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Abstract

In this article, we continue our investigation and classification of the
symmetry Lie algebra of the geodesic equations of the canonical connec-
tion on a Lie group. In particular, we consider the list of indecomposable
solvable six-dimensional Lie algebras whose nilradical is four-dimensional
non-abelian and its complement is two-dimensional non-abelian as well.
According to the classification of the six-dimensional Lie algebras given
by Turkowski [I], there are thirteen Lie algebras to consider, namely
Ag2s — Ag 0. For each of these algebras, we list the system of the geo-
desic equations, a basis for the symmetry algebra in terms of vector fields
and the non-zero brackets of the symmetry Lie algebra. A comprehensive
analysis and classification of the symmetry Lie algebra are given.

Math. Subject Classification: 17B99, 35A24, 35B06

Key Words and Phrases: Lie algebra, canonical connection, geode-
sics, symmetry

1. Introduction

In this paper, we consider the problem of classifying the symmetry
Lie algebras of the geodesic equations of the canonical connection on Lie
groups for the six-dimensional case where the nilradical in non-abelian
and its complement is non-abelian as well. The canonical connection on
Lie groups was introduced in 1926 by Cartan and Schouten [2]. Ghanam
and Thompson [3] studied the properties of this connection and a sum-
mary of its properties will be presented in Section 3. In recent year, there
has been a lot of work done on identifying the symmetry Lie algebras of
the geodesic equations on Lie groups. Ghanam et al. [4, 5] considered
the problem for three and four dimensional Lie groups and they used the
list of Lie algebras presented by Winternitz [6]. They also considered
the problem for six-dimensional nilpotent Lie algebras [7]. Almusawa et
al. [8] considered the problem for the five-dimensional indecomposable
Lie algebras with co-dimension one abelian nilradical. Almutiben et al.
considered the problem for the six-dimensional Lie algebras where the
nilradical is abelian and the complement is non-abelian [9]. In this pa-
per, we will identfy the symmetry Lie algebras for thirteen algebras in
dimension six: Agos — Ag 40, these algebras were classified by Turkowski
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[1] and each of them has a non-abelian nilradical and a non-abelian com-
plement. This paper will complete the classification of the symmetry
Lie algebras of the geodesic equations of the canonical connection for all
indecomposable six-dimensional Lie algebras.

The main motivation for our investigation, is to determine the Lie
algebra of the symmetry group in each of the geodesic systems that cor-
respond to one of the low-dimensional Lie algebras occurring in a list,
in the case at hand, Algebras A6.28-A40 in [I]. Tt should be appreci-
ated that the classifications of the low-dimensional Lie algebras are very
limited. For nilpotent and solvable Lie algebras such classifications ex-
tend only up to dimension seven, [10, 11, 12]. In the present context,
we continue the analysis started in [9]. As such, we are able to obtain a
complete description of the symmetry Lie algebras of all the Algebras in
[1]. The determination of such symmetry Lie algebras may be considered
to be valuable because they have a very high dimension compared with
symmetry Lie algebras of more general geodesic systems and help to shed
light on the general structure.

The outline of the paper is as follows: In Section 2, we give the
definition of the canonical connection V on a Lie group and a summary
of its properties. In Section 3, we review the symmetries of differential
equations and the Lie invariance condition. In Section 4, for each Lie
algebra Ag s — Ag 40 in Turkowski’s list, we give the geodesic equations,
a basis for the symmetry algebra in terms of vector fields, the non-zero
brackets for the symmetry algebra, and finally we identify the symmetry
Lie algebra in terms of the nilradical and its complement. We will use x
to denote a semi-direct product and @ for the direct sum of algebras.

2. The canonical connection on Lie groups

On left-invariant vector fields X and Y, the canonical symmetric
connection V on a Lie group G is defined by
1
2
and then extended to arbitrary vector fields using linearity and the Leib-
nitz rule. The connection V is left-invariant. One could just as well use
right-invariant vector fields to define V, but one must check that V is
well-defined. Properties of the canonical connection have been studied
in [I3], and we will summarize them in the following proposition.

VyY =2 [X,Y], (1)
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ProroOSITION 2.1. For the canonical connection defined by :

(1) The torsion is zero.

(2) The curvature tensor R is given by R(X,Y)Z = ;[[X,Y], Z].

(3) The curvature tensor R is covariantly constant.

