Proceedings of Institute of Mathematics of NAS of Ukraine 2002, Vol. 43, Part 2, 474-477

Realizations of Indecomposable Solvable
4-Dimensional Real Lie Algebras

Maryna O. NESTERENKO ' and Vyacheslav M. BOYKO *

T Kyiv Taras Shevchenko National University, 60 Volodymyrs’ka Str., Kyiv, Ukraine
E-mail: appmath@imath.kiev.ua

! Institute of Mathematics of NAS of Ukraine, 3 Tereshchenkivska Str., Ky 4, Ukraine
E-mail: boyko@imath.kiev.ua

Inequivalent classes of realizations for indecomposable four-dimensional solvable real Lie
algebras in the space of four variables are obtained.

Inequivalent two- and three-dimensional Lie algebras were classified in XIX century by Lie [1].
In 1963 Mubaraksyanov classified three- and four-dimensional real Lie algebras [2] (see also those
results in Patera and Winternitz [3]). In 1989 Mahomed and Leach obtained realizations of three-
dimensional Lie algebras in terms of vector fields defined on the plane [4]. Mahomed and Soh
tried to obtain realizations of three- and four-dimensional Lie algebras in the space of variables
(t,z,y) [5], but their attempt can not be considered successful. Their article contains some
misprints and a number of realizations are omitted. The results of [5] are used in [6] to solve
the problem of linearization of systems of second-order ordinary differential equations, so some
results from [6] are incorrect too. Realizations of solvable third-dimensional Lie algebras in the
space of any number of variables are considered in [7].

In the present paper we give a complete set of inequivalent realizations of real indecomposable
four-dimensional Lie algebras in the space of four variables, realizations of real decomposable
four-dimensional Lie algebras are considered in [8]. Obtained results can be applied to integra-
tion of ordinary differential equations (or systems of ordinary differential equations) (see, for
example, [9]), and to the problems of group classification (see, for example, [10]). We look for
the realizations in the class of vector fields:
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After using Mubaraksyanov classification [2] we consider ten indecomposable solvable four-
dimensional Lie algebras:

Agr [Q2,Q4] = Q1 [Q3, Qu] = Q2;

Agz [Q2,Q4] = Qo, [Q1,Q4] = qQ1, [Q3,Q4] = Q2+ Q3, q#0;

Agz [Q1,Q4] = Q1, (@3, Qs] = Q2;

Aga [Q1,Q4] = Q1, [Q2,Q4] = Q1+ Q2, [Q3,Q4] = Q2 + Q3;

Ays  [Q1,Q4] = Q1, [Q2, Q4] = qQ2, (@3, Q4] = pQs3,
—1<p<qg<l, pq # 0;

Age  [Q1,Q4] = qQn, [Q2,Q4] = pQ2 — Q3, [Q3,Qu] = Q2 + pQs3,
q#0, p>0;

Agr [Q2,Q3] = Q1 [Q1, Q4] = 201, [Q2, Q4] = Q2,

(@3, Q4] = Q2 + Q3;
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A [Q2,Q3] = Qn, (Q1,Q4] = (1+q) Q1, [Q2,Q4] = Q2,
(@3, Qa] = qQs, lq| < 1;

Ao [Q2,Q3] = Q1, (@1, Qa] = 2¢Q1, [Q2, Q4] = qQ2 — Qs,
[Q3,Qa] = Q2+ qQ3, ¢ > 0;

A0 [Q1,Q3] = Q1, (Q1, Q4] = —Qq, [Q2, Q4] = Q1,
[Q2,Q3] = Q2.

For each algebra we write down only the non-zero commutation relations. We start from a
given Lie algebra with a set of structure constants and look which vector fields in at most four
variables satisfy the given set of commutator relations with none of the operators vanishing.
We thus look for possible realizations or representations of our Lie algebra. Two realizations
of the same Lie algebra will be considered equivalent or similar if there exists an invertible
transformation mapping one of the realizations to the other.

We arrange all results in the next Table 1 (below 0; = 0,,, i = 1,...,4; AF  denotes the
k-th realizations of algebra A, ).

