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Abstract: Algorithms to construct the optimal systems of dimension of at most three of Lie algebras
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1. Introduction

It was shown in [1-3] that spherically symmetric spacetimes belong to one of the following four
classes according to their isometries and metrics:

e Gy corresponding to the static spacetimes Minkowski, de Sitter and anti de Sitter.

e Gy corresponding to the static spacetimes Einstein and the anti Einstein universe, and one
non-static spacetime.

e g corresponding to the static spacetimes Bertotti-Robinson and two other metrics of Petrov type
D, and six non-static spacetimes.

e Gy is aclass of metrics involving one or two arbitrary functions of one variable.

Azad et al. [4] applied Lie group analysis to study the wave equation on the classes of static
spherically symmetric spacetimes admitting the isometry groups Gjg or G; or Gg. The Iwasawa
decomposition for the symmetry algebras was obtained to partially classify non-conjugate solvable
algebras. The optimal system of subalgebras was not given in this previous study.

The Gy spacetimes admit either so(4) ® R or so(1,3) @ R as isometry algebras as shown in [3].
In this paper, we continue the investigation started in [4] by finding the optimal system of subalgebras
of dimension of at most three and the corresponding invariant solutions for spacetimes admitting Gy
as isometry algebras. We expect these solutions to be of interest to mathematical physicists.

As regards optimal systems, we can always construct a family of group invariant solutions
obtained by using a subgroup of a symmetry group admitted by a given differential equation,
as explained in [5]. Since there are infinitely many subgroups of a symmetry group admitted by a given
differential equation, listing of all the group invariant solutions is impossible. However, obtaining
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optimal systems-meaning conjugacy classes- of s-dimensional subgroups of the symmetry group and
applying the optimal systems leads to an effective and systematic mechanism of classifying the group
invariant solutions. This leads to non-similar invariant solutions under symmetry transformations.

Classifying the group invariant solutions by utilizing optimal systems is a significant application
of Lie group and Lie symmetry methods to differential equations. The method was first introduced by
Ovsiannikov [6]. He applied this method in classifying the invariant solutions of the one-dimensional
gasdynamic equation [7]. Ibragimov extended this work to the two-dimensional adiabatic gas motions
in his master thesis [8] by applying the expansion method for solvable Lie algebra. The main idea
behind the method is discussed in detail in Ibragimov [5,9], Olver [10] and Hydon [11].

The symmetry Lie algebra of the equations under study is non-solvable, but finding the optimal
systems for non-solvable Lie algebras is more challenging. In this paper, improved algorithms are
introduced and applied to construct the optimal systems of dimension of at most three of Lie algebras.
The reason is that a PDE with four independent variables can be reduced to an ordinary differential
equation (ODE) using three-dimensional subalgebras satisfying the transversality condition with rank
three [10]. This provides the non-trivial invariant solutions under a maximum number of symmetries.

The paper is organized as follows: in Section 2, algorithms to construct the optimal systems
of dimension of at most three of Lie algebras are introduced. In Section 3, Lie point symmetry
transformations of the wave equation on the metrics considered in this paper are found. In Section 4,
the algorithms are applied to determine the Lie algebra structure and optimal systems of the
symmetries. In Section 5, joint invariants and invariant solutions corresponding to three-dimensional
optimal systems are determined.

2. Algorithms to Construct the Optimal Systems of Dimension of at Most Three of Non-Solvable
Lie Algebras

In this paper, we are interested only in finding an optimal system of subalgebras of dimension
of at most three as explained in the introduction. This is achieved by using the algorithms explained
below. These algorithms are based on a combination of the expansion method and algorithms for
determining maximal solvable subalgebras of semi-simple Lie algebras.

If X is a solvable, then either X is abelian or it can be obtained from its commutator X’ by a
sequence of one-dimensional ideals . Thus, in any case, by using normalizers or centralizers, one can
reach X from lower dimensional subalgebras. In more detail, the expansion method is revised and
improved to a systematic method by using the normalizers and their associated quotient algebras
as follows:

Let ©, be the optimal systems of r-dimensional solvable subalgebras of the solvable algebra L.
For every X € ©;_1, find the normalizer N/ (X). In case the quotient algebra N (X)/X is non-zero,
we find a one-dimensional optimal system in N (X)/X for every X € ©;_; by considering the
invariants of the adjoint representation of N (X)/X.

Among the constructed optimal systems of NV (X)/X for every X € ©;_1, we may still have
repetitions in their preimages in £. Removing the repetitions provides an optimal system ©;.
Enumeration of all non-conjugate solvable subalgebras of £ can finally be done through consecutive
choice of the values of ¢ from 1 till dim(L).

The Expansion method can be used to find optimal systems of solvable subalgebras in solvable
or non-solvable Lie algebras. However, dealing with the general adjoint action of the group once the
Lie algebra is non-solvable is very difficult. Therefore, in order to find the optimal systems of solvable
subalgebras in a non-solvable Lie algebra, we proceed as follows:

For a general Lie algebra with Levi decomposition £ = S @&; %(L), where S is a semisimple
subalgebra of £ and % (L) is the radical of £, every maximal solvable subalgebra is of the form
M @5 £(L), where M is maximal solvable in S. The maximal solvable subalgebras can be determined
using the algorithms given in [12] or more efficiently using the method detailed in Section 2.1. For a
semisimple algebra S, there is a subalgebra N in which all elements are ad-nilpotent and which
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contains—up to conjugacy—all the commutators of solvable subalgebras of S. All the maximal
solvable subalgebras that are not compact tori can be constructed from the normalizers of conjugacy
classes in N'—as detailed in Section 2.1. Then, the task of finding the optimal systems of solvable
subalgebras of the Lie algebra L is reduced to finding the optimal systems of solvable subalgebras in
each of these maximal solvable subalgebras using the expansion method. Finally, the repetitions in the
obtained rough classification of subalgebras are removed using the adjoint representation of L.