(4) The curvature tensor R is zero if, and only if, the Lie algebra is
two-step nilpotent.

(5) The Ricci tensor is symmetric and in fact a multiple of the Killing
form.

(6) The Ricci tensor is bi-invariant.

3. Symmetries of the geodesic equations

In this section, we explain the algorithm for finding the Lie symme-
tries of the geodesic equations. In local coordinates and in dimension n,
the geodesic equations are given by

2, J 7.k
Cr o g, (2)
dt? IR dt dt
where I, are the connection components or Christoffel symbols, and
1,7,k = 1,...,n. In dimension six, let us take our coordinates to be
t,p,q,x,y,z,w, where t is the independent variable and p,q,z, vy, z,w
are the dependent variables. Define I' to be

0 0 0 0 0 0
r=r" P X Y A W —, 3
o " a*Q X Ve e T Ve B
where T, P,Q,X,Y,Z, and W are unknown functions of (¢,p,q,z,y,
z,w). The first prolongation I'" and second prolongation I'? of T' are

given by

0 0 0 0
r! F+Pt +Qt +Xta +Yta—y+Zta +Wtaw (4)
8 0 0 0 0
re Fl‘*'Ptta +Qtt (9 +Y;ttay+Ztta +thaw (5)
where
P, = Dy(P) —pD(T), Pu= D(P)—pDy(T),
Qt = Dt(Q) - th(T)v Qtt = Dt(Qt) - th(T)7
Xt = Dt(X) - LUDt<T), Xtt = Dt(Xt) - IDt<T), (6)
Y, =DyY)—9yD(T), Yu=Dy(Y;) —§Du(T),
Zt - Dt(Z) - ZDt(T), Ztt - Dt(Zt) - ZDt(T)7
Wt = Dt(W) - th(T), th - Dt(Wt) - 'lUDt(T),
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and D, is given by

D=2 452 it i by s pil
ot Pap T e Yoy T e T Vow
0 .0 .0 .0 .0 .0 (7)
—l—pa—p—i—qa—q%—x%%—ya—y—l—z&—kwﬁ.
Finally, I' is said to be a Lie symmetry of the system of the geodesic
equations if
r*(A) 0, (8)

Ay =
where '
A(2) _ d2xz
! dt?
Equation is called the Lie invariance condition. We equate the
coefficients of the linearly independent derivation terms to zero, and this
yields an over-determined system of partial differential equations (PDEs).
In general, the integration of this PDE system is extremely problematic,
but in the case of the geodesics of the canonical connection, it always
seems to be possible to integrate them. On the other hand, that fact is
not so surprising because one knows that each left and right-invariant
vector field is a Lie symmetry. For a good reference on symmetries of
differential equations, we refer the reader to [14].

— fi(t, 2", i=1,2,---,6. (9)

4. Lie algebras: Agos — A 40

=

.28:  [eq,e6] = —e3, [e5, 6] = —e4,[e1, €3] = €3, [e1,e5] = —es, [e1, 6] =
€6; [627 64] = €4, [627 65] = 2637 [627 66] = —€¢.

The corresponding system of geodesic equations is given by:

w= 0
5= 0
= —q(x+z2)+1w(qg+y)+ 9z + aw)

= pirt (- yi - ) + a2 - g2) +eiily+ ) OO
Q= (2= ),
F= —z(Z+w).

The symmetry Lie algebra is spanned by the following basis:

61 — Dt 62 = DZ 63 - ZDt
ea =D, es=wD; eg=¢e"D, (11)
€7ZtDt 68:Dw eg:pr+qu+yDy-
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The nonzero brackets for the symmetry Lie algebra are given by

[617 67] =eq, [627 63] = €1, [637 67] = eg, [64, 69] = ey, [65, 67] = es, (12)
es, es] = —e1, [eq, es] = —eq, [e6, €3] = —es.

PROPOSITION 4.1. The symmetry Lie algebra is a nine-dimensional
indecomposable solvable Lie algebra. The nilradical is a six-dimensional
decomposable Lie algebra spanned by ey, es, €3, €4, €5, ¢ and it is a direct
sum of Az, and R®. The complement is a three-dimensional abelian Lie
algebra spanned by er,es,eq. Hence the symmetry algebra is (As; &
R?) x R?.