Table 1. Realizations of real indecomposable solvable four-dimensional Lie algebras.

Al | 01, O, O, 2201 + 2302 + Ou;

A%, | 01, O, O3, 2201 + w30 + 240;

A3 | 01, O, O3, 2201 4 x30;

A1 | 01, 0o, 2301 + 2402, 201 + 1403 — Ou;
ARy | O, By, —§51 + 2302, 2201 — 05

A§ | 01, w301, Do, wax30) — s

ALy | 01, w201, 2301, —02 — 220s;

2
8 x
A1 | O1, w201, 501, —0o

ALs | 01, Do, O3, qu101 + (w2 + 13) Oz + 2303 + O4;

A3, | 01, 0o, O3, qu101 + (22 + 3) 02 + 1303;

Ai.z 01, Oa, £301 + 1402, qr101 + 2202 + (¢ — 1) x305 — Ou;
Aty | 01, 0z, N7V, 4 1305, qu10) + 2205 — D3, ¢ # 1

A%, | On, 2301, D2, (qu1 + wow3) 01 + 2202 + (q — 1) x303;

A, | 01, 2301, Do, (m1 + 2ws) O1 + 202 + Ou, ¢ = 1;

AT | 01, 2201, 1301, qr101 + (¢ — 1) 2202 + ((¢ — 1) 23 — 22) O3;

Ao | On, 201, 12 22|01, qu101 + (¢ — 1) 2202, ¢ # 1

Al | O, 02, O3, 2101 + 2302 + Ou;

Afs | 01, O, O3, 2101 + 1305 + x403;

Al g | 01, 0o, O3, 2101 + 1300;

Al | 01,02, £301 + 1405, 1101 + 1305 — Ou;

A3 5 | 01, Do, 2302 + ce™ 30y, 2101 — O3, c € {0;1};
AS s | 01, 2301, Oz, (w1 + xow3) 01 + 1303

Al g | 01, m201, 1301, 1101 + 2202 + (w3 — x2) D3;
A§ 5 | 01, 2201, —x2In 72|01, 101 + 1202
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Continuation of Table 1.

Afy | On, Do, O, (z1 4 22) 01 + (22 + 23) B2 + 2303 + ;3
A%, | 01, 0o, O3, (w1 + 12) 01 + (29 + 23) O + 1305

A3 | 01, Do, 2301 + 1402, (71 + 12) O1 + 2202 + 1405 — Ou;
Aty | 01, 02, *1‘%231 + 2302, (1 + 2) 01 + 2202 — Os;
A5, | 01, 2301, Oa, (21 + Tox3) O1 + 2202 — O3

AS, | O, w201, 1301, 2101 — 02 — w205;

2
xT
AL, | 01, w201, 01, 2101 — 0y

Als | 01, 02, O3, 101 + qu20 + pr3ds + 04

Als | On, Oy, O3, 1101 + qua0s + pr30s;

A3 | 01, 0o, 2301 + 2402, 2101 + qr202 + (1 — p) 2305 + (¢ — p) 1404;
Als | O, 02, 2301, 2101 + qu20y + Oy

Af5 | 01, O, w301, 2101 + qu20s;

Al | 01, 0, 1302, ©101 + qu20a + Oy

Als | O, Do, 2302, 2101 + qu20o;

Als | O, Oy, w301 + f (w3) B2, 2101 + qu2dy + Os;

Als | 01, Oy, 2301 + [ (23) Do, 2101 + qa0y;

A% | 01, 0o, c1e07PIT0; + cpel 17RO, 310y + quads + O3,
¢i €{0;1},c; =0whenp=1,ca =0 when ¢g=p

ALY | 01, 2301, Oa, 2101 + pr20s + (1 — q) 23055

AL | 01, 2201, 1301, 101 + (1 — q) 2202 + (1 — p) 2303;

A | O, 2201, 1301, 1101 + 04, p=q = 1;

