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ABSTRACT. We present Lie’s method to find the ordinary differential
equations having a given Lie group as a group of their symmetries. We
illustrate this method on examples of ordinary differential equations and
systems of first order ordinary differential equations admitting a given
Lie group G as a subgroup of their symmetries.
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1. INTRODUCTION

Symmetry analysis [4, 5, 21, 22] is a framework for constructing analytic
solutions for differential equations. Several examples come from Physics (see
[16, 23]), as well as from Biology (see [2, 17, 18]). Finding some symmetries
for a differential equation can be used to derive an appropriate change of
coordinates which then helps to eliminate the independent variables or to
decrease the order of the system and then transform it to an integrable form.
In many cases (e.g. the Fitzhugh-Nagumo model [3, 14] or the model for the
population of Easter Island [18]) the model is based on a first order system
of two equations. One advantage for investigating first order systems is that
any system of differential equations has an equivalent system of first order
system. However, the symmetry groups of higher order systems behave very
differently than first order systems. They have finite dimensional symmetry
groups as opposed to the infinite dimensional Lie groups for the first order
system. Many physical systems (see. [7, 19, 20]) are naturally governed by
second order systems.

Here we tackle the problem from the other way around. Following the
works of Lie we look for small dimensional Lie groups and see what systems
of ordinary differential equations admit them as symmetries. Lie deter-
mined the groups of transformations of the (z,y)-plane and written these
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into canonical form (cf. [13, Sections 3, 4, 5, pp. 28-78] and [13, Section 19,
pp. 360-392], see also [6], p. 341) In [9, Sections X, XI, XIV, XVI] he pro-
vided a classification of all ordinary differential equations of arbitrary order
which admit these given groups as groups of their symmetries. For a given
Lie algebra g of dimension r, represented in an n-dimensional space, one can
determine every differential equation of order at most r—2 whose Lie group’s
tangential Lie algebra contains g as a Lie subalgebra. He described also the
equations for which integration or lowering of the order could be effected by
group theoretical methods. Section 3 is devoted to present his method. In
Section 4 we apply this method to find the ordinary differential equations
which admit some given Lie groups as groups of their symmetries. We use
the given symmetries to find the solutions of these equations. Analogously
to the method of Lie in Section 5 we formulate the appropriate necessary
condition for a system of first order ordinary differential equations allowing
a given Lie group as a subgroup of their symmetries and give examples for
systems which are invariant under Lie groups of symmetries. We restrict us
mostly to the cases where the tangential Lie algebra of the Lie group G is
semi-simple. To obtain our examples we use the REDUCE program [15].

We note two remarkable facts of our study. The differential equations
obtained by this method do not only depend on the isomorphism class of
the given Lie group, but rather on the representation of its tangential Lie
algebra. This will be illustrated in more detail in Section 4.2 taking the
four different representations of the Lie algebra sly(R) in the plane R%. On
the other hand, in Section 4.3 we obtain a second order ordinary differential
equation admitting the Lie group SO3(R) as its symmetry group. This three-
dimensional simple Lie group has no two-dimensional solvable subgroup.
Therefore, the obtained second order differential equation is not solvable.
To completely solve a second order equation it needs a two dimensional
solvable Lie subgroup of its symmetry group (cf. [21], [5]).

We list the considered real Lie algebras g by increasing dimension together
with their representation in the (z,y)-plane and we list the differential equa-
tions admitting a symmetry group whose tangential Lie algebra is the one
we listed.

(I) Example 4.4: slz(R), 3-dimensional simple, its generators are

0 0 0 0 0 0
1 X = — _ Xo = p— 7 Xo = 2 Y 27.
(1) ! 8x+8y’ 2 m8x+y8y’ 3 x8x+y8y
The differential equations
N2 / n3/2
2) @ W) Y @) (ceR)

r—=y

of order at most 2 admit this symmetry group.
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(IT) Example 4.5: slz(R), 3-dimensional simple, its generators are

0 0 0 0
— Xo = 20— +y— X3 =22~ —.
ox’ 2 $8x+y8y’ 8T 8x+$y8y

The differential equations of order at most 2 admitting this symme-
try group are

(3) Xi=

a
(4) y(”—ﬁzo (a € R).
(III) Example 4.6: slz(R), 3-dimensional simple, its generators are
0 0 0

(5) 1 dy’ 2 yay’ 3 Z/ay

The differential equations of order at most 3 allowing this symmetry

group are

3 ()2

(6) y - (Zy) 4/ f(x) =0,

for an arbitrary real function f.
(IV) Example 4.8: sla(R), 3-dimensional simple, its generators are

(7) X1 = 88567 Xg :a:;;—i—y;)y, X3: (%2—y2)aax+2$y88y.
The differential equations of order at most 2 admitting this symme-
try group are

o 1 , 2>3/2
Yy Y
(V) Example 4.9: sog(R) = suz(C), 3-dimensional simple, its generators
are
9) X = (1+x2);;—l—xyay, Xzzxy({%—i—(l—l—yQ) ;y,
0 0
3= Y5, x%
The differential equations of order at most 2 allowing this symmetry
group are
14 9y? — 2zyy’ + (1 + m2) (y’)2 372
(10)  y®=c < ) (c € R).
1+ 22 +y2

(VI) Example 4.11: 3-dimensional solvable Lie algebra g,, a > 0, its
generators are

9 0 9 9 ) )
(11) Xl_%v Xz_(?y’ X3—a<a:ax+yay> +y%_m87y'



(VII)

(12)

(IX)

(14)

(XT)

(16)

AGOTA FIGULA AND GIORGI LOMJARIA

There is no differential equation of order at most 1 admitting this
symmetry group.

Example 4.12: 3-dimensional solvable Lie algebra gg, 0 < |3] < 1,
its generators are
0 0 0 0
1 6513’ 2 aya 3 x8m+6y8y

The differential equation of order at most 1 admitting this symmetry
group is

y =0.
Example 4.13: a 4-dimensional solvable Lie algebra, its generators
are
0 0 0 0 0 0
X == Xo=—, Xo=a—419y— Xj=0——az—
1 8(1)‘7 2 8y7 3 x8x+y8y7 4 y3$ xay

The differential equation of order at most 2 admitting this symmetry
group is

y@ =0.
Example 4.14: 4-dimensional solvable Lie algebra, its generators are
0 0 0 0
X1 =4 Xo = — X3 =2— Xy =y—.
1 O ) 2 8@/ 3 3 x o ) 4 Y ay

The differential equations of order at most 2 allowing this symmetry
group are

y' =0, y? = 0.
Example 4.15: 4-dimensional Lie algebra sla(R) x R, its generators
are
0 0 0 0
X = = Xy = — Xy =1 Xy =a’.

The differential equation of order at most 2 admitting this symmetry
group is

y =0.
Example 4.16: 4-dimensional Lie algebra gla(R), its generators are
0 0 0
Xi=—, Xo=a-—, Xs=y-——, Xqg=a"— —.
1 8137 2 x8$7 3 yaya 4 € 6I+xyay

The differential equation of order at most 2 admitting this symmetry
group is
y(2) =0.
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(XII) Example 4.17: 5-dimensional Lie algebra sla(R) x Ly, where Lo is
the 2-dimensional non-abelian Lie algebra, its generators are

0 0 0 0 0

17) X1=—, Xo=—, Xzs=z—, Xy=y—, Xs=ua>—.

(17) 1= MeT gy MTagy Xasun, Xs=aigs
There are two differential equations of order at most 3 admitting
this symmetry group:

2
(18) y =0, 2y — 3 <y<2>> —0
(XIII) Example 4.18: 5-dimensional Lie algebra sla(R) x R?, its generators
are
0 0 0 0 0 0
19) X1=—, Xo=—, Xg=2——y—, Xu=y—, Xs=x—.
(19) 1 O 2 y 3 wax y&y 4 yc‘)x 5 Zvay
The differential equation of order at most 3 allowing this symmetry
group is
y(2) =0.
(XIV) Example 4.1: sla(C), 6-dimensional simple, its generators are
0 0 0 0 0 0
20 X - A X = = X = _— -, X — _ —_—,
(20) L7 o 2 y 3 xay yaaz 4 x&r+y8y
0 0 0
X5 = (2% —9?) — + 22y~ Xo =22y + (y* — 2%) —.
5= (@ ~v) Ox + xy(?y’ 6= S o + (v~ %) oy
The differential equation of order at most 4 admitting this symmetry
group is
2
(21) y® 4+ () - 3y (y(”) =0.
(XV) Example 4.2: sla(R) x sl2(R), 6-dimensional semi-simple, its gener-
ators are
0 0 0
( ) 1 or’ 2 ay ) 3 Yy ay )
0 0 0

The differential equations of order at most 4 admitting this symme-
try group are 3y’ = 0 and

2
(23) 2y -3 (y(2)> =0.
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(XVI) Example 4.19: 6-dimensional Lie algebra gla(R) x R?, its generators

are
0 0 0

24 X1 =+ Xo = — Xg= o —
(24) V™ o 2 oy’ 3T Yo
0 0 0

Xy =y— X5 =2— X = y—.