As a special case, if the radical is the center, then the calculations are greatly simplified. The reason
is that it is enough to find the optimal systems of solvable subalgebras in each conjugacy class of
maximal solvable subalgebras in the semisimple part of £. Then, the repetitions in the obtained rough
classification of subalgebras are removed using the adjoint representation of the semisimple part of L.
Finally, adjoining the subalgebras of the radical gives the optimal systems of solvable subalgebras in L.

In order to find the general adjoint action of the semisimple part of £, we need to make a suitable
change of basis depending on the root space decomposition or the Iwasawa decomposition of the
semisimple part Z based on the signature of the Killing form.

2.1. Algorithm for Finding the Conjugacy Classes of Maximal Solvable Subalgebras

For the convenience of the reader who is not a specialist in Lie theory, we first recall how to
construct Cartan algebras and roots algorithmically from a knowledge of the commutator table of a
given Lie algebra.

The structure of a semisimple Lie algebra is determined by its roots. For more details, the reader
is referred to [13]; see also [14-16].

Definition 1. A Lie subalgebra H of a Lie algebra L is said to be a Cartan subalgebra if H is abelian and
every element h € H is semisimple: by a semisimple element, we mean an element that is diagonalizable in the
adjoint representation. Moreover, H is maximal with these properties.

Definition 2. Let C be a Cartan subalgebra of a semisimple Lie algebra L. A non-zero vector v € LC := L +iL
such that [h,v] = A(h)v for all h € C is called a root vector and the corresponding linear function A is called
a root of the Cartan algebra C.

In general, the roots will be complex-valued. In the following argument, we will use the notion of
positive roots, so one needs to define what it means for a complex valued root to be positive.

Definition 3. A complex number z = a +ib, a,b € R is positive if either its real part a is positive or a = 0,
but its imaginary part b is positive.

Fix a basis hy, ..., h, of a Cartan algebra C. A non-zero root A is positive if the first non-zero
number A(h;) is a complex positive number. Otherwise, it is called a negative root. Positive roots
which are not a sum of two positive roots are called simple roots.

The well known software Maple is able to find the root space decompositions of Lie algebras of
fairly high dimensions by using the command “RootSpaceDecomposition(C)”, where C is a list of
vectors in a Lie algebra, defining a Cartan subalgebra.

The Cartan algebra is picked up using an algorithm due to de Graaf [15]. However, one gets
better coordinates for computation if one chooses a Cartan algebra by enlarging a given diagonalizable
subalgebra to a Cartan subalgebra following the algorithms given in [13]. We need in this paper only a
special case of these algorithms to compute the Cartan subalgebras. We first compute the Killing form
of the Lie algebra. If it is negative definite, pick any non-zero element X and compute its centralizer.
By a negative definite matrix, we mean a matrix which is equal to its conjugate transpose and its
eigenvalues are strictly negative. If the centralizer of X, C(X), is self centralizing, i.e., C(C(X)) = C(X),
then C(X) is the Cartan subalgebra. Otherwise, we can find a linearly independent element Y in
the centralizer of X. Continue this procedure with the abelian algebra (X, Y) until a self centralizing
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subalgebra is reached. The obtained algebra is the Cartan algebra because it is abelian and every
element is diagonalizable.

On the other hand, if the Killing form is not negative definite and a maximal compact subalgebra
is known, say K, then computing a Cartan subalgebra C of K using the procedure explained in the
previous paragraph for compact algebras and the centralizer of C in the full Lie algebra gives us the
required Cartan algebra.

The main use of Cartan algebras is to find all the maximal solvable subalgebras [17]. In case the
Lie algebra L is compact, a Cartan algebra is, up to conjugacy, the only maximal solvable subalgebra.
This follows from Lie’s theorem on solvable algebras [14].

There is a solvable subalgebra B with real eigenvalues in the adjoint representation of £ with the
property that any other solvable algebra with real eignvalues in the adjoint representation is conjugate
to a subalgebra of B.

In [12], it is found that the algebra B can be constructed algorithmically by using positive roots of
a given maximally real Cartan subalgebra; by maximally real Cartan subalgebra, we mean a Cartan
algebra whose real part has maximal possible dimension. In case the Killing form is not negative
definite, any Cartan algebra is a sum of two subalgebras such that one of them has all real eigenvalues
in the adjoint representation in £ and the other has all purely imaginary eigenvalues in the adjoint
representation in £. We call the first subalgebra the real part of the Cartan subalgebra and the second
subalgebra the compact part of the Cartan subalgebra. Let N be the algebra consisting of the real
and imaginary parts of the positive root vectors for the given maximally real Cartan subalgebra.
Then, the algebra B = A 4+ N where A is the real part of the maximally real Cartan subalgebra
has the property that every solvable algebra with real eigenvalues in the adjoint representation is
conjugate to subalgebra of B. Moreover, all maximal solvable algebras which are non-abelian can
be obtained by computing normalizers of subalgebras of N. In more detail, we consider conjugacy
classes of subalgebras of N. If X is a representative of such a class, we compute the normalizer
of X and its Levi decomposition. We keep only those X in which the normalizer of X has Levi
decomposition N (X) = S + R(N (X)), R(N(X))/X a torus and where the semisimple part has a
compact Cartan subalgebra. If T is this compact Cartan subalgebra, then T + R (N (X)) is a maximal
solvable subalgebra and all such, apart from compact maximal tori-if any- are obtained in this way.

