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Abstract

Solutions of linear iterative equations and expressions for these solutions in terms of
the parameters of the source equation are obtained. Based on certain properties of it-
erative equations, finding the solutions is reduced to finding group-invariant solutions
of the second-order source equation. We have therefore found classes of solutions
to the source equations. Regarding the expressions of the solutions in terms of the
parameters of the source equation, an ansatz is made on the original parameters r
and s, by letting them be functions of a specific type such as monomials, functions of
exponential and logarithmic type. We have also obtained an expression for the source
parameters of the transformed equation under equivalence transformations and we
have looked for the conservation laws of the source equation. We conducted this
work with a special emphasis on second-, third- and fourth-order equations, although
some of our results are valid for equations of a general order.
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1. Introduction

Linear iterative equations are the iterations of a linear first-order equation. They are known as
equations that can always be reduced to the canonical form (™ = 0 by point transformations.
It is well known that every second-order linear ordinary differential equation can be reduced to
the canonical form y” = 0 by an invertible point transformation. However, the corresponding
property does not hold for equations of order higher than two and any equation of such an order
can be transformed into the canonical form if and only if it is iterative [1]. On the basis of this and
a result of S. Lie [2], iterative equations are also the only linear equations that admit a symmetry
algebra of maximal dimension. Moreover, the general solution of iterative equations of a general
order can be obtained by a very simple superposition formula from those of the source equation
of the second-order.

1.1 Overview about iterative equations

Linear ordinary differential equations of a general order have been studied in the recent literature
and from the symmetry group approach by many authors [1, 3, 4, 13]. It is well-known that
for the order n = 2, the dimension of the symmetry algebra does not exceed 8 and all linear
differential equations are locally equivalent to the canonical form 3” = 0. For n > 3, Sophus Lie
proved that the dimension of the symmetry algebra does not exceed n + 4. One of Lie's main
results is that the maximal dimension is reached for equations reducible to the canonical form
y™ = 0.

In their work, Krause and Michel [1] proved that an equation is reducible to the canonical form
if its symmetry algebra has maximal dimension. Then, using the result due to Lie cited above,
they showed that for a linear equation of order n > 3 the statements

(a) the equation is reducible to the form y(™ = 0 by a diffeomorphism of the (x,%)-plane
(b) the Lie algebra of its symmetry group has maximal dimension

(c) the equation is iterative

are equivalent. By definition, iterative equations are the iterations
Uy =r(z)y + s(x)y =0 (1.1a)
Uy =D [y, neN, (1.1b)

where W = r% + s is a differential operator and r and s are given functions of = referred to as
the parameters of the source equation ¥y = r(z)y’ + s(x)y = 0.

Let us consider a linear differential equation of a general order n in its standard form

g+ 3 by =0, (1.2)
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where the b; are functions of the independent variable z. For n = 3, Lie [2] and Laguerre [14]
showed that the equation is reducible to the form 3™ = 0, which we shall refer to as the canonical
form, if and only if the coefficients in (1.2) satisfy

54by — 18b1by + 4by — 270, + 18bybl, + 9bly = 0. (1.3)

It is well-known that one can use the transformation

J > yexp (% / bnl(v)dv) (1.4)

to reduce the general form (1.2) into the reduced normal form

and in the case of iterative equations, the operator that generates an iterative equation of a
general order n in its normal form (1.5) has been found [4]. We know that up to isomorphism the
symmetry algebra of a differential equation does not change under an invertible point transfor-
mation, meaning that (1.2) and (1.5) have isomorphic symmetry algebras. Therefore, for several
considerations we may without loss of generality let the iterative equation be on the form (1.5).

Some properties of iterative equations were obtained and the characterizations of these equations
in terms of their coefficients have been considered [4, 13]. All the coefficients a; can naturally
be expressed in terms of the parameters r and s of the source equation [4] but surprisingly it is
always possible to express the coefficients a,,_; for 2 < ¢ < n in terms of the coefficient a,,_o and
its derivatives [13]. The list of iterative equations in which all the coefficients are given in terms
of a,_5 and its derivatives for n running between 3 and 8 was obtained in [13]. The first three
of them are

1
y®) + a4+ éagl)y =0 (1.6)
y @+ agy?® + aVy® 1 <ia<2> + icﬂ)y =0 (1.7)
2 10 % 100 *
3 9 16 1 3 16
y® + azy® + 5@%3/(2) + (1—()@5' + mag)y’ + (5@% )+ m%aé)?/ =0 (1.8)
It should be noted that if we let
g™ 4 A2y Ay (D Ay — (1.9)

be the general form of linear iterative equations in normal form for the same source equation,

then by a result of [4] we have
1
A% = <”‘£ )Ag. (1.10)
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Using the result from [13] one can generate the list of canonical forms of iterative equations in
normal reduced form for any order after a long and sometimes very complicated set of calculations.

Another exceptional property of iterative equation states that if we assume that u and v are the
independent solutions of the second-order source equation

Y+ p(x)y =0, (1.11)

where p turns out to be the Wronskian of u and v, then n linearly independent solutions of (1.5)
are given by [1]

Y = u " FFDyk 0<k<n-—1. (1.12)

Therefore, once we know the general solution of the source equation (1.11) we can construct the
set of solutions to the corresponding nth-order iterative equation. The implication is that there
is no need to search for linearly independent solutions for the linear differential equation of order
n itself when we know those of its source equation. In other words, finding the general solution
of the nth-order equation (1.5) is equivalent to finding the two linearly independent solutions of
the second-order source equation (1.11).

1.2 Coefficients of the iterative equation in terms of the
coefficient A3

To rewrite the coefficients of the linear iterative equation in terms of the coefficient A2 of the
second-order source equation and its derivatives only, let

n—2
y™ 4> Ay =0 (1.13)
=0

be a linear iterative equation in normal form, where Ag are functions of z, and let
Y+ Ai(z)y =0 (1.14)

be the corresponding second-order source equation.
If we assume that the first-order source equation in standard form is

r(z)y + s(z)y =0 (1.15)
where r = r(x) and s = s(z) are the parameters of the source equations, it follows [4] that

r'2 — 2

(1.16a)
provided that

§=-— %(n —1)r. (1.16b)
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It is well-known that it is always possible to express the coefficients of the iterative equation (1.13)
in terms of A2 [13]. On the other hand, it has been proved [4] that the relationship between A2

and A2 is given by
1
A2 — ("; )Ag. (1.17)

It follows from these results that all the coefficients of iterative equations with the same source
equation can be written in terms of the coefficient A2 of the second-order source equation.
Below is the list of iterative equations of order n = 3,4, 5 involving the coefficient A2, a say, of
the second-order source equation and its derivatives only.

y® 4+ day™ + 24’y = 0 (1.18)
y @ +10ay® + 10a’yM + (3a” + 9a%)y = 0 (1.19)
y® +20ay® + 30a'y® + (184" + 64a®) y'») + (4a®) + 64ad’) y = 0 (1.20)

¥ + 35ay™ + 70a'y™ + (630 + 2594%) y@ + (28a'¥ + 518aa’)

1.21
+ (5a™ + 130a” + 155aa® + 225a*) y = 0. (121)

The list can be extended to a general order, although the general formula is not known.



2. Lie analysis and Group-invariant
solutions

2.1 Introduction

In this chapter, some background to Lie symmetry analysis and the mathematical methods to
generate the Lie symmetries of differential equations are provided. The method of symmetry
analysis is a useful tool for finding exact solutions to a differential equation via the invariance of
the equation under group transformations or via the similarity variables.

2.2 Definitions

Let us start the definitions with the concept of a group.

2.2.1 Definition. A group is a set GG together with a group operation, usually called multipli-
cation, such that for any two elements g and h of GG, the product g - h is again an element of G.
The group operation is required to satisfy the following axioms:

e Associativity. For any elements g, h, k of G:

g-(h-k)y=1(g-h)- k. (2.1)

e Identity Element. There exists a unique element e of (G, called the identity element, which
has the property that

e-g=g=gqg-e (2.2)
for all g in G.

e Inverses. For each element g in G, there exists a unique inverse element, denoted ¢g~! in
G, with the property
g9 '=e=g""g (2.3)

2.2.2 Definition. An r parameter Lie group is a group G which also carries the structure of
an r-dimensional smooth manifold in such a way that both the group operator

m:GxG— G, m(g,h) =g-h, g,h €@, (2.4)
and the inversion
i:G— G, i(g) =g, g €@, (2.5)

are smooth maps between manifolds.
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2.2.3 Definition. A Lie subgroup H of a Lie group G is given by a submanifold ¢ : H — G,
where H itself is a Lie group, H = ¢(H) is the image of ¢, and ¢ is a Lie group homomorphism.
To understand symmetry we require the knowledge of group transformations.

2.2.4 Definition. Let M be a smooth manifold. A local group of transformations acting on
M is given by a (local) Lie group G, an open subset U, with

{e} x M CcU CGxM, (2.6)

which is the domain of definition of the group action, and a smooth map ¥ : &/ — M with the
following properties:

o If (h,z) eU,(g,¥(h,x)) €U, and also (g - h,z) € U, then
U(g,VU(h,z)) =V(g-h,z). (2.7)

e For all z € M,

U(e,z) =x. (2.8)

o If (9,7) €U, then (¢7',¥(g,z)) € U and
V(g ¥(g,x)) =. (2.9)

2.2.5 Definition. Let G be a local group of transformations acting on a manifold M. A subset
S C M is called G-invariant, and G is called a symmetry group of S, if whenever x € §, and
g € G is such that g - x is defined, then g -z € S.

2.2.6 Definition. A Lie algebra is a vector space L over a field F' ( that we shall assume to
be of characteristic zero) with a bilinear bracket operation (the commutator)

[L]:LxL—L
which satisfies the axioms
e Bilinearity
[cv + V', w] = clv,w] + [ w], v, cw + dw'] = clv,w] + v, W],

fore, d e I,

e Skew-Symmetry
[v,w|] = —[w, v].
e Jacobi identity
[, [v, w]] + w, [u, v]] + [v, [w, u]] = 0,

for all u,v,v',w,w € L.

In this work F' will assumed to be the field of real number.
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2.3 Lie analysis

The symmetry group of a system of differential equations is the largest group of point transfor-
mations acting on the space of dependent and independent variables that leaves the equation
invariant. Let

= X(z;¢) (2.10)
be a one parameter Lie group of transformations.

2.3.1 Definition. The infinitesimal generator of the one-parameter Lie group of transforma-
tions a* = X (x;¢) is the operator

X =X(z) =€(z) x V = Z&(”C)a%’ (2.11)

where V is the gradient operator

o o 0 5,
V= (axl’ax;axg"”’axn)‘ (2.12)

2.3.2 Definition. An infinitely differentiable function F' is invariant function of the Lie group
of transformations (2.10) if and only if, for any group transformations,

F(z*) =F(x). (2.13)
2.3.3 Theorem. F(x) is invariant under the Lie group of transformations (2.10) if and only if,

XF(z) =0. (2.14)

Consider a system of nth-order differential equations

A#(x,y(")) =0, pu=1,...,1, (2.15)
involving p independent variables © = (z!,...,2?), ¢ dependent variables y = (y',...,y9) and
the derivatives of y with respect to x up to order n. We search for a one-parameter Lie group of
point transformations ¥ = (z*, y*) = (¥, ¥5) of this equations of the form

Tt =+ Ef(l’, y) = \111(57177 y) (216)
Y=y +eo(x,y) = Vo, x,y) (2.17)

where ¢ is the group parameter with a symmetry generator

L. ) d )
vV = “(z, - D (x,y)—. 2.18
;& (r.9) 5 azl (©9) 50 (2.18)
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The integration of the initial value problem

d
v)qj(m’y) = U(e,,y) (2.19a)
(0, z,y) =(z,y) (2.19b)

determines the group transformations V. In other words,

dat* .
—| =€y, i=l...p (2.20a)
e=0
and
d (623
ZE . =¢a(z,y), a=1,....¢q (2.20b)

For an nth-order differential equations, we require the knowledge of the nth extension of v. The
following theorem gives the general prolongation formula pr™®v of the infinitesimal generator v.