4 yaxv 5 xayv 6 yay

The differential equations of order at most 4 admitting this symme-
try group are

(25) y® =0, 3y Wy — 5 (y<3))2 = 0.
(XVII) Example 4.3: slg(R), 8-dimensional simple, its generators are
0 0 0 0
26 X = - X = — X e -, X — -,
(26) 1= 5 2= 5y 3= T, 1=V,

0 0 0 0 0 0
Xs=2—, Xe=y—, X;=2°>— —, Xg=ay— +1y*—.

The differential equations of order at most 6 admitting this symme-
try group are

2 3
(27) y? =0, 9 <y(2)> y® — 45y@yB)y® 1 40 <y<3>> —0.

In the following list we collect the real Lie algebras g, their type and
infinitesimal generators in the (z,y, z)-space and the appropriate invariant
systems of first order ordinary differential equations.

(i) Example 5.2: sog(R) = suz(C), 3-dimensional simple, its generators

are

0 0 0 0 0 0

(28) ! x@y Yor 2=Y%; Z@y’ 3T %0r Yo

The time-dependent invariant system is

Y
29 A
(29) v="
d==
x

Only the trivial time-independent system is invariant under the ac-
tion of sog(R):

(30) y =0,
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(ii) Examples 5.4 and 5.5: sl2(R) x slz2(R), 6-dimensional semi-simple,
its generators are

0 0 0 0
31 Xi= 2L 42l Xy = y— 422
(B "y T 2 =Yg, T
0 0 0 0 0
X == — —_ 27 —_— X = — —_—
3=(2y—2)5 +y oy TV Y= 5y Ty
Xg,zﬂc—a —|—z8 X6::L"2—8 —|—(xy—z)—6 —|—:Uz—8.

ox "0z Ox Oy 0z

There does not exist any time-dependent explicit invariant system
of the first order ordinary differential equations. The invariant time-
independent system is trivial (30).

(iii) Example 5.3: sl3(R), 8-dimensional simple, its generators are

0 0 0 0 0

(32) L= 5 2 Zay’ 3 x@y’ 1T T yay’
0 0 0 0 0

X5—Z/%, Xﬁ—l“%—za*, T=To Xs—ya'

The time-dependent invariant system is (29). Only the trivial time-
independent system (30) is invariant under the action of slz(RR).

2. PRELIMINARIES

Symmetries of a differential equation are transformations that move (con-
tinuously) a solution of the equation into another solution. Thus for each
symmetry there exists a corresponding vector field (the infinitesimal genera-
tor of the symmetry). In the case of ordinary differential equations of order
m the space of the variables z,v,7/,... ,y(m) is called the jet space. The
differential equation f (33, T T ,y(m)) = 0 defines an (m + 1)-dimensional
surface in this space which is called the hull of the differential equation. A
smooth solution is a continuously differentiable function ¢(z) such that the
curve y = p(z) with ¢y’ = &g—f), oy = 9" e(z) belongs to the hull, that

ox™
is, f (m,g@(m), cee 827“’,9)) = 0 identically holds for all . Understanding

symmetries of differential equations is useful for generating a new solution
from a known solution of the differential equation and creating new methods
for solving it. For example, symmetries can help lowering the order of the
differential equation. In the process of integrating differential equations the
crucial step is the simplification of the hull by a suitable change of variables.
To this end we use the symmetry group of the differential equation which
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is defined as the group of transformations of the (x,y)-plane whose prolon-
gation to the derivatives 1/, ...,y™ leaves the hull of the equation under
consideration invariant.

3. LIE’S METHOD TO FIND THE ORDINARY DIFFERENTIAL EQUATIONS
ALLOWING A GIVEN LIE GROUP AS A GROUP OF THEIR SYMMETRIES

In this section we present Lie’s method to obtain the ordinary differential
equations which admit a given Lie group as a group G of their symmetries.
This method can be found in [9, Section X, pp. 243-248|. The r-dimensional
real Lie group G has the tangential Lie algebra g, which is given by the basis
elements (the infinitesimal generators)

0 0 .
(33) Xi—¢i($,y)%+ni($,y)@, 1=1,2,... 7.

We define recursively n(k) (i=1,2,...,r, k =1,2,...,m) using the total

i
derivative of 7; as well as of ¢; with respect to the variable x:

(k—1)

k) _ A () 4 .
n; e Y I that is
1) N Oni Oni o, O0¢i , Odi, 49
4 : = _ _

1) (1) 1)
@) = On; n on; o on; o)
oz oy oy’
0i (2 _ 9% 1 (2)
axy 6yyy )
(2 (2) (2) (2)
3) po@ @y O o 0T ey O )
(86) " (e y) = 5 4 Y gy g Y

_9i 5 9%i , (3
&U?/ 8yyy >

(35) 1Py, y

(37)
o o, om® o o

or T oy Y Ty Y T 5,007

™ o b 0%, 4
ay<3>y()_ axy()_i W@ etel

3) (4)) —

4
1 (@0, v, @y

+ ayyy )
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The m'" prolonged vector fields X Z-(m) (i=1,2,...,r) are defined as

™ _ )2t (w2 D 0

0
(cf. [9, Section X, p. 245]). They depend on z, y, ¥/, ..., y™ and they
generate a Lie algebra isomorphic to g (cf. [9, Section X, p. 245] or [21,
Theorem 2.39, p. 117]). A differential equation f (x, TR ,y(m)) =0 of
order m admits a group of symmetries whose Lie algebra is g if and only
if the following system of partial differential equations is satisfied whenever

f (»T,?/ay,, . ;y(m)) — 0 hOldS:

2] 1) 9 0,
¢1af+77 +ﬁ§)agf "'+77§m)ay({n) = 0,
] 1) 9 0,
¢28f +n +77§)3J/ “‘+7]§m)ay({n) = 07
(38) 1 P .
oiGE+m VL ™ s = 0.
O | 08 4001 m_of  _
Or or + 0 dy + 0 +ot oym) ’
Let
o1 P2 3 ... O
FIN Y RN
1 1 1 1
(39) M = Ul Up N3 cee M
Then the system of partial differential equations given by (38) can be treated
of of of

as the following system of ‘linear equations’ in the variables 5, iR AR
of .

8y(m) .
af af of af
(40) (% & & - 52 ) M=(0 ... 0).
Here, the coefficient matrix M is an (m + 2) x r matrix. Thus, the system

(38) has more than only trivial solution (i.e. % = gzjj == 85(’:”) =0

which does not correspond to any differential equation f) if and only if the
rank of the coefficient matrix in (40) is strictly less than (m + 2):

rankM < m + 2.

Now, rankM < r always holds, hence if » < m 4+ 2, then the rank condi-
tion is automatically satisfied. In such a situation one needs to solve (38) in
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%, %, el %, and see if any solution corresponds to a nontrivial differ-
ential equation f. In the following we consider the case r > m+2, where one
can arrive at the possible differential equations in a somewhat more direct
manner.

First, suppose m + 2 = r. Then the coefficient matrix of the system (40)
of linear equations is an (m + 2) x (m + 2)-matrix. The system (40) has a
non-trivial solution f if and only if the rank of the coefficient matrix of (40)
is < m + 2. Hence the determinant

o1 ®2 ¢3 ... O

m 12 13 cee Mr

(41) p=| o A g
77571_2) nér—?) Tlgr—Q) o 771(~T_2)

of the coefficient matrix of (40) (which is a polynomial function of z, y,
yD, = 1,2, ., — 2) has to be 0. Now, if D is identically 0 (as a
polynomial), one needs to make further considerations, like solving (38)
in %, %7 R %, and see if such a solution corresponds to a nontrivial
differential equation f. The phenomenon D = 0 is quite rare, though. How-
ever, when D is not identically 0, then D is a polynomial function of x, y,
y® (i =1,2,...,7—2) which has to be 0 if a nontrivial differential equation
f exist, and hence by factoring D we obtain the only possibilities for such
an f.

Conversely, the differential equations arising from the condition D = 0
always admit the group of symmetries corresponding to the Lie algebra
g=(X;,i=1,2,...,7) given by (33) (cf. [12, p. 475]). An analytical proof
of this assertion can be found in [10, Abh. I, No. 24, pp. 36-37]. The crucial
step of this proof is to show that the differential equation arising from the
condition D = 0 satisfies the system (38) of partial differential equations
whenever D = 0 holds.

Now, assume m + 2 < r. Then the coefficient matrix of the system (40)
of linear equations arising from (38) is an (m + 2) x r-matrix. To obtain a
non-trivial solution of the system (40) it is necessary that rankM < m + 2.
Hence the determinants of all (m + 2) x (m + 2) submatrices of M has
to be 0. Again, these subdeterminants are polynomials of the variables z,
Y, y(i), i =1,2,...,m, and therefore (unless all of these subdeterminants
are identically 0) their common factors provide the only possibilities for
nontrivial differential equations f admitting the group G as symmetries.
Summarizing our discussion we obtain.