2.2. Algorithm for Finding Three-Dimensional Optimal System of Non-Solvable Subalgebras of a Lie Algebra

e Itis a classical fact that any non-solvable three-dimensional subalgebra is isomorphic to either
sI(2,IR) or so(3) copies in Z up to conjugacy where Z is a semisimple subalgebra of the given Lie
algebra L. Therefore, one can construct the three-dimensional optimal system of non-solvable
subalgebras by finding copies of so(3) and s/(2,R) in &.

e In order to find such copies in the semisimple Lie algebra S, we have developed the following
algorithms which are based on the canonical relations for so(3) :

[X,Al=Y, [AY]=X, [Y,X]=4, )

and s/(2,R)
[A,B] = 2B, [AY]=-2Y, [BY]=A. )

To find the non-conjugate copies of so(3):

e We start with an element A of the one-dimensional optimal system of S whose non-zero
eigenvalues in the adjoint representation are purely imaginary.

e By scaling, we may assume that this eigenvalue is i. Let X 4 iY be the eigenvector of A
corresponding to the eigenvalue i. If [X, Y] = A A for some negative constant A, then the algebra
(A, X,Y) forms a copy of so(3).
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e Applying this algorithm for all elements in the one-dimensional optimal system gives us the
copies of so(3).
e Removing the repetitions using invariant tools gives the non-conjugate copies of so(3).

To find the copies of sl1(2,R):

o  We start with an element of the two-dimensional optimal system of non-abelian subalgebras.

e If (A, B) is such algebra with [A, B] = ¢B for some non-zero constant ¢, find the eigenvectors of
adA, if any corresponding to the eigenvalue —c. We reject (A, B) if there is no such eigenvalue.
Otherwise, let Y be an eigenvector of ad(A) with eigenvalue —c. If the commutator [B,Y] is a
nonzero multiple of A, then (A, B,Y) is a copy of sI(2,R).

e  Removing the repetitions using invariant tools gives the non-conjugate copies of s/(2,R).

3. Lie Point Symmetry Transformations of the Wave Equation

The wave equation on a spacetime is given by [eu = 0, where [g = a%(« /g | gikaixk) is called
the Laplace-Beltrami operator for the metric given by

ds? = eVD g2 — At gy _ op(nt) go2 _ oh(rh) gin?2 0d . (3)

Hence, the wave equation Ugu = 0 on the metric (3) can be written as

_VaA) . v_AY) viAY) o, (%*%)
%(e(’* 2+2)sm9%)7%(e(’*+2 2)s1n9%)f%(e(ZJ“Z)stg—g)f%(E D g—; =0. (4

The approach to find the symmetries of the wave equation using the conformal Killing vector
field of the underlying spacetimes metric is due to Yuri Bozhkov and Igor Leite Freire [18].

Theorem 1 ([18]). Let M" be a Lorentzian manifold of dimension n > 3 with the metric g given in local
coordinates {x1,x2, ..., X }. The Lie symmetries of wave equation Ogu = 0 on M" have the form

x—gf(x);ii+ (<2;ny(x)+c>u+b(x)> 2 )

where c is an arbitrary constant,
Ogb(x) =0, Ogu(x) =0, (6)

Y = &(x) a%l_ is a conformal Killing vector field of the metric g such that

(£v&)ab = G0c&ab + 8cb9al” + 8cadpG” = p(X)gap @)
and £y denotes the Lie derivative with respect to vector field Y, where b(x) and y(x) satisfy (6).

3.1. Lie Point Symmetry Transformations of the Wave Equation on Einstein Spacetime

The wave equation Cgu = 0 on the spherically symmetric space admitting so(4) © R as isometry
algebra can be obtained from Equation (4) by substituting v = 0, A = —In(ar> + 1) and = In7?,
a = —c% < 0 as shown in [3].

From now on, we will work with Cartesian coordinates as their introduction simplifies
many comutations. The wave equation under study can be written in Cartesian coordinates
x =rcosg@sinf,y =rsingsinb,z = rcos 0 as:

g+ (22 = 1) gy + (¢®y? — 1) uyy + (22 — 1) uzz + 3¢%zu; + 2 ¢ xziuzy

8
+3xuy +2 czxyuxy +2 czyzuyz +3 czyuy =0. ®
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By using Theorem 1 and the isometries of the metric given in [3], the Lie symmetry algebra of the
wave Equation (8) consists of the eight-dimensional subalgebra spanned by

o _ RO _ RO _ 40 8
X1 = ?, ; XZ*B%*XI ; X3*1§g, X4*x% 2357 ©)
XSZZ@*ygl Xezx@fya, X7=735, Xg=ugy,
and the infinite-dimensional ideal consisting of the operators
X =1(t,x z)i (10)
T — 7 /% aul

where T(t, x, Y,z) is an arbitrary solution of the wave Equation (8) and
B=/1—c2(x2+y2 +z2).
Moreover, the one-parameter groups G;(e) = {efXi,e € R} generated by (9) are given as follows:

Gi(er) : (b x,y,zu) — (tx, 1 \/T—c2(x2 + z2) sin (arctan (G) + ¢ €1),z,u),

Ga(e2) : (bx,y,z,u) = (t, 1 /1= c2(y2+ z2) sin (arctan (%) + ¢ &) ,y,z,u),

Gs(es) : (tx,y,z,u) = (Lx,y, L1 /1T—c2(x2+ y?)sin (arctan( Z) +ce3),u),

Gy(eq) : (t,x,y,2,u) — (t,xsineg — zCcoS ey, Y, X SiNEY + ZCOS €4, 1), (11)
Gs(es) : (t,x,y,z,u) — (t,x, —zsines — ycoses, y sines — zcos €5, u),

Ge(eg) = (t,x,,2,u) — (t, —ysineg + X cOs €5, X sineg + Y COS €6, 2, U),

Gy(e7) : (t,x,y,z,u) — (t+e7,y,z,u),

Gs(es) : (t,x,y,z,u) — (t,x,y,z,u+¢g).