2.3.4 Theorem. Let

L ) d )
v = “(x, - 4 D, (x,y)— 2.21
;5 (2.9) 5 azl (©9) 50 (2.21)

be a vector field defined on an open subset M C X x U. The nth prolongation of v is the vector
field

prv = v + Zq: Z (2, y) 0 (2.22)

a=1 J 8y?

defined on the corresponding jet space M™ C X x U™, the second summation being over all
(unordered) multi-indices J = (j1, ja, .-, Jjr), with 1 < j, < p, 1 <k < n. The coefficient
functions ® of pr™v are given by the following formula:

p p
o) (z,y) = D, (% - Zfzy3> + ) &5 (2.23)
i=1 i=1
where y* = 0y*/0x*, and y5,; = 0y5 /0"
The infinitesimal criterion for invariance is given by the following theorem.
2.3.5 Theorem. Suppose
Au(x,y(")) =0, pu=1,...,1, (2.24)

is a system of differential equations of maximal rank defined over M C X x U. If G is a local
group of transformations acting on M, and

pﬁ”)v[Au] =0, p=1,...,1, whenever Au(x,y(")) =0, (2.25)

for every infinitesimal generator v of GG, then G is a symmetry group of the system.
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For an nth-order ordinary differential equation (ODE) we have up to nth derivatives and so need
an nth extension so that we can investigate how the derivatives transform too. Therefore, If we
assume that £/ = 0 is an nth-order ODE then the invariance criterion is given by

vlWE =0  whenever E =0, (2.26)
where v[" stands for pr®v, that is,
vl = €0, + 09, + ¢70,, + ¢"0,,, + ¢*0,,.. + - + ¢, (2.27)
Here,

= gbz + gbyya: - gccya: - gyyx27 (2283)

¢xm = D:c:c(¢ - éy:c) + fywzm

(2.28b)
- fyyyg?; - 3£yyxyx:c>

O™ =Dara (¢ — EYa) + EYraan
=Puwz + (30aay — Exaa) Ve + (30ayy — 3aay)Va”
+ (3¢zy — 3ea)Vze  + (Pyyy — 3fyyx)y§ + (30yy — ay)YaYuw (2.28¢)
+ (Dy = 3&)Yoze  — Eyyy¥n — 6EyYaYna — 3EyYon — A&y Yalaes

""" = Digua(¢ — £Yz) + EYvavn
= Graze + (40sawy — Eraae Vo + (6Punyy — 4oaay )V’
+ (49ayyy — 6€myy>y2 + (Pyyyy — 4£yyyx)y;l - fyyyyyg
+ 6022y — 4€aea)Yzz + (1202yy — 1880wy ) YaYrat
[60yyy — 24§wyy]ygyzz + [3¢yy — 12§Iy]ya2c:p + [401Yy — 6800|Yran
+ [4¢yy - 16£xy]yxyxmc - 1O£yy:m:ymzz - 1O£yyy§ywm
+ by — A€ awwe — 5EyYalawae — 10&yYoYer — 156yYnYas-

(2.28d)

and [1]
# =~ (e — ) 9™ ~ [(n+ DE] 'y

n+1 1", (n—1) 1o, (n—1)
— ( 9 )fyy Y + n(¢yy - nfmy)y Y + n(gbw (2.28e)

n—2

-1
z 5 Eaa)y" D 4 g (%xy - §:vxx) gy 4
Theorem 2.3.5 leads to a nonlinear partial differential equation in £ and ¢. We then equate all
the coefficients of all powers of derivatives of y to zero because £ and ¢ depend only on x and
y. The system of determining equations obtained gives the expression of ¢ and ¢. Note that the
number of constants found determines the dimension of the Lie group.
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2.4 Group-invariant solutions

Although the full symmetry group of a differential equation transforms each solution to another
solution, for certain subgroups H of (G, there are solutions which are transformed into themselves.
Such solutions considered as a set are thus locally H-invariant sets, and are termed group-invariant
solutions. They can be found for ordinary differential equations by solving an equation of lower
order in which the new variables are the differential invariants of H.

2.4.1 Definition. A regular submanifold N of a manifold M is a submanifold parametrized
by ¢ : N — M with the property that for each z in N there exist arbitrarily small open
neighbourhoods U of x in M such that ¢~'[U N N| is a connected open subset of V.

2.4.2 Proposition. Let G act regularly on M C X x U. Then z € M lies in I©®© (I® c M
consists of all points zg = (¢, ug) such that there is at least one locally G-invariant function
u = f(x) whose graph passes through z) if and only if the orbit of G through zj is transverse
to the vertical space U,,, in which case GG is said to act transversally at 2.

2.4.3 Theorem. Let G act regularly and transversally on M C X x U. Let

p q
; 0 0

Vi = E §k<x’u)_8xi + E ¢§(x,u)—aua, k=1,...,r (2.29)

i=1 a=1

be a basis for the infinitesimal generators. Then the nth invariant space I™ C M™ js determined
by the equations

I™ = {(z,u™) DJQ’;(:I;,U(")) =0,k=1,....r,a=1,...,q, #J <n—1}, (2.30)
where Q% = ¢F — 3. &lu$ are the characteristics of the vector fields ..

2.4.4 Proposition. Let G be a group of transformations acting on M C X x U « R2. Suppose
y = n(x,u™) and w = ((x,u™) are nth-order differential invariants of G. Then the derivative

dw dw/dr _ D,

dy ~ dyfdz ~ Dy (231)
is an (n+1)-st order differential invariant for G.
2.4.5 Example. Consider the iterative equation of order three in its standard form
u® + 3u® + 3uM) +u =0, (2.32)

It can be verified that one of its symmetries is w = ¢*0,. The first prolongation of this vector
is given as follows

will = w + ¢%0,, (2.33)
=€ "0y, — € T0,,. (2.34)
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The first-order differential invariant can be found by solving the characteristic equation:

d_yc du B du,,

ST o (2.35)
Therefore the set of first-order differential invariant is given by
Y= , wW=u-+u (2.36)
and then, the set of third-order differential invariants is given by
Y=o , W=uU+U , Wy =1Uy+ Uy and Wy, = Uyy + Upgy- (2.37)
We can now rewrite equation (2.32) in the form
Wyy + 2w, +w =0 (2.38)
involving only the differential invariants. As expected the order is reduced by one.
One can readily see that the solution of equation (2.38) is given by
w = (co+ cry)e Y, (2.39)

where ¢y, ¢; are constants. So the right hand side expression in relation (2.36) becomes a
first-order non homogeneous linear ordinary differential equation with constant coefficients:

Uz +u = (cor +cy)e ", (2.40)

Using standard methods of integration it is readily seen that this equation has solution

1
u = (5005102 +cr+ cz) e ", (2.41)

for some constant ¢y, and this solution is therefore a group-invariant solution of equation (2.32).

Symmetries generate point transformations that leave the differential equation invariant. As a
result, those point transformations can generate new solutions from existing solutions. In order
to find these point transformations for a given generator v = £(z,u)0, + ¢(x,u)d,, we integrate
the equations

= {(a*, u"), = ¢(z*, u"), (2.42a)
subject to

T =, wlomp = u. (2.42b)
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2.4.6 Example. Using the previous example where v = ¢ %0, we get

ox* ou* .

86 ) 88 € Y ( )

which is equivalent to
=y, (2.44)
ut =e e + co. (2.45)

Conditions (2.42) give the values of ¢; and ¢y which allow us to write the point transformations
as follow

l"* =T (2463)
ut=u-+ee . (2.46b)

2.5 Conclusion

We have illustrated the algorithm for finding symmetries, group-invariant solutions of an ODE
and we have used one of the symmetries of an iterative equation of order 3 to obtain its exact
solutions. This same symmetry was used to generate point transformations that leave the equation
invariant.



3. Symmetry generator of third, fourth
and nth-order differential equations in
terms of the parameters r and s of the
source equation

3.1 Introduction

In this chapter, the application of the algorithm for finding a symmetry of a linear iterative
equation is considered. The aim of this chapter is to make a contribution to the results obtained
by Krause and Michel [1], i.e. the expression of v in terms of the solutions u and v of the second-
order source equation. Given that these solutions can be expressed in terms of the parameters r
and s of the first-order source equation, we wish to see how these generators can be expressed in
terms of the parameters r and s. Some properties of a linear iterative equation are used in order
to generate the vector field that spanned the lie algebra in terms of the mentioned parameters
for some special cases of r and A3.

3.2 Symmetry Analysis of the linear iterative equation

3.2.1 Order 3. Consider the linear iterative equation of order three in reduced normal form

y® +day’ + 24’y = 0. (3.1)
The third prolongation of v = {(xz,y)0, + ¢(x,y)0, is given by

where ¢ ¢™* and ¢*** are given by (2.28). An application of the infinitesimal criterion of
invariance gives

vl [y(g) + 4ay’ + 2a'y] = 0 whenever y®) 4+ day’ + 2d'y = 0,
which reduces to
€ (dagy’ + 2a00y) + 200, + 4¢%a + ¢ = 0. (3.3)
From equation (3.165) we get
y® = — (4ay’ + 2d'y) . (3.4)
Substituting ¢ and ¢™** in (3.3) by their expression given by (2.28), and then using the expression
of Yurs in (3.4), equation (3.3) leads to the following single differential equation
E4a,yy + §2000Y + 20,0 + 4ag, + 4adyy, — 4aEpys — 40EyYs” + Gure + (3Pawy — Eraa)Yu
+ (Bayy — 3aay)¥a” + (30ay — 3ua)Yw + (Dyyy — 3y ¥a” + (Bbyy — Téuy)Yulaa—
(6y — 36) (4ays + 2a2y) — Eyyy¥a” — 684y You — 3EyYan” — 46y (4ay + 20,y)ye = 0.

13
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Equating the coefficients of all powers of derivatives of y to zero yields the system of determining
equations given as follows

1:2a,0 + 4ads + Gpax + Y [2800: — 2a,(¢y — 38,)] =0 (3.5a)
Yy 4ay + 4ad, — 4al, — 8E,aLy

3.5b
Yoz - 3¢azy - 36:093 =0 (35C)
Yo —4ay, + (3buyy — 3Eaay) — 16,0 =0 (3.5d)
Yo Gyyy — 3ayy =0 (3.5e)
YaulYaa - 3¢yy - 7£:ch =0 (35f)
Yo't =&y =0 (3.5g)
Yo Yz © —6Eyy = 0 (3.5h)
y:}ca:Q : _3£y =0 (35I)
Equations (3.5g), (3.5h) and (3.5i) show that
§=flz), (3.6)
where f is an arbitrary function.
Using (3.6) in (3.5f) we get
¢ = g(z)y + h(z), (3.7)
for some functions g and h. From equation (3.5c) we have
9(z) = f'(x) + co (3.8)

for an arbitrary constant ¢. Using (3.5a), (3.5b), (3.7) and (3.8) the over determined system
which allows to find £ and ¢ is reduced to

§=f(x) (3.9a)
¢ = (f'(x) + co)y + h(x) (3.9b)
" +4af +2aV f =0 (3.9¢)
" 4+ daf" +6aMf +2a?f =0 (3.9d)
A + 4ah™ + 2a'h = 0. (3.9¢)
3.2.2 Remark. It should be noted that equation (3.9d) is the derivative of (3.9¢).
Therefore, the infinitesimals are given by
{=f(z) (3.10a)
¢ = (f'(z) +co)y + h(z), (3.10b)
with f and g satisfying
O 4 4af® 4240 f =0 (3.10¢)
h® 4 4ahM + 2a'h = 0 (3.10d)

respectively. So, f and h satisfy the original equation.
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3.2.3 Order 4. Linear iterative equation of order four is
y@ 4+ 10ay® + 10a'yY + (3a” + 9a%)y = 0. (3.11)
The fourth prolongation of the infinitesimal generator is
pridv = €9, + $0y + &0y, + "0, + o0, . + O,
where ¢™** is given by (2.28). Applying the fourth prolonged operator (3.12) to (3.11) yields
¢" + 10a¢™ + 10d'¢" + (3a” + 9a*)¢ + £ [10a'y,, + 10a"y, + (3a® + 18aa’)y] = 0.

(3.12)

xxxx)

Substituting the expressions of ¢™*** ¢™* and ¢* by their expressions, taking into consideration
the substitution ) = —10ay® — 10a’y™") — (3a” + 9a?)y, we obtain

Orazz + (4¢mxy — Eopan)Ys + (6¢x:pyy - 4€xxxy)y:v2 + <4¢xyyy — 6fmyy>ya?; + (Qbyyyy - 4§yyy:r)y;cl
— Eyyyy¥y + 6002y — 4uae)Yow + (1200yy — 1800y )Yaliar + (60yyy — 24&0yy)Yalien + (3dyy—
1260y)Yzp + (402Y — 6800 )Yuze + (4dyy — 1680y )Yanze — 108 Yualare — 10€yyY2Yues + (dy—
4€,)(—10ay, — 10a"y, — (3a” + 9a*)y) — 5&,y.(—10ay,, — 10a’y, — (3a” + 9a?)y) — 10&,,,
YoYow — 158 y2yae + 10adss + 202y — &ur)10ay, + 10a(dy, — 2&4,)ys + 10a(dy — 28, Yue
—10a&,,y2 — 30a€,YsYus + 10d' ¢, + 10a' ¢y, — 10a'E,y, — 10d'E,y2 + (3a” + 9a®) ¢

+ 100/ €Y + 100" €y, + (30 + 18aa’)Ey = 0.

