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Abstract

The existing literature discusses different strategies to solve a scalar ordinary dif-
ferential equation using Lie point symmetries. We focus on three of these strategies in
order to frame methods for finding solutions of non-linear systems of ordinary differen-
tial equations. These include Lie’s integration theorem, method of successive reduction
of order and the method of using the invariants of the admitted symmetry generators.
Tllustrative examples and those taken from mechanics are presented to highlight the
use of these methods.
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1 Introduction

Invariance of ordinary differential equations (ODEs) under one-parameter Lie groups of transfor-
mations has proved to be successful in reduction of order, linearization, classification into equivalent
classes and finding new solutions of the ODEs [1-16]. These successes lead to different integration
techniques in order to find complete solution and reduction of the ODEs. Applications of these
techniques for non-linear systems of ODEs have been the interest of many researchers during the
past few years. For dynamical systems (systems with Lagrangian), Noether symmetries provide
first integrals by using Noether theorem [1,16-18]. A large class of dynamical systems appears as
geodesic equations for which metric of the spacetime serves as the Lagrangian of the system and the
isometries (Killing vectors) serve as Noether symmetries [1,19-23]. For non-linear systems of ODEs
with no Lagrangian, neither Noether symmetries nor Killing vectors exist and many techniques
were established for using Lie point symmetries in order to integrate, linearize or reduce the order
of such systems [24,26-31].

Lie’s integration theorem states that if the r-parameter transitive Lie group of generators in G,
admitted by the nth-order ODE, with r = n, is solvable, then the solution of the ODE can be found
via quadratures. For a second-order ODE admitting any two-dimensional Lie group, the solution
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Integrability via Lie symmetries

is guaranteed by using either canonical forms of the symmetry generators or differential invariants.
That is true due to the fact that any two-dimensional Lie group is solvable. For a higher-order ODE,
reduction of order depends on the dimension of the solvable Lie group admitted by the ODE. There
are various ways to apply Lie’s integration theorem. Eisenhart proved that any linear homogeneous
first-order PDE in n variables can be integrated via quadratures if it admits a solvable Lie group of
dimension n — 1, provided that the generators of the group are transitive in the space of variables
of the PDE [7]. Stephani used Lie’s integration theorem to develop an algorithm to integrate an
nth-order ODE via line integrals. If the dimension of the solvable Lie group r < n, then the order
of the ODE can be reduced to (n — r), provided that there exists a transitive n-dimensional Lie
group containing the solvable subgroup [1]. Bluman built an iterative algorithm for using a solvable
Lie group in reduction of order of an nth-order ODE using differential invariants of the admitted
group [25]. Recently, Wafo Soh and Mahomed [26] used Eisenhart’s theorem to reduce a system
of ODEs to quadratures, benefiting from the equivalence between system of ODEs and the linear
homogeneous first-order PDE to be given in eq. (9).

Here we consider three approaches in which two are based on the structure of the admitted Lie
group of symmetries including the Lie’s integration theorem and the method of successive reduction
of order. The first approach is based on Lie’s integration theorem applied on an ODE admitting
solvable transitive Lie algebra. This method depends on finding the normal forms of the generators
in the space of the solutions from which first integrals of the given ODE are obtained. This is
as a reformulation of the algorithm in [26]. The advantage of Stephani’s algorithm is that it is
based on the steps which are almost of algebraic nature except the last step in each iteration where
line integrals are found and their existence is guaranteed by Lemma (2.1). Even if the dimension
of the admitted solvable Lie algebra is less than kn, we can still apply the algorithm provided
that the solvable subalgebra is a subset of a kn-dimensional transitive Lie algebra admitted by
the system. This may reduce the system to some integrable form. In a previous work [26], it was
pointed out that the method of successive reduction of order fails to be applicable for system of
ODEs. In our second integration technique we transform a system into the canonical coordinates
associated to the admitted generators in the space of the original variables to successively reduce the
order of the ODE provided the symmetry generators satisfy certain structure constants, showing
the applicability of the method of successive reduction of order for system of ODEs. We include
illustrative examples to demonstrate the applications of these two methods.

The third strategy discussed in [1] is based on using differential invariants of the admitted
symmetry generators. In case the admitted Lie group do not satisfy the conditions of either of the
previous two strategies, one can find functionally independent differential invariants of the group and
can express the ODE in terms of these invariants, which reduces the order of the ODE. Sometimes
differential invariants may provide first integrals of the ODE if they are invariant solutions. The
method of invariant solutions given by Bluman for a scalar ODE [9,10] in conjunction with the
method of differential invariants were used to find the invariant solutions for systems of ODEs. In
the case of non-existence of invariant solutions, differential invariants approach discussed in [1] is
applied. Examples were provided to emphasize these results in [32]. For the sake of completeness,
Example (4.7) is provided to elaborate this method.