3.2. Lie Point Symmetry Transformations of the Wave Equation on Anti-Einstein Spacetime

The wave Equation (gu = 0 on the spherically symmetric space admitting so(1,3) © R as
isometry algebra can be obtained from Equation (4) by substituting v = 0, A = —In(ar? + 1) and
U= Inr2, & = ¢2 > 0 as shown in [3].

As before, we will work with Cartesian coordinates as their introduction simplifies many
comutations. The wave equation under study can be written in Cartesian coordinates x = r cos ¢ sin 6,
y =rsingsinf, z =rcosf as:

(22 4+ 1) uxx + (®y? + 1) uyy + (22% + 1) uzz + 2¢%yzuy:,

12
+3xc2uy + 2 xyuiyy + 2 ¢2xzuiy: + 3?21z + 3 Pyuy — uy = 0. (12)

By using Theorem 1 and the isometries of the metric given in [3], the Lie symmetry algebra of the
wave Equation (12) consists of the eight-dimensional subalgebra spanned by

X = By, Xo = B3, X;=Bf, Xyg=xg -z, (13)
XSZZB%_;V%/ X6:xa%—y%, X7:%, X8: ai’
and the infinite-dimensional ideal consisting of the operators
X = T(t X Z)i (14)
T — 7 /y/ au/

where 7(t, x,y,z) is an arbitrary solution of the wave Equation (12) and B = /1 + c2(x2 + y2 + z2).
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Moreover, the one-parameter groups G;(e) = {¢*Xi,e € R} generated by (13) are given as follows:

el (2 CBEZC€1y+(B2+CZy2)62C€1 _1_C2(x2+22)>

Gi(e1) : (t,x,y,z,u t, ,Z,U),

( ) ( ) = ( X, 2c2y+2cB

2e?¢€2 (B2 —1)+2 cBe? €2 x—c? (y2+2%) +e22 —1)e %2

Ga(e2) = (t,x,y,z,u) — (t, ( ZszMZ ) Y 2,1,
e 3 (2 cBe?“®3 24+ B2e2%3 —1—c2 (x2 42

Gs(ez) : (t,x,y,z,u) — (L, x,y, ( 2379 cE ( )),u),
Gy(eq) : (t,x,y,z,u) — (t,xsingy — zcoseq,y, xsiney + zcos ey, u), (15)
Gs(es) : (t,x,y,z,u) — (t,x, —zsines — y cos es, y sines — z oS €5, 1),
Ge(ge) = (t,x,y,2z,u) — (t,—ys1n£6 + X cos s, xsineg + Y COS €4, 2, 1),
Gy(e7) : (t,x,y,z,u) — (t+e7,x,y,2,u),
Gs(eg) : (t,x,y,z,u) — (t,x,Y,z,u + €g).

4. Lie Algebra Structure and Optimal Systems

4.1. Lie Point Symmetry Algebra of the Wave Equation on Einstein Spacetime

The non-zero Lie brackets of (9) are:

(X1, X2 = c*Xe,  [X1,X3] = X5, [X1, X5) = —X3, [X1,Xe] = —Xo,
(X2, X3] = —c? Xy, [Xo, Xa] =X3, [Xo, Xe] = X1, [X3,Xd] = —Xo, (16)
[X3/ X5] = Xl/ [X4/ XS] = X6/ [X4/ Xﬁ] - _X5/ [X5/ X6] = X

The Levi-Decomposition of this algebra is £ = {X1, Xp, X3, X4, X5, X6} € {X7, Xg}. Let S be
the semisimple part. To identify the semisimple part, we need to find a Cartan algebra and the
corresponding root space decomposition.

First of all, after computing the Killing form, we see that it is negative definite. Thus, to determine
a Cartan algebra, choose any non-zero element in the semisimple part S. We choose, for example,
the element X3 and compute its centralizer. The centralizer turns out to be { X3, X¢} and the subalgebra
{X3, Xe} is self centralizing. Thus, C = {X3, X} is a Cartan subalgebra which is itself the only
maximal solvable subalgebra up to the conjugacy as mentioned in Section 2.1. The roots for this
Cartan subalgebra are {(ci, i), (—ci, i), (—ci, —i), (ci,—i)},i = v/—1. Therefore, the positive roots are
{(ci, i), (ci, —i) }. The root vectors for the positive roots are { X; + ¢ Xy +i(Xs + ¢X5), X1 — cXq +i(Xp —
cX5)}. Since the negative roots are conjugates of the positive roots, the real and the imaginary parts of
the positive root vectors must generate, as a Lie algebra, the full Lie algebra.

