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ABSTRACT. Our aim is to show how one can find those differential
equations which have a given Lie group as their symmetry group. The
method of Lie is discussed. Furthermore we present examples of ordi-
nary differential equations and first order systems of ordinary differential
equations illustrating the effective application of this method.
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1. INTRODUCTION

Symmetry analysis [5, 6, 22, 23] is a useful tool for finding smooth so-
lutions of differential equations. With help of symmetries, integration or
lowering of the order of differential equations could be effected successfully.
Several examples come from Physics (see [17, 24]), as well as from Biology
(see [2,18,19]). Also systems of equations are studied using this framework.
The Fitzhugh-Nagumo model [4, 15] and the model for the population of
Easter Island [19] can be described as a first order system of two equations.
In contrast to this, many physical systems (see. [8, 20, 21]) are based on
second order systems. One advantage for investigating systems of order one
is that any system of differential equations is equivalent to a first order sys-
tem. Their symmetry groups have infinite dimension. On the contrary, the
symmetry groups of higher order systems have finite dimension.

Following the works of Lie we consider small dimensional Lie groups such
that their canonical form is given by [14, Sections 3, 4, 5, pp. 28-78], [14,
Section 19, pp. 360-392] (see also [7], p. 341). Lie classified the ordinary
differential equations such that the groups of their symmetries are these
given groups (cf. [10, Sections X, XI, XIV, XVI]). In Section 3 we explain
his method in detail. We demonstrate this method in Section 4 to find the
ordinary differential equations which have some given Lie groups as their
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symmetry groups. We use the given symmetries to find the solutions of
these equations. In Section 5 we deal with first order systems of ordinary
differential equations and give necessary conditions for them admitting a
given Lie group as a subgroup of their symmetries. We illustrate these
conditions on examples. We restrict us mostly to semi-simple Lie groups.
To obtain our examples we use the REDUCE program [16].

We note two remarkable facts of our study. In Section 4.2 we take the
four different representations of the Lie algebra sly(R) in the (x,y)-plane
and illustrate that the invariant differential equations depend strongly on
the representation of the tangential Lie algebra of their Lie symmetry group.

In Section 4.3 it is proved that there is an ordinary differential equation of
order two which is invariant under the action of the simple Lie group SO3(R)
without any 2-dimensional solvable subgroup. Since to completely solve a
second order equation it needs a two dimensional solvable Lie subgroup of
its symmetry group (cf. [22], [6]) this differential equation cannot be solved.
The considered real Lie algebras g together with their representation and
the invariant differential equations are summarized (see [3]).

(I) Example 4.4: 3-dimensional simple Lie algebra sla(R) with genera-
tors

_0.,09 _ 2,2 _29 290
(1) Xl—ax—f—ay, Xg—xax-i-yay, Xg—x +y ay

The differential equations
W)’ +y +cy)?
=Yy

(2) y? 42 =0 ceR, y=0

of order < 2 allow this symmetry group.

(IT) Example 4.5: 3-dimensional simple Lie algebra sla(R) with genera-
tors
0 0 0 0

3) X =—, Xy =20— +y—, Xy =22 .
(3) 1 2 m8x+y8y 3 xax~|—ﬂ$y
The differential equations of order < 2 allowing this group of sym-
metries are

a
(4) ¢m:E, acR.
(III) Example 4.6: 3-dimensional simple Lie algebra sla(R) with genera-
tors
0 0 0
5 X = —, Xy =y—, X3 =12—.
( ) 1 ay 2 yay 3 Y ay
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The differential equations of order < 3 allowing this group of sym-
metries are
2
5 3(y?)
3 !
(6) y()zTy,-i-yf(%),
where f is an arbitrary real function.
(IV) Example 4.8: 3-dimensional simple Lie algebra sla(R) with genera-

tors
0 0 0 0 0

N Xi=—, Xo=1—+y—, Xz= 2"y} +2ry—.

The differential equations of order < 2 allowing this group of sym-

metries are

2\ 3/2
1+ (y)° (1 + ) )

(8) y? = — +Z§y) +d ; d e R.

(V) Example 4.9: 3-dimensional simple Lie algebra sog(R) = suz(C)
with generators

) B) ) )
_ 2 9 o ? 2y 9
(9) Xl—(l—i—x)ax—i—xyay, X5 :J:yax—i-(1+y)8y,
_,2 .9
3= Yo oy’

The differential equations of order < 2 permitting this group of sym-
metries are

3/2
L+y* = 2zyy’ + (1+2%) ()’
2) _
(10) y()_c< 1225 2 ce R

(VI) Example 4.11: The Lie algebra g,, a > 0, is 3-dimensional solvable
with generators

0 0 0 0 0 0
(11) ' or 27 oy’ 3 a<x8$+yay> +y8x m@y
There is no differential equation of order < 1 allowing this group of
symmetries.

(VII) Example 4.12: The Lie algebra gg, 0 < || < 1, is 3-dimensional
solvable with generators

0 0 0 0
(12) 1= 50 2= 5y 3 x8x+5y8y
The differential equation of order < 1 allowing this group of symme-
tries is

y =0.
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(VIII) Example 4.13: solvable Lie algebra of dimension 4 with generators

(13) X = 8830’ Xo = (fy’ X3 :$8a:v+y8ag/’ X4:y;x—a:aay.
The differential equation of order < 2 allowing this group of symme-
tries is

y(2) =0.
(IX) Example 4.14: solvable Lie algebra of dimension 4 with generators

(14) X1 = %, X9 = E)ay’ X3 = x%, X4 = yaay

The differential equations of order < 2 allowing this group of sym-
metries are

y' =0, y? =o0.
(X) Example 4.15: sla(R) x R with generators
0 0 0 0
15 X = — Xy = —, X3 =ax—, Xy =ax2—.

The invariant differential equation of order < 2 under the action of
this group of symmetries is

y' = 0.
(XI) Example 4.16: gla(R) with generators
0 0
16) Xi=-—, Xo=z-—, Xs=y-——, Xgi=a2— —.
(16) 1= 5 2= Lo 3 yay’ 4 xax+xy8y
The differential equation of order < 2 allowing this group of symme-
tries is
y(2) =0.

(XII) Example 4.17: sla(R)x Ly, where Ly is the non-abelian 2-dimensional
Lie algebra, with generators

0 0 0 0 0
17) Xi=—, Xo=—, Xg=2— Xi=y—, Xs5=2>—.
(17) LT ox 27 oy’ 5= oz 4 y@y 5T or
The differential equations of order < 3 permitting this group of sym-
metries are

2
(18) y =0, 2y =3 ().
(XIII) Example 4.18: sla(R) x R? with generators
0 0 5} 0 0 0
19) Xi=—, Xo=—, Xzg=20——y—, Xy=y—, Xs=2—.
( 9) 1 8$’ 2 ay7 3 xax yay) 4 y8$’ 5 xay
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The only differential equation of order < 3 allowing this group of
symmetries is
y@ =0.
(XIV) Example 4.1: the simple Lie algebra slz(C) with generators

0 0 0 0 0 0
20 Xi=—, Xo=—, Xo=0— —y—. Xy=a— el
(20) Yo P oy P x@y Yorw T Tor +y8y’
0 0 0 0
X5 = (22 — ) =— + 20y— X6 = 2zy— 2 2% =,
= g Ne= g )
The only differential equation of order < 4 allowing this group of
symmetries is

2
(21) v (1+ )% =3y (v?) .
(XV) Example 4.2: the semi-simple Lie algebra sla(R) x sla(R) with gen-
erators
0 0 0
( ) 1 8[13 3 2 8y 3 3 Yy ay )
0 0
Xy=z- X5 =9y~ Xo=2"—.

The differential equations of order < 4 allowing this group of sym-
metries are ' = 0 and

(23) 2/y® =3 (y(2))2-

(XVI) Example 4.19: the Lie algebra gla(R) x R? with generators

0 0 0

(24) Xl_aixu XQ_%’ X3—$%,
0 0 0

X4—y%7 X5_x87y7 Xﬁ—yaiy

The differential equations of order < 4 allowing this group of sym-
metries are

2
(25) — %w¢m25@m)‘
(XVII) Example 4.3: the simple Lie algebra sl3(R) with generators
0 0 0 0
( ) 1 o’ 2 6ya 3 :L‘aya 4 yaya
0 0 0 0 0 0
X — - X = Yy— X e 2 _ R X — . 27‘
5 xal_v 6 yay) 7 z 8x+$y8y’ 8 $y8x+y 8y
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The differential equations of order < 6 which are invariant under the
action of this group of symmetries are

2 3
(27) NONY 9 (y@)) y® — 455@)B),@ _ 49 @(3)) ,

Now we collect the considered real Lie algebras g together with their
representation in the space R? and the invariant first order systems of dif-
ferential equations (see [3]).