In what follows we consider the system of k& nth-order ODEs

2 = wit,x %, xDY =1,k k> 1 (1)
where xT = [z1(t) 22(t) ... 21(t)] and %X = 2 admitting an r-parameter symmetry group with

infinitesimals (using Einstein summation convention)

0 0

Xo=bo—+n—, i=1,...k,a=1,..,r 2
The nth-order prolongation of X, is given by
0 -0 (1) 0 S (n) O )
X = o= ! ! ! — =1,..,k a=1,..
a 6 315 +naaxi + (na> axl + + (77 a) ax(n)7 ? y e 0y @ yeeer Ty
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where J de
iy (m) i\ (m—=1) m—1 a
(a) :@(’r]a) —x,f )E7 mzl,...,n.
Let ¢ be the rank of the matrix of the coefficients of X,
M=[¢& 0], a=1,.,r i=1 .k (3)
Then the homogeneous system of partial differential equations
Xop(x)=0, a=1,..,r (4)
satisfying ¢ = r and
(X, Xp) = ¢4 (%) X4, a,b,d=1,..,7, (5)

is called a complete system with (k — r) solutions ¢(x) [4,7].

2 Lie’s integration theorem

For r-parameter group of transformations G, acting on a k-dimensional space, an orbit is defined
as the set of points invariant under the action of the group, i.e, the solution ¢(x) = constant of
the system (4). The G, is said to be transitive when there is no solution ¢ for the above system,
and the space is considered as the unique orbit of the group. This means that the whole space is
invariant under the group G,. In the case where there exists a solution for the latter system, the
space is divided into orbits more than one and the group is said to be intransitive. Accordingly G,
is transitive if and only if » > k and ¢ = & [1,7].

Lemma 2.1. Suppose G, is a transitive Lie group acting on an r-dimensional space. A solution
@(x), for the system

X19(x) =1, (6a)
Xqp(x) =0, d=2,..,r, (6b)
exists if and only if
(Xao, Xp) = A (x)Xa, a,b=1,..,7, d=2,..,7, (7)
and is given by
dry -+ dz,
Xo
det .
X

o=

det (M) ’

where X; denotes the coefficients of the respective generators.

Proof. The G, is acts transitively on an r-dimensional space, thus G, is of full rank consisting
of r linearly independent operators X,. Assume condition (7) holds. Then from (5), the system
(6b) is a complete system of r — 1 generators in r variables which means that there exists exactly
r—(r—1) = 1 solution ¢(x). Since all r generators are linearly independent, X;¢ # 0, (if X1¢ = 0,
then the generators will not be linearly independent) and under an appropriate change of variables
we have

X10=1.

Conversely, assume that the solution ¢(x) of system (6) exists. From the properties of the Lie
algebra,
[(Xa, Xp) = CLX1 4+ C4L Xg,a,b=1,...,7,d =2, ...,

a
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Using the definition of the commutator and applying both sides of the above equation on ¢ yields
XaXp¢ — Xy Xa = C0p X160 + Ciy Xad,

which according to Egs. (6) gives
C;b == 0

This means that X; ¢ G\, the derived subalgebra of G,. In order to find ¢(x) we need first to
solve the non-homogeneous linear system

M® = b,
here M is as defined i o= g ~ 9% andb=[1 0 017
where M is as defined in (3), 7[@51 ¢z7,] , gbmifaxi,an 7[ ]1><7"
Due to the transitivity of G,, we have
Xs
(=1)*tdet |
22 det(M)
Thus
Xo
S| (=) tdet | | day
r Xr
— odr; =
¢ /gd) 6 det(M)
dri -+ dx,
Xo
det )
B det (M)
O

Now we prove Lie’s integration theorem for systems of ODEs.

Theorem 2.2 (Lie’s integration theorem for system of ODESs). If a system of k nth-order
ODEs admits a solvable Lie group Gg, of kn Lie point symmetries that acts transitively in the
space of first integrals, then the solution can be given in terms of kn line integrals.

Proof. Consider the system (1) with » = kn in (2). Let G, be solvable and transitive in the space
of first integrals ¢, such that

o . 0 . n— 0 )
Ap, = <at—|—aﬁiaxi—‘r...—‘rwi(t,.l’i,l'i,...,lig 1))W> ¢a =0, 1=1,.k, (9)

where A is the first-order linear partial differential operator associated with the system (1). Due
to transitivity of the group in the space of first integrals, we have

X (n—1)
A’ " 2o, (10)
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where X = [X; ... Xpn]T and X(®=1 are the (n — 1)th order prolonged form of X. Since the
group Gy, is solvable, we can make a chain of derived algebras as follows.