This gives us the change of basis which gives the general adjoint action of the group of
symmetry transformations:

Vi=X1+cXy, VL=Xo+cXs5, V3=X3—cXq, Vy=X1—cXy,

17
Vs =X —cX5, Ve=Xz+cXqg, V7=Xy, Ve=X (17)

The corresponding non-zero Lie brackets of this subalgebra are:
Vi, Vo] = =2cV3  [Vi, V3] =2cV,,  [Vo, V3] = =2V, [V, V5] = 2cV, (18)

[V4/ V6] = —2CV5, {V5/ V6] = 2(:‘/4'

It is obvious from (18) that the subalgebra (Vj, Vy) is Cartan since it is abelian and it is self
centralizing. Since our Lie algebra is compact, therefore, (V1, Vy) is the only maximal solvable algebra
up to the conjugacy. The subalgebra (Vy, Vy) is conjugate to (V3, V).

As we will see later, (V4, V3, V3) and (Vy, V5, Vg) form two copies of s0(3) which commute with
each other. Since s0(4), which is the set of all skew symmetric 4 x 4 matrices, is also isomorphic to
s0(3) @ so0(3) [19], we see that the semisimple part is isomorphic to so(4). This decomposition can be
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obtained by working with a Cartan subalgebra of so(4) and determining its root space decomposition
as was done above.

4.1.1. Optimal Systems of Solvable Subalgebras of so(4)

To find the optimal systems of so(4), we first find the one-dimensional optimal system and a
rough classification of higher order subalgebras inside the maximal solvable subalgebra (V;, V4) which
is abelian. Secondly, we obtain the higher-dimensional optimal system by removing the repetitions
from the obtained rough classification of subalgebras using the adjoint representation of so(4).

Theorem 2. The optimal systems ©; up to order three of solvable subalgebras of so(4) with the non-zero Lie
brackets (18) are the following:

o The one-dimensional optimal system ©1 is {(Vq + aVy), (V1), (V4),a # 0},
o The two-dimensional optimal system @ is {(V1, Vy) }.

There is no three-dimensional optimal system.

Proof. Clearly, it is enough to deal with the one-dimensional optimal system only. The one-dimensional
optimal system of the maximal solvable subalgebra of so(4) is itself the one-dimensional optimal
system of so(4). This is because the representative elements are non-conjugate under the adjoint
representation of so(4) given by

Aleq, ... ) = ea1C) | p86C(0), (19)

where C(j) is the matrix whose (i, k)" entries are given as cX: here, the constants ¢

]
constants relative to the basis V7, ..., Vg. O

k. are the structure

o)

4.1.2. Optimal Systems of Solvable Subalgebras of £ = so(4) @& R?

First, note the general fact that if £ = S @ R where S is the semisimple part and the radical R is
the center, then the conjugacy classes of S can be joined with elements of the center to obtain conjugacy
classes of L, as follows:

Let 1 : S@® R — S be the projection defined by 77(x,y) = x. This is a homomorphism because R
is an ideal. Therefore, it will map conjugate classes to conjugate classes.

Every k-dimensional subalgebra of £ is of the form (x1 + y1,x2 + Y2, ..., X¢ + Yx), where x; € S,
y; € R. Its projection is (x, ..., x¢) of dimension less than or equal to k. Moreover, if (x; + y1, x2 +
Y2, ..., Xx + Vi) is conjugate to (X1 + 1, X2 + Y2, ..., ¢ + Vi), then as the radical R is the center, y; = 7;
and (x1,x,..., Xg) is conjugate to (xX7, %, ..., Xx). However, the dimension of the image algebra of
(1 + V1, X2 + Y2, ..., Xk + Ji) can go down. Thus, to get all conjugacy classes of the full algebra, we start
with the elements of the optimal systems of S and add to each one of them arbitrary elements of the
center and keep those that form a subalgebra. The classes of the center correspond to the zero subspace
of S. This will give all the conjugacy classes of the full algebra. Applying this to £ = so(4) ® R?,
we obtain the following classes.

Clearly, the one-dimensional optimal system @; of R? is {(V), (Vg), (V7 + aVg),a # 0} and the
only two-dimensional optimal system @, of R? is {(V5, V5)}.

In order to get the optimal systems of the full Lie algebra up to order three, we use the optimal
systems of so(4) constructed in Theorem 2 . We join it with the optimal system of the abelian algebra
R? as explained above.

e To get the one-dimensional optimal system of £, we have the cases:

1. We add an arbitrary element from R? to every element in ®;; in this case, we get
{<V1 +aVy + Zl>/ <V1 + Zl>, <V4 + Z1>,Dé 7& 0}
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2.

We take O itself; in this case, we get {(V5), (Vg), (V7 + BVg), B # 0}.

o To get the two-dimensional optimal system of £, we have the cases:

1.

3.

We add an arbitrary element from R? to every element in @,; in this case, we get
{1+ 21, Va+ Z2) }.

We add an arbitrary element from R? to every element in ®@; and combine the result with an
element from ©1; in this case, we get { (V1 +aVy+ Z1, Z3), (V1 + Z1,Z3), (V4 + Z1, Z3), & # 0}
Take @, itself; in this case, we get {(V5, Vg)}.

o To get the three-dimensional optimal system of £,

1.

Either we add an arbitrary element from R? to every element in ®; and combine the result
with an element from ©; in this case, we get {(V; + Z1, V4 + Zp, Z3) };

or we add an arbitrary element from R? to every element in ®; and combine the result
with an element from ©,; in this case, we get {(Vi +aVy + 21, V7, V), (Vi + 21, V7, V),
(Va+ 21, V7, V8), a0 # 0}.