Theorem 3.1. Finding the differential equations f (:U,y,y’, . ,y(m)) =0
of order m, which admit a group of symmetries whose Lie algebra is a
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given r-dimensional real Lie algebra g = (X; = qzbi(x,y)(% + ni(x, y)a%,i =
1,2,...,r) such that m < r — 2, one has to build the matriz M defined by
(39) and compute the greatest common divisor of all its (m + 2) x (m + 2)
subdeterminants. The factors of this polynomial give the only possibilities
for the sought differential equations, unless this polynomial is identically 0.

4. EXAMPLES OF DIFFERENTIAL EQUATIONS ADMITTING A GIVEN LIE
GROUP AS A GROUP OF THEIR SYMMETRIES

Applying the method described in Section 3 we give examples of ordi-
nary differential equations which allow such a Lie group as a group of their
symmetries whose tangential Lie algebra is listed in Section 1.

4.1. Examples where m < r — 2. We apply the notations introduced
in Section 3. Throughout this subsection we only determine differential
equations of order m such that m < r—2, where r is the number of generators
of the tangential 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) is generated by the vector fields
n (20). Therefore one has

(42) (¢17¢27¢37¢47¢57¢6) = (1707 —y,x,:r2 - 3/2,29@)7
(43) (77177727 13, M4, 7757776) = (07 1,-73,:% 2$y7y2 - 562).

Using (34), (35), (36), (37) we obtain 5\, n®, n® 2™ (i =1,2,...,6):

(2

(4) (Dl gt ) Dy

=(0,0,1+ (4)%,0,2y(1 + (¢)?), —2z(1 + (¥)?)),

5) (2, nlP p2 n@ p2y

=(0,0,3y'y?, —y@, 2y — 22y + 2(/) + 6yy/'y?,
—2-2(y)% - 2yy® — 6ay'y?),
@6) P 0 0l 0l ni?)
=(0,0,3(y@)? + 4y/y®, -2y,
12(y)%y@ + 6y(y@)? — day® + 8yy'y®,
— 12y'y® —62(y'?)* — 8xy/y®) — yy™),
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(47)
Y s S gl i)
= (0,0, 10y( )y( ) 4+ 5y y(4) 3y(4)
30y (y')? +20(y')*y™ + 20yy Py — 4y — 62y + 105"y,

—18(y®)? — 24y/5y® — 202yPy3) — 1021/yD — 6yyXD).

Applying (42)-(47) the determinant (41) is

(1) (474 )0 (7))

Since (3')*> + 1 > 0 the only one ordinary differential equation of order at
most 4 such that the Lie algebra g = sla(C) is the tangential Lie algebra of
a subgroup of its symmetries is given by (21) (cf. Theorem 3.1). Introducing
the new variable z := 3/ equation (21) reduces to

2

22 (1 + 22) — 3z (z’)2 =0.

Since 33 = 0 is not an invariant differential equation under the symmetry
group corresponding to the Lie algebra g = sla(C) one has 2’ # 0. Therefore,
we obtain

2) 3 3 !
z z 2
= 1+Z22'<:> (In2") = (21n(1+z )> =
Z/ ! Z/
In—— | =0 —— =¢° c€Risa constant <=
(14 22)2 (14 22%)2
dz .
——— = [ kdz, k:= e is a constant <=
(1+22)2
z
=kx +1, k,l € R are constants <=
V14 22
11 _1_17(k‘x+l)2
22 (kx4 1)2  (kx +1)2
kx +1)?
/ _:II (
y(w) 1— (ka +1)2
(kx +1)? 1
r=4-—/1— 2
/ 1— (kz+1)? k (kz +1)° +p,

where k,[,p € R are constants.
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Example 4.2. The Lie algebra g = sla(R) @ sla(R) is generated by the
vector fields in (22). Therefore we have

(¢1,¢2’¢3,¢4,¢5,¢6) = (170707:6707562)7 (77177’2577377)4577577)6) = (07 17y707y270)'

Using (34), (35), (36), (37) the functions r]( ) 77(2), 772-3 , 17i4
are the following:

(M Y Dl k) )y
=(0,0,v', v, 2yy’, —2zy/),

R S SRS o))

= (0,0,y, =2y 29y 1 2(/)2, —20/ — day?)

(' 0l P p) n8)y

= (0,0,4®, =3y®, 2yy® + 6y/y@, —62y'» — 6y2),
Y s Sl nl? i)
= (0,0,y™, =4y, 25y 1 8y/y® + 6(y*))?, —8zy™) — 124®)).

2
Therefore the determinant (41) is D = —4y/ (2y’y(3) -3 (y(2))2 . From

Theorem 3.1 it follows that there are two ordinary differential equations of
order at most 4 which allow the group of symmetries corresponding to the
Lie algebra g = sla(R) @ slz(R). These differential equations are ¢y’ = 0 and

the equation given by (23).
Finally, to obtain the solutions of (23) we introduce the new variable z := 7/.

Then we have
2(2) 3 z
2 22

2223 —3(2/)2 = 0 =

> =¢, ¢ € R is a constant <=

‘ x_
w\w

<lnz' - g(lnz)> — 0 e ln<

/

IS

=e°=d, d € Ris a constant <=

Njw

z

—9 \?2
9273 = dg +e, d,e € R are constants <=1/ = < )
dr +e

4 4
y(x) = / de = —m +a, a,d,e € R are constants.
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Example 4.3. The Lie algebra g = slg(R) is generated by the vector fields
given in (26). Hence we have

(¢17¢27¢37¢47¢57¢67¢77¢8) = (1,O,O,O,x,y,x2,xy),
(7717772777377747775a7767777a778) = (07 17x>y70707$y7y2)'

Applying the formulas (34), (35), (36), (37) we obtain

IR S SR SR O O SI ))

=(0,0,1, ¢, —y, )2y — 2y, yy — 2(y)?),

(i oS g )

= (0,0,0, y( ) —Qy( ) ,—3y y( ) —3a;y(2), —3xy/y(2)),

3 3 3
R S S S S L))

= (0,0,0,y®, —3y®, —3(y)? — 4y/y®, —5ay®) — 3y,
—yy® = 3y'y®) = 32(y®)? — day'y®),

4 4 4 4
RN S RS S )

=(0,0,0,y™, =4y, —10yPy® — 5/yW), —8(y®) — Ty,
—6(y)2 = 8yy® — 102y@y3) — 525y P — 2yyD).
(5) (6)

Furthermore computing n,”" and 7,

(Ug )ﬂ?é )777;(),5),77§ )777é5)a77((3 )77I§5)7775(; ))

=(0,0,0,5®), =5y, —15y)y —10(y™))* — 63y, 15y — 92y,
— 305y 155 — 155Dy — 102(,8)2 — 62y — 3y,

6 6 6
0\ 0O nl® 0 pl6) ) (6 6y

= (0,0,0,y'9, 6y, —21y@y ) — 35y — 7,/ (0),
— 24y — 112y, —60y Py — 40(yy3))? — 244/y®) —
— 212y@y®) — 35293y — 72/ y(©) — 440,

one gets

Hence the determinant (41) is

2
D= —2y® (9 (y<2>)2 SO 45523 ,@ 4 40 <y(3>)3> '

According to Theorem 3.1 there are two ordinary differential equations of
order at most 6 which are invariant under the group of symmetries belonging
to the Lie algebra slz(R). These are given by (27).
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4.2. Examples for slz(R). In [11, p. 501] three representations are given
of the Lie algebra g = sla(R). These are exactly those representations for
which the action of the corresponding Lie group on the plane is imprimitive
(cf. [6, p. 341]). We consider them in Examples 4.4, 4.5, 4.6. There is one
representative of g = sla(R) such that the corresponding group action is
primitive on the plane (cf. [6, p. 341], see also [13, (16), p. 374]). We deal
with this case in Example 4.8.

Again, we apply the notations introduced in Section 3. Throughout this
subsection we not only determine differential equations of order m such
that m < r — 2, but also those explicit equations where m = r — 1 (where
r is the number of generators of the tangential Lie algebra of the given Lie
group). We solve some of these differential equations applying the known
symmetries.

Section 4.2 shows that if a Lie algebra is given, then the differential equa-
tion admitting this Lie algebra as infinitesimal generators of symmetries
depends not only on the isomorphism class of this Lie algebra but also its
representation, that is its action on the space it is represented in. For Ex-
amples 4.4, 4.5 and 4.8 there exist one or a family of second order ODEs
admitting the particular Lie algebra. However, for Example 4.6 there are
no second order ODEs admitting the particular Lie algebra.

Example 4.4. Firstly we consider the representation of the Lie algebra
g1 = sl2(R) generated by the vector fields (1). Hence one gets

(48) (61,2, 03) = (1,2, 2°), (m,m2,m3) = (1,9, 9°).