<X17...,an> D] <X2, ,an> D...D <an> (11)
From the definition of symmetry we have [1]

(X0, A] = Aot 2,5, 2" O)A, a =1, o, (12)

where
Ay = —AE,. (13)

The sequence of derived algebras (11) with Eq. (12) ensures that the condition (7) of Lemma (2.1)
is satisfied. Thus the solution of the system

X"y =1,
X" Vg =0, a=2,..,kn
Agr =0
is guaranteed. Once ¢, is found, using formula (8), it is used as a variable instead of (say) x (” 2
and the new set of variables are (t, @1, ..., T, L1, oo, Tp, ooy 71, . Ty 1,¢>1) Since
Agy =0,
1 (14)

X Vg =0, a=2,.,kn,
then in the space of the new variables, the above generators are independent of the term containing

and these are exactly the generators admitted by the partial differential equation

92
961"

- 0 9] - 0 0 0
Ap, = a2 T b ——— 4 wp——— | ¢ = 0.
ot 0x; 3%@ 2) 8:E§" 1) 3%”—11)
Due to the chain (11), we can repeat the above discussion for G,(Cln) with A. Repeating the procedure
kn times will lead us to find all kn first integrals of the system (1).

O

The extended Lie’s integration theorem is implemented by first finding all Lie point symmetries
X n admitted by the system of ODEs, and checking if there exists a transitive solvable Lie subalgebra
Ly, of dimension kn. If so, to make a chain of derived subalgebras as in (11), and write the

generators in the (n — 1)** order prolonged form X"V In each block of the chain (11), find A,
using formula (10), and ¢, using Eq. (8) which in the space of first integrals reads

dt dx dx .- dx(®-D
D Sl

(n=1)
Xk
A,

¢a = Aa . (15)

We replace one of the space variables with the new first integral ¢, and rewrite the generators in
the space of the new variables in each iteration. For Abelian groups it doesn’t matter by which
generator we start in order to find first integrals ¢,, and we can use the same A without the need
for the change of variables in each step. Example (4.5) ascertains this consideration. In general,
the algorithm of Lie’s integration theorem is illustrated in examples (4.1), (4.5) and (4.6) in section

(4)-
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3 Successive reduction of order

For a symmetry generator

0
+ i (t X)

0
Xl :fl(t,x) 656

ot

admitted by system (1), there always exists a change of variables [1-7,9]

r=o¢o(t,x), u;=¢i(t,x), i=1,...,k (16)
such that X; can be written in the canonical form

. 0
Xy =—=—. 17
! 6’&1 ( )
Transforming the system of ODEs to the canonical coordinates (r, u), where
u? = [uy(r) ua(r) ... up(r)], means that the the new system will be independent of the variable
u1, and it is reduced in order by one with respect to the variable u; in the space of the canonical
variables (16) to give
(n) = w;(r,ug, ..., ug, 0, ...7u("*1)), i=1,.. k. (18)
To accomplish more reductions of order we need more symmetries which are admitted by the
reduced system. Not all Lie algebras can be used to repeat the process of reduction. The following
theorem demonstrates the necessary and sufficient condition.

Theorem 3.1. Assume that system (1) is transformed to system (18) in the coordinates of the
canonical variables associated with the symmetry generator Xy. Then system (18) admits the sym-
metry generator Xo if and only if

[X1, Xo] = C1X;, C4is a constant, (19)
where Xo is the symmetry generator Xo in the space of variables (16).

Proof. Suppose that system (1) admits the symmetry generators X7 and X,. Transformations (16)
maps the system to the new coordinates (r,u) to give the system (18) with operators (17) and

- 0 0 0 . o 9

A= o —|—u18uZ +u18ul + o @i ug, o ug, 1, 1l ))auW T "
! 20

>-(n—1) £ 2 ~ 0 0 A(n 1) 0

X5 —52(% +77218 +772z6 + Ny 8u£"_1), i=1,..k

Since a commutator is invariant under a coordinate transformation [1,4], then due to symmetry
conditions (12)-(13), we have

(XD A = XA, Ay = —Ab. (21)

Now system (18) is independent of the variable u; and so its solution; thus its admitted operators

do not contain terms with e Hence operators (20) can be written as
(G}
- 0 0 0 0
-9 .. - . (n—1)
A= B + U — au; + th—— o, + oo+ Oi(r,ugy o ug, 0, . ut” )8u(."71)7
¢(n—1) _ 9 9 =D 9 _ -
X5 527—1—77%5 +77218 EWCEDL i=1,...k j=2,..k.
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Accordingly, solutions of system (18) are the constant functions v, such that A, = 0. Therefore
X5 is its symmetry if and only if it satisfies the symmetry condition

[XQ(H),A} = No(r,u)A. (22)
From the definitions of the above operators,
A=A—u X,
X5V = X0V — i Xy
Substituting these equations into the LHS of the Eq. (22) and using Eq.(21) yields
{Xén D p X, A— u1X1} = MoA — i (MA) + (Aﬁm - Xz(n_l)(ih) - ﬂle(ﬁm)) X1 - ul[Xz(n_l)7X1]'
From eqgs. (13) and (20), we obtain

Ofj21 . 57721 37721 N/

{Xénil)ﬂi] = 5\214 - 7721(—1451)14 + ( or +u 8 " + 4 Uj a — Ty — U —— 0, ) Xl + 1 {X1,X(n 1)}
$ i Ofa1 | . Ofz1 ; D Te oln-1
= XA+ (81"+uj auj 7721 X1+ |:X17X2( )} .