6.29 (ab : a2 + b2 7é 0) [647 65] = —€3, [617 63] = €3, [617 64] = €4, [617 66] =
G€gq, [627 63] = €3, [627 65] = €5, [627 66] = beﬁ-

The corresponding system of geodesic equations is given by:

w= 0
z= 0
p= pE+w)+qy—yw) (13)
j= i
i= @

= x(bZ+ aw).
The symmetry Lie algebra is spanned by the following basis:

er =D, ex = Dy es =qD,+ D, e4=e"D,

es = "D, eg =ye*D, +e*D, er =D, es =D,

eg = why e = 2Dy e11 = ™D, ey =D,

e13 = D, ey = tD; e15 = vD,

€16 :pr+yDy €17 :pr+qu7

(14)

[61, 616] = €1, [61, 617] = €1, [62, 63] = €1, [62, 617] = €2,
[637616] = €3, [64766] = €5, [64, 613] = —€y4, [6 616] = €4,
[657612] = —€s5, [657613] = —¢€s, [65, 616] = €5, [6 ] = €5,
[667612] = —€g, [66 617] = €¢, [67, 614] = e, [6 615] = €g,
[697613] = —er, [697614] = €y, [6107612] = —ér, [6107614] €10,
[611, 612] —beyy, [611, e13] —aey, [611, 615] = €11

(15)
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PROPOSITION 4.2. The symmetry Lie algebra is a seventeen-dimensio-
nal indecomposable solvable Lie algebra. The nilradical is a eleven-
dimensional decomposable Lie algbera spanned by eq, €s, €3, €4, €5, €g, €7, €3,
ey, €10, €11 and it is a direct sum of two copies Az ; and R®. The comple-
ment is a six-dimensional abelian Lie algebra spanned by eis, €13, €14, €15,
e16,e17. Hence the symmetry algebra is (A3 @ As; @ R®) x RS

6.30 (a) : [es, €5] = —e3, [e1, €3] = 2es, [e1, €4] = €4, [e1,€5] = €5, [e1, 6] =
acsg, [62, 64] = €5, [@27 66] = €g-

The corresponding system of geodesic equations is given by:
=0, =0, p=w2p+qy+yq) +yi(y—yw), =y,
Gj=—qu— 2y +yw), I=1z(2+ aw).

The symmetry Lie algebra is spanned by the following basis:

61:Dp 62:Dx 63:Dt
e, =whDy  es=zD, e¢ = —yD, + D,
er =e*D, eg=e"t*D, eg = Sle Dy +e D,
ewo=D, en=D, e12 = tD;
ei3 =xD, e =2pD,+qDy+yD,.
(16)
The non-zero brackets of the symmetry Lie algebra are given by:
le1, e14] = 2e1, e, e13] =ea,  [es, e12] = es, lea, €10] = —es,
[64, 612] = €4, [657611] = —e€g, [657612] = €s, [66, 614] = €,
le7,e10) = —2e7, [er,en] = 2e7, les,e10] = —aes, [es, e11] = —es,
[687 613] = €g, [69, 610] = €y, [69, 614] = €9.
(17)

PROPOSITION 4.3. The symmetry Lie algebra is a fourteen-dimensio-
nal indecomposable solvable Lie algebra. The nilradical is a nine-dimensio-
nal abelian Lie algebra spanned by e1, €5, €3, €4, €5, €g, €7, €3, €9. The com-
plement is a five-dimensional abelian Lie algebra spanned by ey, €11, €12,
e13, e14. Hence the symmetry algebra is RY x R>.

6.31: [eq,e5] = —es, [e1,eq] = e, [e1,65] = —es, [e2, €3] = €3, [e2,€5] =
€5, [627 66] = €¢ + €3.

The corresponding system of geodesic equations is given by:

= 0,% = 0,5 = 2(p+ &) + 45 — yoo), § = ub, G = (2 — 1), & = 32,
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The symmetry Lie algebra is spanned by the following basis:

61:Dp 62:D$ 63:Dq
es = xD), es = qD, + D, e¢ = e“ Dy + Dy
er =e"D, es = (2 —1)e*D, +e*D,
eg =ye D, + e "D, ey = D, e11 = wD,
e12 = 2Dy ei3 =D, e1q = tD;
e1s = Dy, e16 = —qDg +yD,
€17 = pr + QDq + IDm
(18)
The non-zero brackets of the symmetry Lie algebra are given by:
[61, 617] = €1, [6 ] = €1, [62, 617} 2,
[63, 65] = €1, [6 616] = —63, [63, 617} 3
lea, es] = —es, e, e16] = e, le6, e13] = —es,
[66, 617] = €, [6 € ] [677615} —er, (19)
[67, 616] = €7, [6 613] —66 — €s, [6 617} = €s,
[69, 613] = —€y, [6 615] = €y, [69, 616} = —€y,
[69, 617] = €9, [610, 614] = €10, [611, 614] = €11,
[6117 615] = —¢€0, [612, 613] —€10, [612, 614] = €12

PROPOSITION 4.4. The symmetry Lie algebra is a seventeen-dimensio-
nal indecomposable solvable Lie algebra. The nilradical is a direct sum
of a nine-dimensional nilpotent Lie algebra Ng spanned by e, es, e3, ey,
es, €g, €7, €8, €9 and a three-dimensional abelian Lie algebra spanned by
€10, €11, €12. The complement is a five-dimensional abelian Lie algebra
spanned by eis, €14, €15, €16, €17. Hence the symmetry Lie algebra can be
identified by (Ng @ R®) x R?, where the non-zero brackets of Ny are given

by

[627 64] = €1, [63, 65] = €1, [64, 68} = —¢€g, [677 69] = €. (20)
.32 (a):
e, €5] = —es, le1,e4] = eq, [e1,€5] = —es,
le1, e6] = e3, lea, e3] = e3, [ea, e4] = aey,

[ea,e5] = (1 —a)es, [ea, e6] = e6.
The corresponding system of geodesic equations is given by:

Ww=0, =0, §=(a+1)yz {=—qu, i=iz
P = qy(1 = 20) + yqup(a — 1) + (& — ) + ¢(1 — a®)y.



SYMMETRY ANALYSIS OF THE GEODESIC ... 299

The symmetry Lie algebra is spanned by the following basis:

€1 = Dt7 €2 = tDpa €3 = Dpa

es =D, es = 2Dy, €6 = pr7

er = ZDp, €y = th, €9 = D:m (21)
e =Dy, en=e "Dy, ez = Dy,

e13 =tDy, e =qDy—yDy, eis=pD,+xD,+yD,.

The non-zero brackets of the symmetry Lie algebra are given by

[61, 62] = €3, [61, 613] = €1, [6 ] = —eér,

[ea, e8] = —e6, ez, e13] = —ea, [62,6 5] = e,

les, e15] = e, lea, 5] = e, lea, e7] = e3,

les, e13] = es, es, 612] = —eg, les, 615] = €g, (22)
[677615] €7, [6 612] —€1, [6 613] = €s,

FB;GIE’)] €s, %6107614] = —€10, [6107615] €10,

€11, 612] = €11, 6117614] = €11-

PROPOSITION 4.5. The symmetry Lie algebra is a fifteen-dimensional
indecomposable solvable Lie algebra. The nilradical is a direcrt sum of an
eight-dimensional nilpotent Lie algbera Ng spanned by ey, es, €3, €4, €5, €6,
er, es and a three-dimensional abelian Lie algebra spanned by eg, €19, €11.
The complement is a four-dimensional abelian Lie algebra spanned by
€12, €13, €14, €15. Hence the symmetry Lie algebra can be identified by
(Ns @ R*) x R*, where the non-zero brackets of Ny are given by

[617 62] = és3, [62a 65] = —ér, [627 68] = —6g, [647 65] = €1, [647 67] = €3. (23)

6.33: [eq,e5] = e3, [e1, €3] = €3, [e1,eq] = ey, [e2, €3] = €3,
lea, €5] = €5 + €, [e2, €6] = €.

The corresponding system of geodesic equations is given by:

= 0,% = 0,5 = p( + 2) + 4(5 — yoo), i = b, G = 42, & = (4 + ).
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The symmetry Lie algebra is spanned by the following basis:

€1 = Dx, €y = Dp,

e3 = Dy, eqs = qDy,

es = qDp, + Dy, eg = €D,

er = €YD, eg = "D,

eg =ye’D, +e*D, + (2 — 1)e*D,, ey = Dy, (24)
en = wbhy, €12 = 2Dy,

€13 = Dy, els = Dy,

e1s = tDy, e1e = pDp +yDy,

€17 = pr + qu + $Dl«

The non-zero brackets of the symmetry Lie algebra are given by

[61, e17] = €1, [62, 616] = €9, [627 e17] = €9,

[63764] = €1, [63, 65] €2, [63,617] = €3,

[64769] = —¢C, [65, 616] = €5, [667614] = —€,

[667617] = €, [67, 69] = €g, [67,613] = —er, (25)
[677616] = ér, [68, 613] = —¢€g, [68,614] = —¢€g,

[687 616] = €g, [68, 617] = €g, [69, 6’14] = —€g — €y,

{69, 617] = €9, {610, 615] = €10, {611, 613] = —€10,

612,614] = —€10, [€12, 615] = €12.