We are going to equate the coefficients of powers of derivatives of y to zero. It leads to the
system below:

1t Gugas + 10y, + 10d'¢, + (3a” + 9a*)¢

+y [(4& — ¢,)(3a” + 9a%) + (3¢ + 18ad’)¢] = 0 (3-132)

Yo : A0usay — Ensve — 100" (6, — 4E,) + 5(3a” + 9a%)&,y .
+10a(20y — Eua) + 10d'p, — 10d€, + 10a"€ = 0 '

Y2 2 6nayy — Annay + 500'E, + 10a(dy, — 26,,) — 10a'E, = 0 (3.13¢)

Yo 60ary — Aaa — 10a(dy, — 4€,) + 10a(dy, — 26,) + 10a/E = 0 (3.13d)

Yz : Auyyy — 6amyy — 1008y, = 0 (3.13¢)

Yolaw * 120y, — 18600y + 50a, — 310a&, = 0 (3.13f)

Yooz * 40ye — 6850 = 0 (3.13g)

Yzt Dyyyy — Hayyy = 0 (3.13h)

Yo Yo : 6dyyy — 24€, = 0 (3.13i)

Yua® : 3Py — 1264y =0 (3.13))

YoYwzs * 4yy — 1685, =0 (3.13k)

Yo —Eyyyy = 0 (3.13)

Yolaa : =10y, = 0 (3.13m)

Yol —15Ey =0 (3.13n)

Yoalzze © —10§y =0 (3.130)

Yo Yrza - —10&y, = 0. (3.13p)
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Equations (3.13l) up to (3.13p) are equivalent to
& =0, (3.14)
that means

§=flz) (3.15)

for some function f. Using the latter in equations (3.13f), (3.145), (3.146), (3.13j) and (3.13k),
we obtain

¢yy =0 (316)

which solution is

¢ = g(x)y + h(z) (3.17)

for some functions g and h. Using equations (3.15) and (3.17) in equation (3.13g) we get

o(z) = g £(z) + a, (3.18)

where g is an arbitrary constant. Substituting (3.15),(3.17) and (3.18) into (3.13a), (3.13b)
and (3.13d) we get

AW 4+ 10ah® 4 10d'K + (3d” + 9a®)h = 0 (3.19)
O 4 daf’ +2d f =0, (3.20)
FY 4+ 4d fP 4 6d f 4+ 24P f =0 (3.21)
O +10af® +10a' fP + 8(a" + 3a2) f' + (2a® + 12aa’) f = 0. (3.22)

3.2.4 Remark. It can be verified that equation (3.21) is the derivative of (3.20), and (3.22) is
the second derivative of (3.20) plus 6a times (3.20).

In all, the infinitesimals are given by

£=f(z) (3.23)
o= (37 + a0}y + (o) (324)

where h satisfies equations (3.19), and f satisfies (3.20). So h satisfies the original equation but
f still satisfies the iterative equation of order three.

3.2.5 For an arbitrary order n. Denoting as usual by v = £(z,y)0, + ¢(x, y)J, the infinitesimal
generator of the iterative equation of order n, [1] showed that its nth prolongation has the form

pry =v + Z o (z, y(”))ay(k>, (3.25)
k=0
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where

n / k: + 1 2 — / —
ol :<¢y—k5x>y<’“>—<kz+1>§yyy<’“>—( ) )fyy Y K0y — Ky )y'y Y

k—2
3

(3.26)

kE—1 _ k _
+ k(pay — Tfm)y(k D4 5 (gbmy — fmcx> =2 4

Using the invariance criterion and separating by the powers of derivatives of y they proved that
the most general form of the symmetry generator is given by

—1
v =f(x)0, + [(n 5 f'(z) + c) Y+ h(:v)] Oy, (3.27)
where
(” ;: 1) P AP 2 A% f = 0 (3.28a)
n—2
R 4y " Ar iy =0 (3.28b)
=0

and c is an arbitrary constant. To obtain the same condition on h, [2] used the Leibniz's rule of
differentiating a product to rewrite (3.26) fully. The showed that (3.26) is the same as

. n—1 (@) . T\
¢m:({ . f'+a]y) +h(3)—z<l_)y3+l_’§’, ji=1,...n (3.29)

i=1

Using the above result and the invariance criterion they showed that h satisfies the original
equation.

However, using in

1
(n ;— )f’” + 442 +2A4% F =0 (3.30)
the expression of A? given in (1.10), i.e.
A2 — <” ‘:: 1) A2, (3.31)
we get
1 1 1
(n;: )f”’—i—él(n; )Agf’—i—Q(n;: >A§/f:O, (3.32)
which can aslo be written as
"4 aARf 24 F =0, (3.33)

Hence, f satisfies the third order linear iterative equation as in the cases of order 3 and 4.
Therefore, condition on f does not depend on the order of the linear iterative equation. In all,
the most general form of the symmetry generator is given by

v =f(2)d, + K

n_
2

L v + c> Y+ h(x)} 9, (3.34)
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where the new condition on f is

F AL 4242 F =0 (3.35a)
and
n—2
R+ " Aniy@ = 0. (3.35b)

Equations (3.35) are linear iterative equations with the same source equation 3" + A2y = 0.

Based on the properties of iterative equations already outlined, finding the solutions of (3.35)
will be reduced to finding the solutions of the second-order source equation. It is well-known
that if we assume that u and v are solutions of the second-order source equation, then n linearly
independent solutions of (1.13) are given by [1]

yp =u" Bk 0<k<n-1. (3.36)

Let us verify this known fact for linear iterative equations of order n = 3,4, 5, 6.

e For n = 3. Suppose indeed that v and v are the two linearly independent solutions of
y' +ay =0, (3.37)

and let us check that y, = u? kR 0 < k < 2, are linearly independent solutions of the
third-order linear iterative equation

Y3 + day’ + 2d'y = 0. (3.38)
We have

yl(c3) =(u> " Ok 1 3(u 2—k)(2)vk’+3(u2—k)’vk(2)+u2—k<vk)(3) (3.39)
—=[(2 = B)u®u'Fo* 4 3(2 —k)(1 = k)u'uPuF*
(2= B)(1 = B)(—h)uPu 10 + B[k(2 — Kuut R
+ k(2 = k)1 — k)uu 00" 4 3[k(2 — k)u/ul @kt (3.40)
FR(2 = B) (k= Dalat 502052 4 [ Fo® k!
+ 3k(k — Du>Fv@vF 2 4 (k= 2)(k — 1)ku®Fo®0b 3]

Using in (3.40) the substitutions " = —af, f" = —(af)’ for f = u,v gives

(1)® = — a' (2 — B)u> "k — a(2 — k)u'ut~Fo*
—3a(2 — k)1 — E)/uFo" — k(1 — k) (2 — k)uBu R
— 3ak(2 — k)v'u? R 4 3k(2 — k) (1 — k)uPuFuoR !
—3ak(2 — k)u'u' """ + 3k(k — 1)(2 — k)u'utFo0F 2
— d'ku® " — akv'u? MR — 3ak(k — 1)u*FooR

+ (k= 2)(k = D(kut ot

(3.41)
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Substituting (3.41) into (3.38) and expressing also y;. and y; in the resulting equation in
terms of u and v gives

(yk)(3)+4a(yk)'+2a'(yk) =k(k — 1)(k — 2)(—u —l=kyk 30,2 g k1
+ 3u'ut R 4 0? R 2Rk R

=k(k —1)(k — 2)u™ """ 3[(un’ — u'v)?]

(M=) s (3]

=0, for k=0,1,2.

3

On the other hand, the Wronskian of the three functions y;, is —2(vu’ —v'u)? # 0, showing that
the functions v, 0 < k < 2, are linearly independent.

Let €2, be the linear operator corresponding to the linear iterative equation of order n with source
3

d d
equation ¢y’ + ay = 0. Thus Q3 = ] + 4ad— + 2a’. Let yg, for 0 < k < n — 1 be given
xXr

as above by vy, = u"~*+tDy* We now want to express Q4,25,€ in a similar way, and then
generate a general expression for €2,,.

e For n = 4 The iterative equation of order 4 is given by

y@ 4+ 10ay® + 10a'y™Y + (3a” + 9a)y =0 (3.42)
d* e d § .
Here, we have Q = s + 10aﬁ + 10d’ I + (3a” + 9a?) and let y;, for 0 < k < 3is

given by y, = u3 *v*. Hence,
(yk)( y (u3 k)( )Uk 4 (us—k)(3) (Uk)(l) 16 (us—k)@) (Uk:)(2)
+4 (u3—kz)(1) (vkz)(S) + u3—k( k;)(4)
=(3 — B)u@u>F 4+ 4(2 — B)'uFu® 4 3(2 — k)u@ ul*
+6(2 = k)(1 — k)yuPuu* k(2 — k)1 = k) a0k
+ 4(3 — B)[u®u*F 4 3(2 — B)u'u@uF 4+ (2 — k) (1 — k)
x u3u” ][/ﬂ/ R 6(3 — k) [uPuF (2 — k)u Pt
x k@ 4 (b — )00 + 4(3 — k) [u'u® ]
x k[p® okt 4 3(k — D'vPr 2 4 (k= 1)(k — 2)00% ]
+ 7 oW 4 4k — D)0 v® k2 4 3(k - 1)0(2)20k_2
+6(k — 1)(k — 2)v@v20 3 4+ (k — 1) (k — 2)(k — 3)v"0*).

(3.43)

Similarly,
()@ =(3 — k)uPu>*of + (3 - k)(2 — B)uuFoF + k(3 — k)u'u®*
X V0P kTR @b (k= 1wl R0k (3.44)
+ k(3 — k)u'u?Foh !
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and
(i) = (3 — k)u/'u?FoF + ko' PR, (3.45)
One can readily see that if a function f satisfies 4 + ay = 0 then,

f/// _ —Cllf _ af' (3463)
f//// _ —2a’f’ + (a2 _ a’/)f' (3.46b)

Using in (3.43), (3.44), (3.45) the substitutions (3.46) for f = w,v and plugging the
resulting expression in (3.42) lead to

Qu(yr) = (3 — k)[—2d'v + (a® — a"u)|u® "o +4(3 — k)(2 — B)u/u' % (—d'u — au')v*+
3(3 = k)(2 — k)—av*u'"F* +6(3 — k)(2 — k)(1 — k) [—au]uu """ — k(3 — k)
(2 — k)(1 — k)u v 0k +4k(3 — k)v'v*[(—a'u — au/)u* " 4 3(2 — k)u' x
(—auw)u' ™% + (2 = k) (1 — k)uu™"] + 6k(3 — k)[(—aw)u®** + (2 — k)u*u' "]

x k[(—av)o" + (K — 1)v*0" 2] + 4k(3 — k)u'v*F[(—d'v — av' )P =

3(k — 1)/ (avv™ %) + (k — 1)(k — 2)v30" 3] + ku**[((a* — a”)v — 2a"v)o" 1+

4(k — D" 2 (—d'v — av') + 3(k — 1)(a*0*)v* % — 6(k — 1)(k — 2)(av)v?v* ™3

+ (k= 1)(k = 2)(k — 3)v*" ] — 10(3 — k) (a®u)u*Fv* + 10a(3 — k) (2 — k)u

ur Mo 4+ 10ak(3 — k)u'u?FovR Tt — 10ku®F (a®0)vF T + 10ak(k — 1)v?0F 20k
+ 10ak(3 — k)u'v® " "0 +10d/ (3 — k)u'u?FoF 4+ 10a’ kud~Fo'vF !
+ (3a” + 9a?)u*Fo”.

:k}(k?— )(k)— )(k—?))[ 3—k 14 k—4_4u/u2—k /3 k—3

B L O Y (3.47)
3 v\ 4

(o) [0
. u
7=0

=0, for k£=0,1,2,3.

Therefore,

() = (ﬁ(k _])> - {(%)T 0<k<3. (3.48)

Jj=0

Proceeding in the same way for n = 5 and n = 6, and for the corresponding values of y; shows
that
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and

6

Qs(y) = (ﬁ(k — j)) M Rh=6 [(E)l} , for 0<k<5 (3.50)

U
J=0

which are equal to zero for 0 < k < 5. It clearly follows from the expressions of €,,(y) obtained
for n = 3,4, 5,6 that the general expression for an arbitrary n > 3 is

n

Q) = (ﬁ(k - j))  2n1mkybon {(3)} —0, for 0<k<n—1 n>3. (351)

u

=0
A formal proof of the validity of (3.51) could be done by induction on 7.
We deduce from (3.36) that the solutions of (3.35) are given by

f(z) = c1u® + couv + czv? (3.52a)
n+3

h(z) = Z cru™ T Rk, (3.52b)
k=4

where u and v are solutions of (1.14).

