

dimensional Lie sub—algebra.

The commutator table is given by,

St | Sz | S3 | S4
S 0 —S5 | S5
Sy | So 0 Sy
S3 | —S3| =84 0
Sy 0 0 0

[es) Nen)l Hen) Nean)

Then L = {5y, S2,S53,54} is a solvable Lie algebra. O
Theorem 5.4. The neutral differential equation given by equation (27)

for which B # 0,v = —p,k = —1, admits a three dimensional group
generated by

0 0 0 0
ot’ ot 0 ou

S1 =t~ So = —, S3—m|:—|—
with the infinite dimensional Lie sub-algebra given by

N R,
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Proof. Let 3,7, p, k be arbitrary non-zero constants, v = —p,x = —1.
Then equation (30) becomes 13 + Y] + (¥ — ") — 1}, = 0, which
yields,

Att = 0, (42)

and Oy + By + (0 — ¢) — i = 0.
Solving equation (42) we get,
w = ciot + c11, (43)
where ¢y, c11 are arbitrary constants. From equation (43),
A(t) = C12,

where c12 = 2¢19.
This yields,

T = C12T + (9(75),
and,

" = ciox + .

The infinitesimal generator is given by

R R B
Cewm e Tl o

0 0 0
= (crot + c11) = + (122 4+ 0) = + (c12x + V)

ot ox dxr’
The Lie algebra is spanned by
S—t—S—gS— g—kéad
V=% 22" a0 2 = Y o T ou|
Sy = 03 + wﬁ is the infinite dimensional Lie sub-algebra.
Oox ou
The commutator table is given by
S1| S2 | S
Si| 0| =510
Se | Sy O 0
Ss | 0 0 0

Then L = {5y, S2,S3} is a solvable Lie algebra. O
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Theorem 5.5. The neutral differential equation given by equation (27)
for which B8 # 0,7 = 0 = p,k # 0, admits a five dimensional group
generated by

0 0 0 0
Slftav SZZE, S3ftx |:8x+au:|7
0 0 0
54_33[8564‘8“]7 S5 E
with the infinite dimensional Lie sub-algebra given by
. 1+x 0 26wz 0 K 1 20w | O
b= — A—+ |0 — —— = — —_.
56 203 6t+[ 1+/J8x [ﬁwt+ﬁ+l—|—ﬁl ou

Proof. Let 5,k be arbitrary non-zero constants, v =0 = p.
Then equation (30) becomes 1y + 5] + k17, = 0, which yields,

(1 + /ﬁ})Att + ,BAt = O7 (44)

K 1 . .
and ¥ = c13 — =Y — BOt, where c13 is an arbitrary constant.

Solving equation (44) we get,

1+k
= c16t — —A, 45
w = c1gt + c17 28 ( )
where cy4, c15 are arbitrary constants and cig = C—;, c17 = % From
equation (45),
A(t) = eist -,
(t) = c1st + c19 T
2163 2c173 o
h = d = . Th 1d
where cqg T+ and cig T+ r is yields,
28
T = t - — 0,
<C18 +c19 1 +HW> T+
and,

20 K 1
= t - — =y — —0;.
<618 + c19 1T Iiw> T + C13 181/1t 3 n

31
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The infinitesimal generator is given by

8 0 B
= a-l—Ta——l-Taxr
1+ kK 0 2 0
— <016t+017 — 2514) a + [<018t+019 — 1_5%0.1) .T+9:| %
+[<018t+01912ﬁ{fﬂ>$+013ﬁ¢t ; } 87"
0

The Lie algebra is spanned by S; = t%, So = —

ot
53:t$|:8+a:|, S4:$[8+8], S5:%With

or Ou oxr Ou 0
_ 1+k Q 2Bwx 9 |k l 2Pw g
56 =~ 28 A [9 1—}—/{}6 [5¢t+ﬁ+1+ﬁ] ou

as the infinite dimensional Lie sub-algebra.

The commutator table is given by

Si 0 —Sy | S3
Sy | 52 0 Sy

(en) Neojl Hen) Nenjl an)
(eo) ool Hen) Nenll an)

S| =83 | =S4 0
Sy 0 0 0
Ss 0 0 0

Then L = {5y, S2, 53,54, S5} is a solvable Lie algebra. O

Theorem 5.6. The neutral differential equation given by equation (27)
for which B =1,k =1, admits a three dimensional group generated by

0 0 0 0 0 0 0

with the infinite dimensional Lie sub-algebra given by

0 0 0
S ——Aat+[9 wx]%—[u}x-i—(@-i-@bt)]%
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Proof. Let 5 =1=k,y= —p,k # —1. Then equation (30) becomes
Yie + 7] + Y}, = 0, which yields,
244 + Ay =0, (46)

and ¥ = co9 — (0 + 1), where cgg is an arbitrary constant.
Solving equation (46) we get,

w = co1t + €90 — A, (47)
where cg1, co2 are arbitrary constants. From equation (47),

A(t) = cort + 22 — w.
This yields,
Y = (co1t + co2 —w)x + 6,
and,
T = (Czlt =+ c9g — w)x + co0 — (et + wt)

The infinitesimal generator is given by

., 0 o .0
Cewm e 71 o

0 0
= (co1t + a2 — A)a + [(ca1t + c22 — w)x + 9]%
0
+ [(ca1t + co2 — w)x + 20 — (0¢ + 1)] 9
The Lie algebra is spanned by S; = tg +tx 2 + g
& P VoL Vo or  Ou|’
0 0 0 o .
52_87§+x[8x+6u]’ Sg—anth
0 0 0 e 1 .
Sy = —Aa + [0 —wx] . [wz + (0 +11)] 3a the infinite dimensional
Lie sub-algebra.
The commutator table is given by
S1| S2 | S
Si| 0| =510
Se | Sy O 0
Ss | 0 0 0

Then L = {5y, S2,S3} is a solvable Lie algebra. O
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5.2 A Nonlinear Case

We make a classification of
() + 2"t —r)+ 2 (t—r)+ 2 (t)x(t) = 0. (48)

Applying the operator defined by equation (27), to the delay equation
g(t) =t —r, we get equation w(t,z) = w(t —r,z(t —r)).