Using the formulas (34), (35) we have

o) (M, niD) = (0,0, (2y — 22)y),
(50) (2 8 0y = (0, =y, =2y’ + 2()% — dy® + 2y @).

Since the determinant (41) is D = 2(y — z)?y/, one can see that the first
order differential equation y’ = 0 is invariant under the symmetry group
corresponding to the Lie algebra g; given by (1) (cf. Theorem 3.1).

To find the second order ordinary differential equations allowing a group of
symmetries whose tangential Lie algebra g1, we assume an explicit form:

()

fl,y, ', y?) =y — glz,y,y) =0,

Now, we have to solve the system of partial differential equations given by
(38) for the case m = 2, r = 3. Putting (48), (49), (50) into (38) we obtain
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the following system of partial differential equations:

dg , 9y

51 99 499 ),
(51) ox + oy

dg dg
52 99 99 =,
(52) T TV, T

dg g 0g
53) —a? = — P — 2y —22)y - +2(y)* — 2y + (2y — 4z)g = 0.
(53)  —ato Yoy (2y ﬂ:)yayﬂr(y) Y + 2y —4dx)g
From (51) it follows that g = g(z —y,y’). Taking u = x —y as a new variable
one has % = %, g—g = —g—z. Putting these into the partial differential
equation (52) it reduces to g + ug—z = 0. Hence g has the form
h(y'

(54) g= hy')

u

Therefore, one obtains

b9 W g __h 09 _ b

(55) 3

oy w dr w? dy
After substituting (54) and (55) into (53) we have
(56) 2(y)° =20/ = 3h (y) +24/1 (y) = 0.

Putting the new variable z := y # 0 into (56) we have the following first
order linear differential equation

h
(57) on(z)— 3" Lo 9
z
The solution of (57) is h(z) = —2 (22 + 2 + c¢2*/2), where c is a real constant.

Therefore the invariant differential equations of order 2 have the form (2).
(See also Table 8 in [5, p. 151]).

To find the solutions of the second order ordinary differential equation (2) we
need a two-dimensional solvable subalgebra of g1 (see Section 2.1.2 in [5]).
In particular, we can use the symmetries corresponding to the subalgebra
(X1, X2) with the Lie bracket [ X1, Xo] = X;. The differential equation (2)
can be written into the form

dy' W)’ +y +c@)”? :
= —2 = .
(58) I pra—" w(z,y,y)
Introducing the vector field
0 0 0
Y =— I — N—
ax +y 8y +w(x7y7y)8y/7
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where the coefficients of the partial derivatives %, 8%, a%, are 3—; =1
% =, %« = w(z,y,y’), the equation (58) is equivalent to the linear
partial differential equation

of _ ,0f of
59 Y “_ + — +w(x s —_— =
(59) (N =5+ 5+l

of three variables x, y, y'. The equation (59) is invariant under the first
prolonged vector fields

9,0 9,0

ox Oy’ ox y@y'

Hence the integration of the differential equation (2) can be reduced to the
integration of the equation (59) (cf. [11, Kapitel 20, 4, pp. 457-464]). We use
the method of integration given by [11, Kapitel 20, 2, pp. 443-444] for the
equation (59). Since the first prolonged vector fields have no term with By”

a first integral of (59) can be obtained in the following way. The determinant
of the coefficient matrix for the system of linear equations

xW=x, = xP=Xx,=x

af J of of
0= % ET +w(z,y,y )8 -
o _ 0 o1
856 Ay
TN
B 856 ay
of variables g’; , gg , gg, is
1 ¥y w
Di=|1 1 0|=(y—x2)w#0
z y 0
Consider the determinant
dr dy dy
Do=|1 ¢ w
1 1 0

A first integral of (59) is

Dy _ / w(dy —dz) + (1 —y)dy’ _
Dy w(y — )

/dz:3y+2((y)(1—:y+c )2) /du / +y+i(y)):

In(x —y) + B lny’ —In(1+ ey + ),
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where u = x — y is an invariant of X; (cf. [11, p. 533]). By exponentiating
this, we obtain that a first integral is

G N
o(r,y) = 1—1—0—\/37+y’

Now we can integrate the equation
_ @—yvY
L+evy' +y
Expressing and solving it for 3y’ we obtain
LW
bz—y) 1+evy+y
L+ (c—bla— Vi +y =0

b — ) —

Y =@+ Vo2 —1)? =02+ 2002 —1+0% -1, with v:= @2@/)0

As =/ =81 —y)weget Y =L1(1-y)=1-v—0vVo?—1. Solving
this first order separable differential equation for v we have

/ dv —/bd:v<:>
-2 —ovo2—1

=br+a<

1
= constant = E

1
v+ VuE—1
20="bxr +a+

br +a

Therefore for the solutions y(x) of (2) one obtains

by(z) = !

Cbrta
where a,b, c € R are constants.

a—c,

Example 4.5. Secondly, the Lie algebra go = sla(R) is generated by the
vector fields given in (3). Hence one has

(60) (¢1, 2, 3) = (1,22,2%), (n1,m2,m3) = (0,9, Y).
Applying the formulas (34), (35) we obtain

(61) (i ns? ) = (0.~ y — 2y),

(62) (P, 05D 0f?) = (0, -3y, —3ay@).

As the determinant (41) is D = y2, Theorem 3.1 does not yield any differ-
ential equation of order 1 which is invariant under the group of symmetries
corresponding to the Lie algebra go given by (3).
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To obtain the second order ordinary differential equations of the form y(? —
g(z,y,y") = 0 allowing the Lie algebra gy as the tangential Lie algebra of
a subgroup of their symmetries, we have to solve (38) for the case m = 2,
r =3, f(z,y,9/,y?) = y@ — g(z,y,y/) = 0. Using (60), (61), (62) the
system (38) of partial differential equations is equivalent to

dg
(63) G =0
g 99 . 09
4 39—y g _ 9,
(64) 39 yay T +y 8y =0
0 0 9]
(65) 3zg+ (y — zy') 99 4 229 4 gy 2d .,

oy’ Oz y@ N

It can be seen that the differential equation 2 = 0, i.e. g(x,y,y) =0,
satisfies equations (63), (64), (65). We may assume that g(z,y,y’) # 0.
From (63) it follows that the function g does not depend on the variable z,
ie g(z,y,9y") = g(y,y). Therefore equation (64) reduces to

dlng B dlng
oy’ Y oy

(66) -3+ =0.

This is equivalent to the following ordinary differential equation (character-
istic equation):

dy _dy _ding

67 —
(67) vy -y 3

=0.

Equation (67) yields the first integrals yy' = ¢; and % = ¢o. Hence the

function g has the form g = (y) fyy). Introducmg the new variable
z := yy' for the function f(yy') = f(2) one gets % = y’fll]; and af = ygj;
From these, equation (66) reduces to 3f(z)+zf'(z) = 0. The solutlon of this
last differential equation is f(z) = az~3, where a is a constant. Therefore
one has ¢ = ay~3 and hence the differential equations (4 of order 2 are
invariant under the group of symmetries belonging to the Lie algebra go

given by (3). (See also Table 8 in [5], p. 151.)

To find the solutions of these differential equations we can multiply both
sides of (4) by 2y’. Then we obtain

2ay’
2y — 7 il )

V= m /\/y—a/

2

a
+f2:const.:b<:>
Yy

1 -dzr <
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1
—\Vby? —a=1x+c, where ¢ is a constant <=

b
by? = b*(z +¢)* 4+ a, a,b,c €R.

Example 4.6. Thirdly, the Lie algebra g = sla(R) is generated by the
vector fields (5). Hence one has

(68) (¢17¢27¢3) = (07070)7 (77177727773) = (LZ’J:ZJQ)-

Using (34), (35), (36) we get

(69) M, i) = (0,9, 2uy),
(70) 05 0Py = (0,9, 2(5)% + 2092,
(71) 0 ) = (0,4, 6y'y@ + 25y®).

The determinant D in (41) is identically 0, thus one needs to solve the
following system of partial differential equations for f:

af —
o 9

/8}{ — 07

y? g; + 2yy’ af = 0.

From the first equation we obtain that f does not depend on y, that is
f = f(z,vy'). The third equation is redundant, and finally, from the second

we have 3/ (%, = 0, that is f = g(x)y’ for arbitrary real function g. Thus

the differential equations look like g(x)y’ = 0. However, this means that
only the trivial differential equation 3’ = 0 is invariant under the group of
symmetries corresponding to the Lie algebra gs.