Expanding 7], regrouping terms and again using relation (13), the above equation reduces to

1) <1 2 2 . (O n
] e (22 o )

I on a N A (n—
=X A — 1y ( 21 _ Ao + Cl> X1+ CQ’L'IJlXé D
Bul

A . [0
:/\2 (A — U1X1> — Ux (C{;hl + Cl> X1 + CgulX( 2

This statement matches to (22) if and only if

021

Cy = 0, Cc1 = — 5 and 5\2 = 5\2. (23)

Conditions (23) demonstrate that the commutator of X7 and X5 must be a multiple of only X; so
that X5 is admitted by the system (18) which is in the canonical space associated with X7, i.e,

[X1,X2] =c1X;.
O

If we want to completely integrate the system using the Lie algebra admitted by the original
given system, we must have enough symmetry generators, at least kn generators, satisfying the
chain:

[Xh ] C Xla a = 2 k

[XQ,Xb] = Cng, b:= 3, ,k’I’L
(24)

[(Xin—1, Xin] = CXpn—1.

Transforming the system to the canonical variables corresponding to X; reduces the order of the
system by one with respect to a selected dependent variable. After writing the rest of the generators
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in the new coordinates (of canonical variables), we repeat the process using X5. Repeating this
process kn times, the system can be completely integrated. Examples (4.2), (4.3) and (4.6) in
the next section demonstrate this algorithm. The advantage of this method is that the system
can be integrable without the admitted Lie algebra being solvable, and even if we don’t have
enough symmetries, we can reduce the order of the system to some form which provides further
simplification. This is clear in example (4.3) in which after the second iteration the system can be
integrated, whereas in example (4.6), after the second transformation, one equation of the system
gets transformed to Bernoulli’s equation.

4 Applications

We consider mainly examples taken from the literature.

Example 4.1. We start with the system

. .2
F=ddiet =ity (25)

admitting the Lie point symmetry generators (in extended form):

d d 9 d d
= — = ti ti = — _— ) —
Xi=gp K=o tegn K= g, Ty, Ty
d 9 v o) . d
_ ty 7 t 7 t i t
X4—(1ny+e)ax+ye 8y+(y+e) ajEJr(ery)e 95

This system has been linearized using four-dimensional Lie group which is intransitive in the space
of variables in [29]. Later was solved using the approach of invariant solutions in [32]. Here we
intend to apply Theorem (2.2) to find its solution in order to establish the applicability of our
algorithm.

Ly = (X1, X9, X35, X4) is a solvable and a transitive Lie algebra. We have

Ly D <X1,X2,X3> D) <X2,X3> D) <X3>,
and the associated linear partial differential operator to system (25) appears as
0 0 0 U 0 72 0
A _ s 2 . J —t . J . 7
1 8t+xax+yay+(x+ye >a$+<y+y+y 25’

whereas Eq. (10) results in
Ay = —yPe?.

Thus, formula (15) with respect to X, gives

0 1 0 0 0
0 e 0 et 0
0 1 y 0 U
dt dxr dy dx dy

-y 1 Y 1.
(G- 5) e v g aif

+ 1) . (26)

e
I
. —

—_

.

<
S

8

+

K3
B
Q
/N
<
[N

_|_

<

_|_

<
N——

3

D
-
<
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Now choosing the variable ¢, instead of (say) y and writing the generators in terms of the new
variables t, x, y, £ and ¢; yields

X1=£7 X2=€t£+€ti7 XSZE-FQE,

or ox ot Ox dy (27)
a=21:2 (¢ t—1)2+('+¢ - ‘t)g
2T g Ty TYIE T, T T OLTC ) 5

where the operator As replaces the operator A; in the space of the new variables. Again using the
above procedure with the operators (27) we have

AQ = yeta
and with respect to Xl, one gets
p2 = (1 — Dt +e™ "+ gre' + o —Iny — i. (28)

This gives the new set of variables as ¢, x, y, ¢1 and ¢ and correspondingly the operators reduce
to

0 _ 0 0
A3:a+((¢1—1)t+€ t+¢1€t+x—lny—¢2)%—Fy(d)let—l)a—y.

This gives rise to
AS = yeta

and with respect to Xg, the first integral is

¢3 = %eiﬂ —(¢p2— 1 — 1t +Iny —x +t)e " (29)

In the last iteration we write the generators in the newest variables t, y, ¢1, ¢2, and ¢3 as

_ 0 0
Xs=y—, Ay=— t1)=
3 y8y7 4 6t+y(¢1e )aya
and consequently
A4 =Y.

whereas
¢y = pret —t —Iny. (30)

Therefore from the first integrals (26)-(30) of system (25), we solve for the dependent variables
to deduce

= (¢1+ ¢3)e’ — %6% — 1t — @1 + P2 — ¢a,

Y= e¢16t—t—¢4,.