(i) Example 5.2: the simple Lie algebra sog(R) = sug(C) with genera-
tors
0 0 0 0 0 0
28 Xi=0o— —y— X, = - Xa — .
(28) ! x@y Yor’ 0z oy’ ox 0z
The time-dependent system allowing the Lie algebra sog(R) as the
Lie algebras of the group of symmetries is

(29) y =

The time-independent invariant system is trivial:

' =0,
(30) y =0,
7 =0.

(ii) Examples 5.4 and 5.5: the semi-simple Lie algebra sla(R) x sla(R)
with generators

0 0 0 0
1 X =2 42l Xy =yl 1.9
(31) 1 ay+xaz, 2 yaerzaz,
0 0 0 0 0
X = — _— 27 _— X = — R
3= (zy Z)(%er 6y+yzaz, 1= 5o Ty
0 0 0 0 0
5 xax—i-zaz, 6 xax—i-(a:y z)ay—i-:nzaz

The time-independent invariant system is trivial (30), but the time-
dependent explicit invariant system of order one is missing.
(iii) Example 5.3: the simple Lie algebra slg(R) with generators

) ) ) 9 9

(32) X1 _Z%a XQ_ZBT/’ X3_x87y’ X4_x87x_y87y’
) 9 9 ) )

N Vg KeTTe e NTray Mg

The time-dependent invariant system is (29). The time-independent
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system allowing the Lie algebra slg(R) as the Lie algebras of the
group of symmetries is trivial (30).

2. PRELIMINARIES

A map which continuously transforms a solution of a differential equation
into another solution is called a symmetry of the equation. Hence every
symmetry can be given by a vector field and its name is the infinitesimal
generator of the symmetry. The jet space is the space of the variables
z,y,y, ...,y for ordinary differential equations of order m. The hull of
the differential equation f (z,y,v/,... ,y(m)) = 0 is an (m + 1)-dimensional
surface in the jet space defined by f. A continuously differentiable func-

tion ¢(x) is called a smooth solution if the curve y = ¢(x) with 3/ =
agim) oy = %@ is part of the hull, that is f (:c, o(x),..., agf}ﬁ) =

0 identically holds for all . The group of symmetries of a differential equa-
tion consists of transformations of the (z,y)-plane whose prolongation to
the derivatives 1/, ... ,y(m) leaves the hull of the equation invariant.

3. METHOD OF LIE

In [10, Section X, pp. 243-248] S. Lie developed a method to find those
ordinary differential equations which allow a given Lie group G as their
symmetry group. Here we present it. The Lie algebra g of the r-dimensional
real Lie group G is determined by the vector fields

0 0 .
(33) XZ—¢1($7y)%+nl(xvy)aiya ’L—].,2,...,’I“.
Applying the total derivative of 7; as well as of ¢; with respect to the variable
x we define recursively ni(k)7 1=1,2,...,r, k=1,2,...,m:
(k—1)
) _dmi T ddi
n; dr Y iz’ that 1s
oni O 0¢i 99i
4 (1) n_ ’ r N2
(1) (1) (1)
2) by Ot O O g
35 : =
(35) (@Y YY) = g 6yy+ oy Y
9%i ) _ 9%i ;1 (2)
@) (2) (2 (2
®3) 12, 03)y — on; on,” , O0+m (2) on; (3)
(36)  n,"(z,y, 9,y YY) 9 oy Y + oy Y + 9y@7
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3) (3) (3) (3)

(4) 1@, 3) @)y om; on;” , | On; (2) I (3)

(37) ; (ﬂfaya%y Y LY ) O + Ay Yy + dy’ Y ay(2)y
3

o w00 w091,

oy®) Ox oy

According to [10, Section X, p. 245] the m™ prolonged vector fields Xi(m),
1=1,2,...,r are computed by

+ , ete.

) _ ey O ) N9
X; —@(w,y)aernz(w,y) + 7, (x,y,y)ayﬂr---

Ay
(m) ( <m>) 0
+777, Ty Yyeea Y 8y(m)
It can be established that these vector fields depend on the variables x,
y, v, ..., y™. The Lie algebra generated by them is isomorphic to g

(see [10, Section X, p. 245] or [22, Theorem 2.39, p. 117]). A differential
equation f (a:,y,y’, . ,y(m)) = 0 allows a Lie symmetry group with Lie
algebra g precisely if the following system of partial differential equations
holds whenever f (:r TR T y(m)) = 0 is satisfied:

o gE +mL V3 M GRS = o,
0 0 1) o 0
6298 + 12 7;+n§>85+ M =0,
(38) 9 '
¢z + "71 + 771( ) f et nz(m) By({"> = 0,
6.2 4 8f+ Mor L ...y pm_of  _
raz T Mgy T " 5y M gytm) :
This system (38) is equivalent to the following system of ‘linear equations’:
of of of of _
(39) (5 & & - s ) M=(0 .. 0),
where %, g—g, 3—5,, e 85({@ are the variables of the linear system and its
(m 4+ 2) x r coefficient matrix M is defined by
o1 g2 3 ... O
FTI R IR )
1 1 1 1
(40) M=\ ™" T2 13 -
n%m) ngm) ném) . m(ﬂm)

The necessary and sufficient condition to find non-trivial solution of the
system (38) is
rankM < m + 2.
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Since rankM < r is always true, if » < m + 2, then the rank condition
is evidently fulfilled. In this case one solves (38) in %, %’ cee ayi{n L and
checks if any solution belongs to a nontrivial differential equation f.

Now we discuss the case r > m + 2.

First, assume m +2 = 7. Then M is an (m +2) x (m + 2)-matrix. It can
be established that there exists a non-trivial solution f of the linear system

(39) of equations precisely if rankM < m + 2. Since the determinant

¢1 ®2 ¢3 ... b

m 72 n3 cee T

(41) p=| o Y Y 2
7757"—2) nér—2) 77:())1"—2) o nﬁr_2)

of the coefficient matrix M of (39) is a polynomial of the variables z, , y@,
1 =1,2,...,r — 2, the rank condition says that D has to be 0. In the rare
situation that D is identically 0, one solves (38) in %, %, ce 85({71 L and
also checks if any solution belongs to a nontrivial differential equation f.

However, if D is not identically 0, then the polynomial D of the variables
z,y, y, i =1,2,...,7r — 2, has to be 0 and the factors of D provide the
only possibilities for a nontrivial differential equation f.

The reversed statement is also valid (see [13, p. 475]) and it is proved in
[11, Abh. I, No. 24, pp. 36-37].

Now, let us suppose m+2 < r. In this case the coefficient matrix M of the
linear system (39) of equations obtaining from (38) is an (m+2) X r-matrix.
The necessary condition to get a non-trivial solution of the linear system (39)
is that rankM < m+2. Therefore the determinant of every (m+2) x (m+2)
submatrix of M has to be 0. Since these subdeterminants are polynomials
of the variables x, y, y(i), i =1,2,...,m, too, their common factors give
the only possibilities for nontrivial differential equations f leaving invariant
under the action of the group G. Summarizing our discussion we obtain.

Theorem 3.1. To obtain the differential equations f (m,y,y’, ceey y(m)) =0
of order m, which allow a symmetry group with a given r-dimensional real
Lie algebra g = (X; = @(aﬁ,y)a% + Th‘(ﬂ?,y)a%,i = 1,2,...,7) such that
m < r—2, one has to create the matriz M defined by (40) and determine the
greatest common divisor of all its (m+2) x (m+2) subdeterminants. If this
polynomial fails to be identically 0, then its factors are the only possibilities
for the sought differential equations.
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4. EXAMPLES OF DIFFERENTIAL EQUATIONS ALLOWING A GIVEN LIE
SYMMETRY GROUP

In this section using Lie’s method we find the ordinary differential equa-
tions admitting a symmetry Lie group such that its Lie algebra is listed in
Section 1.

4.1. Examples where m < r — 2. This subsection is devoted to obtain
differential equations of order m, where m < r — 2 and r is the dimension
of the Lie algebra of the given Lie group. Applying the known symmetries
we solve some of these differential equations.

Example 4.1. The Lie algebra g = sla(C) has as generators the vector
fields given by (20). Therefore one has

(42) (¢17¢27¢37¢47¢57¢6) = (1707 _y,$,$2 - y272$y)7
(43) (77177727 135 M4, 7757776) = (07 17337,% 2$y7y2 - 5(52).