Now we show that there are no differential equations of order two allowing
as a group of their symmetries the Lie group G whose tangential Lie algebra
is g3. If there exists a differential equation f (ac, TR y(2)) = 0 which admits
the group G as its symmetries, then using (38), (68), (69), (70) the function
f would be satisfied the following system of partial differential equations:

of
(72) a—y_o
0
() (‘TfJ“ aff+y28y{2):0
of Of | @) 9 _
(74) R +(20) + 20 5@ =
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From (72) it follows that f is independent of the variable y, that is f =
f (2, y(2)). Applying this to equations (73), (74) we have

Of @ Of

(75) Yoy TV 5y® T
, Of N2 (2) of _

(76) 2 55 + (2()* +255) 5

Multiplying equation (75) by —2y and adding the obtained equation to (76)
we get
"2 0 f o
2 (y) 8y(2) -
Hence the function f does not depend on the variable ¥, ie. f = f(z,v/),
which is a contradiction to the assumption that f is a differential equation
of order 2.

To obtain the third order ordinary differential equations of the form y®) —
g(x,y,y ,y(2)) = 0 allowing the Lie algebra g3 as a subalgebra of the Lie
algebra tangential to their symmetry group, one has to solve the system
(38) of partial differential equations for the case f(z,y,y,y?,y®) = y® —
g(z,y,y',y?@) = 0. Using (68), (69), (70) the system (38) is equivalent to
the following system of partial differential equations:

99 _

(77) 5 ="
99 _ 99 2 99 _
(78) Yoy Vay TV gy 970
Jg Jg 2 Jg
_.2Y9 / - / (2) 1, (2) _
(79) Yy dy 2yy —ay, (2 (y ) + 2yy ) By + 6y'y\* + 2yg = 0.

From (77) it follows that g = g(z,y’, y®). Using this, equation (78) reduces
to

g 2) 99
' Y9 2) _
(80) Yoy TV 5@ =9
and therefore equation (79) reduces to
3y 0
(81) Y-
Y 8y(2)

2))?
Equation (81) yields that g = 3(y2y,) + h(x,y'). Substituting this form of

g into (80) we obtain the partial differential equation y’ %y’,y’) = h(z,y).
It yields that h(x,y") = v/ f(x). Therefore the ordinary differential equation
(6) of order 3 is invariant under the group of symmetries corresponding to
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the Lie algebra gs for arbitrary real function f(z). (See also Table 8 in [5,
p. 151)).

The solution of the differential equation (6) leads to the solution of a Ri-
catti differential equation (cf. [8, Section 4.9, p. 21]). Let z(x) := y/'(z).
Substituting this into the differential equation (6) one gets

(82) 2 — 37 2f(z) =0 <=

(83) -’ (Z) - fa@)+ (Z)Q

Putting I(z) := Z;/ the equation (83) is equivalent to the Ricatti differential
equation

1
(84) I = §l2 + f(x).
Let v = %l. For v we obtain the Ricatti differential equation v’ = v? +
% f(x). Substituting v = —% the function u satisfies the second order linear

differential equation
1
(85) 0=u? + Suf(@).

With the solutions @ of (85) we obtain that the solutions I of (84) have the
form [ = —2%. With the solution [ of (84) we obtain the solution Z of (82)

in the form Z = e/ 1@ and hence the solution g of (6) in the form

y= /eﬁdxdx.

Remark 4.7. In [17] the fluid draining equation

w®) = w2

is considered. It can be rewritten to the Riccati equation I’ = %ZQ + 2, which
is exactly the same as (6) for f: z — x. In particular, Nucci in [17] found
an isomorphic representation of sly(R) as is described in Example 4.8, and
used it to solve the fluid draining equation. This is our final example in this
subsection.

Example 4.8. Now we deal with the Lie algebra g4 = sla(R) generated by
the vector fields given in (7). Hence one has

(86) (¢17 ¢27 ¢3) = (17 x, x2 - y2)7 (7717 72, 773) = (O) Y, 21::1/)
Applying (34), (35), (36) we obtain

(87) (", iy = (0,0, 25(1 + (1)),



Title of the article 23

38) P 0 ) = (0,—y@, 2/ +2(/)? + 6yy'y® — 22y?).

Since the determinant (41) is D = 2y%(1 + (y)?), according to Theorem 3.1
there does not exist any first order differential equation which admits a Lie
group of symmetries having the Lie algebra g4 as its tangential Lie algebra.

To find the second order ordinary differential equations of the explicit form
y® — g(x,y,y') = 0 which allow a Lie group of symmetries having Lie
algebra gy as its Lie algebra, one has to solve the following system of partial
differential equations:

dg
(59 or 0
0g 0g B
dg dg 2\ Og
2 Y99 og n2\ 99
(91) (m Y ) o Qxyay 2y (1 + (y) ) By

+2y' +2 (y')" + byy'g — 209 =0

which is obtained if we apply (38) for the case m = 2, r = 3, f(x,y, v/, y?) =
y® — g(z,y,y) = 0, and use (86), (87), (88). It follows from (89) that
the function g does not depend on the variable z, i.e g(z,v,y) = g(y,).
Therefore equation (90) reduces to

dg
yay - g‘
Hence we may assume that the function g has the form g = %yl) Putting

this form into equation (91) and using the fact that ¢ is independent of z,
after simplification we obtain the following linear differential equation for
the function h(y’)

(92) y (1)) +3yn () = (1+ W))W ().
The solution of the separable differential equation 7 +3(Z,)2 = ]Ii ((;/,/)) is h(y') =

3/2
d (1 +(y )2> , where d is a real constant. Applying this we obtain the

following solution for (92):

3/2
hiy) =— (1 + (y')2> +d <1 + (y’)Q) :
where d is a real constant. Therefore the ordinary differential equations (8)

of order 2 are invariant under the group of symmetries corresponding to the
Lie algebra gy.
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Analogously to Example 4.4, finding the solutions of the second order ordi-
nary differential equation (8) we can use the symmetries corresponding to
the 2-dimensional subalgebra (X7, X5) with the Lie bracket [X7, X3] = Xj.
The differential equation (8) can be written into the form

(93) ‘CZZ S (1+)?) (1 —d(1+ (y/)2>1/2> = w(y,y).

Yy
Introducing the vector field

0 , 0 0
Y = '~ +w(y,y) =,
5. TY By (v, y) oy
where the coefficients of the partial derivatives 8%, 8%, a%, are 3; =1,

dy =1y, di = w(y,?'), the equation (8) is equivalent to the linear partial

dlfferentlal equation

of  ,0f

of
2c Vo,

+w(y,y )55 =0

(94 v(f) = o

of three variables x, y, y'. The equation (94) is invariant under the first
prolonged vector fields

)
xMV=x, = s XMV =X, =

0
Hence the integration of the differential equation (8) can be reduced to the
integration of the equation (94) (cf. [11, Kapitel 20, 4, pp. 457-464]) and we
apply again the method of integration given by [11, Kapitel 20, 2, pp. 443~
444 ] for the equation (94). Since the first prolonged vector fields have no
term with af,, a first integral of (8) can be obtained in the following way.
The determinant of the coefficient matrix for the system of linear equations

(9f y of of
0= 50tV g, 1o,
of
0= or
B 8f of
0= T o ty 8@/
of variables gf; , gg , % is
1 v w
Di=]1 0 0 |=wy#0.
z y 0
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Consider the determinant

dr dy dy
Do=|1 ¢ w |=wdy—ydy.
1 0 0

A first integral of (94) is

Dy _/wdy y'd / y'dy

Dq ,)2) <l—d /14 (y,)2>
_[dy y ,
= / Yy + / \/1 + (y,)Q (\/l + (y,)2 B d> dy

:lny—Hn( 1+(y’)2—d>.

Exponentiating, we obtain the first integral

s0=y< 1+(y’)2—d>-

Now we can integrate the equation

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

Expressing 1/ from the last relation and solving it for 3’ we obtain

c 2
y/: (+d) _17
Yy

where ¢ is a real constant. Therefore for the solution y(x) of (8) we have

(d?—1)y+cd
Ve + 2edy + (d2 — 1) y2 cdln <m+\/62+20dy+(d2—1)y2
d? -1 N (a2 — 1)%

=+ a,
where a, ¢, d are real constants.
4.3. Differential equations for sog(R).

Example 4.9. The Lie algebra g = sog(R) = suz(C) which has no 2-
dimensional subalgebra is generated by the vector fields (9). Hence one
has

(95) (1,02, 03) = (1 + 22, 2y,9), (m1,70,m3) = (wy, 1 +y*, —2).
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Applying formulas (34), (35) to (95) we have

(96) D 0 0y = (g — 2y — 2(y)2, —1 — ()2,
(97) P 02 Py = (=329 @, =32y, —3y/y?).

There does not exist any first order ordinary differential equation which
admits the Lie algebra g = sog(R) as the Lie algebra for a group of their
symmetries, because the determinant D = —(1 + 22 +y?)(22(y/)? — 2zyy’ +

1+y?) cannot be 0, since 2%(y')? — 2zyy' +1+y> = = <(y — E)Q—FI%) > 0.