Example 4.2. The system
. 1 .. 1+
xr = =
22 BE] y 22 29

T 2y T
admitting the following symmetry ooperators (in extended form)

0 0

0 0 0 0
Y ox, =2
o T ox

Xy=to tap + o +ins,

B
X = = —
! oy’ or oy ' 0x oy

>X3
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that has been solved in [26] using the solvable Lie algebra L4. It is already independent of = and
1y, so it is of first order with respect to the variables & and 9.

We intend to demonstrate the use of the method of successive reduction of order on this system
by transforming it to canonical space associated with the two symmetry generators X; and Xj.
This is due to these two generators commuting and thus the condition of Theorem (3.1) is satisfied.
Starting with X4, as a consequence of X5 and X3, it can be written as

T':t, u:Q——,’U:fC (32)

5 0
by which X, = 0 Accordingly, the system in the canonical space is
v

-1 . -1

YT YT

The above system is of order one with respect to the variable v and can be integrated easily.
However, we use the generator X; to find the full solution to show the efficiency of the method.
Now X is already in canonical form and therefore the transformation that leads to our goal, which
is the canonical space of variables (g, ¢, 0), is

e=u, ¢=r, 0=uv, (33)

by which the new system is

b=—2¢ 6=2,

whose solution is
¢ = —s2+cl, 0 = 2¢ + co.

Substituting back to the coordinates (r,u,v), using (33), we find
u(t) = £ver —t, v(t) = £2vep —t+ co.
Then substituting back to the variables (¢, x,y), using (32), gives the reductions
1
& =421 —t+co, y=+Ver —t+ i(im+ c2)?,

whose solution is

3
2

x(t) = :Fg (c1 —t)2 + cat + cs,
y(t) = £Ver —t(cat +t —ca — c1e) — iﬁ + %(c1 + )t + ¢y
Example 4.3. The Newtonian system
i= j= (34)

@+ VT @)

admits the Lie point symmetry generators in extended form given by

P a 9 o o o

Xi= 2, Xy= 2o b re by — i —

1= 5 2= A T s T Ve T Yo Yoy
P
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Despite the above generators forming a solvable Lie algebra, they are not enough to apply Lie’s
integration theorem. The Lie algebra

(X5, X1] = [X5, Xo] =0, [X1, Xo] =2X,, (35)

satisfies the condition of Theorem (3.1) and suggests the use of these operators in the order Xj,
X, and Xo, respectively to apply successive reduction of order. In the first iteration we transform
the system (34) into the canonical coordinates (r, u,v) associated with X3 for which the canonical

form is X3 = 0 This is done by the transformation
v

r=t, u=+/224+19y2, v=tan ! (I> , (36)
Yy

which leads to the new system

Looutor4+1l . —20u
u = u3 N v = w , (37)
admitting the symmetry generators
N 0 5 0 0 0 0
X1 =— Xo =2r— — = U= — 20—=—.
LS o A R T AT

According to (35), in the second iteration we use )A(lAand transform the system into the co-
ordinates of canonical variables (s,w, z) associated with X;. It is already in canonical form with
respect to the independent variable . Hence to achieve our goal we use the transformation

), (38)

mapping system (37) to

. 1 —2z
. .3 2 .
w=-—-w"|sz"+—=|, 2= —, 39
(24 5)0 5= (39)
which is first order with respect to w and z. In the space of the new variables the symmetry
generator X, transforms to

At this stage, although the system is integrable, we continue using the symmetries to transform
it to an autonomous system. The last iteration uses the above symmetry generator which in the
canonical coordinates (e, 0, ¢) is of the form

- 0
Xy = —
2 867
via the transformation .
e=Ins, 0=zs% qi):ﬂ. (40)
s

The associated canonical form of system (39) is the autonomous system
0=0, 6=-¢**+1) ¢,

whose solution is
B +1
Ve —1—¢ +co

Now we substitute back to the original variables. From Eq. (40) we have

0(e) = ¢, o(e)

c1 . +s

z2(8) = 5, W=—F—m—m—x=
(5) = 2 Y —
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which gives
+1
w(s) = —+ve* —1—c +cs.
ca

Then utilising (38) yields

)
Ve

2(r — ¢4)2 + 1 P cre2 . 1
ca(r—cs)*+1de, 0=73 Ar—c)+1+a (41)

v(r) = A tan! <02(r—cd)> . (42)

u(r) =

The above gives

(1+¢}) V1+ et
Finally we use the transformation (36) to arrive at
u(t) tan (v(t)) u(t)
() = 2 (t) =

i+ tan (o) " 1+ tan (0(0))

(
where u and v are defined in (41) and (42).