PROPOSITION 4.6. The symmetry Lie algebra is a seventeen-dimensio-
nal indecomposable solvable Lie algebra. The nilradical is a direcrt sum of
a nine-dimensional nilpotent Lie algebra Ny spanned by €1, €5, €3, ey, €5, €6,
er, €g, €9 and a three-dimensional abelian Lie algebra spanned by e1q, €11, €12.
The complement is a five-dimensional abelian Lie algebra spanned by
€13, €14, €15, €16, €17. Hence the symmetry Lie algebra can be identified by
(Nyg @ R?) x R®, where the non-zero brackets of Ny are given by

le3, e4] = e1, [e3, €5] = €2, €4, €9] = —eg, [e7, €9] = e5. (26)

6.34 (a):
[64, 65] = €3, [61, 63] = €3, [61, 64] = €4,
[61, 65] = €¢, [627 63] = (1 + a)e?)? [62, 64] = Q€y,

[ea, e5] = €5, [ea,eq] = €.
The corresponding system of geodesic equations is given by:
w =0, z2=0,
B = (a2 + 2+ )+ dlyz — §) + (1 —a): — ), §=ylaz + ),
q =4z, T =quw -+ xz.
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The symmetry Lie algebra is spanned by the following basis

er = Dy, €2 = Dp7 es = Dy,

eqs = why, es = 2Dy, e = qDy,

er = e* Dy, ey = e(“+1)z+pr, eg = D, (27)
el = tDy, en=D,, eix = pD, +yD,,

e1s = pDy +qDy + xD,.

The non-zero brackets of the symmetry Lie algebra are given by

[61, 613] €1, [62, 612] = €2, [62, e13] = €3, [637 610] = €3,

lea, e0) = —e3,  [es,e10] = €4, [e5,€10] = €5, [es5,e11] = —e3,

[67, 611] —67, le7,e13] = ez, [es,eq] = —es, [es,enn] = (—a—1)es,
[687 e12] 85 [687 613] = €s.

PROPOSITION 4.7. The symmetry Lie algebra is a thirteen-dimensional
indecomposable solvable Lie algebra. The nilradical is an eight-dimensional
abelian Lie algebra spanned by e, €5, €3, €4, €5, €¢, €7, €. The complement
is a five-dimensional abelian Lie algebra spanned by eg, e1g, €11, €12, €13.
Hence the symmetry algebra is R® x R”.

5 (ab:a®+b* #£0):

[64, 65] = €3, [61, 64] = €5, [61, 65] = —€4,
le1,e6] = aeq, e, €3] = 2e3, [e2, 4] = ey,
[62, 65] = €5, [62, 66] = beg.

The corresponding system of geodesic equations is given by:

Ww=0, =0, p=2p(Z+pw)+qqu+zz)— (v + ¢z), (20)
§=q¢:—iw, I=qu+zz, §=ybi+aw).

The symmetry Lie algebra is spanned by the following basis:

er = Dy, ey =2zDy, e3= D, — ¢D., es=2D;+ fwDy,
es = e t=D, eq=D,, er=tD, es = D,,
eg = yD,.

(30)
The non-zero brackets of the symmetry Lie algebra are given by
le1,e7] = €1, [ea,e3] = 7e1, [ea, e7] = €2, [ea, es] = —ex,
lea, 7] = €4, [eq, e8] = —e1, [es,es] = —bes, |es,e0] = €5, (31)

[eg, €9] = €.
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PROPOSITION 4.8. The symmetry Lie algebra is a nine-dimensional
indecomposable solvable Lie algebra. The nilradical is a six-dimensional
decomposable solvable Lie algebra spanned by ey, es,es, €4, €5, ¢6. The
complement is an abelian three-dimensional abelian Lie algebra spanned
by ez, es, eg. Hence the symmetry algebra is (Az; @ R?) x R®.