T

Finding the second order ordinary differential equations of the explicit form
y? — g(x,y,y") = 0 which allow the group of symmetries corresponding
to the Lie algebra g = sog(R) we have to solve the system (38) of partial
differential equations for the case m = 2, r = 3, f(z,y,v/,y®) = y® —
g(z,y,y’) = 0. Putting (95), (96), (97) into (38) we obtain the following
system of partial differential equations:

dg dg dg

(98) (1+x2)%+xyafy+(y—$y)a,+3xg—0
9g dg 2\ Og

(99) xy%+(1+y2)afy+(yyl—x(y')>a/+3xyg—0
dg 89 n2\ 99

(100) Vgt <1+(y)>@—3y9—0.

For g = 0 the partial differential equations (98), (99), (100) are satisfied.
Hence the differential equation y?) = 0 allows the group of symmetries
corresponding to the Lie algebra g = sog(R). We may assume that g # 0.
Multiplying (98) by 3’ and subtracting (99) from it we have

dg

By =0.

Jg
(101) (L4 y —wy) 57+ (' — (L4+97)) 5
Multiplying (100) by = and adding the new equation to (99) one has

0 9]
(102) A+22+ )22 + (2 +yy) =2 =0.

99
dy oy’
Putting the expressions
99 (+wy) 09
dy (1422 +y?) 0y’
g _ ((L+9*) —=ayy’) 9g

or  ((1+22)y —xy) Oy
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into (100) we obtain

(1 + y2 — 2zyy + (1 + m2) (y')2> 99

ay'
1 dg 30In (1 +y? = 2xyy + (1 +:c2) (y’)2)
307 2 o7

:3((1+x2)y'—:ﬂy)g<:>

—

0l g
n <(1+y2—2xyy/+(1+z,2)(y,)2)3/2>
oy’
. 9= K(@,y) (1+9" = 2ayy + (1+27) (¢)°)
After substituting (103) into (102) and simplification we get
1 8K($7 Y) 3y

=0«

3/2

K(z,y) Oy (1+ 22 +4?)
Oln (K(x,y) (1+2%+ y2)3/2>

dy
U(x)
(1+224y2)

/ / 3/2
(104 o= Ua) (1 +y* = 2zyy’ + (1+2°) (y )2) .

=0

K(x7y) -

3737 OF equivalently

1+ a2 +y2
Putting (104) into (101) after some calculations we obtain
1+y? — 2ayy' + (1+2%)(y)?
1+ a2 +y2
This yields that U(z) = ¢, ¢ € R. Therefore the second order differential

equations (10) are invariant under a symmetry group whose Lie algebra
g = so3(R). (See also Table 8 in [5, p. 151]).

U'(z) =0.

Remark 4.10. As (10) is a second order ordinary differential equation we
need to have a two dimensional solvable Lie subalgebra to being able to solve
it (see e.g. [21], Section 2.1.2 in [5]). However, sog(R) has no two dimensional
subalgebras, as all its proper subalgebras are one dimensional. That is, even
though we know a three dimensional subalgebra of the tangential Lie algebra
of the Lie symmetry group of the second order equation (10), we cannot
apply this knowledge to completely solve it.

4.4. Further examples. Finally we apply the method of Lie for some non
semi-simple Lie transformation groups of dimension r acting on the (x,y)-
plane. Here we only give a list of the ordinary differential equations of order
m < 7 — 2 which are invariant under the action of these Lie groups.
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Example 4.11. The 3-dimensional Lie algebra g, is generated by the vector
fields given in (11). (See [6, p. 341], Table 1, Case 1). Since the determinant

(41) is D = — (1 + (y’)2) and cannot be 0, there does not exist any first

order ordinary differential equation which allows the Lie algebra g, as the
tangential Lie algebra for a group of its symmetries.

Example 4.12. The 3-dimensional Lie algebra gg has as basis elements
given in (12). (See [6, p. 341], Table 1, Case 12). Then for the determinant
(41) we have D = ' (8 —1). Hence, only the differential equation 3y’ = 0
admits the Lie algebra gg as the Lie algebra of a group of its symmetries
(cf. Theorem 3.1).

Example 4.13. According to [6, p. 341], Table 1, Case 4, the 4-dimensional
Lie algebra g is generated by the vector fields (13). As D = —y®)((y/)?+1),
the only ordinary differential equation of order at most 2 which is invariant
under the group of symmetries corresponding to the Lie algebra g is y(®) = 0.

Example 4.14. According to [6, p. 341], Table 1, Case 13, the 4-dimensional
Lie algebra g has as basis elements (14). The determinant (41) of the matrix
in Theorem 3.1 is D = y®y/. Therefore among the ordinary differential
equations of order at most 2, the differential equations y(2) =0andy =0
allow the group of symmetries corresponding to the Lie algebra g.

Example 4.15. The basis elements of the Lie algebra sla(R) x R are given
by (15). (See [6, p. 341], Table 1, Case 14). For the determinant (41) one has
D =2(y/)*. Therefore among the at most second order ordinary differential
equations the differential equation vy’ = 0 allows the group of symmetries
corresponding to the Lie algebra g (cf. Theorem 3.1).

Example 4.16. The 4-dimensional Lie algebra g = gla(R) has as basis
elements (16). (See [6, p. 341], Table 1, Case 19). Therefore the determinant
(41) is D = —2y?y®. By Theorem 3.1 among the ordinary differential
equations of order at most 2 the equation y(Q) = 0 admits the group of
symmetries corresponding to the Lie algebra g.

Example 4.17. The generators of the Lie algebra sla(R) x Lo, where Lo
is the 2-dimensional non-abelian Lie algebra are given by (17). (See [6,
p. 341], Table 1, Case 15). Since D = 2y/ <2y’y(3) -3 (y(Q))Q), according to
Theorem 3.1 among the at most third order ordinary differential equations

the equations given by (18) admit the group of symmetries corresponding
to the Lie algebra sla(R) x La.

Example 4.18. According to [6, p. 341], Table 1, Case 5, the Lie algebra
g = sl2(R) x R? has as basis elements in (19). Since the determinant (41) of

the matrix in Theorem 3.1is D =9 (y@))g, among the ordinary differential
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equations of order at most 3 the equation y? = 0 allows the group of
symmetries corresponding to the Lie algebra g.

Example 4.19. The basis elements of the Lie algebra g = gla(R) x R2
are given by (24). (See [6, p. 341], Table 1, Case 6). Since the determinant

(41)is D = -2 (y(g))2 (3y(4)y(2) -5 (y(g))2> among the ordinary differential

equations of order at most 4 the equations given by (25) admit the group of
symmetries corresponding to the Lie algebra g (cf. Theorem 3.1).

5. SYSTEMS OF FIRST ORDER ORDINARY DIFFERENTIAL EQUATIONS
WHICH ALLOW A GIVEN LIE GROUP AS A GROUP OF THEIR
SYMMETRIES

In this section we devise a method based on Lie’s original idea in Section 3
to obtain systems of first order ordinary differential equations which admit
a given Lie group as a subgroup of their symmetries. Let G be a given -
dimensional real Lie group. First we deal with the case that the Lie algebra
g of G is the direct sum of infinitesimal generators of trivial symmetries and
time-preserving symmetries such that both direct factors are non-trivial.

5.1. Time-dependent symmetries. Let us use the following notation

y = %, 2 = g—;. Let us consider the following time-dependent system

of first order ordinary differential equations in R?:
(105) fl(wvyazaylaz/) = 07
fa(z,y, 2,9, 2") = 0.

Then the Lie algebra g of G has as basis elements the following vector fields
in the 3-dimensional space:

) 0 o .
Xi(xuya Z) = ¢i(x7yvz)% ‘f‘Th(I,?/, Z)87y +Oé7;(l',y, Z)&a 1= 1727 ceen T

The first prolonged vector field of X;(x,y,2), 1 =1,2,...,r, with respect to
x has the form

0 0
XY@,y 2,0,2) = Xi + 0 @,y 2,0/, Z’)aT/ o @z, Z/)@’

where
(1 om; omi % I 0¢;  0¢; , % /
(106) K _8$+0yy+azz y(@er@nyr@zz ’
(1) o aai 80@ ’ aai . aqbl 8(;51 ’ 8@51 ’
(107) =5 ayy—i-azz Z(8x+8yy+(‘)zz .
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The time-dependent system (105) of first order ordinary differential equa-
tions allows the given group G of symmetries if and only if the functions f;,
j = 1,2, fulfil the following system of partial differential equations

¢18f] +7718fj + s 8f3 +77(1)6fj +ag)g§/ — O,
a a a o 1)0f;
108 '
(108) 8520 4 2% +azafj £ M2 — g
6.3 + 0%+ andl % 4%~ o,
Let
¢ P2 93 ... O
m 2 ny - M
M = aq a9 a3 (679
1 1 1 1
s ) gl
OO N RO

Then the system of partial differential equations given by (108) can be
treated as the following system of ‘linear equations’ in the variables %,
of; of; 0f; 0f;.

Oy’ 0z Oy’ 07"
oft 90fi 90fi Ofr Of1 . _
(Bx dy 0z oy’ 8z’) M_(O 0)7

ofs Ofs 0Ofs 0Ofs Of _
(9 5 % % %) m=(0 ... 0).