Finally, we check that the obtained class is a subalgebra by taking the wedge product of it
with its commutator and equate by zero and see if we can kill some constants. This leads to the
following theorem:

Theorem 3. The optimal systems of solvable subalgebra of L with the non-zero Lie brackets (18) are as follows:

e The one-dimensional optimal system is { (V1 + aVy + Z1), (V1 + Z1), (Vo + Z1), (V5), (Vg), (V7 + BV),
a, B #0}.

o The two-dimensional optimal system is { (V1 + Z1, Vo + Za), (Vi +aVy+ Z1,Z3), (V1 + Z1,Z3), (Va + Z3,
Z3>, <V7, V8>,DC 75 0}

e The three-dimensional optimal system is {(V4 + Z1,Va + Z3,Z3), (V1 + aVs + Z1, V7, Vs), (V1 + Z4,
V7, Vg), (Va+ Z1,V7, V), a # 0}.

Here, Z1 = a1Vy + B1Vg, Zo = aaVy + BaVg are arbitrary elements of R? and Zz = V; + a3Vg or
Z3 = Vg represent a one-dimensional optimal system of R?.

4.1.3. Three-dimesional Optimal System of Non-solvable Subalgebras of £ = so(4) & R?

If H is a three-dimensional non-solvable algebra, then H equals its commutator. As the
commutator of £ is so(4), all such subalgebras of £ are subalgebras of so(4). We need to construct the
copies of so(3) and sI(2,R), if any, by following the algorithm given in Section 2.2:

e  First, construct the copies of so(3):

1.

The element V; has the eigenvector V; + iV3 corresponding to the eigenvalue 2ci. Therefore,
V= % has the same eigenvector with the eigenvalue i. Moreover, [V5, V3] = —(2¢)?V;.
Hence, (V1, V3, V3) forms a copy of so(3).

The element V; has the eigenvector V5 + iV corresponding to the eigenvalue —2ci. Therefore,
Vy = % has the same eigenvector with the eigenvalue i. Moreover, [Vs, V5] = —(2¢)2V.
Hence, (V4, V5, Vi) forms a copy of so(3).

The element V; + aV, has the eigenvector V, + V5 + i(V3 — Vi) corresponding to the
eigenvalue 2ci. Therefore, V = % has the same eigenvector with the eigenvalue i.
Moreover, and [V, + V5, V3 — V] = —2cV. Hence, (V1 + Vy, Vo + Vs, V3 — V) forms a copy
of s0(3). Note that here « must be equal to one to ensure that (V; +aVy, Vo + V5, V3 — V) is
a subalgebra.

e The Lie algebra so(4) does not contain any copy of sl/(2,R), since it does not contain any
non-abelian two-dimensional subalgebra.
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This proves the following theorem:

Theorem 4. The three-dimensional optimal system of non-solvable subalgebras of L is
{<Vl, Vs, V3>, <V4, Vs, V6>/ <V1 + Vg, Vo + Vs, V3 — V6>}/ where the Vi,i=1,... ,6form a basis OfSO(4) giUETl
in (17).

4.2. Lie Point Symmetry Algebra of the Wave Equation on Anti-Einstein Spacetime

The non-zero Lie brackets of (13) are:

(X1, X2] = —*Xe, [X1,X3] = —2X5, [X1,X5] = —X3, [X1,Xe] = =Xy,
[XZ/ X?J = C2X4/ {XZI X4] = X3/ [le X6] = Xl/ [X3/ X‘d = _XZ/ (20)
[XSI XS} = Xl/ [X4/ X5] = X6/ [X4/ X6] = _X5/ [X5/ Xd = X4'

The Levi-Decomposition of this algebra is £ = {X;, X5, X3, X4, X5, X¢ } ® {X7, Xs}. Let S be the
semisimple part.

To determine the structure of the semisimple part, we need to find a Cartan algebra and the root
space decomposition with respect to the Cartan algebra. In this case, the Killing form is not negative
definite and it has exactly three negative eigenvalues. This means that the maximal compact algebra is
three-dimensional.

The reason is that, if K is a maximal compact subalgebra of the Lie algebra £, then any compact
subalgebra of £ is conjugate to a subalgebra of K. Moreover, every one-dimensional subalgebra of K is
conjugate to a subalgebra of a fixed Cartan subalgebra of K [14-16].

As we will explain later, the subalgebra (X4, X5, X4) is a copy of so(3) in the given Lie algebra.
Thus, K = (X4, X5, X¢) is a maximal compact subalgebra of the algebra S. A Cartan subalgebra of S
can be obtained by choosing any element of K and computing its centralizer. We choose, for example,
Xp as a representative of a Cartan algebra of K. Computing the centralizer of X¢, we find that it is
(X3, Xg). In addition, as the centralizer of (X3, Xs) is itself, C = (X3, X¢) is a Cartan subalgebra of S.
Moreover, computing the eigenvalues of X3, we find that all eigenvalues of ad X3 are real and X3 is
diagonalizable. Moreover, the centralizer of X3 is C and the centralizer of X is also C; this means that
C is the maximally real Cartan subalgebra.

We find roots of C in S. The roots are (c,i), (¢, —i), (—c,i),(—c, —i), the positive roots are
(¢,7), (c, —i) and clearly the sum of these positive roots is not a root. The root spaces for the positive
roots (c,i) and (¢, —i) are (X7 + cX5 +i(cXq — X3)). Let N = (X7 + cX5, Xp — cXy4). The algebra
B = A® N, where A = (X3) is the real part of C, has the property that every solvable algebra with real
eigenvalues in the adjoint representation is conjugate to a subalgebra of B. We compute the normalizers
of each conjugacy class of N. The normalizer of each representative element of the one-dimensional
optimal system of N does not contain a Cartan algebra. Therefore, we keep only N because its
normalizer N (N) is solvable and contains a Cartan algebra. Thus, there is only one maximal solvable
subalgebra, namely NV (N) = (X4, X3) @ (X1 + ¢X5, Xo — ¢X4). Therfore, the Iwasawa decomposition
of Sis KO ADBN = (Xy, X5, Xe) ® (X3) @ (X1 + X5, Xo — cXy) [14,16].