Using (34), (35), (36), (37) we obtain 77( ), 771(2), 772(3), 771(4), i=1,2,...,6:

(44)
IR RN S S ST
= (0,0,1+ (¥)%,0,2y(1 + (¢)%), —22(1 + (¥)?)),
(45)
IR S S S
= (0,0,3y'y?, —y@, 2y — 22y + 2(y/)3 + 6yy/'y?,
—2-2(y)* — 2y — 6ay/y?),
(46)
ORI I ST
= (0,0,3(y)? + 4y/y®, —2®),
12(y)?y® + 6y(y?)? — 4y + 8yy'y®,
— 12y'y® — 62(y'?)* — 8xy/y®) — 4yy™),
(47)
IR S R S )
(0,0, 105y ® 4 5y @ _3,/4)
30y ()2 +20(y/) 2y + 20yy@y®) — 4y — 62y + 10yy'y™,

—18(y®)? — 24y/5y® — 202yPy3) — 1025y — 6yyXD).
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Taking into account (42)-(47) we obtain for the determinant (41)

D16 (410 6~ () (14 ).

As 1+ (y)* > 0 the ordinary differential equation of order < 4 having the
Lie algebra g = sla(C) as the Lie algebra of its symmetry group is given by
(21) (cf. Theorem 3.1). Putting z := ¢/ into equation (21) we obtain

22 (1 + 22) =3z (z')2 .

As y®) = 0 is not an invariant differential equation belonging to the Lie
algebra slz(C) one gets 2’ # 0. Hence we have

2) 3 3 !
z 2 9
= 1+22z’<:> (Inz') = <2ln(1+z )) =

/
2! 2!
In—— | =0 —5 =€ ceRis a constant <=
(1+27)3 1+ )3

dz c .
—— = = [ ldz, | := € is a constant <=
(1+2%)3

z
———= =lz + k, |,k € R are constants <=
Vit
FE S o V23
22 (lz + k)2 (x4 k)2
TP O G )
yilz) = 1— (iz + k)2

(lx + k)? 1\/7
i1 )2
/ 1—l1:+k:) j:l 1—(lz+ k)% +p,

with the real constants [, k,p € R.

Example 4.2. The generators of Lie algebra g = sla(R) @ sla(R) are given
by (22). Hence one has

(¢1, B2, P3, b4, B35, 06) = (1,0,0,,0,27),
(771,7727773,7747775,776) = (07 17y707y270)'
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Using (34), (35), (36), (37) the functions ni(l), n§2)7 772(3), n§4), 1=1,2,...,6,
are the following:

1 1 1 1 1 1
IR SR SR R )

- (07 07 y,a _ylu nyly _21'3//),

2 2 2 2 2 2
' S 0P nS2 n) peh

= (0,0,5%, =2y 2(yy® + (v/)?), —2(y' + 22y'?))

3 3 3 3 3 3
IR S I )

= (0,0,y, =3y 2(yy® + 3y'y?), —6(xy® + y?)),

(7754)’ 7754)’ 77:(1,4)7 7]514)’ 77§,4) ) Wé4))

= (0,0,4', —4y™, 2(yy™ + 4y/y®) + 3(y®)?), —4(22y™) + 3y¥)).

2
Hence the determinant (41) is D = —4 (2y'y(3) -3 (y(Q))2> y'. Tt follows
from Theorem 3.1 that the ordinary differential equations of order < 4 ad-
mitting the symmetry group belongimg to the Lie algebra sla(R) @ sla(R)
are y' = 0 and the equation given by (23).
To find the solutions of (23) we put z := y/. Hence we obtain

2223 = 3()? = = =

3 ' '
(ln 2 — 2(lnz)> =0<=In (i) =c¢, c € R is a constant <=

)

~

%:eczk, k € R is a constant <
22
1 —9 \?2
—227 2 =kx+1, k,l €R are constants ¢ = [ ——— | <
kx 41
4 4 :
y(z) = / mdx = —m + p, with the real constants k, [, p.
x x

Example 4.3. The basis elements of the Lie algebra g = slg(R) are given
by (26). Therefore one has

<¢17¢27¢37¢47¢57¢67¢77¢8) = (1707070;x7y7$2737y)a
(771777277737774777577767777;778) = (07 1,377%070737%292)'
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Using the formulas (34), (35), (36), (37) we get

1 1 1
IR SR S S ORI RO

= (0 0717y7_ 7_(y )2 y—fl'fy yyl_x(y/)z)a

2 2 2 2 2 2
IR S SR SR SR )

= (0,0,0,5®, —2y@) _3/y®D _350(2) _35,00/(2))

(ﬁig)ﬂlé )7775;3)77751 )777é )777(() ),n§ )7773%3))

= (07 07 07 y(g)a - y( )7 _3(y( )) - 4y/y(3)7 —5.%':1/(3) - 39(2)>

—yy® =3y y®) = 3a(y®)? — day'y®),

4 4 4
(i, gl (D gl @ ) )y

= (0,0,0,y®, —4y®, —5(2yPy® 1 4'y@) 8(y®)) — T2y,
—6(y@)2 = 8yy® — 102y y®) — 5a5/yP — 2yy).

Moreover for n§5) and 771«(6)

(77§5)777£ )777;(35)7774(1 )777é5)777((5 )7W§5)7U( ))

= (0,0,0,5%), =5y, —15y@y™ —10()? — 65y, ~15y — 929/,
— 30y@y3) —15y/y™ — 1525y —102(y3))? — 621y — 3yy®)),

6 6 6 6 6 6
(' 0 l® & 6 O p6) 0y

= (0,0,0,y9, =6y, —7(3yPy®) + 5y y 1) /O]y,
— 245/ — 112y, —60y @y — 40(yy®))? — 244/y®) —
— 21zy@y®) — 35293y — 72y/y0) — 490,

We get for the determinant (41)

2 3\ 2
D=2 <9 (52 4 — 45y @y @y 140 (4) > e

By Theorem 3.1 the ordinary differential equations of order < 6 admitting
the Lie algebra slg(R) as the Lie algebra of their symmetry group are de-
termined by (27).

we obtain

4.2. Examples for slz(R). There are three representations of the Lie al-
gebra g = sla(R) in [12, p. 501]. These belong to the imprimitive actions of
the corresponding Lie groups on the plane (cf. [7, p. 341]). We treat these
cases in Examples 4.4, 4.5, 4.6. There exists one representation of sla(R)
describing the primitive action of the corresponding Lie group on the plane
(cf. [7, p. 341], see also [14, (16), p. 374]). This case is considered in Example
4.8.



14 Author

In this subsection we determine differential equations of order m such
that m < r — 2 as well as m = r — 1, where r is the dimension of the Lie
algebra of the given Lie group. Utilizing the known symmetries we find the
solutions of some differential equations.

In Section 4.2 we illustrate that the differential equation allowing a Lie
algebra as infinitesimal generators of symmetries strongly depends on the
representation of the Lie algebra. For Examples 4.4, 4.5 and 4.8 there is
one or a family of second order ordinary differential equations allowing the
particular Lie algebra. In contrast to this, for Example 4.6 there does not
exist any second order ordinary differential equation allowing the particular
Lie algebra.

Example 4.4. Firstly we deal with the representation of the Lie algebra
g1 = sla(R) generated by the vector fields (1). Hence one gets

(48) (¢17¢27¢3) (1 €T, T )7(77177727773) = (17y7y2)'
Using the formulas (34), (35) we have

(49) (0, n) = (0,0,2(y — )y,
(50) (175 )’7752),77:(), N = (0, -y, =20/ — ()2 + 209® — yy@)).

As the determinant (41) is D = 2y/(y — x)?, we can conclude from Theorem
3.1 that the invariant first order differential equation is ¢’ = 0.

To obtain the ordinary differential equations of order 2 admitting the basis
elements of the Lie algebra g1 as infinitesimal generators of their symmetries,
we suppose an explicit form:

f(xayaylvy(Q)): ()—g(x Y,y )_0
and for the case m = 2, r = 3 we solve the system (38) of partial differential
equations. Substituting (48), (49), (50) into (38) we receive the following
system of partial differential equations:

99 99

o1 =0
dg dg
52 iy i g=0
(52) Y52 TVa, TI=0
dg dg dg

53)  —a?—= —yPL — 2y — 2 — 2 +2(y — 22)g = 0.
(53) ety Yoy (y )y8,+(y) y' +2(y —2x)g
Taking into consideration (51) one has g = g(x — y,y’). Introducing the
new variable u = z — y we get 3 ag = %, g—g = —%. Substituting these into

equation (52) we obtain g + uag = 0. Therefore for g one has

)

(54) 9=
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Furthermore one gets

dg ' 09 ~ h 99 h

oy w 0xr w2 9y  u
After putting (54) and (55) into (53) one has

(55)

(56) 2 (y')” — 2y —3h (y) +2y'W () = 0.
Substituting z := 3’ # 0 as a new variable into (56) we obtain
h
(57) 2h/ () — 3ﬁ +22—-2=0.
z
Solving (57) we receive h(z) = —2 (22 + z + ¢z%/?) with a real constant c.