Therefore, the general infinitesimal symmetry generator v = £0, + ¢0, of the linear iterative
equation of order n is given by

£(x) =ciu? + couv + cyv? (3.53a)

-1
o(z,y) = [n 5 (2c1u'u + cou'v + cour’ + 2c300") + ¢ | Y+

Z Ckunflfkvk
k=4
where ¢y, . .., c,13 are arbitrary constants. There are n+ 4 arbitrary constants, meaning that the

Lie algebra has maximal dimension. Letting v;, be the generators obtained by setting c¢; = 5;“ in
(3.53) allows us to find the n + 4 vector fields [1] ( although this result is not an original one of

[1])
Vo = yﬁy
vy = u?0, + (n — 1)uu'yd,
n—1

Vg = uv0, +
v3 = v20, + (n — 1)vv'yd,

vk:u”_l_kvkay Jk=4,..n+3

(3.54a)
(3.54b)
(u'v + w')yd, (3.54c)
(3.54d)
(3.54e)
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that span the Lie algebra. This has been obtained in [1] by a slightly different method. Note
indeed that this is simply based on the substitution of (3.52) into (3.34), which was clearly
obtained in [1]. We can notice that finding symmetries and solutions of linear iterative equations
reduce to the case of the second-order source equation in normal form 3” + A2y = 0. Despite
the low order of the source equation, its solutions u and v are generally not available and in this
section, we are interested in finding explicit solutions of the equation in terms of the parameter
1 of the source equation, and for r as large (i.e. arbitrary) as possible. Recall that

r'2 — 2yl n—1,

.

A2 = —z provided that s = — 5

(3.55)

3.3 Solutions of the source equation for given values of r

We have noted that the solutions of the source equation 3” + ay = 0 are not available for A2
arbitrary. So we are interested in the same problem from a different angle. For given values of
the parameter 7 of the source equation, find the solutions u and v in terms of r. In view of (3.54)
this amounts to solving

2
for r. So this problem is not easier than that of finding v and v directly, but here one is only
interested in equations determined by the source parameter 7, and to finding v and v in terms of
r. Note also that in vertue of (3.54) it is not necessary to find an expression of the symmetries
in terms of r (it only suffices to express u and v in terms of 7).

3.3.1 Case r = constant.
Values of s, A3, w and v : Invoking equations (3.56) we have
s =0, A5 =0, (3.57)

so that the corresponding source equation is ¥’ = 0. And then, the two linearly independent
solutions are

u=1, v = . (3.58)

These solutions can not be expressed in terms of the parameters r and s. However, we can write
the symmetries as functions of the variables x and v, in this somewhat trivial case.

Symmetry generators : We use (3.54) and (3.58) to generate the vectors that spanned the lie
algebra:

vy = Yoy, 3.59a

vy =0y 3.59b
-1

Vg = 20y + o

v3 = 120, + (n — 1)z0,

(3.59)
(3.59b)
YOy (3.59¢)
(3.59d)
v =20, k=4,...n+3. ( )
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3.3.2 Case r(z) = c1x + ¢, ¢ # 0.
Values of s, Ag, u and v: For such value of r , we have
s:—”;lq, (3.60)
and
9 (1 + )" — 2 (1 + ¢3) (crw + 02)”2
Aj(x) = oz 1) (3.61)
Then now,
2 2! ’
As(x) = (m) . (3.62)
Equation (1.14) becomes
7 ‘1 ’
v (QClx + 202) y=0 (3.63)
and this equation is of Euler's type. Let c;z + ¢, = €%, then
dx = é'dt, (3.64a)
y(x) = Sy () (3.64b)
y'(z) = —%%e“y’(t) + CZ%e“y”(t). (3.64c)
Substituting back (3.64) in (3.87) we get
y" — 2y +y =0, (3.65)
and its characteristic equation is
Q*—2Q +1 =0. (3.66)
Thus, the solutions of (3.65) are
exp (1), and t exp (). (3.67)

Substituting back ¢ = %hﬂ(clx + ¢2) = In/r in the above solutions, we get the two linearly

independent solutions of equation (3.87):

U:\/F7 U:\/FIHT.

(3.68)

Symmetry generators in terms of the parameters r and s: Similarly, invoking (3.54) , the n +4

vectors that spanned the Lie algebra in this special case are given by
Vg = yay
v =10y — sy0,
vy =rInrd, — (1 +1Inr)syod,
vy = rin’ro, — (ln2 r+2ln 7“) 5y0y

vk:r%lnkray Jk=4,...n+3.
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3.3.3 Case r(z) = (c17 + ¢2)?, ¢1 # 0.

Corresponding values of s, A2, u and v: Here, we have

r=(c1z + ), s=—ci(n— 1)/, A5 =0, (3.70)
and equation (1.14) becomes
y" = 0. (3.71)
Let
u=1 V=012 Co (3.72)

be the two linearly independent solutions. From equation (3.70), we have
1T + ey = /T (3.73)
Therefore, the two linearly independent solutions u and v (given in terms of r) are as follow
ks v=4/T. (3.74)

Symmetry generators in terms of the parameters r and s: According to (3.54), the expressions
of the symmetries in terms of the parameter r and s are then given by

Vo = yay ( )

V1 = &E ( )
s

Vg = \/Fax - 2—\/Fy8y (375C)

vg = 10, — sYo, ( )

vk:rg(?y Jk=4,...n+3. ( )

3.3.4 Case r(z) = (x4 )", 1 #0,m #0,1,2.

Corresponding values of s, A2 and the linearly independent solutions: To find the value of A2
generated by

r(z) = (az + 2¢2)™, (3.76)
we just need to substitute its expression in the expression

12 _ Oyl
A= — T 77

The corresponding value of A2 is thus given by

A2(2) = (2m —m?) <L)2 | (3.78)

2c1x + 2¢9
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and equation (1.14) becomes

2
" (2m—m?) () y =0, 3.79
y() +( e ) (201x+202 Y ( )
Using the change of variable ¢;z 4+ ¢, = exp \/ﬁ we get dz = 2\/272_m2 exp \/275'5_7”2 dt. Then

dy dydt c1v2m — m? dy

de  dtdr 9 exp 2t dt (3.80a)
V2m — m?
and
d*y dy' dt et (2m — m?) " AN2m — m?2 , 3.80
@ dtdr m A m y(). (3.80b)
Jexp <—) 2exp <—)
vV2m — m? V2m — m?
Using (3.80) into (3.79) leads to
d?y 2 dy
zJ = 7J =0 3.81
dt? V2m — m2 dt Y ( )

and the solutions of the corresponding characteristic equation are given by

2—m m
M=t/ ——, A= —4]—— .82
YV 2 V2—m’ (3.82)

we assume that 2m — m? > 0 in order to avoid complex numbers. Therefore, the solutions of
(3.79), in terms or the parameter r, are given as follow

2—m

u :r%’ V=71 2m (383)

Symmetry generators in terms of the parameters r and s: We can now express the symmetries
in terms of the parameters r and s since we were able to express the two solutions in terms of
these parameters. Hence, the n + 4 symmetries are as follow

v = Y0, (3.84a)

vy =10, — SY0, (3.84b)
1 2 1-m

Vg = 1m0, — =1 rom syo, (3.84¢)
—m 2 — —2m

Vg = 7.27830 — —mm> r2 772L Syay (384d)

vy=rm" 2 0, k=4,...n+3. (3.84¢)
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3.3.5 Case r(z) = exp (maz), m # 0.

Corresponding value of A% and the linearly independent solutions: If the parameter r is an
exponential function of the above form then

5= —@r. (3.85)

Equation (1.16) enables us to find the expression of A2. Hence,
2

A(a) = - . (3.86)
Equation (1.14) becomes
Y — (%)Z 0. (3.87)
and has
u=rz, v=r"2 (3.88)
as solutions.

Symmetries generator in terms of the parameters v and s: The knowledge of u,v allows us to
find the symmetries as follows

n—1-2k

vey=1r 2 0, ,k=4,...n+3.

vy = YO, (3.89a)
vy =10, — sy, (3.89b)
vy = Oy (3.89¢)

1 s
(3.89)

3.3.6 Case r(z) = Inz. In this case, the expression for A3 is given by

1+2nzx
2 __
A=, (3.90)
Solving
1+2lnzx
"+ ———]y=0 3.01
Y (4m2 ln2x> Y (391)

is not easy and we have tried to find the solutions using Mathematica (a popular computing
system) which gives us

3
|l 2 _Vr 3.92
u 12 | 5 11 ) v \/Ea ( )
22

where G} is the Meijer G-function define by

g (@1 | :L/ [[o T =) T T —a; +9)
b 2mi J; [1¢ r

pd by, ..., q j=m+1 (1 - bj + 3) §=n+1 F(aj - 3)

2% ds, (3.93)
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3.4 Solutions of the source equation for given values of A3

As already noted, the solutions of a general linear iterative equation are easily obtained using the
simple formula (3.36) from the linearly independent solutions u and v of the second-order source
equation. In the previous section, we obtained expressions of v and v in terms of r, for various
large values of 7. In this present section, to find v and v, instead of choosing a value for r, we
rather specify a value for A%. Our aim is to solve the source equation for A2 as large as possible.
Despite its simplicity, the general solutions of the second-order source equation 3" + A2y = 0 is
not known, for A% arbitrary, and to solve this equation for specific values of A% we shall make
use of the following theorem proved in [15] about the method for solving y*) — f(x)y = 0.
Only values of A2 that have not been obtained in the previous section by a choice of r will be
considered.

3.4.2 Theorem. Suppose f is continuous on [a,b],c € [a,b], and k is a natural number. Define
the sequence of functions { f,(z)}>>, by

—a +a"+-- +a )lxk L#£0, (3.94)

/ / / Jno1(u) f(u)duduy . .. dug_y

—I—Za(nxj n=12,....

(3.95)

where a(()"), . aé")l are constants, n = 0,1,2,... If the series >~ fn(x) converges uniformly

on [a, b] to some function S(z) then ) >, ,gj)(x) converges uniformly to S (z) fora < x < b,
i=1,2,...k and S®(x) = S(x)f(z) on [ab].

The text of the above theorem in [15] shows that such a sequence of functions satisfy

[h(@) = fua(z) f() (3.96)
for k = 2.

3.4.3 Case A2 = 0. To avoid redoing the same things let us find the values of 7 such that
A2 = 0. To find the values of the parameter r that generate A2 = 0 we just need to solve the
equation

12 /"
9,  _ T =2rr"
The solutions of (3.97) are given by
r(z) = (x4 2¢)?, (3.98)

where c; and ¢, are arbitrary constants. Indeed, for such value of r the coefficient A3 =0 . This
case has already been treated in sections 3.3.1 and 3.3.3 .
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3.4.4 Case A2 = C, for an arbitrary constant C # (. Let
Y+ Cy =0 (3.99)

be the second-order source equation (in normal form) generating a family of iterative equation.
First we note that since C' is a constant, and since each equation in the corresponding family
of iterative equations (in normal form) has coefficients which are only polynomials in C' and its
derivatives, it follows that each iterated equation has constant coefficients. The converse is also
clear from the relation

1 —1)(n+1 3 _
A2 = (7” )Agz n{n g“” Jag =" (3.100)

" 3 6

Consequently each iterated equation has constant coefficient if and only if A2 is a constant. In
[13] they proved that indeed, all coefficients in each iterated equation depends solely on A2 (thus
on A3) and its derivatives. Now, let

An(y) =0 (3.101)

be the iterative equation of order n generated by (3.99), and suppose that its labelling coefficient
A2 is a constant, B say. To find the parameter r of the source equation that generates (3.101),
one needs to solve the equation

n>—n nd—n [r?—2rr"
B = C, ie. B= 3.102
6 6 ( 42 ) (3.102)
for r. This has solution
r(z) = ¢y cos® V6] B (—2¢1 + x) (3.103)
—n + n? ’
and the corresponding value of s(x) = —(1/2)(n — 1)r'(z) has expression
3
s(x) :\/;CQ(—l +n)\/ —— 5 sin [2\/_\/ —2c1+ )| ; (3.104)

However, using the usual operator ®,, and r alone, one can easily generate iterative equations of
any order n with A2 = B. For instance the list of canonical normal forms of iterative equations
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of order 3 to 10 with constant coefficient is given by

24 A%y =0,

9+ 4A%y =0,
y D +10A%" +9 (A§)2 y =0,

% 2042 + 64 (A2)%y =0,
O 13542y 4 259 (A2)" " + 225 (A2)° y = 0,
(3.105)
D 45642y + 784 (A2)° y®2304 (42)° ¢ =0,

y® + +84A42y©) 4+ 1974 (A2)* y® 412916 (A2)° y” + 11025 (A2)" y = 0,
Y@ + 12042y 1 4368 (A2)% y® + +52480 (A2)” y® 147456 (A2)" ¢/ = 0,

y! + 16545y + 8778 (43)" y® + 172810 (43)" y*) + 1057221 (43)" y”
+ 893025 (A%) y =0.