AL | O, 2209, f(x2) 01, 1101 + 03, f # c1a2 +co, p=q = 1;
A% | 01, x20a, f(22) 01, 2101, f # crza+co, p=q=1;

AL | oy, D229, e0-P)29) 010 4+ 00, q# 1L, p# 1, q# D

Al | O1, 0, 03, qu101 + (pra + 23) 02 + (—22 + pr3) O3 + Oy;

A3 | 01, 0o, O3, qu101 + (px2 + 73) O3 + (—22 + p3) Os;

A3 o | 01, Do, 2301 + 1402, (qr1 — 2223) 01 + (p — T4) 2202 + (¢ — p — 24) 2303 — (1 + xi) Ou;
Als | 01, 02, c (\/‘r%ﬁe(p*q) arctan “”3) 01 + x30-,

(qfﬁ — o ( 23 + lelr—9) amams)) O+ (p— w3) 1905 — (23 + 1) 93, c € {0; 1}

Af g | 01, 2201, 2301, qu101 + ((¢ — p) 22 + 23) B2 + ((¢ — p) T3 — 22) D5

AS 6 01, el P)%2 cos 100y, —eTP)%2 gin 290y, qu101 + 0o

Aéllj 81, 82, 901 + 83, (21‘1 + %) o1 + (IQ + £E3) Oy + x383 + Oy

AZ.? 01, O2, w201 + 03, (21'1 + %) 01 + (2 + x3) O3 + x30s;
A3 | O, O, 2201 + 2302, 23101 + w202 — O3;
Al7 | 01, w201, =0y, (2531 - %) 01 + 1205 + Os;

AZ.7 817 x2817 _627 (2531 - %) (91 + 1’282

Alg | 01, 0o, 2201 + 03, (1 + q) 2101 + 2202 + qu303 + Oxy;
A2 g | O, 0o, 1201 + 03, (14 q) 2101 + 2202 + qr303, ¢ # 0;
Alg | 01, Oy, 201 + 03, 101 + 202 4 403, ¢ = 0;

Als | 01, Do, 1201 + O3, 101 + 1202 + 03, ¢ =0, c € R;
Al | O1, Do, 201 + 302, 23101 + 1202 + 04, ¢ = 1;




Realizations of Indecomposable Solvable 4-Dimensional Real Lie Algebras 477

Continuation of Table 1.

Afs | 01, 02, @201 + 302, (1+ q) 2101 + 2202 + (1 — q) 23053
Alg | 01, 0oy 201, (14 q) 2101 + 1202 + 03, ¢ # 1;

A;‘;.s 01, O2, 201, (14 q) x101 + 209, q¢ # 1;

Al | 01, 0o, 2201, 301 + 2200, ¢ = —1;

A% | O, —x201, Oy, (14 q) 2101 + q202 + O35

Al 01, —x201, Oz, (1 4 q) 101 + qr20s

Alg | 01, Do, 2201 + 05, (2(1331 + xazngz) 01 + (qra + 13) G2 + (g3 — 22) O3 + O4;
Ajg | On, D2, 2201 + 05, <2qx1 + ISQEMQ) 01 + (qra + w3) 02 + (g3 — 22) 03;

Aty | 01, Do, 2201 + O3, (# + 9€4> 01 + 302 — w203, q = 0;

Alg | 01, Do, 2201 + 2300, (2(1931 - %) O + (q — 3) ©202 — (1 + x3?) O3

A};,lo 01, 02, 101 + 2202 + 03, 201 — 102 + O4;
Ai | O
A3 | 01, 02, 2101 + 2202 + O3, 1201 — 1102 + O3, c € R
Aj1o | O1, 2201, 2101 + 03, —z12201 — (14 222) Do;

Al | O
A?l.lo 617 627 xlal + 33282, 1'281 — 1‘182;

Al 1o | O, 2201, 3101, —m12201 — (14 x2%) 02

0o, 101 + 2202 + 03, £201 — 102 + £403;

0o, 101 + 202, £201 — £102 + Os;

This can be applied to the integrating of fourth-order differential equations of or some system
classes of four first-order differential equations and their classification.
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