Hence the second order differential equations which leave invariant under
the action of the infinitesimal generators of the Lie algebra g; are given by
(2). (See also Table 8 in [6, p. 151]).

To solve the ordinary differential equation (2) of order 2 we take a two-
dimensional solvable subalgebra (X1, X2) with the Lie bracket [ X1, Xo] = X3
of g1 (see Section 2.1.2 in [6]). The differential equation (2) has the form

dy’ y/2+y/+c y/ 3/2
(59) V- WV ).
We denote by Y the vector field
0 0 0
Y - /I AN

such that the partial derivatives a%, 8%, BEZ/’ have the coefficients % =1,

dy — 4y A w(z,y,y’). The vector field Y transforms the equation (58)

dx ) dx
into the linear partial differential equation
of , ,of nOf
(59) (f) 8x+yay+w(x’y’y)3y’
of the variables z, y, y/. The first prolonged vector fields
1 0 0 1 0 0
X' =X1==—4+—, X' =Xo=2— —
1 ! 8x+8y’ 2 2 x8x+y8y’

leave invariant the equation (59). Therefore the integration of the differential
equation (2) is reduced to the integration of the equation (59) (see [12,
Kapitel 20, 4, pp. 457-464]). As the first prolonged vector fields do not

depend on the term ng" we can calculate a first integral of (59) as follows
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(see [12, Kapitel 20, 2, pp. 443-444]). The coefficient matrix for the linear
system of equations

of , ,of of
0= e +y 87 +w(z,y,y )8—y/
of | of
0=
Oz oy oy
of of
0= -2
a:a + yay
of variables a—i, gg , gf, has determinant
1 9y w
Di=|1 1 0 |=w(ly—x)#0.
z y 0
Taking into account the determinant
dr dy dy
Dy=1|1 ¢ w |,
1 1 0

for a first integral of (59) one has

Dy _ / w(dy — dx) + (1 —y)dy' _
Dy w(y — )

/di:3y+2(( )(+y+c )2) /d“ / +yjz()):

In(z —y) + 5 Dy (14 ey + ),

where v = x — y is an invariant of X; (cf. [12, p. 533]). By exponentiating
this, one gets a first integral

ola,y) = M
L+ ey +y
By integrating it we have
_ -9y
1t oY+
From this we express ¢’ and solve the obtained equation. As a result, we

have
I VY
bz—y) 1+evy+y
1+ (c—blz—yY)Vy+y =0s

b — 1) —
=W+ V2 —1)?2 =02+ 2002 —1+0% -1, Withvzzi(x Qy) ¢

= constant =
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Since & = o' = 5(1 — /) we obtain %’ =11-y)=1-0—ovVo2 -1
The solution v of this separable differential equation is

/ dv —/bd:v<:>
-2 —ovo2—1

=br+a<

1
v+ VuE—1

1
20=bxr +a+

br +a

Hence the solutions y(z) of (2) are

1
br +a

by(z) =

with the real constants a, b, c.

—a—c,

Example 4.5. Secondly, the infinitesimal generators of the Lie algebra go =
sla(R) are defined by (3). Therefore for ¢;, n;, i = 1,2, 3, we have

(60) (¢17 ¢27 ¢3) = (17 2:67 $2)’ (7717 72, 773) = (07 Y, xy)
Computing the formulas (34), (35) we get

(61) (7751)7 Uél)vnz(gl)) = (07 _yla Yy — xy/)u

(62) (Y 0 n$D) = (0, -3y, —32y).

For the determinant (41) we have D = y?. Hence we can conclude from
Theorem 3.1 that there does not exist any first order invariant differential
equation under the action of the infinitesimal symmetries of the Lie algebra

g2.

To receive the differential equations having the form 3 — g(z,y,7) = 0
and admitting the Lie algebra go as the Lie algebra of their infinitesimal
symmetries, for the case m = 2, r = 3, f(z,y,y,y?) =y —g(z,y,y/) =0
we have to determine the solution of (38). Applying (60), (61), (62) the
system (38) of partial differential equations is equivalent to

dg
(63) Pl
dg dg  ,09
(64) 39 y@y Qxax +y oy 0
dg dg dg
_ n Yy 2¥Yd I
(65) 3xg+ (y — xy )8y’ +x D + xyay 0.

It can be concluded that the differential equation y® = 0, i.e. g(z,y,y') = 0,
fulfills equations (63), (64), (65). We may suppose that g(x,y,y’) # 0. Using
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(63) we come to the conclusion that the function g is independent of the
variable x, that is g(x,y,vy’) = g(y,y’). Hence equation (64) changes for
dln g 8 Ing
oy oy

Equivalently we arrive at the following ordinary differential equation (char-
acteristic equation):

(66) -3+ =0.

/
1
(67) dy dy dlng

- = 0.

Equation (67) provides the first integrals yy’ = ¢; and % = ¢9. Therefore

we get g = (v ) f(yy'). Using z := yy’ as a new variable for the function
f(yy') = f(z) we obtain 8f =9/ 21]; and 8f/ = yd The application of these
changes equation (66) for 3 f(2)+ zf'(z) = 0. This last differential equation
has the solution f(z) = az~3 with a real constant a. Hence we obtain
g = ay~3. As a result, the second order differential equations (4) allow
the Lie algebra go defined by (3) as the Lie algebra of their infinitesimal
symmetries. (See also Table 8 in [6], p. 151.)

After the multiplication of both sides of (4) by 2y’ the solutions of these
differential equations can be received as follows
2 2ay

2y'y\? — 7 :O<:>(y’)2+%:const.:b(:>

/ y_a

y = /m /1dx<:>

1 .
g\/ by2 —a = x + ¢, where ¢ is a constant <=

by? = b*(x + ¢)®> +a, a,b,c €R.

Example 4.6. Thirdly, the infinitesimal generators of the Lie algebra gg =
sla(R) are defined by (5). Therefore for ¢;, n;, i = 1,2, 3, we have

(68) (d)h ¢27 ¢3) - (07 07 0)7 (7717 n2, 773) = (17 Y, y2)
Computing the formulas (34), (35), (36) we get

(69) 0 0y = 0,4/, 20y,

(70) 0?08 01P) = (0,9@,2((y)% + yy®)),

(71) (157 1$7) = (0,5, 235y + yy®)).
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Since in this case the determinant D in (41) is identically 0, therefore we
have to find the solution the following system of partial differential equations
for f:

- 0,
+y’8}{ = 0

a %
y23§+2yy’ ar = .

The first equation yields that f is independent of the variable y, i.e. f =

f(z,y"). Using the second equation we receive 3’ ng/ = 0, i.e. the function

f has the form f = g(x)y’, where g is an arbitrary real function. The third
equation is the same. Hence we arrive at g(z)y’ = 0. Therefore the invariant
differential equations under the action of the infinitesimal symmetries of the
Lie algebra gs are trivial, that is 3’ = 0.

Now we prove that there does not exist any second order differential equation
admitting Lie algebra g3 as the Lie algebra of their infinitesimal symmetries.
Let us assume that there is a differential equation f (a:, TR y(Q)) = 0 which
leaves invariant under the action of the infinitesimal generators of the Lie
algebra gs. Applying (38), (68), (69), (70) the function f will fulfill the
following system of partial differential equations:

of
(72) 5 =0
3f 0f y OF
(73) VotV oy TV @ =0
of  Of of
Y2 / (2) =
(74) v L it (2" +200) oy ~V

Taking into account (72) the function f does not depend on the variable y,
ie. f=f (x,y’, y(z)). Using this to equations (73), (74) we obtain

0f 2 9f

(75) Vg 9 5,5 =0
, Of @\ of _
(76) vy’ oy + (( ) +yy ) 99D 0.

We multiply equation (75) by —y and add the obtained equation to (76).
After performing this we obtain
2 0
W) 5t

gy ~ Y

Therefore the function f is independent of y(?), that is f = f(z,y'), which
contradicts the assumption that f is a second order differential equation.
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Now we seek the differential equations having the form 33 —g(z, y, v/, y?) =
0 and admitting the Lie algebra g3 as the Lie algebra of their infinitesimal
symmetries. To receive them we need to find the solutions of the system
(38) of partial differential equations for the case f(z,y,y,y?,y®) = y©® —
g(z,y,y,y?) = 0. Utilizing (68), (69), (70) the system (38) can be reduced
to

dg
7 2 =0
(77) -

99 09 (9 Og
(78) Yoy Vay Y 9, 7Y
dg dg 2 dg
. 2Y%9 - / (2) /7, (2) _

(79) Yy dy 2yy oy (2 (v')" +2yy ) By +6y'y +2yg = 0.