Using the standard change of variable

1 z
Y = wexp (—E/ Bn_ldv), (3.106)
20

we can transform these equations into their standard forms, in which they will thus depend on
two (and not just one) arbitrary coefficient, B,,_; and B = B,,_». For instance, for n = 3, after
transformation and normalization of the coefficient of 3/, the equation has the form

1
57(9B1B; — 2B:*)w + Byw' + Bow” +w® = 0. (3.107)

For expressing the solutions of (3.101) in terms of 7, one may proceed as follows. If we let
u =cos[VCz], and v =sin[v/Cz] (3.108)
be the linear iterative solutions to 3" + C'y = 0. For instance, in terms of r, we have

2 2
"< —2rr” r'e — 2rr”

u=cos | x| ———— = -
472 ’ 472 ’

(3.109)

where 7 is given by (3.103). This give in fact u and v in terms of C
linear independent solutions to (3.101) are given by the u*v"~17% 0

A2. We know that the
k < n — 1. Solutions

IA
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(3.108) correspond to the case where C' > 0 and it has to be noted that the general solutions
are given by

y = Aexp{ax} + Bexp{az}, (3.110)
for some constants A and B, « is the root of 22 + C' =0 (C real ).
3.4.5 Case A3 =az™, y'+az™y=0.

m # —2: Solving vy’ + ax™y = 0 is a straightforward application of the theorem 3.4.2 for k = 2
and f(z) = —ax™. Let f,(z) =1and ¢ =0. Then

fi(z) —/0 /0 fo(u)f(u)dudu1+j2:;aj x (3.111)
— mil/o uy ™ duy (3.112)
- a m+2, (3.113)

(m+ D)(m+2)"

The expressions of fo(x), f3(x), ... fu(z) (using (3.96)) are given by

042

= 2mtd 3.114
f2(x) (m+1)(m+2)(2m+3)(2m+4)x ( )
3
— —a 3m+-6 3.115
fs(x) (m+1)(m +2)2m+3)2m + 4)(3m + 5)3m +6) (3.115)
(3.116)
(—a)" +2
= e 117
@) = T DT D@m 1 3)@m T 4) . (2 = D £ 2n)" (3.117)
Similarly, letting g,(z) = x we have
(—=a)" +2
(z) = rmorsn 3.118
) = S m T B @m T D@ £5) . m 2 m o £ 1) (3.118)
By Theorem (3.4.2) ,
u(z) = Z falz) and v = Zgn(x) (3.119)
i=0 i=0
are solutions to y” + ax™y = 0. In terms of special functions, Mathematica gives
w=(m+2) m+2yar (ML) 297%“\/& QT (3.120)
N m+ 2 B 1 m+ 2 '
m + 2
1 m
v—(m+2)7m+2\/5F 1—|—L J 2”“\/& azaF m # —2
B m+ 2 1 m + 2 ’ ’
m + 2

(3.121)
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where I' is the Gamma function, J is the Bessel function and x = < "
Case m = —2 i.e. A2 = a/z* The corresponding equation is
«
Y+ v =0, (3.122)
which is equivalent to
7%y +ay=0 (3.123)
Let x = €f, then
dx = é'dt, (3.124a)
y(z) = e 'Y (t) (3.124b)
y'(x) =Y () e —Y(t)e . (3.124c¢)
Substituting back (3.124a) in (3.123) we get
Y'—Y' +aY =0, (3.124d)
and its characteristic equation is Q? — Q + o = 0.
1 : .
o If a < 1 then the solutions of (3.123) are given by
Y= R o Y2 = rr (3.124e)
1 ) .
o IfIf > 1 then the solutions of (3.123) are given by
Via —1 Via —1
Y1 = \/T cos (aT lnx) . Yo = +/Tsin (aTlnx) (3.124f)
1 _ :
o Ifa= 7 the solutions of (3.123) are given by
y=vVr , yp=+rhzo (3.124¢g)
with © = A&%.
3.4.6 Case A2 = ¢, b # 0. Equation (1.14) becomes
y' + ey = 0. (3.125)

1
Setting X = e and Y (X) = y(x), we get x = 5 In(X). Let us express (3.125) in terms of the

new variables X and Y.
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dy dy dX
der dX dx
=bXY' (3.126)

and

d?y _d (dy
dz?  dx \ dx
d dY \ dX
=X (”X ﬁ) i

ay A’y

=0’ XY' + b XY (3.127)

The substitution of (3.126) and (3.127) in (1.14) leads to

XYY" +0PXY' + XY =0 (3.128)
which is equivalent to
VXY + Y +Y =0. (3.129)
Applying the Laplace Transform L[f(x)](s) = [;° f(2)e™*"dx to (3.129) we get
VLIXY"|(s) + B2 L[Y'](s) + L[Y](s) = L[0](s). (3.130)
Using the properties
LY'](s) = sLIY](s) =Y(0) , LIXY"](s) = —% (LIY"](5)) (3.131)
and
LIY"|(s) = s*L[Y](s) — sY(0) — Y'(0), (3.132)
equation (3.130) becomes
—b2% [s°L[Y](s) — sY(0) = Y'(0)] + b*sL[Y](s) — b°Y (0) + L[Y](s) = 0. (3.133)

By expanding the above equation we get

—20%sL[Y](s) — b232di£[y](s) + b?sL[Y](s) — b*Y(0) + L[Y](s) = 0, (3.134)

S

which is equivalent to the separable equation

— 22 [L[Y](s)] + [~2b%s + b?s + 1]L[Y](s) = 0. (3.135)
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We may rewrite (3.135) as follows

=——+ —. .136
LY]s) s s (3136)
The integration of (3.136) gives
1
InL[Y](s) = —Ins — s + k, (3.137)

where k is an arbitrary constant. Applying the exponential function to both sides we get

L[Y](s) = Se*i. (3.138)

The inverse Laplace transform of (3.138) gives (taking into consideration X = € ) the solution
2
u=Jo (g\/ ebx) ) (3.139)

where Jj is the Bessel function of the first kind, thus v is the Bessel function of the second kind.
Therefore the two solutions in this case are given by

w=Jy (%\/67) Cu=Y, (%\/67) , (3.140)

with A3 = e
3.4.7 Reduction by symmetries. We want to solve the equation
Yy +ay=0. (3.141)

Let v = £0, + ¢0, be the infinitesimal generator of (3.141). Applying the invariant condition we
get

p’l“(2)1)[y” +ayl =0 (3.142)
(§0y + 0y + "0y, + ¢™ ) [y" + ay] = 0 (3.143)
'y + pa + o™ =0 (3.144)

We substitute ¢™* with its expression to get

fa’y + ¢a + ¢xw + (2¢yx - fzx)y:c + (¢y - 2690)?/1:1: + (¢yy - 2fyx)ya:2

(3.145)
- gyyyi — 38yYaYzz = 0
The substitution of y” with —ay in (3.145) gives
Ga + buo + (20ys — Euu)ye + [0 — al(dy — 28,)]y + (dyy — 253;9:)%?2 (3.146)

- gyyyg + 3@€yyyac =0
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The system of determining equations is

1:da+ ¢pp + (2a&, — agy, +ad' &)y =0 (3.147a)
Yo 1 20y — Eoa + 3a8yy = 0 (3.147b)
Y2 Gy — 264 =0 (3.147¢)
v &, = 0. (3.147d)
From (3.147d) we deduce that
{(z,y) = flx)y + g(z), (3.148)
where f and g are arbitrary functions. Using (3.148) in (3.147c) we get
by = 2F' (). (3.149)
Then now,
¢ = f'(2)y* + h(z)y +i(2), (3.150)

where h, i are arbitrary functions. Substituting (3.148) and (3.150) in (3.147a) and (3.147b) we
get the following equations

(f® +af +df)y? + (B +2ag + d'g)y + (i® + ai) =0 (3.151a)
(3f" + 3af)y + 20 — ¢" =0 (3.151b)

Separating (3.151) by y" we get

PO vaf +df=0 (3.152a)
y:h® +2a¢ +dg=0 (3.152b)
1:i® +ai=0 (3.152¢)

and
y: [P +af=0 (3.153a)
1:20 —g® =0. (3.153b)

The first equation of (3.152) is just the derivative of the first equation of (3.153). The second
equation of (3.152) and (3.153) lead to

g® +4ag +2d'g =0 (3.154)

which is an iterative equation. Letting u and v be solutions of 3" +ay = 0, the reader can readily
check that the expressions of £ and ¢ are given as follows

E(x,y) =(asu + azv)y + a1u® + agv® + aguv (3.155a)
¢(z,y) =(asu’ + azv')y® + (aluu’ + apuv’ + %(u’v +uwv') + Co) Y+ oyu + asv.  (3.155b)
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Therefore, the eight vectors that spanned the lie algebra are given by

vy = YO, (3.156a)
vy = 1?9, + uu'yd, (3.156b)
vy = v?0, + vv'yd, (3.156¢)
1
v3 = uvd, + é(u'v + uv')yd, (3.156d)
vy = u0, (3.156¢)
U5 = 00y (3.156f)
v = uydy + u'y*0, (3.156g)
vy = vy, + V'y?0,. (3.156h)

Consider the symmetry vy = y0,: (3.141) is invariant under the group of transformations
=z Yy = \y. (3.157)
The differential invariants can be found by solving the characteristic equation

dr _dy

3.158
= (3.158)

Hence, the two invariants are given by z = x and w = logy. The first and second derivatives of
y with respect to x are given by

Yy =w.e Y = w, e’ + wie?. (3.159)
Using these expressions in (3.141) leads to
w,.e" + w2e” + ae® = 0, (3.160)
which can be written as
w,, +w?+a=0. (3.161)
Setting W = w, in the above equation yields
W,=-W?—a (3.162)

which is known as a Riccati equation. Let W, be a particular solution of (3.162). By setting

W+ W,
T = m, we then have T, = W%VVZ The substitution of TV with its expression in terms
of T in (3.162) gives
T, -2W,T'=1 (3.163)
and has
1
T = kyexp (/ 2Wp) — 2_I/Vp (3.164)

as solution. We just need to inverse all the transformations to retrieve y .
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3.5 Point transformations

To find all the mappings we are going to solve (2.42) for z* and y* in each case. We said that
the n 4+ 4 symmetries of

n—2
y™ 4 Z a;y =0 (3.165)
are given by
vy = YO, (3.166a)
v = u*0, + (n — Duu'yo, (3.166b)
-1
Vg = uvd, 4+ (u'v + wv')yd, (3.166¢)
vz = v?0, + (n — 1)vv'yd, (3.166d)
vp =u""RR0, k=4, .n+3, (3.166¢)

where u and v are the solutions of the second-order source equation. Vectors vy, v5, v3 can be
represented by

Vigs =A(x)0, + B(x)yo, (3.167)

for some functions A and B of x, since u and v are functions of . We found that v, leads to
the point transformations

e (3.168a)
y* = ey. (3.168b)

The group of transformation (3.168) transforms (3.165) into
e (y™ + A2(z)y™ P + -+ A%(2)y) =0 (3.169)

which is the same as (3.165) since e can not be zero. The symmetry v, generates the group of
transformations

=z, (3.170a)
Y =u" ke 4y (3.170b)

that transform (3.165) into
(y(")—kAi(x)y(”‘Q) +~--—|—AZ($)y) +€[( n—1—k k) +A2( )( n— l—kvk)(”_2)

(3.171)
4+ A(2) (uROR) ] = 0.
Given that u"~!7*v* are solutions of (3.165) we end up with an unchanged equation. Using the
vector v193 = f ()0, + g(x)y0, we get
oxr* oy*

5 = f(@®), = g(2")y". (3.172)
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Then
ox* ) . s
= fa") = 2" = f(z,€) (3.173a)
Oe
and
0y Mt e o
5 = 9@y =yt =g(z,e)y (3.173b)
give the most general form of the group of symmetry transformations generated by Vjo3:
ot =f(z,e) (3.174a)
v =3g(z,e)y. (3.174b)

3.5.1 Example. In this example we aim to find all the point transformations that map solutions
onto others solutions for r = c;x + ¢3. The n + 4 vectors that spanned the Lie algebra in this
special case are given by

vo = Y0, ( )
V1 =10y — syo, ( )
vy =rInrd, — (1 +Inr)syo, (3.175c¢)
vy =rln’*rd, — (In’r+2nr) syd, ( )

( )

vk:r%lnkray Jk=4,...n+3.

e For vy = yd,, the infinitesimals are given by

£=0, o =1, (3.176)
then, we have
ox* oy*
8 *
5; ~0 — ot = cst. (3.178)
Using condition (2.42), the value of this constant is equal to z, then,
=z (3.179)
Also,
W _ . .
=y = Iny* =¢e+ co. (3.180)
Oe
Conditions (2.42) imply that ¢, = Iny then,
y* = €ey. (3.181)

Therefore, the point transformations obtained from v, are

=z, (3.182)
Y- =ey. (3.183)
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—1
e For vy = (c1x + ¢2)0, + r c1y0,y.
n—1
§ =+, ¢ = 5 1Y (3.184)
and
ox* oy n—1
o = 1 x” + ¢, 83/5 =3 cy”. (3.185)
Taking into consideration conditions (2.42), we get
x4 co = (c1x + ¢3) exp (¢1€) (3.186)
-1
y" =yexp (n 5 cls) : (3.187)
e Forvy=rlnrd, — (1+1Inr)syd,. Here,
-1
&= (x4 o) In(crz + o), b= o 5 e [1+In(ciz + ¢2)] v, (3.188)
then,
dx* oy* —1
axg = (1x* + ) In(c12* + ¢9), ayg _ 5 1+ In(cix* + co)]y*.  (3.189)
We have
a *
;; = (" + ca) In(cr2* + ¢2), = In[In(c;z* + e2)] = e+ ¢ (3.190)