This gives us the following change of basis which makes the computations easier:

Vi =Xy, Vo = X5, V3 =Xg, Vi= X3z, (21)
Vs=X14+cX5, Ve=Xo—cXy, V;=X;, Vg=Xg.
The non-zero Lie brackets of (21) are
[Vll VZ] = V3/ [Vl/ V3] = _VZ/ [V11V4] = CVl + V6/ [Vl/ VS] = CV3/
Vi, Vel = =V, [Vo, V3] =Vy,  [Vo, V4] =cVo— V5, [Vo,V5] =V, 22)
Vo, V] =cV3  [V3, V5] =V, V3, V6| = —V5, Va4, V5] = cV5,
[Va, V6| = cVe.
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In fact, the semisimple part S is isomorphic to so(1,3) as can be seen by working with its Cartan
algebra and the associated root space decompositions. The algebra (V7, V) is the center of the Lie
algebra L.

4.2.1. Optimal Systems of Solvable Subalgebras of so(1,3)

To find the optimal system of so(1,3), we first find the one-dimensional optimal system and a
rough classification of higher order subalgebras inside the maximal solvable subalgebra spanned by
Ey := V3,Ey := V4, E3 := V5, E4 := V4. The corresponding non-zero Lie brackets of this subalgebra are:

[E1,E3] = E4, [E1,E4] = —E3, [Ep E3] =cEs, [Ep E4] = cEs. (23)

Secondly, we obtain the higher-dimensional optimal system by removing the repetitions from the
obtained rough classification of subalgebras using the adjoint action of so(1, 3).

Theorem 5. The optimal systems ©; up to order three of the solvable subalgebras of so(1,3) with the non-zero
Lie brackets (22) are the following:

o The one-dimensional solvable optimal system ©1 is

{(Va), (V5),(Va+aVy) :a € RL
o The two-dimensional solvable optimal system ©; is {(V3, Va), (Va, V5), (V5, Vi) }.
o The three-dimensional solvable optimal system @3 is

{<V4, Vs, V6>, (V3 +aVy, Vs, V6> S R}

Proof. To remove the repetitions in the obtained one-dimensional optimal system and the
higher-dimensional rough classification of the maximal solvable subalgebra of £, we use their
normalizers in s0(1,3) as follows:

e  The one-dimensional optimal system of the maximal solvable subalgebra of so(1, 3) is itself the
one-dimensional optimal system of so(1,3). This is because the representative elements are
non-conjugate under the adjoint action of so(1, 3), as can be seen using the action of corresponding
adjoint group given as in (19).

e The two-dimensional abelian subalgebras are (V3,Vy), (Vs5, Vg). The non-abelian subalgebra
(Va, Vs) is clearly non-conjugate with both of them. Moreover, since the normalizers of the
two-dimensional abelian subalgebras are N'((V3,V4))/(V3,Vy) = 0, N((V5, Ve))/(V5, V) =
(V3,Vy). As their dimensions are different, they are non-conjugate.

e  All the three-dimensional subalgebras given in the rough classification have the same normalizers,
centralizers and commutators, namely the abelian subalgebra (V5, Vg).

Let X be one of these algebras. We find that the eigenvalues of X/ X’ are repeated real in one case,
purely imaginary in one case and complex conjugates but not purely imaginary in the third case.
Therefore, they are non-conjugate.

O

4.2.2. Optimal Systems of Solvable Subalgebras of £ = so(1,3) & R?

Clearly, the one-dimensional optimal system @7 of R? is {(Vg), (V7 + aVs) : &« € R} and the only
two-dimensional optimal system ©, of R? is {(V7, Vg)}.

In order to get the optimal systems of the full Lie algebra up to order three, we use the optimal
systems of so(1,3) constructed in Theorem 5 and join each one of them with the optimal systems of the
abelian algebra R2.

e To get the one-dimensional optimal system of £,

1. either we take @y itself; in this case, we get {(Vg), (V7 + BVs) : B € R};
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2. or we add an arbitrary element from R? to every representative element in @1; in this case,
weget {(Va+2Zy), (Vs+21), (Vs +aVa+27Zy):a € R}

e To get the two-dimensional optimal system of £,

1.  either we add an arbitrary element from R2 to every element in @,; in this case, we get
{Va+ 21, Va+ Z2), (Vo + Z1, Vs + Z2), (V5 + Z1, Vs + Z2) },

2. or we add an arbitrary element from R? to every element in ®; and combine the result with
an element from @y; in this case, we get {(Vy + Z1, Z3), (V5 + Z1,Z3), (Vs + aVy + Z1, Z3) :
a € R}

3. or take @; itself; in this case, we get {(V7, V) }.

e To get the three-dimensional optimal system of £,

1.  either we add an arbitrary element from R? to every element in ®3; in this case, we get
{<V4 + 2721, Vs + 2, Vg + Z3>, (Vs +aVy+ 21, V5+ Zp, Vo + Z3> S ]R},

2. or we add an arbitrary element from R? to every element in ®, and combine the result
with an element from ©1; in this case, we get {(V3 + Z1, V4 + Z2, Z3), (V4 + Z1, Vs + Z5, Z3),
(Vs + 21, Ve + 22, Z3) },

3. or we add an arbitrary element from R? to every element in @; and combine the result with
an element from ©y; in this case, we get {(Vy + Z1, V5, Vg), (Vs + Z1, V7, V), (V3 + aVy +
71, V7, V8> S ]R},

where Z1 = a1 V7 + B1 Vs, Zy = «a V7 + B, Vs are arbitrary elements of RZ and Z3 = V7 + a3Vg or
Z3 = Vg represents a one-dimensional optimal system of R? and a1, ap, a3, B1,B2 € R.