Here, the coefficient matrix M is an 5 X r matrix. Thus, to obtain non-
trivial solutions f; (j = 1,2) of the system of equations given by (108) it is
necessary that the rank of the matrix M is at most 5. However, if rankM =
4, then the obtained solutions for the vectors (ﬁ on  dh  9n afl)

ox dy 0z oy’ 0z
and (% %—1;2 % %2’ gﬁ?) are linearly dependent, that is the obtained

system of differential equations consist of only one equation rather than two
for the two dependent variables y and z. Therefore rankM < 4 is a more
useful requirement.

Now, rankM < r always holds, hence if < 4, then the rank condition is

automatically satisfied. In such a situation one needs to solve (108) in %J;Z

of; of; Oof; Of; . . ..
a—fyj, a—J;J, 6—5,, TJ;]H and see if any solution corresponds to a nontrivial system

of differential equations fi, fo. In the following we consider the case r > 4,
where the rank condition is equivalent to that every 4 x 4 subdeterminant
of M is zero.

9
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Now, if we reduce ourselves to systems of the form
(109) f1($7y727y,azl) :y/_gl(xayaz) :07
f2($7 Y, z, ylv Z/) =z - 92(1’, Y, Z) =0,

then the function f; does not depend on 2’ and the function f is independent
of y//. Thus for the function f;, respectively fy the system of linear equations
obtained from (108) has the coefficient matrix

¢1 . Or ¢ o Or
... , 1 ..
My = a11 Zr and M = (7)741 oy )
1 1 1 1
RO RUBN

respectively. Now, for having a nontrivial system f1, fo, both rankM; < 4
and rankMs < 4 has to hold. That is, to obtain non-trivial functions fi,
respectively f2 as a solution of the system (108), it is necessary that all 4 x 4
subdeterminants of the 4 x r-matrix M, respectively My are zero.

Remark 5.1. Let the Lie algebra g be represented in the n-dimensional
space. In Section 5.1 every Lie algebra is represented in the 3-dimensional
space with coordinates (z,y,z). If we want to determine the systems of
ODEs for which g is a subalgebra of the tangential Lie algebra of the Lie
symmetry group, then we really have n different problems at hand depending
on which coordinate represents the time. In the following, we consistently
assume everywhere that the time is the ‘z’ coordinate.

Example 5.2. The Lie algebra g = sog(R) = suz(C) is generated by the
vector fields (28) in the 3-dimensional space. Hence one gets

(110) ¢l = (_yvovz)v i = (SC, _270)) QG = (ana —I‘)
Applying the formulas (106), (107) to (110) we obtain

W= 1+ )2 -2, =), oY = (2 o, —(1 + ()?)).

n
Therefore the matrix M has the form
—y 0 z
x —z 0
M = 0 y —T
L) e

vy - (14 )

Multiplying the first column of M with z and the third column of M with
y and adding the new first column to the new third column the matrix M
transforms to a matrix M!'. Multiplying the second column of M! with z
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and adding this new column to the third column the matrix M! changes
into

—y 0 0
T —z 0
M2 _ 0 y 0

1+ W)? =2 —y2y+=z <1 + (y’)2> —xZ
y' 2 Yy -y (1 + (z’)2) + 292 + xy
Therefore the function f; and fo fulfil the system (108) of partial differen-

tial equations precisely if f; and fo satisfy the following system of partial
differential equations

—y9i + 29+ 1+ ()
Z%];l_i_yafl_ /
y’Z’y+zg (y’)Z)*M =
—yaj;? +xaf2+yz =
z%];2+yaf2+y =
—y(l—i-( ))+zyz +xy =

To solve the equations

o oo o oo

242y —ad —yyd =0
—y—y(@) +ay + 2/ =0

2(1+(y)?)

e Putting this into the second equation,

the first equation gives 2/ =
after simplification we obtain

3 2
(W) (29 +22%) + (v)" (22%y —y2" = y)
+y (2 + 22 — 229%) — (ya® +yz?) = 0.
The solution of the last equation is y' = % and hence 2’ = Z. Therefore
only the system (29) of first order ordinary differential equations allows the
group of symmetries corresponding to the Lie algebra g = sog(R).

Example 5.3. The Lie algebra g = slg(R) is generated by the vector fields
(32) in the 3-dimensional space. Each maximal compact subgroup of the
group SL3(R) is isomorphic to the group SO3(R), therefore we cannot ex-
pect any more systems to be invariant than those already obtained in Ex-
ample 5.2. Using (32) one has

¢i = (270707«’13;%17,070)7
(111) i = (0727x7 _y70707070)7
= (070707070,—27%9)-
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Applying (106), (107) to (111) we have
777,(1) = <_y/z/7 zlv 17 —2?/, —(3/,)2’ _y/7 07 O)a
all) = (~(2)2,0,0,—, ~y'+, ~22', 1,y).

Therefore the coefficient matrix M of the system of linear equations arising
from the system (108) of partial differential equations is

z 0 O T Y T 0 0

0 z r -y 0 0 0 0

M = 0 0 O 0 0 —z T Y
_y/z/ 2 1 —2y’ _(y/)2 _y/ 0 0

—(2?% 0 0 —2 Y 22 1 ¢

To get non-trivial solutions f1, f2 of the system of equations given by (108),
it is necessary that all 5 x 5 subdeterminants of M are zero. The subdeter-
minant

0 0 = 0 0
z z —y 0 0
Ds1=|0 0 0 =z y|=z(—z2+z)yz—vy)
21 =2y 0 0
00 —2 1y

is zero if either 2/ = 2 or y' = . Since the function f; does not depend
on z’ to obtain non-trivial function f; as a solution of the system (108) it is
necessary that all 4 x 4 subdeterminants of the matrix

o z 0 0 =« Y z 0 0
i B 0 z T -y 0 0 0 0
M= g 0 0 0 0 0 —z oz y
m(l) —y’z’ 1 _2y/ _(y/)Q _y/ 0 0
are zero. Consider the following subdeterminants of M;
00 =z 0
r -y 0 20
Dy = 00 0 2|77 (Z'z — 2)
21 =29 0
0 x z 0
r -y 0 0 \_ 2,
Dia=|4y o _, ,|=7 -y
1 =2y —y 0

These are zero if ' = £ and 2/ = Z are both satisfied. As the functions
fi=9y —%and fo = 2 — 2 fulfil the system of partial differential equations
given by (108), we obtain that only the system (29) of first order ordinary
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differential equations is invariant under the action of the symmetries belong-
ing to the Lie algebra g = sl3(R).

Example 5.4. According to [7] in [12, p. 134, 140] the infinitesimal gener-
ators which form a 6-dimensional Lie algebra isomorphic to g = sla2(R) @
sla2(R) such that the corresponding Lie group acts on the 3-dimensional
non-euclidean space are given by (31). From (31) it follows that

07073?3/ -z, 1,(1:,$2),

¢ =
(112) i = 17y7y27070,$y - Z),
oy =

(
(
(x,2,y2,y,2,22).
Applying (106), (107) to (112) we have

Y =0,y yy — ()2 +y'7,0,—yy —ay — 2'),

oV = (1,2, 2y — 2 + ()%, 9,0, 2 — x2)).

7
Therefore the coefficient matrix M of the system of linear equations derived
from (108) is
2

0 0 Ty — 2 1 =z x

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

0y y/—a@W/)+y7 0 —y y—ay -~

1 2 2 a2+ ()2 oy 0 z—x2

There are six 5 x 5 subdeterminants of M. Their greatest common divisor
factor is

(113) (y’)2 x? = 2xyy’ — a2 +y? — 22y + (z')2 +4zy.

The factor (113) is zero if and only if

(114) 2 =ay +yx2Vy (zy — 2).
Since the function f; is independent of 2/, to obtain non-trivial function fi as

a solution of the system (108) it is necessary that all 4 x 4 subdeterminants
of the matrix

0 0 TY — 2 1 = x?
2 _
M = 1 y Y 0 O Y — 2
T oz Yz y oz xz
0 ¢ wy—z@W)+y7s 0 —y y—ay —2
are zero. Using (114) we have
0 0 TY — 2 1
|1y y? 0| _ o/
Dip=| )z y | = T VY 2y = 2)(ay — 2).
0 ¢ yy—2@)+y7 0
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One has Dy = 0 if ¥/ = 0 and hence 2z’ = y. The time-dependent system
fi=vy =0, fo =2 —y = 0 of first order ordinary differential equations
does not satisfy the system (108) because one has Xg(f2) = 22 an + (zy —

)8f2 +xzy2 8f2 +(z—xy) g’} = 2(z —xy) # 0. Hence there does not exist any
tlme dependent system (109) of first order ordinary differential equations
which allows the group of symmetries corresponding to the Lie algebra g =

sla(R) @ sl2(R) given by (31).