From (2.42) we have ¢ = In[ln(c;z + ¢2)]. Substituting the expression of ¢ in the right
hand side expression of (3.190) and applying the exponential function twice we get

ar* 4 ¢y = (c1@ + )o@, (3.191)
Using (3.191) in
Jdy* n—1
ai- = e[l + In(era” + )]y (3.192)
yields
oy* -1
8yg 0 5 [1+ exp(cie) In(crz + ¢2)] v (3.193)

Solving for y* and taking into consideration (2.42) we get

n—1

y* = [exp(cie)(era + cp) PN 2y, (3.194)
Therefore, the point transformations obtained from v, are
clx* + co :(Cll‘ + Cg)eXp(clg) (3195)

n—1

y* = [exp(cie)(c1z + 02)(6"1’(‘318)_1)] >y (3.196)
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e For vy =rln’rd, — (ln2 r+2ln 7") sy0,, we have

1
= (ax + ) lnz(cw +c), o=Mn-1)q {5 1112(C1$ +¢2) + In(erw + 02)} Y,

(3.197)
then,
oxr* oy* 1
v (c12* + co) In?(c10* + ¢y), y _ (n—1)ey |=In*(c1z* + ) + In(c12* + o) | ¥
Oe Oe 2
(3.198)
Thus,
ox* . 1
R = (Cl.l'* + CQ) 1n2(C1I + CQ), = —m =g +c. (3199)

1

In(ciz + o)
side expression of (3.199) and applying the exponential function we obtain

From (2.42) we have ¢ = — . Substituting the expression of ¢ in the right hand

1

1ot + ¢ = (e1 + ¢) e (3.200)
Using (3.200) in

oy*
Oe

1
=(n—-1)c {5 In®(c12* + ¢) + In(ez* + 02)] y* (3.201)

yields

oy 1) Kln(clich)) ( c1In(crr + o) ) L_a In(c1z + ¢o) )} e

y* 2 (1 — cieln(cyz + cg))2 1 —cieln(ciz + ¢
(3.202)

Integrating the above equation, we get

Iny* = (n— 1) (2[

In(c1x + ¢2)
1 —celn(cz + )]

+n [ ! >D best. (3.203)

1 —celn(cz + ¢

Solving for y* (taking into consideration (2.42)), we have

cieln(ciz+ceg) n—1

(clx + C2)m
¥ = : 3.204
y 1 —cieln(ez + ¢3) y ( )

The point transformations obtained from wv3 are

(T + 0 =(e17 + ¢) e (3.205)
n—1

| (1 + o) T 3906
A crieln(crz + ) v (3.200)
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e For v, = Pz In® r0, ,k=4,...n+ 3, the point transformations are given by

r =T

n—1
v =y + (c1x + ) 2 InF(crr + e
List of point transformations obtained for some given values of .

(a) Case r = constant.

I
VRS
)

m
8
Q)
‘S
ol
-
o
<
——

(%, y") = (v, e7y), (2%y") = (v +ey), (@59

n—1
* ok T 1 * % k
($’y)_<1—5x’(1—x5> y>, (=%, y" =y +a"e).

(b) Case r = (c1z + ¢2)°.

(%, y") = (z,€e%y), (25y") = (v +¢ey),

n—1
(@™ + o, y") = (6015(011‘ + ¢2), exp 5 clsy) :

(e + ) = | 22 1
! 2Y 1—cie(cir + ) \1 —ci1(crz + co)e vl

(a%,y%) = (2,5 + (a1z + 2)"e)
(c) Case r = (crz + o)™

(2" y") = (2,€7y),

B (c1r + o)™t
Cat o) = ,
(e 2) 1—ci(m—1)(c1z+ )™ e
m(n—1
* 1 2oy
(. ci(m — 1) (1@ + o)™ te Y

n—1
(e + eny) = (<cla: + ca) exp (cr€) ,y exp ( - e)) ,

o (crx + Cg)l_m

T 1- c1(1=m)(crx + ¢p)t-me’
(2—m)(n—1)

. 1 2(1—m)
(. c1(1 —m)(c1x + o) =me v

(cra* 4 ¢o)'

(.r*,y*) _ (a:,y + (Cll’ + 02)%[2k+m(n—1—2k)}6> '

(3.207)
(3.208)

(3.209a)

(3.209b)

(3.210a)

(3.210b)

(3.210¢)

(3.210d)

(3.211a)
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Case r = ™*

(2%, y") = (z,ey), (e’m*,y*)=< - ( ! )2 y), (3.212a)

. e—m:c 1 nT_lé
LY = 3.212b
() (1 + mee=m=’ (1 + mee—mx) y> ’ ( )
—1-2k
(=%, y") = (fb’, y +exp (nme> 8) : (3.212c)

3.6 Conclusion

We determined all the Lie point symmetries of the second-, third- and fourth-order linear iterative
equation in normal form and we have made contribution to the work in the papers [1, 13] by
reducing the condition on the infinitesimal f ( see (3.35a)) and by expressing the infinitesimal
generator in terms of the parameters r and s of the first-order source equation for a linear iterative
equation of order n, n > 3. By letting {2, be the linear operator corresponding to the linear
iterative equation of order n with source equation y” + ay = 0, we showed that €2,,, n > 3,
satisfy equation (3.51). A list of linear iterative equations of order up to 10, in both normal and
standard forms that have constant coefficient was given, and the point transformations needed
to retrieve other solutions were provided.



4. Parameters of the transformed
equation under equivalence
transformations

4.1 Introduction

The group of equivalence transformations G of a family A of differential equations of a specified
form and labelled by a set of arbitrary functions is the largest group of invertible point transfor-
mations that map each element of A to another element of A. On the other hand, we know that
two equations are said to be equivalent if they can be mapped to each other by an invertible point
transformation. In this chapter, we shall be interested in finding the parameters of the source
equation for the transformed equation under an equivalence transformation of a given iterative
equation.

4.2 Equivalence transformations

Let us consider the linear equation
Y™+ AL (2)y" Y + A ()" 4 4 ARy = 0, (4.1)

where x is the independent variable and y the dependent variable. If we suppose that

T =a(z,w)
{y = B(z,w) (42

is an equivalence transformation mapping (4.1) to an equivalent equation then the latter must
have the same form as (4.1). The substitution of = and y in terms of new variables z and w in
(4.1) must yields an equation of the form

w™ 4+ B! (2) w4+ B2(2)w"? + ... + B"(2)w =0, (4.3)

where z is the independent variable and w is the dependent variable. However, it is well-known
[6, 12, 13] that the group of equivalence transformations of the general linear equation in standard
form (4.1) is given by transformations of the form

= g(2)w,

where f and g are arbitrary functions.

42
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4.2.1 Example. Let
y' +ay=0 (4.5)

be a linear equation of order two and since (4.5) is a special case of (4.1) its equivalent trans-
formations can be sought into the specific form (4.4). From (4.4) we know that dz = f'dz
therefore, the first and second derivatives of y in terms of the news variables are given by

/

g g
y = Fw’ + Fw (4.6)
2flg — f///_ "1
fo%W+(f%wfg>W+( gﬁfg)w (4.7)
ubstituting y = wg and using (4.7) into (4.5) leads to
Substituti d usi i lead
g 2f/g/ o f//g f/g// . f//g/
Fw" + (—f’3 w' + —f’3 +ag | w=0, (4.8)
which can be also written as
2fq — [N/ YN
W' + ( fgf/gf g) w4 (fg f/gf g +(a0f)f'2) w =0, (4.9)

where o denotes the composition of functions. Transformation (4.4) defines a group of equivalence
transformations of (4.5) if and only if

29 — "9 _
I'g

where k is a given constant. Hence the transformation

{x = /(2)
y= kP w(z),

defines a group of equivalence transformations of (4.5).

0 ie g=kJ/f, (4.10)

Moreover, we note that by assuming the equation (4.1) to be in its normal form, (4.4) reduces
to

n—1
z=f(2), y=Alf(z)]* w, (4.11)
where A\ is an arbitrary constant while f is an arbitrary function.

Also note that a symmetry group transforms the differential equation into the same equation.
So, the transformed equation of (4.1) will then be of the form

w™ 4+ AL ()w™ Y + 2w 4. 4 AN 2w =0 (4.12)

under a symmetry group. We can say that a symmetry transformation is a special case of an
equivalence transformation because it preserves not only the form but also the equation itself, as
it leaves the equation locally unchanged.
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In the previous example (4.2.1), we have a symmetry transformation for f(z) = z + ¢, where ¢
is an arbitrary constant. As we already mentioned, the symmetry algebra of two given equivalent
equations are isomorphic, and thus if one of them has maximal dimension, the other one will
also be of maximal dimension, but having maximal dimension is equivalent to being iterative.
Therefore under an equivalence transformation an iterative equation remains iterative. In the
next section, we shall be interested in finding the parameters of the source equation for the
transformed equation under an equivalence transformation of a given iterative equation.

4.3 Parameters of the transformed equations

Consider the linear iterative equation in the standard form
Uy = KOy™ 4+ KLy D L K202 4 Ky L Ky =0 (4.13)

and let A _
y(n) + Ai y(n—2) 4+ A y(n—z) + ATy =0 (4.14)

be the normal reduced form of (4.13). Suppose that equation (4.13), which may be written again
as

A (y) =9y =0 (4.15)
has first-order source equation
r(@)y’ + s(x)y = ¥(y). (4.16)
Let
Q2 (w) =P"w =10 (4.17)

be an equivalent equation with source equation
R(z)w"+ S(z)w = ®(w) (4.18)
obtained from A, (y) = 0 by the transformations (4.4). We may assume that
d"(w) = Z2°w™ + Z w™ V) + 220w 4 2 4+ 20w =0 (4.19)

and let
w™ + B2w™ ™ ... £ B + B w =0 (4.20)

be its normal reduced form. We want to find out the parameters R and S of the first-order source
equation of the transformed equation R(z)w’ + S(z)w = ®(w) in terms of the parameters r, s
defined in (4.16). The idea consists of iterating with the operator ¥ n times and transforming
the resulting equation with (4.4) and call it D(z,w,n). On the other hand, use the operator ®
to iterate directly n times. We now find a relationship between A’ and BJ in terms of f and g
(parameters of the equivalent transformation).
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4.3.1 n=2.
TPy =2 4 (rr' + 2rs)y + (rs' + %)y (4.21)
From (4.4) we have
de =f'(z)dz (4.22a)
dy =wg'(z)dz + g(2)w'dz (4.22b)

and the ratio of (4.22a) to (4.22b) gives

vy 9,9, (4.23)

So

o
dx

1 i(g’w’%—g’w)
fi(z)dz f
1 d

B (gl/w +g/wl +glwl _'_gw/l)f/ _ f//(glw _'_gw/)
Cf(2) dx IE

:f/?,;(z) [f/gw// + (2f/gl . fl/g>w/ + (f/g// - f//g/)w] (424)

According to (4.23) and (4.24), one can rewrite (4.21) as follows

2

F[f/gw//+(2f/g/_f//g)w/+(f/ " f// /) ]
/

+ (rr’ + 2rs) (f/w - ?Iw) + (rs' + s%)gw = ¥y

Gathering all the coefficients of w, w’ and w” respectively, this gives

D<Z;w, 2) :(r?f—,'];)%gw// + |:(T0f)2(2§:39/ - f//g)

+(wﬁXW0ﬁfb;2v0fXSOﬁgyd+[Ovﬂﬂéi“—fhﬁ+ (4.263)
2rof)(s o )y +(ro )"0 /) ['g g :
7 T g(rof)(s' o N)f + (50 f)g|w

(4.25)

which is equivalent to

D(Z,U),Q) // [KO( f/g/f; f// )_i_Kl?/} /
—f >+K1?/+K§g}

fi
(4.26b)
|xe
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Setting n = 2 in (4.19), the transformed equation becomes
Zow" + Zyw' + Zjw =0 (4.27)

and the substitution of ZJw” with —Zjw' — Z2w in (4.26b) leads to

o n
[ KOzlg +KOZO((2fg fg))+K21Z0£]w’