Example 4.4. The Hamiltonian system of equations under the influence of the potential [33,34]

Lo
V—Q(:c +y)+7(x+y)2
is

i4+r————= =0, (43a)

Ity =0 (43b)

admits a six-parameter group of Lie point symmetries. Among others, two generators are

B B
Xo = —(y—x)% + (y—x)afy,

with commutator
[X1,X2] =0.

So, there is no harm with which we start the reduction process. Starting with X5, we transform
the system into its corresponding canonical coordinates (s, u,v), where

s=t, u=lnyz—y, v=x+y. (45)

Thus the reduced system is

1
u‘+2u?+5 =0, v+v—4v3=0.
Using X; which is already in normal form, the above system is transformed into

-2 4

. _ .3
=g TP )

whose solution can be easily found to be
w=—tan t2r —¢, z==% "

Vesr2 —rt =47
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Substituting back to the coordinates (s, u,v), we have the system

ves — 16
u(s) =In+/cocos(er — s), v(s) = :t\/cg2 sin(£2s + ¢4) + %3,

which in the space of the original variables is

1 Vves —1
z(t) = 3 (:I:\/C326 sin(42t + ¢4) + %3 — cgcos(cy — t)) ,

1 Ves — 16
y(t) = 3 (i\/c32 sin(£2¢ + ¢4) + %3 + ¢ cos(cg — t)) .

Example 4.5. The system of equations of motion of the time-dependent n-dimensional oscillator
written as

B+ QP2 =0, i=1,..,n, (46)

admits n? +4n + 3 Lie point symmetries from which the Noether symmetries are singled out to find
first integrals of the system by using Néether theorem [17]. Here we use Lie’s integration theorem
to solve this system. We choose the Abelian transitive subgroup consisting of the 2n symmetry
generators

X1; = pcosf (47a)

(“)xi’

Xo; = psinf (47b)

8%1',

where p(t) and 0(t) are functions satisfying
pHQPp=p3 0=p"2
This fulfills the conditions of Lie’s integration theorem. The linear partial differential operator
associated with system (46) is
0 0

A= §+x18x1

— Q2(t)x; 0

lal‘i’

where the repetition of the indices implies summation of the n terms and the fist order prolongation
of the operators (47) are

+ (pcosf — psin@é)aa. ,
Lg

0
X = 0

+ (psin9+pcost90')ai.

., 0
X0, = psm@axi

Since the group is Abelian, it doesn’t matter with which generator we start and therefore we can
use the same A to find all the first integrals from the determinant of the (2n+1) x (2n 4 1) matrix

X1 0 pcosf 0 —p'cos@—pésin& 0

Xin 0 0 pcosf 0 —pcosf — pfsinf
A=| X5, |=]0 psinb 0 —psinf + pf cos 6 0

Xon 0 0 psin 6 0 —psinf + pfcos

A 1 dyer dp 02z - =02z,

_ anén’
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where 0 = [0 ... 0]. First integral ¢y; with respect to X3; is found from the formula

¢1i: ) i)jakzla"'vna k'?él,

which gives

b1 = T cos0 + (zip — px;) sind.
p
The same formula is applied to find the first integrals with respect to the operators Xs; to give
¢poi = —sinf — (x;p — p;) cos b.
p
Using the above first integrals we can find the full set of solutions as
x; = p(¢1icos b + pg;sind) ,
which exactly matches the solution deduced in [17,18].

Example 4.6. The geodesic system of Bertotti-Robinson’s electromagnetic universe is given by [20]

t +2cothrir =0, #+ sinhrcoshri® = 0, (48a)
b+ 2cot 23 =0, — coszsinzd? = 0. (48b)

This system admits the Lie algebra Lg consisting of Lie point symmetry operators

0 0 0 0
Xi=s—, Xo=—, Xg=—, X;=—
1 SaS’ 2 687 3 atv 4 8¢7
0 0 0 0
= —_— 1 —_— = 1 _—— 3 —_—
X5 cotzcos¢8¢+s1n¢az, Xs cotzs1n¢6¢ co&qbaz,
0 0 0 0
_ ot ot _ .t —t
X:=e cothrat e 5 Xg=e cothrat—i—e 5

which do not constitute a solvable algebra. It is notable that system (48) is composed of two
independent sets of ODEs each consisting of two equations. The first set is composed of Eqgs. (48a)
admitting the radical subalgebra of Lg

rad(LS) - <X13X27X33X77X8>? (49)
and the second one is the set of Egs. (48b) admitting the non-solvable subalgebra
(X1, X2, X4, X5, Xe)- (50)