A similar consideration as in Example 5.4 shows that there does not
exist any time-dependent system (109) of first order ordinary differential
equations which allows a Lie group of symmetries whose Lie algebra is any
one of the following Lie algebras:

o o0 09 o9 9 9 o0 90 o0 0 0 0
g =slu(R) = <8gc’8y’ a,x%,y%,z%,xa—y,ya—y,za—y,mg,yg,za—,
5 0 0 0 0 5 0 0 0 0 5 0
l'% 8y+3§‘28 xya——l—y 8*y+y28 (3 +y287y+2 aZ>
0 0 o o0 o9 o0 o0 90 09 0
8= \ow oy 02002 " 8x’xagj’y(9gj’zf‘9g/’xaz’y(9z’zaz>

_I_
9 0 9
oy ox
jo oo 0 9 0 0 9 0 0 0 0
8= \oz oy 02" "0 02 "0 "oy oy “oy M0V 02 "6
99 9.0 0 9 0 0 0 0 0
Oy’ 0z’ 0y Ox yay’yaw’ ox’ "0y’ "oy’ Ox 0z’
jo 00 00 0 0 0 0
&= \or Yoz oy 0z’ 0z 0y’ Ox y@y“y@x’

xg—i-yg—i-ng za—y<xa+ya+za)

Ox oy 0z’ Ox Ox oy  “0z)’

0 0 0

za—i—x(xa—i-ya—i- az>,z<:pa+ya+ 8>>

o o0 o0 0 g 0 o 0 0
g:<ax’ay 02Y0x " Yoy tay  Yor az_za:g>’

o o0 o0 0 g 0 o 0 o 0 0 0
g:<8x’8y FER T ay’ 8y Y9, %a: Z@x’x(?az+y(3y;+zaz>’

o 0 0 0 o 0 o 0 o 0 0 0
g‘<ax’ay’az’ oy YorYe: Toytor Yo "or Yoy Tox
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5.2. Time-preserving symmetries. Now we study the case that the Lie
algebra g of the given r-dimensional real Lie group G consists of infinitesi-
mal generators which are time-preserving symmetries. Let us introduce the

following notation z’ = %, y = %, 2 = % and consider the following

time-independent system of first order ordinary differential equations:
Hilt,z(t),y(t), 2(t), 2 (1), ' (1), 2/ (t)) =0,
fa(t,2(t), y(t), 2(t), 2" (1), ' (1), #'(t)) =0,
fa(t,x(t),y(t), 2(t), 2" (), ¥/ (t), £'(t)) =0.

Assume that the Lie algebra g of G has the following vector fields as basis
elements:

xxxa»yaxza»-—¢xxaxyuxza»§;+whuuxyaxz@»§;
Faa(e(0), 9(0), 2(0) 5

for all ¢ = 1,2,...,r. The first prolonged vector field of X;(z(t),y(t), z(t))
(i=1,2,...,r) with respect to the variable ¢ has the form

0
XD (@(t),y(0). 2(0). 7',y ) = X+ 0 (@lt). (), 2(0). 2"y ) 5t

0

+ oV (@), y@), 2(t), 2,y z’)@,

0 (@ (1), y(8), 2(8), 2,3/, 2')

oy’
where

1 _0¢i , 0¢i , 0¢; ,
2 _8x$+8yy+8zz’

a _Oni , On , On ,
K _8wx+8yy+8zz’

(1) . 80@ ’ (90@ ’ 60@ ’

YT e 8yy+8zz

The time-independent system of first order ordinary differential equations
allows the given group G of symmetries precisely if the functions fi, k£ =
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1,2, 3, fulfil the following system of partial differential equations

¢ 8fk _|_7713fk +ay 3fk +¢(1)8fk +77£)8fk —I—Ozgl)%{;’f = 0,
¢28fk _|_7728fk +a23fk "‘ngl)gﬁk é)afk +Oégl)%'?f = 0,
i + i + G +¢ Dol 4 Vo L aVB = o,
¢T8fk +77r8fk —|—Ozrafk _|_¢T1)8fk+ ()8fk +047(~)g];7 = 0.
Let

o1 ... Or

m r

aq (67%

M = (1) (1)

1. O

1 1

b

ORI

The system (5.2) of partial differential equations can be seen as a system of

'linear equations’ of the variables %, %—];’“, %, %, g—];’f, %:

ofi 8 A 9h Of O
(% aiyl % 69 aﬁ a&)'M:(O . 0),

of: of: of of of of —

( 59”2 33/2 8z2 89; ay% 8; >.M_(O 0)’
0 2] o) of af af:

( f3 J;a LZS 3 y§ EZ?)-M_(O... 0).

To obtain non-trivial solutions fr, & = 1,2,3, of the system of equations
given by (5.2) it is necessary that the rank of the 6 x r-matrix M is less
than 6. However, as in Section 5.1, if one wants the vectors (% . %)
to be linearly independent, rankM < 4 is the necessary requirement. This
condition is automatically satisfied if » < 4, and then one can only solve
the system of partial differential equations (5.2), and see if any solution
corresponds to a nontrivial system of differential equations fi, f2, f3. In the
following we consider the case r > 4, where the rank condition is equivalent
to that every 4 x 4 subdeterminant of M is zero.

Now, if we reduce ourselves to systems of the form
filt,z(t),y(t), 2(t),2") = 2’ — g1(t, 2(t),y(t), 2(t)) = 0,
fa(t,2(t),y(t),2(t),y") =y — ga(t, (1), y(t), 2(t)) = 0,
f3(t,x(t), y(t), 2(t),2') = 2 — g3(t, x(t),y(t), z(t)) = 0,

then the function f; does not depend on ¢/, 2/, the function fs is independent
of 2/, 2" and the function f3 does not depend on z’,v’. Hence, for fi, fo, f3
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in (5.2), one needs to deal with the coefficient matrices

1 .. O ¢1 ... O
L IR IS T I
<Z>§1) 9) ngl) 7751)
¢ . Or
My=| o |
ORI

respectively. To get non-trivial functions fi, f2, f3 in explicit form as a
solution of the system (5.2) it is necessary that rankM; < 4, rankMy < 4,
rankM3 < 4 hold. That is, all 4 x 4-subdeterminants of the 4 x r-matrices
My, My, M3 have to be zero. Now we apply the above discussed method for
the Lie group G given in Example 5.4.

Example 5.5. The infinitesimal generators of the Lie algebra g = sl2(R) ®
sl2(R) of G are given by (31). From (31) it follows that

¢; = (Oa 0, x(t)y(t) - Z(t)> L, l‘(t), x(t)Q)v
;= (1> y(t)7 y(t)Qv 07 07 x(t)y(t) - Z(t)),
a; = (x(t), 2(t), y(t)2(t),y(t), 2(t), x(t)2(¢)).
Therefore one has
(;51(1) = (0,0,y(t)x’ + x(t)y — 2',0,2', 2z(¢)z’),
0 = (0,9, 25(t)y',0,0,y(H)x' + x(t)y — 2),
agl) = (2,2, 2()y +y(t)2 o, 2 2() " + x()2).

Hence the coefficient matrix M of the system of linear equations is

0 0 TY — 2 1 =z z?
1 y y? 0 0 TY — 2
e | ® 2 Yz y oz rz
0 0 yr'4ay—2 0 2xa’
0 v 29y’ 0 0 zy+ay—2
2 2y +y2 y 2 zx' + x2

The determinant of M is 0. To obtain non-trivial function f; of explicit
form as a solution of the system (5.2) of partial differential equations it is
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necessary that all (4 x 4) subdeterminants of the matrix

0 0 Ty — 2 1 =z z2

2 _
M = 1 vy Y 0 0 zy—=

T z yz y oz xz

0 0 yo'+ay —2 0 2/ 2z2
0 01 =«

. 1y 00 . o

are 0. The subdeterminant D; = N (z—zy)is0if 2’ =0

0 0 0 2

and hence f; = 2/ = 0. Using this, the subdeterminant

0 01 zy—=
2

. 1 Y 0 Y . N o /
Da=\ 0 %y g |7 (zy —2)(" —zy)
0 0 0 ay -2

is 0 if 2/ = zy’. To get non-trivial function fy given in explicit form as a
solution of the system (5.2) of partial differential equations it is necessary
that all (4 x 4) subdeterminants of the matrix

2

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

0 0 yo'+ay/—2 0 & 2z’

0 9 2y’ 0 0 ay +a'y—~2
0 0 zy—2z x

. 1 y y? 0 , 9.
are 0. The subdeterminant D3 = =y (rxy —2)*is 0 if

T oz yz oz

0 vy 2yy O
y' = 0 and therefore z/ = 0. Hence the only time-independent system that
allows the Lie group G corresponding to the Lie algebra g = sla(R) @ sla(R)
given by (31) as its symmetries is trivial (cf. (30)).

Similarly as in the Example 5.5, only the trivial time-independent system of
first order ordinary differential equations allows a Lie group of symmetries
whose tangential Lie algebra is one of the following simple Lie algebras:
soz(R), slg(R), sl4(R).
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