We can conclude from (77) that g = g(z,y’,y®). Applying this, equation
(78) is equivalent to

dg 2) 99
' Y5 2) —
(80) Yoy TV g,® 9
and furthermore equation (79) changes for

3y@ 9
(81) =2

y  oy®
. 3(y<2))2 / . .

It follows from equation (81) that g = T +h (z,y"). Replacing this form
of g into (80) we get the partial differential equation ¢/’ %y’,y/) = h(z,y'),

which provides that h(z,y") = ¢/ f(x). Hence the third-order invariant dif-
ferential equation under the action of the infinitesimal generators of the Lie
algebra g3 is given by (6) for arbitrary real function f(z). (See also Table 8
in [6, p. 151]).

To solve the differential equation (6) we introduce the new variable z(x) :=
y'(z). After replacing this into (6) we receive

(52) S T R
(83) -’ <ZZ) - fa@)+ (Z)Q

Substituting I(z) := Z;l the equation (83) is reduced to the Ricatti differential
equation

(84) v =3P+ (@)
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(see [9, Section 4.9, p. 21]). Let us denote v := %l. It satisfies the Ricatti

differential equation v’ = v? + 3 f(z). Putting v = —% the function v fulfills
the linear differential equation

(85) 0=u® + %u flz).

Denoted by @ the solutions of (85) the solutions  of (84) can be expressed in
the form [ = —2%. Applying the solution [ of (84) one gets for the solution

% of (82) this form z = e/ ldz Therefore for the solution § of (6) we obtain

g = /ef[dxd:c.

Remark 4.7. The fluid draining equation

is discussed in [18]. It is equivalent to the Riccati equation ' = %12 + z,
which is the same as (6) with the function f: z — z. In [18] Nucci used
the representation of sla(R) given in Example 4.8 to obtain the solution of
the fluid draining equation. Finally, we deal in this subsection with this
representation.

Example 4.8. Now we treat the Lie algebra g4 = sla(R) having as infini-
tesimal generators defined in (7). Hence for ¢;, n;, i = 1,2, 3, we have

(86) (¢17¢27¢3) = (1axa$2 - y2)> (7717”2’773) = (O7y7 2*733/)

Computing the formulas (34), (35), (36) we get

(87) (D, iy = (0,0,2(1 + (')?)y),

(88) (08 0$) = (0, —y@ 25 + (1) + 3y — 2y @),

As the determinant (41) is D = 2(1+(y')?)y?, we can conclude from Theorem
3.1 that there is no differential equation of order one which is invariant under
the action of the infinitesimal generators of the Lie algebra gy4.

Now we seek the differential equations which have the explicit form y(2) —
g(z,y,y") = 0 and which admit the Lie algebra g4 as the Lie algebra of their
infinitesimal symmetries. For this purpose we have to find the solutions of
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the following system of partial differential equations:

dg
(89) 5 =0
dg 0g B
Jg dg 2\ 99
_ 2 2\ Yd e / Yd
(91) ( Yy ) D 2xy8y 2y (1 + (y) ) By

+2y +2(yf)° + 6yy'g — 209 =0
which is created applying equations (38) for the case m = 2, r = 3,
fla,y,y',y®) = y® —g(z,y,9') = 0 and using (86), (87), (88). From
(89) we can conclude that the function g is independent of the variable x,
that is g(z,y,y’) = g(y,y’). Hence equation (90) changes for
99 _

h(y')

T
Substituting this form into (91) and taking into consideration that g does not
depend on x, after simplification for the function h(y’) we get the following
linear differential equation

(92) y (14 )°) +3yn () = (1+ W))W ().

To solve the separable differential equation 7 f’(?:’yl,)z = };;((5//)) we obtain h(y') =

Therefore we may suppose that the form of the function g is g =

3/2
d <1 + (y’)2> with a real constant d. Making use of this the solution of
(92) is
3/2
h(y)=— (1 - (y')2> +d (1 + (y’)2) :
with a real constant d. Hence the invariant second order differential equa-

tions under the action of the infinitesimal symmetries of the Lie algebra g4
are given by (8).

Similarly to Example 4.4, we apply the symmetries belonging to the 2-
dimensional subalgebra (X7, X3) with the Lie bracket [ X7, X3] = X; to solve
the ordinary differential equation (8) of order 2. The form of the differential
equation (8) can be expressed in the following way

dy 1

9 o\ 1/2
©3) =, (1+ ) (1 —d(1+(¥)*) ) — w(y.y).
We denote by Y the vector field

0

0 0
Y:7 /! nN_—
5 Y aercu(,w;)ay,
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Such that the partial derivatives aaxv 88y’ By have the coefficients d—ﬁ =
L=y, ‘fl’i =w(y,y’). Using Y the equation (8) becomes equivalent to the
linear partial differential equation

0 0
(99) V()= i 5 4wl 5 =0

of the variables z, y, y/. The first prolonged vector fields

=r— + 2
- oz y@y

leaves invariant the equation (94). Therefore the integration of the differ-
ential equation (8) is reduced to the integration of the equation (94) (cf.
[12, Kapitel 20, 4, pp. 457-464]). As the first prolonged vector fields do not

depend on term %, we can calculate a first integral of (8) as follows (see

[12, Kapitel 20, 2, pp. 443-444 ]). The coefficient matrix of the linear system
of equations

of _ ,0f N Of
0=
92 TV ay +w(y,y )ay,
of
0= o
_of af
0= :ca + y@y
of variables a—i, gg , g ; has determinant
1 v w
Di=]1 0 0 |=yw#0.
z y 0

Taking into consideration the determinant

dr dy dy
Do=|1 ¢ w |=wdy—ydy
1 0 0
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for a first integral of (94) we obtain
D, _/wdy y'd / y'dy’
Y y /
=/+/ dy
v iy W Lt ) - )

:lny+1n< 1+(y’)2—d>.

By exponentiating this, one gets a first integral

@Z( 1+(y’)2—d>y'

By integrating it we have

p= < 1+ (v)* - d> y = constant = c.

From this we express ¢y and we receive

c 2
Yy = <+d> -
y

with the constants ¢,d € R. Hence the solutions y(x) of (8) are

cdIn M—I—\/CQ+20dy+(d2—l)y2
Ve + 2edy + (d2 — 1) 42 V-1
d2—1 (@ —1)?

=+ a,
with the constants a,c,d € R.
4.3. Differential equations for sos(R).

Example 4.9. The generators of the Lie algebra g = sog(R) = suz(C) are
given by (9). There does not exist any 2-dimensional subalgebra of sog(R).
Using the vector fields (9) we obtain

(95) (@17 ¢27 ¢3) = (1 + 332, xy, y)’ (7717 2, 773) = (xyv 1+ y27 —$)
Making use of formulas (34), (35) to (95) we get

(96) (0t nS) = (o — 2y gy’ — 2(y)? -1 (1)?),
(97) (0 nf) = (=32y®, ~3ay'y®, ~3y/y®).
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The ordinary differential equations of order one allowing as infinitesimal gen-
erators of their symmetries the basis elements of the Lie algebra g = so3(R)
are missing because the determinant D = —(1+2+%2)(z%(y/)? —2zyy’ +1+

y?) is different from 0, since 2%(y/)? —2zyy’ + 1452 = 22 <(y’ - 3)2 + 2 ) >

T 2
0.

Now we seek the ordinary differential equations which have the explicit form
y® — g(x,y,y') = 0 and which admit the Lie algebra g = so3(R) as the Lie
algebra of their infinitesimal symmetries. To obtain them we need to find
the solutions of the system (38) of partial differential equations when m = 2,
r=3, f(z,y,y/,y?®) = y® — g(z,y,y/) = 0. Substituting (95), (96), (97)
into (38) we receive the following system of partial differential equations:

n9% 09 o 99 _

(98) (1+x)8x+xyay+(y xy)ay,—i-?)xg—O
dg 2 dg / n2\ 99 ;o

(99) xy%+(1+y)8fy+(yy—x(y))a—y,—l—Sxyg—O
99 .99 N\ 99 g

(100) —yax+xay+<1+(y))ay, 3y/g —

If g = 0, then the partial differential equations (98), (99), (100) hold. There-
fore we can conclude that the differential equation y(?) = 0 admits the sym-
metry group belonging to the Lie algebra g = sog(R). We may suppose that
g # 0. The multiplication of (98) by ¥’ and the subtraction of (99) from the
new equation give

(100) (0 +2?) ) Ok (am — (1447)) gz 0.