”2 13 2 p
o / / (4.28)
g o o(f/ § f” ) 09 2 0
0 2

The functions K, Z?, f and g do not depend on w and w’ therefore we can equate the
coefficients of the latter to zero to yield

e
K07} = 20K} f + fgf—fKOZO (4.292)
‘g
! ! ! "/
Ko7z = pri2gd + 19 ot o SO =19 o (4.29b)
g f'g
Setting
K g
we deduce from equation (4.29) that
Qflg — f
Zh = fKL + M (4.31a)
f'g
!/ [ "/
2 o2, 19 S9 = 1"
R T (4.31b)
4.3.2 n = 3. According to the definition of iterative equation,
Ty =P [Ty (4.32)
=r—— [r?y" + (rr' + 2rs)y + (rs' + 5%)y] (433)
+ s [Py + (rr' +2rs)y’ + (rs' + s%)]
=r[2rr'y" + r2y® + (F"2 + " + 2r's + 2rs' )y
+ (rr’ + 2rs)y" + (r's’ + 18" + 258 )y + (rs’ + 57)y] (4.34)
+ 577y 4 (rr's + 2rs?)y’ + (rss’ + s°)y
— OOy =3y 1 (3r% + 2r%5)y" + (3r1's + 3r2s’ + " 4+ r2")y (4.35)
+ (3rss’ + 12" +rr's')y. '
For the expression of y(S) in terms of z and w, we first note that
d
Y@ = —(y"). (4.36)

dz
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Using (4.24) in (4.36) we have
1 3f//
y(3) _f/(z> [_ 7 (f g + 2 gw' — f"w'g+ f'g"w — f"'q )
" " !/ / 12 " " I [N/ ! / i
flg(fgw + flgw’ + fgu” +2f"gw + 2f'g"w + 2f'g (4.37)
_f///gw/_f//gw f// / /+f// //w_'_f/ ///w_|_f/ " /
_f/// / f// // f// / /):|
Therefore,
(3) B g (3) 3f// ) 6f/lg/ 3fl/29 3g//
o= (e (5 ) e (-5 T w39
" 3 " 1 112 / " n ./ :
_fgw,+_fg+f +g__fg
Iz £ 75 73 Iz
We substitute (4.24) and (4.38) in (4.35) to have
8. _ 0 g 5 3f//g 39, ) 6f//g/
Pl y—Kg)[(ﬁ)w()%—(—W-}-F w® + —W
3 112 3 " 3 " " 3 112 / /" n ./
+f,5+£_fg)w,+_fg+f +g__fgw]
f f/3 f/4 f/4 f/5 f/3 f/4 (4_39)
1 g f/g/ _ f//g f/g// _ f// / 9 g g
1 [fput + P FEEE ] s [ ]
+ Kigw
Hence,
K:gg 3 0 3f// 1 9 2
D(z,w,?)):[flg)}w()%— K¢ i +ﬁ +Kf,2 w?+
_6f//g/ 3f//2g 39// f/// f _ f//g
0 1
[K3< f/4 + 11 + f/3 o f/4 > + K3 f/3
(4.40)
9 g 0 3][‘//9// 3f//29/ g/// f///g/
+](]E/} ,+[K3(_ fra + f75 +ﬁ_ fr
+K§ (f/g// . f”g/ +K29 _i_K?:j,g}w
IE o

We know from (4.19) that

Z0uw® = —(Ziw® + Z2wW + Ziw)

(4.41)
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for n = 3. Substituting (4.41) in (4.40) and rearranging it, leads to

(a2 () 08 (5 < 5a) ¢ i
[ (a) (2
ff4 i /f; 19) 4 79k ]{’} w + | - K373 (%) (4.42)
() a7
+ 20K ?, + Z3Kg|w =0,

Letting all the coefficients w, w’, w” equal to zero leads to the relationship that we are looking
for:

>+K Z3(

() cr () e

6f//g/ 3f//29 39//
0r72 070
— K373 (f/?,) + K373 ( fra + f7 + [

(4.43Db)
f/// L0 f/ !/ f// 0 9 g
- f/4>+K3Z( f/ )+ZKf/ 0
3f//g// 3f//2 / gll/ f///g/
_KOZ3( )+KOZO<— 4 A
f/3 f/4 f/5 f/3 f/4 (4 43C)
+ K373 (ﬂ + Z§K§g—/ +ZYK3g =0
f/S f/ ’
Using the notations introduced in (4.30), relations (4.43) gives
f//
73 = + — + K3 f' 444,
6 "/ 3 12 3 7 " 2 [P "
2L L T T g waay
Z3 B _3f//g// + 3f//29/ + g/I/ ](‘/I/ / Kl f/g// _ fl/g/
ofg o P9 g fg
(4.44¢)

12 ./
+K§fgg +

K3 £,
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4.3.3 n = 4. The expression of W*y and ®*w are given by

Ky + Kjy® + Kiy® + Ky + Kjy = 0,
Z9wW + Zlw® + Z2w® + 23w + Ziw = 0,

respectively. From equation (4.38), the expression of 3 in terms of z and w are obtained as

follows

dy(3) B dy(3) dz

“4) _ -
dz dz dx

Y

Invoking (4.38), the above equation becomes
d g 3]('//9 39/ 6f//gl 3f/12g
4) _ 3 2
o= [() v+ (Pl + 36w+ (- 25+
3g// f///g>w/ + (_Bf//g// 3f//2g/ g/// B f///g/) ]%

+ F o fra fra + f75 +F fr

(4.47)

(4.48)
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We have,

) g @ |:3f/39// _ 3f//f/2391

1 13 1 1" £12
(4) :F<f g fi]f f 9uw® I Fw X i
<3f///g + 3f//g/)f/4 _ 4f//f/33f//g @
B f/8 } w
[ (6f///g/ + 6f//g//)f/4 _ 24f//f/3f//g/
f/8
(Gf///f//g + 3f//2g/)f/5 _ 5f”f’4-3f”29 3f/3g(3) _ 3f”f’2.3g”
+ f/lO + f/G
(f(4)g + f(3)g/)f/4 _ 4f//f/3f(3)g 6f//g/ 3f//29
o Jwr+ (- T (4.49a)
39// f/// > @ N [ B (3f(3)gl/ + 3f//g(3))f/4 _ 4f”f'3-3f"g"
I 7"
6f(3)f//f/5 r_ f”f,4~3f”29/ g(4) f/3 _ 3f//f/2g(3)
f/lO + f/6
(f(4)g/ + f(3)g(2))f/4 _ 4f//f/3f(3)g/ 3f//g// 3f//29/
— Iz }w + ( - +

f/4 f/5
9(3) f(3)g/ > />
w

3g/ 3]”/9 .
+ (F - f/4 )w( )+

+

f/3 f/4

F - 75 F o f7 B 175

15f//2g @ <8f(3)g/ 18f//g// 3Of//2g/

16 L f75 o f75 + f16 b

10f(3)f// 15f//3 443) f(4) (4) 6f// (3) (4'49 )
g g g 9\, 9 9

L N T T T R S TR T
f(4)g/ B 4f(3)g(2) N 10f(2)f(3)g/ N 12f//29// B 15f//39/

f/5 f/5 f/6 f/6 f/?

3)

4q’ 61" 64" 18 f" g 413
gw(4)+(9 fg)w(3)+<9 I"g f

Substituting 3™, ), 4@, () and y by their expression given respectively in (4.45), and taking
into account the substitution Z9w® = —(Z}w® + Z2w® + Z3w® + Ziw), we have,
— Koy (Zjw® + Z3w® + Z3wW + Ziw)
+ (K ZJau + 2K agy)w™®
+ (ZKjous + Z) K s + Z)K o) )w® (4.50)
+ (22 K4a44 + Z0K s + 29K 2y + Z9K 31 )w
+ (29K aus + 20K asy + Z9K s + ZOK3ans + Z9K 1 g)w = 0,
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where
g/ g g 2f/g/ - f//g f/g// _ f//g/
11 = ?7 Q1 = F7 Qo1 = ﬁ, Qigg = T, Qg3 = T7
g B 3]”/9 39/ B 6f//g/ 3f//29 39// f///g
Q31 = F’ Q32 = — f/4 + ﬁ’ a3z = — f/4 + f75 + f/?, o f/4
__3f”g”+3f”2g’+£_f”’g’ _i _4_g’_6f”g
34 = Iz 55 73 2 Q1 = Iz Qg2 = Iz f5
69// 18f//g/ 4f(3)g 15f//2g (451)
Qg3 = F - f/5 - f/5 + f/6
- (8f(3)g/ B 18f//g// 30f//2g/ N 10f(3)f//g B 15f//39 49(3) B f(4)g
Qg = f/5 f/5 f/ﬁ f/6 f/? + f/4 f/5
B 9(4) 6f//g(3) f(4)g/ 4f(3)g(2) 1Of(2)f(3)g/ 12f//2g// 15f//3g/
Q45 = f/4 - f/5 - f/5 - f/5 f/ﬁ + f/ﬁ - f/?

Equation (4.50) can be written as

(=K{Z} + Z{ K)o + ZK faz) )w®

+ (= Z2K%ayy + Z0K0us + 20K} asy + ZOK 20y )w'®

+ (=KZ3K %y + 20Ky + 20K s + ZO K any + Z9 K3 any )w™V (4.52)
+ (=KYZ}agy + ZVK)ous + 20K sy + Z9K s

+ ZYK3ans + ZYK g)w = 0.
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Again, we can equate the coefficients of w and its derivatives to zero to get

49/ 6f//

3f/g/ 69// 18f//g/ 4f(3) 15f//2
72 — fPK2 4 ~ 3K 4 _ _ + : (4.53Db)
! i+ A R
2f/291 6fl/gl 3f/l2 3f/gl/
ZS :fl?)K?) + o f//f/ K2 4 (= + +
1 1t (= Ka+ (== 7 P
B f(3))K1 B 8f(3)g/ B 18f//g// 30f”29’ 1Of(3)f// B 15f//3 (4 53C)
Y fy f'g 29 7 7 |
4¢3 F@
g I
13 /1 12 1 "l 3// Z 3//2/
Zizf’4K3+f gKi+(fgg J gg)KiﬂL(— fgg N J}/gg
N g3 B f(i%)g/)Kl N ﬁ B 612 g3 B f@y B 4@ g (4.534)
g g "ty f'g f'g f'g
10f(3)f//g/ 12f”29” 15f//3g/
g + g o fBg
(4.53€)
In (4.13) we have y = y(z), K;, = K}(z), i =0,...,n and similarly in (4.19) w = w(2), and
Z! = Z"(z), for j =0,...,n. Now we have established a general relationship between the A7,
and BJ, i.e
Al =Kl|gi—o and B} =75 _. (4.54)

4.3.4 Example. For n = 2, the transformation (4.11) implies that g = Ay/f’. Therefore,
expression (4.31) becomes

)\f//f/% _ )\f//f/%

Zy = f'K; + Y& (4.55a)
X pnoprs A r(3) 15 A n2 =% X en2 p—3%
Zs = K3+ fol K; + LA it f3 A (4.55b)
)\f/E /\f’E
Letting K3 = 0 and using the notation (4.54) we obtain Z} = 0, as expected, and
1 3 1
BY = | 37" = 11 5 1) (456)

We now move on to find an expression for R in terms of . To do so we may assume that the
equation is in its reduced form, which also assumes the equality S = —(n — 1)R'/2.
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For simplicity, but without loss of generality, we may assume that the equations are in their re-
duced normal form (4.14) and (4.20). As already mentioned, suppose that the parameter of the
source equation generating (4.14) is r = r(z). Given that equivalent equations have isomorphic
symmetry algebras, equation (4.20) is also iterative and we wish to find the corresponding pa-
rameter R = R(z) of its source equation. We also need to recall that by considering the equation
to be in its normal form, the point transformations (4.4) reduces to (4.11), i.e.

r=f(z),  y=AFE)T w (4.57)

n—1 . .
A direct calculation (we let g = [f'(2)] 2 w and B}, = Z;,|z1 ¢ in the above calculation) shows
that in terms of the parameters A and f of the equivalence transformation and the coefficients
Al of the original equation, we have

1 3 1

B3 W AGf =GP TO for n=2 (4.58)
1

B2 7 [A2 " = 3" +2f fO] for n=3 (4.59)
1

B? =357 [2A2 f* — 15 + 10f' f¥] for n=4. (4.60)

On the other hand we know that by assuming r and R to be the parameters of the source
equations for (4.14) and (4.20) respectively, we have for n > 2

A2(z) = (” . 1) A(r) (4.61a)

B2(2) :(” ‘g 1) A(R), (4.61b)

where )
r'es — 2rr”

A(r(x)) = Yz (4.61c)

Consequently substituting the above expressions for A% and B2 in terms of  and R respectively
in (4.59) would yield the determining equation for R when n = 3. Namely, we have

R? —2RR" 1 [r'(f)*=2r(S)r"(f)
Rz fn { r(f)?

where f = f(z). Similarly, for n = 4, the determining equation for R takes the form

10 T’(f)Q — QT(f)T//(f> / " 1 £(3)
<2 7 f4—15f2+10ff3} (4.63)

f/4 . 3f//2 + 2f/f(3):| 7 (462)

10R? —2RR" 1
4 R? 2"

which is equivalent to

R? —2RR" 1 {7"’(f)2 —2r(f)r"(f)

—_— . "2 1 ¢£(3)
R 7 ()2 fo=31 21 3] . (4.64)
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As it should be expected, equations (4.62) and (4.64) are the same and correspond to that derived
from (4.58), which is due to the fact that in reality the expression for R does not depend on the
order of the equation. In order word, we only need to know this expression for the second-order
source equation.