6.36: [es,e5] = e3,[e1,eq] = e5,[e1,e5] = —eu, [e2, €3] = 2e3, ez, e4] =
eq, (€2, e5] = €3, [ea, €] = 2e + €3.

The corresponding system of geodesic equations is given by:

=0, £=0, p= 32 —aq+2) —ilgq + ),
§=qz— 2w, T=qu+zxz, Y=2=z.

The symmetry Lie algebra is spanned by the following basis

e1 = e*D,, es = D,

es = (22 — 1)e**D, + €**D,), es =Dy,

€5 = pr7 €6 = Dy,

er = Dy, es = whDy, (32)
eg = z Dy, e10 = qDp + Dy,

en = tDy, e =D,

13 =pDp + §Dg+ 5D, +yD,y.

The non-zero brackets of the symmetry Lie algebra are given by

le1, e12] = —2ey, le1,e13) = e1,  [ez,e13] = €2, les,e5] = e,
les, e10] = —261 —2e3, les,ei3] =e3,  [es,e5] = ez, [es,e13] = ey,
[6 ] [677 61] = ér, [687 611] = €s, [69; 611] = €y,
[69,612] = —677 [610, 613] = %68

(33)

PROPOSITION 4.9. The symmetry Lie algebra is a thirteen-dimensio-
nal indecomposable solvable Lie algebra. The nilradical is ten-dimensional
decomposable Lie algebra spanned by ey, es, €3, €4, €5, €g, €7, €s, €9, €19. The
complement is a three-dimensional abelian Lie algebra spanned by e, €12,
e13. Hence the symmetry algebra is (As1 @ As1 @ RZ) x R3, where Asq
and As are the five and three dimensional Lie algebras in Winternintz
list.

6.37 (a):
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[64, 65] = €3, [61, 64] = €5, [61765] = —€s,

[ea, €3] = 2e3, [ea,€4] = €4 + aes, [es,e5] = —aey + €5,

lea, 6] = 2e5, e1, eq] = es.
The corresponding system of geodesic equations is given by:
W=0,%2=0,9=(p*+¢")(w — a2)i + (a® = 1)(pq — qp)% + (aqg — p)ip
—(ap+q)wg, p = pi+(¢—q2)(az—w),§ = ¢i+(p—p2)(w—a?), & = 2@z

The symmetry Lie algebra is spanned by the following basis

€1 :tDya e2:l)y7 €3 :Dt7

es = Dy, es = wh,, ee = 2Dy,

er = wDy, es = 2Dy, eg = D,, (34)
e10 = qD, — pD,, e11 =€**D,, en =1tDy,

ei3 =D, el =xDy, eis =pD,+qDy+2yD,.

The non-zero brackets of the symmetry Lie algebra are given by

[61, 63] = —€y, [61767] = —€s, [61, 68] = —€g, [61, 612] = —é€1,
[ [ [e3, e12] = €3, [e4, 5] = eq,
lea, 7] = e3, le5, e15] = 2e5,  [es, e13] = —ea, e, 615] = 2667
%67, 612] = €7, % [68, 613] = —é€3, [69, 614] = €9,

(35)

PROPOSITION 4.10. The symmetry Lie algebra is a fifteen-dimensional
indecomposable solvable Lie algebra. The nilradical is an eleven-dimensio-
nal decomposable Lie algebra spanned by eq, es, €3, €4, €5, €6, €7, €3, €9, €10, €11 -
The complement is a four-dimensional abelian Lie algebra spanned by
€12, €13, €1, e15. Hence the symmetry algebra is (Ng @ R*) x R*, where
Ng is an eight-dimensional nilpotent Lie algebra given by the following
non-zero brackets:

[e1, €3] = —ea, [e1, e7] = —€5, [e1, es] = —es, [e4, €5] = €2, [e4, €7] = e3.
(36)

6.38: [eq,e5] = e, [e1, €3] = €3, [e1,€4] = €4, [e2, €3] = €3,
[€2> 65] = €5, [617 62] = €6

The corresponding system of geodesic equations is given by:

w =0, 5 =0,
P=CE+w)(p—ae?q) —e*4, =22+ w)— (2 +w),

i = d2, ij = 2.
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The symmetry Lie algebra is spanned by the following basis:

€1 = Dy,

es = wbh,,

es =D, —xD,—D,,

€7 = l)q7

eg = (w + 2) Dy,

en = tDy — %(wz —2y)D,,

€13 = pr + xDm
€15 — tDy,
exr = (w2 — 2y) D,

€y = Dt)
eqs = why,
€g — Dp7

esa = (w+ z)D,,

€10 — ew—i—sz?

e12 = pD, +qDy,

€14 = _pr + Dz + %U Y
e =tD, + %(wz —2y)D,,

The non-zero brackets of the symmetry Lie algebra are given by

le1, enn] = e, le1, e16] = —ex, le1, e17] = —2e,,
[6 611] = €9, [627615] = €1, [627616] = €9,

les, e5] = —e, les, e11] = es, les, e16] = —es,

les, 617] —2e4, [eq,e5] = —eq, leq, €11] = ey,
[647615] €3, [6 616] €4, [6 611] = €3 — %687
[es, e14] = 3e1, les, e16] = —e3 + 3es,  [es,e17] = —2e4 + eq, (38)
[66, 612] €6, [667 613] = €¢, [667 e14] —€6,

[67, 612] €7, [687 611] = €g, [687 e14] —617

les, €16] = —es, les, e17] = —2ey, leg, e11] = ey,

[6 614] —€9, [6 615] = €g, [6 616] 9,

[610, 612] = €10, [610, 613] = €10, [610, 614] —26107
le1s, e16) = —2e15, [e15, e17] = —2es, le16, e17] = —2e17

PROPOSITION 4.11.

The symmetry Lie algebra is a seventeen-dimensio-
nal indecomposable Lie algebra.

The nilradical is a ten-dimensional

decomposable Lie algebra spanned by ey, es, €3, €4, €5, €g, €7, €3, €9, €19. The
complement is a four-dimensional abelian Lie algebra spanned by eq1, €12,

e13, e14. Hence the symmetry algebra is ((As 1 @R”) xR* x sl(2, R), where

As; is a five-dimensional Lie algebra listed by Winternintz.

.39:
[647 65] = €3,
[627 63] = 2637

[e1, €2] = €.

[617 64] = €5,
le2, €4] = ey,

[61765] = —€4,
[62765] =

€5,
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The corresponding system of geodesic equations is given by:

=0, 5=0, j=uws
i = cos(2w)iw + (y(sin®(w) + 1) — zsin(2w)) 2w — 72,
§ = g + 2z + x cos®(w)zw + sin(2w) i,
G = 2qw + (y* — x? cos(2w)) 2 + y cos(2w)iw
—z(gw + £2) — yyz — xsin(2w)w(yz + 7).

The symmetry Lie algebra is spanned by the following basis

el = Dp €y = Dt

es = zD, eqs = 2Dy

es=2D, eg = wh,

er = wD, es = D, (39)
eg = e* D, el = tDy — (2w — 2p) D,

en = 29D, + 2Dy +yD, e =tD, + g(wz —2p)D,

€13 = tDp €14 = (’lUZ — 2p)Dt

The non-zero brackets of the symmetry Lie algebra are given by

le1, e10] = e, le1,e12] = —e1,  [e1, e14] = —2e,

[6 610] €2, [62, 612] = €2, [6 613] €1,

les, e5] = —ex, les, e10] = es, 3, e12] = —es,

les, 614] 2e4, ey, e5] = —e, leq, €10] = ey,

[64, e1g] = ey, [e4, e13] = €3, [65, ero] = %67,
L - (40)

le5, e12] = 567, es, e14] = es, [e6, €10] = e,

[667 612] €6, [667 613] = €7, [67, 610] = ér,

[6 612] —er, [67, 614] = —2eg, [687611] = 2eg,

[69, 611] = 2ey, [6127 613] = 2ey3, [612, 614] —2ey4,

[613, 614] = —2e13.

PROPOSITION 4.12. The symmetry Lie algebra is a fourteen-dimensio-
nal indecomposable Lie algebra. The nilradical is a nine-dimensional
decomposable Lie algebra spanned by eq,es, €3, ¢4, €5, €, €7, €8, €9. The
complement is a two-dimensional abelian Lie algebra spanned by eqq, €11.
The Levi decomposition also gives sl(2,R) spanned by e1s, €13, e14. Hence
the symmetry algebra is (A5, © R*) x R? x sl(2, R).