The multiplication of (100) by x and the addition of the new equation to
(99) yield

dg dg
102 1422 + %) > == =0.
(102) (142249250 + )5
The substitution of the expressions
99 (z+yy) Oy

dy  (T+22+y2)dy"
99 _ ((L+9?) —ayy') 99
dr  ((1+2°)y —ay) dy
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into (100) results in

99
oy’
1dg 30In <1+y2—2myy’+ (1+2%) (y’)2>
goy 2 oy’

(1452 = 20y + (1+2%) (v)") 22 = 3((1+2%)y —ap) g =

—

dIn <(1+y2—2zyy'+£z1+x2)(y')2)3/2>
oy’
(103) 9= K(@,y) (1+4% 2099/ + (1427 (v)°)
Putting (103) into (102) and simplifying the obtained equation we receive
1 0K(z,vy) 3y

=0

3/2

K(z,y) 9y  (1+22+y?)

Jln (K(x,y) (1+2%+ y2)3/2)
dy
U(x)

(14224 4?)

3/2
e (L0 2o+ () 1)
9= 1+2% 442 '

=0«

K(z,y) = or equivalently

3/2°

(104)

Inserting (104) into (101) and making some computations we have

1+ y* — 2zyy’ + (1 +2°)(y)?
1+ 22 +y2

Hence we come to the conclusion that U(x) = ¢ with a real constant c¢. As

a result, the invariant differential equations of order two under the action of

the infinitesimal generators of the Lie algebra g = sog(R) are given by (10).
(See also Table 8 in [6, p. 151]).

U'(z) =0.

Remark 4.10. Taking into account that (10) is an ordinary differential
equation of order two it is necessary to use a two dimensional solvable Lie
subalgebra of the Lie algebra of its symmetry group to be capable of finding
its solution (see e.g. [22], Section 2.1.2 in [6]). Since two dimensional subal-
gebras of sog(R) are missing, we cannot use the infinitesimal generators of
sog(R) to solve equation (10) in full extent.

4.4. Further examples. In this subsection Lie’s method can be used for
r-dimensional Lie transformation groups which are non semi-simple and act
on the plane R2. Here we deal with those ordinary differential equations
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which have order m < r — 2 and which are invariant under the action of
these Lie groups.

Example 4.11. The generators of the solvable Lie algebra g, are defined
by (11). (See [7, p. 341], Table 1, Case 1). It can be established that the

determinant (41) is D = — (1 + (v )2) which is never 0. Hence we cannot

find any ordinary differential equation of order one which admits the Lie
algebra g, as the Lie algebra of its symmetry group.

Example 4.12. The basis elements of the Lie algebra gg are defined by
(12). (See [7, p. 341], Table 1, Case 12). Therefore the determinant (41)
is D= (8—-1)y. It follows from Theorem 3.1 that the unique differential
equation which allows the Lie algebra gg as the Lie algebra of its symmetry
group is ' = 0.

Example 4.13. According to [7, p. 341], Table 1, Case 4, we consider the
4-dimensional solvable Lie algebra g whose generators are defined by (13).
The equation y®) = 0 is the unique ordinary differential equation of order
< 2 which is invariant under the action of the symmetry group belonging to
the Lie algebra g because of D = —y®)((y/)? +1).

Example 4.14. According to [7, p. 341], Table 1, Case 13, we deal with the
4-dimensional solvable Lie algebra g whose generators are defined by (14).
Then for the determinant (41) we have D = ¢/ y(2). Therefore the ordinary
differential equations of order < 2 which are invariant under the action of
the infinitesimal generators of the Lie algebra g are y2) = 0 and v/ = 0 (see
Theorem 3.1).

Example 4.15. The basis elements of the Lie algebra sla(R) x R are defined
by (15). (See [7, p. 341], Table 1, Case 14). As the determinant (41) is
equal to D = 2 (y/)?, the equation y' = 0 is the unique ordinary differential
equation of order < 2 which is invariant under the action of the infinitesimal
generators of the Lie algebra sla(R) x R (see Theorem 3.1).

Example 4.16. The basis elements of the Lie algebra g = gla(R) are the
vector fields given by (16). (See [7, p. 341], Table 1, Case 19). As the
determinant (41) is equal to D = —2y%y®), we can conclude from Theorem
3.1 that the equation ¥’ = 0 is the unique ordinary differential equation of
order < 2 which is invariant under the action of the infinitesimal generators
of the Lie algebra gla(R).

Example 4.17. The generators of the Lie algebra sla(R) x Lo, where Lo
denotes the non-abelian 2-dimensional Lie algebra, are given by (17). (See
[7, p. 341], Table 1, Case 15). Since the determinant (41) is equal to

D =2y (Qy’y(?’) -3 (y(g))Q), it can be established from Theorem 3.1 that
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the equations given by (18) are precisely the invariant ordinary differential
equations of order < 3 under the action of the infinitesimal generators of
the Lie algebra sla(R) x Lo.

Example 4.18. According to [7, p. 341], Table 1, Case 5, the basis elements
of the Lie algebra g = sla(R) x R? are defined by (19). Since the determinant
(41) is equal to D =9 (y(Q))S, the equation ¥ = 0 is the unique ordinary
differential equation of order < 3 which is invariant under the action of the
infinitesimal generators of the Lie algebra sla(R) x R2.

Example 4.19. According to [7, p. 341], Table 1, Case 6, the generators
of the Lie algebra g = gla(R) x R? are determined by (24). As for the

determinant (41) we have D = —2 <3y(4)y(2) -5 (y(3))2) (y(Q))Z, the equa-

tions in (25) are precisely the invariant ordinary differential equations of
order < 4 under the action of the infinitesimal generators of the Lie algebra
gla(R) x R? (see Theorem 3.1).

5. FIRST ORDER SYSTEMS OF ORDINARY DIFFERENTIAL EQUATIONS THAT
ADMIT A GIVEN LIE GROUP AS THEIR SYMMETRY GROUP

In this chapter, we propose a method for receiving systems of first order
differential equations that allow a specific Lie group as their symmetry group
based on Lie’s initial concept in Section 3. Assume that the real Lie group
G has dimension . We begin by considering the situation in which the Lie
algebra g of GG is the direct sum of infinitesimal generators of trivial and
time-preserving symmetries with non-trivial direct factors.

5.1. Time-dependent symmetries. Introducing the notation 3’ = Z—Z
and 2/ = g—; we investigate the following first order system of ordinary
differential equations, which is time-dependent:
(105) fl (xvyv Z7y,a Z,) = Oa

f2<$7 Y, Z?Z/a Z,) =0.

The following vector fields in R? serve as basis elements for the Lie algebra
g of G:

0 0 o .
Xi(z,y, 2) = ¢i(x,y, 2) =— + ni(z, y, z)a—y + a;(z, y, z)a, 1=1,2,...,r.

Ox
With respect to the variable x the first prolonged vector field of X;(x,y, z),
i1=1,2,...,r, can be written into the form:

o 0
Xz.(l)(l',y, Z,y,, Z,) = Xz + 771(1)(:67:‘/7 Z, ylv Zl)@ + agl)(x7y7 Zay/7 Zl)@’
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where

(106) g0 =M om0, /<8¢i 99 , aqbiz,)?

8m+8yy+8zz 8$+8yy+8z

(107) a(l) = O + O gus da; r_ <6¢1 0¢i ,  0i /> .

L Ox ayy 9z~ 8:L‘+8yy+8zz

The necessary and sufficient condition for the time-dependent system (105)
in order that it could admit the given group G as its symmetries is that
the functions f;, j = 1,2 need to satisfy the following system of partial
differential equations

612 ny C”fg +a18f3+ ()Lf]/'+agl)% — 0,
¢23fy +7728fj +a28fg +77§)6fj+ g)% — 0,
(108) '
¢l8f] 8f] +a18fg +771( )3f] +a(1)g);3 — 0,
o3 + Sl TONL VL oV = o
We denote by M the 5 x r-matrix

o1 2 Pz ... O

m 2 noo M

M = (e73] (%) Qs .. (7%

1 1 1 1

D oD g

ORI GRS

The system of partial differential equations provided by (108) can therefore

be considered as the system of ’linear equations’ in the variables %, %—{Z,
af; df; 9f;.

0z Oy’ 0z
ofi ofi 9fi Ofi Of _
(9 o % 5 %) M=(0 ... 0),
Ofs Ofs Ofs Ofs Of —
(% 5 % 55 %) M=(0 ... 0).
As a result, the rank of the matrix M must be at most 5 in order to
get non-trivial solutions f;, j = 1,2, of the system of equations provided

by (108). If rankM = 4, however, the received solutions for the vectors

ofi 9fi Ofi 9fi Ofi Ofs Ofs Ofs 0Ofs Ofe ;
(8:): dy 0z oy’ 0z’ and oz dy 0z oy’ 8z’) are hnearly de-

pendent, i.e., the obtained system of differential equations contains only one
equation instead of two equations for the two dependent variables y and z.
Hence rankM < 4 is a more usable criterion.