Note that equation (4.62) has the form

R? — 2RR"

—— =H(2), (4.65)

where H is a given function. Therefore, if we let r or f be arbitrary functions, we may not be
able to solve (4.62) for R, because the solution of the differential equation (4.65) is not available

for B2 an arbitrary function. Classes of solution to equation (4.62) have been obtained in chapter
3.

4.3.5 Example. Let us illustrate our work in the case where A2 equals a constant. We then
have

r'2 — 2ry!

= =C (4.66)

and we know from the previous discussion that the expression for r corresponding to (4.66) is
7 =cy cos” [\/5(01 + x)} , (4.67)
where ¢; and ¢, are arbitrary constants. This 7 is the parameter of the source equation generating

a linear iterative equation with a non-zero constant coefficient. If in (4.58) we suppose that
f(2) = az + B, where a # 0 and [ are given constants, we get

R/2 _ ZRR” )
Therefore the value of R is given by
R =cycos? |avVC(c) + 1) . (4.69)

4.4 Conclusion

We performed the point transformations one can use to retrieve other solutions of the linear
iterative equation from the existing solutions. We then used the transformation (4.57) to generate
the parameter of the transformed equation under equivalence transformation. We noticed that the
calculations for n = 2, 3, 4 lead to the relationship between the parameter of the original equation
and the one of the transformed equation under equivalence transformation. This relationship does
not depend on the order of the linear iterative equation.



5. Conservation Laws

5.1 Introduction

In this chapter we concentrate on finding conservation laws of the second-order source equation.
In Chapter 3, we gave the eight symmetries of the equation and given that symmetry group
of Euler-Lagrange equations give rise to a conservation law, we aim to use some symmetries
(Noether's symmetries) of the corresponding Euler-Lagrange equations to find the conserved
quantities of (1.14). The method of mapping the second-order source equation to the canonical
form Y” = 0 has been considered and some special cases have been studied.

5.2 Lagrangian, Noether symmetries and conserved quan-
tities.

The calculus of variations is a generalization of the problem of optimization of functions depending

on functionals. Given that a differentiable functional is stationary at its local extrema, we want to

introduce the Euler-Lagrange equation whose solutions are the functions for which the functional
is stationary.

5.2.1 Definition. For 1 < a < q, the a-th Euler operator is given by
Ea=3(-D),-, (5.)
y oug

the sum extending over all multi-indices J = (j1,...,jk) with 1 < jp <p, k > 0.

The Euler-Lagrange operator is useful tool in the calculus of variations.

5.2.2 Theorem. Ifu = f(x) is a smooth extremal of the variational problem L[u] = [, L(z,u™)dz,
then it must be a solution of the Euleur- Lagrange equations

E, (L), p=1...,q (5.2)

5.2.3 Lagrangian of the second-order source equation. Consider our second-order source
equation
y" + A3(x)y = 0. (5.3)

In this special case, the Euler-Lagrange equation is given by
d (0L oL
( ) 0 (5.4)

i \oy) ~ay =
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ie
s 1 (0L 0?L B O0?L (5.5)
~ L \ay Yoyoy  oyor) '
8y/2
If we assume that
1
L =59(x)y” + h(z,y) (5.6)
then the equation (5.5) , taking into consideration y” = — A2y, becomes
1
m (hy — g2y') = — A%y. (5.7)
Separating by (y')" we get
y 2= (5.8a)
g
1:h, =—gA3y. (5.8b)
Equation (5.8) implies that
1
Therefore, the Lagrangian takes the form
1 1
L= SKy® - SK A3y + o(w), (5.10)

where K is a constant and ¢ is an arbitrary function. By letting ¢ = 0, the Lagrangian of the
the second-order source equation is given by

L — 1y/2 _

1
5 §A§ e (5.11)

5.2.4 Noether symmetries of the second-order source equation. Let v = &(x,y)0, +
@(x,y)0y, the first prolongation of v is given by

X =80, + ¢0y + (¢ + bey/ — &y — Syylz)ay" (5.12)

We know that X leaves invariant the functional in the calculus of variations up to 'the gauge
term F(z,y)" if

/L(:c*,y*,y*’)dx* :/L(a:,y,y’)d:c—l—aF(x,y) (5.13)

i.e. if

d¢ dF
XL+ L= =—. 5.14
+ dr dx ( )
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The substitution of L and X with their expression, given in (5.12) and (5.14), into (5.11) leads
to

(¢0 + Oy — &t/ — Y)Y + d(—Ady) — —€A y:+ Sxy A%é“xyZ’ =F, +y'F,. (5.15)

Separating by the powers of derivatives of y we get

1: —Ajdy — A%é}cy - —£A§’y2 — (5.16a)
Y ¢. =Ly, (5.16b)
1
Yoy =&+ 56 =0, (5.16¢)
y? =&, =0. (5.16d)
From (5.16d), i.e. £, =0, we get
§=f(x), (5.17)
where f is an arbitrary function. Then now from (5.16c) we get
1
Py =58 (5.18)
1
:§f/(;p)’ (5.19)
which implies that
1
oz, y) =5 [ (@)y + g(2). (5.20)

Integrating (5.16b), ie F}, = ¢,, with respect to y ( taking into consideration (5.20)) we get

L e+ o @)y + h(a). (5.21)

F(x,y) 1

We now use (5.17), (5.20) and (5.21) in (5.16a) and the equations obtained by the separation
of the monomials in the the resulting equation are given as follow

1: 1 =0, (5.22a)
y: Asg=g®, (5.22b)
2 ——Azf - —A 261 —Az’f - f (5.22¢)

The above equations are equivalent to

h = Ceg, (5233)
g + A2g =0, (5.23b)
FO 44 A2 +2AYf =0. (5.23¢)
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Equations (5.23b) and (5.23c) are ordinary iterative equations with the same source equation
y" + A2y = 0. Therefore their solutions ( according to results (3.36)) are given by

g(x) =cqu + c5v, (5.24)
f(z) =c1u® + couv + 30, (5.25

respectively, where u and v solutions of 3" + A2 = 0. So by letting h = 0 we have

1
v = (cru® + couv + c30°) 9, + [(cluu’ + 502(u’v + w') + c30)y + cau + c5v} 9, (5.26)

and

1 1 1
F(x,y) = [501 (u? +uu”) + ZCQ(U”'U + 20"V + wv”) + ez(v? + vv”)} y? + (cau + c50')y.

2
(5.27)

Taking respectively ¢y, o, c3, ¢4, c5 to one and the remaining constants to zero allows us to find
the basis as below

1
vy =0, +uu'yd,; Fy = §(ul2 + uu' )y (5.28a)
1 1
vy =uvd, + §(u’v +uw')yd,; Fp= Z(u”v + 20"V + w")y? (5.28b)
1
vz =020, + v'yd,; Iy = 5(1}’2 + vv")y? (5.28¢)
vy =udy; Fy=u'y (5.28d)
vs =v0,;  F5 ='y. (5.28e)

The above symmetries are the five Noether symmetries of the second-order source equation
" 2, _
y'+ A5y = 0.

5.2.5 Conserved quantities of the second-order source equation. To find the conserved
quantities using the Noether symmetries we invoke the following theorem

5.2.6 Theorem. If X is a Noether symmetry, F' a corresponding function for a lagrangian L,
then

oL
[=LE+ (6~ y€) 7 — F (5.29)
oy’
is a conserved quantity.

It follows from the previous results and the above theorem that the conserved quantities of the
second-order source equation y” + A2y = 0 are given by

1 1
I =uu'yy’ — §u2y’2 - §u’2y2, (5.30a)
1 1 1
I, :§(u'v +uv)yy' — éuvy'Q - §u’v’y2, (5.30b)
1 1
I3 =vv'yy’ — §v2y/2 — 50/2y2, (5.30¢)
Iy =uy' — 'y, (5.30d)

Is =vy' —'y. (5.30e)
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5.2.7 Equivalent Lagrangians. By definition [17, 18, 19], two Lagrangians L(zx,y,y’) and

L(X,Y,Y’) are said to be equivalent up to gauge F' = F(z,y) if
dX N dF
dr  dz
where X = X (z,y) and Y = Y (x,y) . We are going to use this definition to reduce (5.3), ie
y" + A3y = 0, to the canonical form

L(z,y,y") =L(X,Y,Y") (5.31)

Y” =0. (5.32)

From (5.11) we know that the Lagragian of y"+ A3y = 0is L = y/*—1 A%y?, and the Lagrangian
of Y/ =0is L = 1Y"™. Let us find X = X(z,y) and Y = Y (z,y) such that L and L equivalent
up to F' = F(z,y) by solving

1 1 1 ,dX dF

Sy - A% ——yin

2 2727 727 dr ' dx
1 /dY dp\*dX L OFdr  OF dy
2\ dxdX ) dxr Oxrdr Oydx
(Y2 +4'Y,)" /
=——- " 4 F, F,. 5.33
20X ryxy) T 5:39)
Rearranging the above equation we get

(Xo + ')y = A") =(Ya +y'Y)" +2(F, + Y F))(Xe + ¥/ X,)). (5.34)

The separation by ¢ leads to

1: X, A2 + Y24+ 2F,€, =0, (5.35a)
Y —ASX,yP -2V, Y, + X, F, - 2F, X, =0, (5.35b)
y? X, = Y] —2X,F, =0, (5.35¢)
y? X, =0. (5.35d)

From (5.35d), ie X, = 0, we deduce that X is independent of y and then the above governing
equations are reduced to

X, ASy> + Y2+ 2X,F, =0, (5.36a)
Y, = VX, (5.36b)
Y,Y, + F,X, =0. (5.36¢)

Let X, = b(x)? for some function i of x. From (5.36b), i.e. Y, = /X, we get
Y =b(z)y + c1(x) (5.37a)
for some function ¢; depending on x only. From (5.36¢), i.e. X, — Yy2 —2X,F, =0, we get

1y ¢
F=-— §€y2 - gly + co(x), (5.37b)
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where ¢y is an arbitrary function of z. The substitution of F' and Y with their expressions given
in (5.37) into (5.36a) yields

N/ RN
Az 2o (O) |2 lave o (O 4?4202, =0, 5.38
2 b Yy 1 b Yy 1 2

The separation of the monomials gives

AN AN
A§+(5> —(3 =0, (5.39a)
¢4

/!
Ve, —b? (3) =0, (5.39b)
A+ 2b%d, = 0. (5.39¢)
The functions ¢y, ¢ and b (thus X, Y and F') are known once we solve (5.39a), i.e.

A3+ B* =P, (5.40)

/
where B = —.

b

For example, if A2 equals to a constant ¢ then we can let

B(z) = +/ctan (Vex), b(z) =sec (Vex), =0, c=0 (5.41)

to get

X = % tan (\/E:v) , Y =sec (\/Ex) ., F=—\/ctan (\/Ex) sec (\/Ex) Y. (5.42)

5.3 Conclusion

In this chapter we determined the general form of the Lagrangian of the second-order source
equation. Using the expression obtained for the Lagrangian, we found the five Noether symmetries
(with the corresponding 'gauge functions') and the conserved quantities of the second-order
equation. We also tried the mapping of the second-order source equation onto its canonical
form. In the process of finding the mapping, we encounter equation (5.40) which is not solvable
in general.



6. Conclusion

In this dissertation, we have exploited known results about the symmetry and superposition
properties of linear iterative equations to obtain new solutions of these equations and to express
them in terms of the parameters of the source equation. This has yielded an expression of
its symmetries in terms of the parameters r and s of the first-order source equation for some
functions. We have obtained some properties of these equations and, in particular, we have
derived expressions for the parameters of the source equation under equivalence transformations,
and we have derived some conservation laws of the second-order source equation.

In Chapter 3, we have reviewed the results obtained by Krause and Michel [1], i.e. the expression
of the symmetry generator of the linear iterative equation in terms of the solutions of the second-
order source equation. We have obtained their results by a slightly different method which consists
of substituting (3.52) into (3.34). We made use of the expression (1.10) to reduce the condition
on the infinitesimal £&. We have proved that the condition on the infinitesimal function £ = f(z)
does not depend on the order of the linear iterative equation. Based on some properties of a
linear iterative equation, we obtained some solutions of the linear iterative equation of a general
order and their expressions in terms of the parameters r, s of the first-order source equation. We
also gave a list of linear iterative equations with constant coefficients expressed in terms of the
coefficient A2

In Chapters 4 and 5, some results concerning the parameters of the transformed equation under
equivalence transformation were obtained for the linear iterative equation of order n, and finally
we have derived the Lagrangian and we gave the Noether symmetries of the second-order source
equation. We have used these symmetries together with the Lagrangian to get the conserved
quantities and to map the source equation to its canonical form. It is worthwhile to mention
that the reduction of the second-order source equation using the symmetry vy = yd, (see section
3.4.7) and the method of equivalent Lagrangians lead to the same equation (see (3.162) and
(5.40)).
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