Applying the operator defined by equation (27), to equation (48), we
get,

Yot + (e — win) 2’ + Vow — 2w10)0"" — wpat’® + (Vy — 2wy)2”

12 13
—3war'e" + g+ (20 —wi) 2" + (T — 2w, ) 2" —wgpa” 4+ (1 2w )"

re? T+ [V + (Vo — wi)a’

—3wha ™ + U] + (TF — wi)z" — Wl
— wxac'z] =0. (49)

Splitting equation (49) with respect to constant term, 2/, 2?23 2

W/ r2 3 rn

22" 2" 2", 2", 2" and 2"z

respectively, we get,
Yo+, + 77 +27; =0, (50)
and,

2nx_wtt+T:Ov T:px_th:ﬂzoa

Wee =0, Tp — 2w =0, wy, =0,

27, —wp + 1 —wi =0, 13, — 2w, —wy =0,
wr,=0,7; —2w =0, w =0.

From these equations we get, w = w(t), 1 = A(t)x + 6(t),
1
1= QA(t)sc +(t — 1), where A(t) = 2w;.

Substituting the values of 777" in equation (50) and solving it, we get,
A(t) = ca3, 0 =coa, ¥ =cas5— 1y, and,

w = co6t + co7,

T =co3x +coa, 1" = cozx + co5 — Uy,
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where co3, co4, Co5, Co7 are arbitrary constants and cog = C?
The infinitesimal generator is given by
. 0 0 . 0
¢ —w&+T%+T BI
0 0 0
= (co6t + 627)& + (co3z + 024)% + (co3z + co5 — 7/%)@-
The Lie algebra is spanned by
Sl:tg 52:7 53:.%'[24-2}
ot’ ot’ ox  Oul’
Sy = 2, S5 = — and Sg = —iY— is the infinite dimensional Lie
ox ou ox
sub-algebra.
The commutator table is given by
S1 | S S3 S S
S1] 0 | =5 0 0 0
Sy | S 0 0 0 0
S3 | 0 0 0 —-S4—=551| 0
Si| 0 0 S4+ S5 0 0
S5 | 0 0 0 0 0

Then L = {51, S, 53,54, S5} is a solvable Lie algebra.

Remark 5.7. For the non-homogeneous nonlinear second order neutral
differential equation z”(t) + 2”(t — r) + 2/(t — r) + 2/ (t)x(t) = h(¢),
we get exactly the same generators as in the homogeneous case, only
that S6 =

sub-algebra, where y = cog [t h'dt + corh.

(y — wt)W is the corresponding infinite dimensional Lie
x

6 Conclusion

With the notation L)', where m denotes the dimension of the solvable
Lie algebra and S° to mean the infinite dimensional Lie sub-algebra, the
entire classification of second order functional differential equations with

constant coefficients to solvable Lie algebras is summarized below:
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Table 1: Group Classification of Second Order Differential Equations

fope oF e Solvable
tional . )
Basis for the Lie Al : ]
Differential Equa- asis for the Lie Algebra Tgle alge
tion . . . ra
Sl:a, 52230%, 53::13%,
, 1 4(y + B) )
t 2
2" (t)+B (t—r)+ | S1= - 0+ D) t—5 Al
e (t)+ palt—r) = 1+ .
0 p 3
7 4(v+3) 9
p
1 A 2(v+ 5) o
+ (Y —x E t+ 3 w E™
0 0
=t - Z
Sl 8ta ) 52 ; gta
" (t)+px (t—r)+ | Sz =tz [63: 2%] 7
(i) p(i—r) = 5 o 10 L
0. 4= % + 5% ,
- A0 0 ,3%(0 0
S = tﬁ +t 9 + 19
Y v Ox 20ul|’
')+ (t—r) = 0 0 10 o 5
= 4T |+ oo- =2 L
i 9 0 Twy\ O
S4——Aa+(9—xw)%—(9t 7) —.
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Table 2: Group Classification of Second Order Differential Equations

Type of Func-

tional Solvable
Basis for the Lie Algeb : )
Differential Equa- asts 1ot the Lie Algebra {;e alge
tion 5 . . — a
Sl :tav‘SQ = a,Srj» =tz {%+2%J ,
0 10 B
o0+ e — | = e aa e S g .
r)=0. . AD 0 1
S 3ot + (6 Brw) 5 +
0y 0
0 0
S1= o Sy = B
2'(t) + 2'(t) + Sy = tﬁ’ S, = Q’
't = rat) = % ot Lt
U(t) S5 == x%’ % = %7
S7 = (? - y)%. . ,
" (t)+px (t—r)+ _p 3 5
t t— St =— ( A) il
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Table 3: Group Classification of Second Order Differential Equations
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