The condition rankM < r is always true. Arising from this if » < 4, then
the requirement for the rank is obviously fulfilled. In this case one solves
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(108) in %, %—};j, %, g—i{, %, and checks if any solution yields a nontrivial
system of differential equations f1, fo. Now we assume that r > 4. In this
case each 4 x 4-subdeterminant of M has to be zero to satisfy the rank
criterion.

If we suppose that the functions fi, fo have the reduced explicit form

(109) filz,y, 2,9, ") =y — gi1(z,y,2) =0,
fQ(x,y,z,y',z') = Z/ - gg(:ﬁ,y,z) = Oa

then f; is independent of 2’ and fo does not depend on 3’. Hence the
coefficient matrix of the linear system of equations received from (108) for
the function fi, respectively fo is

1 ... O o1 .. O
M= 2o and M= | ]

1 1 1 1

MOBESE o . o

respectively. A nontrivial system consisting of fy, fo exists if the require-
ments rankM; < 4 and rankMs < 4 have to be simultaneously satisfied.
Hence to find non-trivial solutions f;, respectively fo of the system (108),
each 4 x 4-subdeterminant of the 4 x r-matrix M, respectively Ms needs to
be zero.

Remark 5.1. We represent the basis vectors of each Lie algebra g in Sec-
tion 5.1 in the 3-dimensional space using coordinates (x,y, z). Since every
coordinate can be chosen as the time we have 3 different issues for finding
the systems of ordinary differential equations which are invariant under the
action of the infinitesimal generators of the Lie algebra g. In this section we
always suppose that the ‘x’ coordinate represents the time.

Example 5.2. The infinitesimal generators of the Lie algebra g = sog(R) =
su2(C) in the 3-dimensional space are given by (28). Therefore one has

(110) ¢l = (_yvovz)v i = (SC, _270)’ QG = (ana —l’)
Using the formulas (106), (107) for (110) we compute
nM = (1 @)% -2y, oY = (Y (1 (2)?).

Hence the matrix M can be written into the form

—y 0 z

x —z 0

M = 0 , Y -z
L)~y

y’z’ y/ _ <1 + (Z/)2>
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If we multiply the third column of M with y and the first column of M with
z and we add the obtained new columns, then the matrix M is transformed
to a matrix M'. The matrix M' is converted to

—y 0 0
x —z 0
0 Y 0

1+ (y)? -2 —y2y+=z (1 + (y’)2> —z2!

y' 2 Yy -y (1 + (z’)Q) + 2y + xy
after the multiplication of the second column of M' with z and the addition
of this new column to the third column of M'. Hence the function f; and

fo fulfil the system (108) precisely if for fi and fo the following system of
partial differential equations

o+ 1+ () =
Z%J;l+yafl_ /
—y’z’y—i—zg1+(y’)2)—$z’
f2+xaf2—|—yz =
z%];2+yaf2+y =
—y(l—i—( ))+zyz +azy =

holds. We consider the third and the sixth equations

o o o0 o o o

2+ z(y/)Q — 1 +yy/2/

y+y) =ay + 297
2(1+(y")?) . . ..
gy - Substituting this into

the second equation and simplifying the obtained equation we have

It follows from the first equation that 2z’ =

W)’ (2® +222) + ()" (227 — y2* — o)
+ 9 (2 + 22 — 229%) — (ya® +yz?) = 0.

Since the last equation has the solution 3’ = % and therefore 2z’ = Z the
unique first order system of ordinary differential equations which leaves in-
variant under the action of the infinitesimal generators of the Lie algebra
g = sog(R) is determined by (29).

Example 5.3. Here we treat the infinitesimal generators in the (z,y, 2)-
space of the Lie algebra g = slg(R). They are defined by (32). Since the
group SL3(R) contains as a maximal compact subgroup the group SO3(R),
we cannot predict any more systems to be invariant than those which are
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received in Example 5.2. From (32) we get

¢i = <270707$7y7x7070>7
(111) i = (O,Z,IB, —.%07070,0)7

a; = (0,0,0,0,0,—z,x,y).
)

Applying (106), (107) to (111) we calculate
771(1) = (_y/2/7 2/7 17 —2?//7 _(y/)27 _yla 07 0)7
(1) <_<z/)270707 —3/7_3/2'/; _2z/717y/)'

Q
Il

Hence the linear system of equations derived from the system (108) has the
coefficient matrix as follows

z 0 0 =« Y z 0 0

0 z T -y 0 0 0 0

M = 0 0 0 0 0 -z x vy
—y/Z/ Z/ 1 _2yl _(y/)Q _y/ 0 0

—(zN? 0 0 —2 —yd =22 1 o

The necessary condition to find non-trivial solutions fi, fo of the system
given by (108) is that each 5 x 5-subdeterminant of M has to be equal to
zero. Taking into account that

0 0 = 0 0
z x —y 0 0
Ds1=10 0 0 =z y|=(—=z+z)Yor—yx
J 1 —2¢ 0 0
00 -2 1 ¢

is equal to zero if either 2’ = Z or 3/ = £ and the function f; is independent
of the variable 2/, to receive non-trivial solution f; of the system (108) it is
required that every 4 x 4-subdeterminant of the matrix

Gi z 0 0 =« Y z 0 0
M — i . 0 z xr -y 0 0 00
L TR 0 0 0 0 0 —z oz vy
77Z4(1) _y/z/ 4 1 _2y/ _(y/)Q _y/ 0 0

has to be zero. The subdeterminants of M;

00 « 0

|z -y Of_ |9

Din=1|y4 o o 5|=Fz-2e
21 =2y 0
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0 =z z 0
lrz —y 0 0 \_, ./ 9
D4,2 - 0 0 —z T - (y x y):l"
1 -2y —y 0
are equal to zero if ¥y’ = ¥ and 2’ = Z simultaneously hold. Since the

functions f1 = 3 — % and fo = 2/ — Z satisfy the system (108) of partial
differential equations we can arrive at a conclusion that the unique first order
system of differential equations which admits the Lie algebra g = slg(R) as

the Lie algebra of its symmetry group is determined by (29).

Example 5.4. Here we consider the infinitesimal generators in the (z,y, 2)-
space of the Lie algebra g = sla(R) @ sl2(R) given by (31) (see [7] in [13,
p. 134, 140]). We can conclude from (31) that
¢i = (07 0,2y — 2,1, x, 1’2),
(112) ;= (1,y,y2,0,0,xy—z),
o = (x,2,92,Y,2,22).
Utilizing (106), (107) for (112) we compute

N =0,y yy — ()2 +y'Z,0,—yy —ay — '),

0%(1) = (1,7, 2 — a2 + (z/)2’y/7072 _ :CZ/).
Hence for the coefficient matrix M of the linear system of equations received

from (108) we get
2

0 0 Ty — 2 1 =z x
1 y y? 0 O TY — 2
M=] x =z Yz Yy oz Tz

0y wy—a@)’+ys 0 —y y—ay -2
1 2 2 a2+ ()2 oy 0 z—x2
Determining the 5 x 5-subdeterminants of M we obtain that they have
(y’)2 22 = 2xyy’ — 2xy'2 +y? — 22y + (2/)2 +4zy
as the greatest common divisor factor. This factor is equal to zero precisely
if
(113) d=ay +y+ 2y (zy — 2).
As the function f; does not depend on the variable 2/, to find non-trivial

solution f; of the system (108) it is required that every 4 x 4-subdeterminant

of the matrix
2

0 0 Ty — 2 1 = T
2 _
M = 1 v Y 0 O TY — 2
r z Yz Yy oz xrz
0y w/—x(/)+y7 0 - y—ay -2
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has to be equal to zero. Using (113) we obtain

0 0 TY — 2 1

1y y? 0| '
Dypi=| 7 - y | = T2y =2y vy ey — 2).

0 v wy—z(/)+y7 0

Arising from this, the determinant Dy ; is 0 if ¥’ = 0 and therefore 2’ = y. We
consider the first order time-dependent system f; =13’ =0, fo =2 —y =10
of differential equations. Since Xg(f2) = 2 8f2 + (zy — )af2 +xz52 8f2 + (2 —
xy) gﬁ? = 2(z — zy) # 0 this system f1, fo cannot fulfill the system (108).
Therefore there is no first order time-dependent system (109) of differential
equations which admits the Lie algebra g = sla(R) @ sla(R) defined by (31)
as the Lie algebra of its symmetry group.