The radical subalgebra (49) provides the necessary condition, in addition to its transitivity, in
order to apply Lie’s integration theorem for solving the first set of ODEs in (t(s),7(s)) space, with
associated operator A

o .0 0 .. 0 o O
A= 5 Tig t Ui 2cothrt1'"£ - sinhrcoshrt25.
Hence for the solution in the space of (t(s),r(s)), we use Lie’s integration theorem, while for the
solution in the space of (¢(s), z(s)) we can use the method of successive reduction if the Lie algebra
(50) satisfies the chain (24) or a part thereof.
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We consider the chain of the derived subalgebras
(X1, X2, X3, X7) D (X2, X3, X7,) D (X2, X7,) D (Xa), (51)

and accordingly the first integrals are, with respect to the track X7 — X3 — X7 — X5. In the
first iteration,

X
X3 et . ) )

Ay =| X5 |=—5 (tsinhrcoshr + 7”) (t2 sinh® r — 7'*2) ,
d sinh” r

7
A
with
2 sinh r cosh r isinh?r . P
$1 = 12 2 —dr — —— —dt — —— —dr-

t2 sinh” r — 72 t2 sinh” r — 72 t2 sinh” r — 72

1
= ln Y .
(\/ 2 sinh? r — 7'“2>

Let ¢1 be instead of 7, where

7= j:\/t'2 sinh?r — e—2¢1,

We consider the positive root of . Accordingly, in the space of the new set of variables s, t,r,t, ¢,
the new operators read

0 .0 - 0 . o
Ay = s + ta +Vi2sinh?r — e—2¢1§ — 21V i2sinh? 7 — e—241 co’chra7
A 0 A 0
Xo=2 Ry=2
2T osT T ot
. 0 0 . 2ginh®r — e 291\ 9
X7 =elcothr— — e — 4+ ¢’ [ cothri — —.
7 =€ COo T(’?t 68r+e cothr R o
Thus
t
Ay = _62 ViZsinh?r — e—261 (isinhrcoshr—i—\/t'QSinhzr—e*%l).
sinh® r

and ¢o, with respect to X3,

¢ =t+1In (\/t'2 sinh? r — e=2¢1 + {sinhr cosh 7").

So

t=¢y—1n (\/t'2 sinh? r — e=2¢1 + {sinhr cosh 7“).

The third iteration is in the space of the variables s,r, t, where

9 - o . P
Az =— + Vi2sinh®r — e=261 — — 2{\/i2sinh®r — e=201 cothr—,
Os or oi
3 0
Xy =—,
> 0s
)E* _ e¢2—1n (\/m—i-isinhrcosh r) 2
! or
+ (COth ’I“i' . t2 Sinh2 r 2_ 6_2¢1 ) e¢27]n ( 2 sinh2 r—e—2¢1 4{ sinh r cosh ,r) g.’
sinh” r ot
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and the third first integral is, with respect to X7 according to (51). Hence

P2
[ .
Az = 5 Vi2sinh? r — e—2¢1,

with
P3 = / —e 92 (Zi sinh 7 cosh rdr + sinh? rdi) = —e %2{sinh’r,

from which
_ ¢3 €¢2

i= sinh? 7’ (52)
In the fourth and last iteration, we are in the space of the variables s, r, where
0 B3e? 0 - 9]
A = — — _2¢17 X = —
4 0s sinh2 r € or’ 2 0s’
and
A, = Vze> — e—2¢1 sinh’ r
1 sinhr '
Therefore, the fourth first integral is
ds dr
) Vse> — =241 ginh’ r
by = sinh r
Ay
R S e~ coshr
A/ ¢3€¢2 —+ e—2¢1 ’
Let o = ¢3e??, B = e ?2 and ¢, = 0. Hence
2 2
coshr = QT—’—B sin(8s), (53)

and therefore

/2 2

r(s) = cosh™" <aﬂ+ﬁ sin(/BS)) .

From (53) we have

1
sinhr = =1/ (a2 + £2)sin?(Bs) — (2.
/(07 + 32)sin (33
Therefore we can rewrite Eq. (52) as

oo af?
~ sinh®r (a2 4 B2)sin®(Bs) — g2’

whose integral is

I atan(fs) + 3
ts) =1 < atan(Bs) — 5) '

For the solution in the space of (¢(s), z(s)), we utilise the non-solvable subalgebra (50) to solve
the second set of two ODEs (48b) using the method of successive reduction according to the chain



Integrability via Lie symmetries

Xo then X; since [X3, X;] = X5. Due to X4, the system is of first order with respect to ng We

0
want to reduce it to be of first order with respect to Z too. Thus we use the generator X, = 75
s
with the transformation
t=2z x=¢, y=s. (54)
Hence
1
rT=—, Y= =,
Z 2

and therefore ) .
x:§(z¢—¢z), V==
Substituting for ¢ and % from the original system gives the new system

# 4 2cot ti + costsinti® = 0,
ij + costsinti’y = 0,

which is of first order w.r.t.z and 7.