6.40: [eq, e5] = e3,[e1,e4] = €5, [e1, €5] = —ey, |2, €6] = e,
leq, €2] = e3.
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The corresponding system of geodesic equations is given by:

w=0,2=0,=w(xt + yy) + 22w, = 7w, & = —yw, p = pz.

€9,

The symmetry Lie algebra is spanned by the following basis:

er =tDg, ex=D,; e=D, e =wD,;, e5=2zD

e = wDy, e;=2z2D;, eg=yDy+ D,, e9=—xD;+ D,,
e10 = (—ycos(w) + zsin(w)) D, + cos(w)D, + sin(w)D,,

e11 = (—x cos(w) — ysin(w))D, + sin(w) D, — cos(w)D,,

e =D, esz=¢€Dy, eu=D,+wD,, e5=D,+zD,,
eig =Dy, e =pDy, e =yD, —aD
e19 = (—2wz +2q) Dy + xD, + yD,,.

Y

The non-zero brackets of the symmetry Lie algebra are given by

(41)

61763] = —€9, [61766] = —€y4, [6 } —€s5, [617616] = —€y,
e1, e19] = 2ey, le2, e19] = 2e, les, 616] =e3, |es, €15 = —eo,
es, e19] = 2ey, le5, e14] = —e2, [65, eg] = 2e5, [es, €15) = —es,
667616] = €, [677614] = —é€g, [67, 616] €7, [6 ] = —2e,,
687618] = —€y, [687619] = €g, [6 618] = €g, [697619] = €9,
€10, e11] = —2eq, [e10, €15] = €11, [6107618] =eq1, [, €19] = eio,
6117615] = —€10, [6117618] = —€10, [611>€19] = €11, [612, e17] = €12,
613,614] —€13, [613,617] = €13

(42)

PROPOSITION 4.13. The symmetry Lie algebra is a nineteen-dimensio-
nal indecomposable solvable Lie algebra. The nilradical is a thirteen-
dimensional decomposable Lie algebra spanned by eq, es, €3, €4, €5, €g, €7, €3,
€10, €11, €12, €13. The complement is a six-dimensional abelian Lie al-
gebra spanned by ey, €15, €16, €17€18, €19. Hence the symmetry algebra is
(N1; ®R?) xR®, where Ny, is an eleven-dimensional nilpotent Lie algebra
given by the following non-zero brackets:

le1, e3] = —eq, le1, e6) = —eu,
le1, e7] = —es, les, e9] = —2eq,
[6107611] = —2ey.

(43)
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5. Conclusions and future work

In this work, we have investigated the symmetry Lie algebra of the
geodesic equations of the canonical connection on a Lie group correspond-
ing to the thirteen classes of Lie algebra Ag o5 — Ag 40 in [I]. Each of these
thirteen Lie algebras has the property that its nilradical is non-abelian
and its complement is non-abelian as well. For each Lie algebra, we list
the nonzero brackets of the given Lie algebra, the geodesic equations,
a basis for the symmetry Lie algebra in terms of vector fields and the
non-zero brackets of the symmetry Lie algebra. We finally identify its
nilradical, solvable complement, and semi-simple factor; a summary of
our results is given in Table 1. In future work, we would like to construct
the Lie invariance condition for any n-dimensional Lie algebra with -
codimensional abelian nilradical. For this general n-dimensional case,
we will investigate the symmetry Lie algebra by integration the system
of PDE’s coming for the Lie invariance condition and establish results
about the dimension of the symmetry Lie algebra.

Lie Algebras | Dimension Identification
Ag 28 9 (As1 @ R®) x R®
Ap .29 17 (A31 ® A3 ®R’) x R°
Ag 30 14 R? x R’
Ag 31 17 (Ng ©R®) x R®
Ag 30 15 (Ns DR’) x R*
Ap 33 18 (Ny @ R®) x R®
Ag,34 18 R® x R®
A6735 18 (A3’1 ) RB) X Rg
As 36 18 (As1 B As1 & R?) x R?
Ag 37 15 (Ns D R’) x R*
Ag 38 17 (As1 ®R®) x R* x sl(2, R)
Ag 30 14 (A51 @R x R? x sl(2,R)
Ag 40 19 (N, ©R?) x R°

TABLE 1. Six-dimensional Lie algebras and identification
of the symmetry algebra
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