An analogous treatment as in Example 5.4 yields the non-existence of
any first order time-dependent system (109) of differential equations which
permits a symmetry Lie group whose Lie algebra is any one of the following
Lie algebras:

000 0 0 0 0 0 0 0 0 0
g:<ax’ay’az’ Yo Yo "o Ty Yoy oy Yoz a’zaz>

o 9 0 o o o o o0 9 o 0 0
g:<a$’ay’az’ Yo Yox "o "oy Yoy Tay Yoz V02" 8z>

o 9 0 o o o o o 0
&= <8x’8y’(9z Yor ay 83/ V9%, T 8x>

o 9 0 o o o o o o o 9 0
g—<agyayazyax Yoy oy Yo" (%_z(%’xﬁx+y8y+zﬁz>

o 9 0 o9 o o o o 9 0 0 0

g =sly(R) = a—,a—y,a,ma,y%,z%,xa—y,ya—y,za—y,ma,y@,za,

5 0

0 0 0 9 0 0 0 0 0
aza—+xya +xza xya——Fy 87+y28 (9 +yza—+z 8z>
o 0 o0 0 0 o o9 o0 o0 0 0 0
g_<ax’ay’az Yoy o Yoy Yor Tor Yoy "oy T or  “oz

o 9
Y92



Title of the article 35

jo_ 00, 00 0 0 2 2
&=\ oz yaz’f)y 0z’ 0z 0y~ Ox y@y’yax’

l‘ﬁ—i- 2+2z£ zg— :Bg—i- 2—1—22
Ox yay 92 "0r Y \"ox yay 0z )"’

o, (o o 0\ (0 0 b
z@y “\Tor y@y “92 )"\ Mo y@y “92
o= < o o0 o0 0 o 0 o 0 o 0 0

92 6—y, &,xa—y — y%,y& — Z%’Z% — xa,x% +y67y + z&,
2 (xaax +y§y +z§z> — (2 + +z2);;,

2y (x:m +y§y - zi) — (@2 +y? + zz)aay,

22<xa+y§y+z§ —(m2+y2+z2)§z>

5.2. Time-preserving symmetries. In this subsection we investigate the
case that the infinitesimal generators of the Lie algebra g of the given real
Lie group G are time-preserving symmetries. We deal with the following
first order system of ordinary differential equations:

fl(tvx(t)ay(t)7 z(t)vwl(t)7y/(t)v Z/(t)) =0,
f2(t,m(t),y(t), Z(t),l'/(t),y/(t), Z/(t)) =0,
f3(t7$(t)7y(t)7 z(t),m’(t),y'(t), Zl(t)) =0,

1=1,2,...,r. The formula

XV (@), y(t), 2(8), 2o, 2') = X + 6 ((8), y(t), 2(t), 2/, o/, Z/)aagﬁ

1
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with

_8¢7,/ 8¢7,/ a¢2/
_8x$+8yy+8zz’
W _ i, Omi, i,
K _833x+8yy+8zz’
(1) _ 1ole%, o % ,+8ai ,

% oz * + Oy YT,

defines the first prolonged vector field of X;(z(t),y(t),2(t)), i = 1,2,...,r
with respect to the variable t. The system including fi, f2, f3 admits the
given group G as its symmetry group if and only if the functions f;, | =
1,2, 3, fulfil the following system of partial differential equations

b1 3fz+n13fz+a 8fl+¢1 gg 77()8ﬁ+ gl)% = 0,

¢2 afl+n28fl+a 8fl+¢2 §£€+n§)§§€+a§1)% — 0,
(112)

¢Zafl+mafl+a18fl+¢>1)§£I,+n§)§§£+a”g§£ = o0,

¢r8fl+77rafl+a7“afl+¢7' % 77£)251/+057(«1)% - 0.

We denote by M the 6 x r-matrix

¢1 v (b'r

m e Nr

(&3] e (679

M = gl) o 51)
n o
ORI

( 8951 8y1 azl (9;1} 81; 82} ) ' ( e ) ’
of: of: of: 04 0} 0/ M =

( 512 3; 822 896% By% 8; ) ’ - ( 0 ... 0 ) ’
of of of: of 04 0/ M =

( 6; 83/3 823 8353’ 813 5] 23) ) ’ - ( O U 0 ) :

To receive non-trivial solutions f;, I = 1,2, 3, of the system defined by (112)
it is required that for the rank of the coefficient matrix M one should have
rankM < 6. Similarly to Section 5.1 the necessary condition for the vectors
(% . %) to be linearly independent is that rankM < 4. If r < 4, then

it is obviously holds. In this case we have to find the solution of the system
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(112), and check if any solution yields a nontrivial system of differential
equations f1, fa, f3. Now let us assume that r > 4. In this situation the rank
condition holds if and only if each 4 x 4-subdeterminant of the coefficient
matrix M is equal to zero.

We deal with systems having the explicit form

filt,z(t),y(t), 2(t),2") = 2" — gu(t,2(t), y(t), 2(t)) =
fat,z(t),y(t), 2(t),y") =y — ga(t, 2(1), y(t), 2())
f3(t7 l‘(t), y(t)) Z(t)’ Z,) =2z - g3(tv CL‘(t), y(t)’ Z(t))
that is the function f;, respectively fo, respectively f3 is independent of the

variables v/, 2/, respectively a’, 2/, respectively 2/, y’. Therefore in (112) for
f1, f2, fs we have the 4 x r-coefficient matrices

0,
0,
0,

¢ . O ¢ o Or
i P PR T I S B
MO MO
»1 or
My=| oo,
MO

respectively. To get non-trivial solutions fi, f2, f3 of the system (112) in
the above explicit form it is required that for all ¢ = 1,2, 3 one should have
rankM; < 4, or equivalently every 4 x 4-subdeterminant of the matrices M,
1 = 1,2,3, should be zero. We demonstrate the above method for the Lie
algebra g discussed in Example 5.4.

Example 5.5. The Lie algebra g = sla2(R) @ sla(R) has the infinitesimal
generators defined by (31). We compute from (31) that

¢i = (0,0,2()y(t) — 2(t), 1, 2(t), x(t)?),
i = (Ly(t),y(t)%,0,0,z(t)y(t) — =(t)),
a; = (x(t), 2(), y(t)2(t), y(t), 2(2), x(t)z(t)).

Hence we calculate
ot = (0,0,y(t)’ + (t)y — 2',0,a", 22 (t)a"),
1N = 0,4/, 2y(1)y, 0,0, y(t)z' + z(t)y — =),

W= (@2, 20y + )7y, 7 202 + 2 (1)),
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Therefore the coefficient matrix M of the linear system of equations is
2

0 O TY — 2 1 =z x
1 vy y? 0 0 TY — 2
vl * 2 Yz y oz xz
]l 0 0 y+axy—2 0 2 2z’
0 v 2yy’ 0 0 ay +a'y—~2
2 2y + y2 y 7 zx' + x2’

The matrix M has determinant 0. To receive non-trivial solution f; of the
system (112) in explicit form it is required that every 4 x 4-subdeterminant
of the matrix

2

0 0 TY — 2 1 =z x
2 _
M, = 1 vy Y 0 0 zy—=
T z yz y z xz
0 0 yo’+ay —2 0 2/ 2z7
0 01 =«
. 1y 0 0 o
has to be equal to 0. Since D; = I (z—zy)2’ is0if 2’ =0
0 0 0 2
we obtain f1 = 2’ = 0. Applying this,
0 01 zy—=
o 1 y O ?/2 Y .
De=\0 %y 4z |TE-w)ay—2)

0 0 0 zy—2

is 0 if 2/ = zy’. To find non-trivial solution fo of the system (112) in explicit
form it is required that each 4 x 4-subdeterminant of the matrix
2

0 0 Y — 2 1 =z T
1 g y? 0 0 TY — 2
Mo=1\| =z =z Yz Yy oz Tz

0 0 yo'+ay/—2 0 2 2z’

0 ¢ 2yy’ 0 0 oy +a2y—2
0 0 zy—2z =

should be 0. As D3 = Ly v’ = (xy —2)%/ is 0if y/ =0

T oz yz  z

0 v 29y 0
and hence 2’ = 0, the time-independent system admitting the Lie algebra
g = sla(R) @slz(R) defined by (31) as the Lie algebra of its symmetry group
is trivial (cf. (30)).

Analogously to the Example 5.5 one can prove that the time-independent
systems of differential equations of order one that admit one of the following
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Lie algebras sog(R), slg(R), sl4(R) as the Lie algebra of its infinitesimal
symmetries are trivial.
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