In the space of the variables (t,z,y) the symmetry operators are
N 9 9 o 0 5 0

= R ) — = —

X1 y8y+y8y'7 Xo By

In the second reduction we use the operator X;. Since the system is independent of y, this
latter operator can be written as

A 0
X\ =9y—
1 yaya
which has the canonical form
i@
1 — aua
via the transformation
u=Iny, v=a, t=t, (55)
where . . .
Xlu = 1, X1’U = X1t =0
Thus .
_y . _
U= —, V=2,
Y
and the new reduced system is
¥4 2cottv + costsint v =0, (56a)
i+ costsint v? = 0. (56b)

The equation (56a) is Bernoulli’s equation which can be solved by the transformation
w=v"? =0=—-2v"3%. (57)
Substituting this into (56a) gives

. 4cott
w =
2

+ 2costsint,

or
w —4cottw = 2costsint,
which is a first-order differential equation which can be solved using the integrating factor
1
sintt’
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Thus
w(t) = sin®t(cy sin®t — 1).
Inserting back into (57) gives
1 1
% sintv/ ¢y sin?t — 1

and this result into Eq. (56b) yields

cost

sint(c; sin?t — 1)

U= —
whose solution is
int
u(t) =1n L S
Vel sin?t —1

From the transformation (55) we find the variables & and g as

1

rT=v== 5 ,
sinty/cysin“t — 1
cosint

y:e :.727
versin©t—1

resulting in

.2
v — ¥1tan_1 (1 —c18in t—&—cos%) e

2 2costy sin®t — 1

c 1—cy+2cos?t
y=————tan"! L +ca.
2./cq1 costv/c1 sin®t — 1
Reverting back to the space (s, ¢, z) via the transformation (54) gives rise to

1 1—0c sin? z 4 cos? z
¢ = F-tan"? +c3
2 2coszv 1 sinz —1 ’

which is an implicit relation between the dependent variables ¢(s) and z(s), where the latter can
be found from the implicit relation

2 1-— 2 2
tan ( \/a(s — C4)> Lt 2cos 2

C2 2./c1cosz\/cpsin 2z — 1

Example 4.7. The motion of a unit mass particle in three-dimensional space governed by the

potential V(z,y,2) = xyz is described by the Hamiltonian system of equations in Newtonian
form [34]
I=—yz, §j=-w2, Z=—TU. (58)
This system admits the two-dimensional Lie group of symmetries with generators
0 0 0 0 0
Xi= 2 Xo=tZ —9p L 0y L 9,
Yo T e o Yoy T o

which is not enough to apply Lie’s integration theorem or the method of successive reduction of
order. We apply the method of invariants to find a solution for the system (58). Eq. (9) of Theorem
(2) in [32] gives
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with respect to the generator X,. Consequently

6x 6y 6z
Y’L/Jl = t727 sz = t727 Y,(/B = t72>
and p 6 6
T Y z
Q=5 tyz, Q= +az Q=5 +ay
Now @; = 0 give the non-trivial solutions
6 6
6 6
y(t) = @ z(t) = 2(t) = 2
6 6
At) =~ 2l) = y(t) = 5.
and
6
#(t) = ylt) = 2(1) = .

5 Concluding remarks

Lie’s integration theorem for a scalar ODE was extended to a system of ODEs given in the
form of theorem (2.2). We noticed that the approach of this theorem is more practical as compared
to the previous algorithm [26] for solving a system of ODEs due to its algebraic nature. It may
happen that the Lie algebra admitted by a system of ODEs is of high dimension but the condition
of transitivity is not satisfied, which prevents the implementation of Lie’s integration theorem. In
this case the method of successive reduction of order of a system may be an alternative choice as
opposed to the remarks made in [26]. Here we have proved theorem (3.1) in which this method
is shown to be applicable for a system of ODEs admitting a Lie algebra satisfying the chain (24)
in order to use the symmetries admitted by the original system instead of finding new admitted
symmetries for the reduced system in each iteration. If a single symmetry exists, there is always
a possible reduction with respect to one variable, and if the condition (19) is satisfied, another
reduction is attainable. The number of reductions depends on how many commutator brackets one
can find in the order of the series (24). We observed that this chain guarantees that the Lie algebra
is solvable. However, but the converse may not be true. The additional advantage of this method
is that even if the Lie algebra satisfies a part of the chain (24), one can still reduce the system
to a lower order. In both of the above mentioned methods, one has to find a suitable chain of
derived subalgebras (except in the case of an Abelian Lie algebra) in order to utilise the symmetry
generators in a correct order.

If none of the conditions of the above two methods are satisfied by the admitted Lie algebra,
one may try to apply the method of invariant solutions. The extended Bluman’s theorem [32] for a
system of ODEs provides necessary conditions for the system to admit invariant solutions without
performing integration. Here we have provided the Example (4.7) to demonstrate the use of this
theorem for the sake of completeness. In case one fails to find an invariant solution, the method of
differential invariants may provide first integrals, or may be used to reduce the order of the system.
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