Finally, we check that the obtained class is a subalgebra by taking the wedge product of its
commutator with each element in the class and make these wedges equal to zero. Therefore, we have
the following theorem.

Theorem 6. The optimal systems of solvable subalgebras of L with the non-zero Lie brackets (22) are as follows:

e The one-dimensional solvable optimal system is {(Vy + Z1), (Vs + Z1),(Vs), (V3 +aVy + Z1), (V7 +
BVs) 1 a, p € R},

o The two-dimensional solvable optimal system is
{3+ 21, Vu+ Z2), (Va+ 21, V5), (Vs + Z1, Vo + Z2), (Va + Z1, Z3), (V5 + Z1, Z3), (V7, V), (V3 +
aVy + Zl,Z3> TnE R}

o The three-dimensional solvable optimal system is {(Va + Z1,V5,Vs), (V3 + Z1,Va + Z3,2Z3),
(Vo + 21, V5,23), (Vs + Z1, Ve + Z2,23), (Va + Z1, V7, V8), (V5 + Z1, V7, V), (V3 + aVy + Z,
Vs, V6>, <V3 +aVy+ 274,V V8> e R}

Here, Z1 = a1V7 + B1Vs, Zy = apVy + Bo Vi are arbitrary elements of R2 and Z5 = Vi + azVg or
Z3 = Vg represents a one-dimensional optimal system of R?.

4.2.3. Three-Dimensional Optimal System of Non-Solvable Subalgebras of £ = so(1,3) @& R?

If H is a three-dimensional non-solvable algebra, then H equals its commutator. As the
commutator of L is so(1,3), all such subalgebras of £ are subalgebras of so(1,3). To find such
subalgebras, we follow the algorithm given in Section 2.2.

We need to construct the copies of so(3) and sI(2, R), if any, by following the algorithm that is
given in Section 2.2:

e  First, construct the copies of s0(3): the element V3 has the eigenvector V; + iV, corresponding to
the eigenvalue —i. Therefore, V3 = —V3 has the same eigenvector with the eigenvalue i. Moreover,
[V1, V5] = — V3. Therefore, (V1, Va, V3) forms a copy of so(3).
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e The only non-abelian two-dimensional subalgebra in so(1,3) is (Vy, V5) with [Vy, V5] = cVs.
Moreover, the eigenvector of adV; corresponding to the eigenvalue —c is V5 — 2cV, and
[V5 —2cV,, V5| = —2cVy. Hence, the subalgebra (Vy, Vs, Vs — 2cV;,) forms a copy of s1(2,R).

This proves the theorem.

Theorem 7. The three-dimensional non-solvable optimal system is {(V1,Va, V3), (Vy, V5, V5 — 2cVa)},
where the V; (i = 1,...,6) forms a basis of so(1,3) given in (21).

5. Joint Invariants and Invariant Solutions Corresponding to Three-Dimensional Optimal
Systems of £

The invariant solutions can be obtained through symmetry reductions carried out by
implementing the well-known procedure of utilizing the joint invariants of the subalgebras obtained
by three-dimensional optimal system, see, e.g., [6,11,20] for details.

Remark 1 ([10]). Let (X1,..., Xn) be a Lie algebra with basis

19
i 5t

9 9 9 9
;= I B4 —4—,i=
Xi=Gig +Gig +8igt Friair L...,n

A necessary condition for the existence of an invariant solution under the Lie algebra (Xq,...,Xy) is the
following transversality condition:

rank{E1} = rank{E;}, (24)
where
G oa g & & dm
E=| i o i | ER=|
&G & G & G

Before giving the formal definition of equivalent invariant solutions, let us note the following
general fact:

Whenever a transformation group G operates on a set S and U is a subset of S and H is the
stabilizer of U, then the stabilizer of a.U, a € G is aHa~!. We will apply this where the set S is the set
of solutions of a differential equation, U is the set of invariant solutions and the group G is the local
group whose Lie algebra is the symmetry algebra of the differential equation.

Definition 4. Consider the differential equation admitting the group of transformations G. Let L be the
Lie algebra corresponding the group G. If u = ©@q(x) and u = ©y(x) are two invariant solutions of the
given differential equation under the subalgebras Hy and Hy of L, respectively, then we call u = ®1(x) and
u = ©y(x) equivalent invariant solutions with respect to the group G if one can find some transformation
in G that transforms u = @1(x) to u = Oz(x).

Let Hy be conjugate to H, with respect to the group of transformations G. Define U to be the set
of invariant surfaces under Hy. Then, H; belongs to the stabilizer of U and Hj belongs to the stabilizer
of a.U for some a € G. The set of invariant surfaces under H, should be of the form a.U.

Therefore, the problem of classifying the invariant solutions is reduced to classifying the
corresponding conjugacy classes of subalgebras of the symmetry algebra £ [6].

In this section, we compute the invariant solutions corresponding to three-dimensional
subalgebras of L.



Symmetry 2018, 10, 665 14 of 26

5.1. Invariant Solutions of the Wave Equation on Einstein Spacetime

5.1.1. Solvable Subalgebras of of £

Example 1. In the case of L1 = (Vi + Z1, Va + Z3,Z3), Z3 = V7 + a3 V3. The generators of L4 in Cartesian
coordinates are as follows:

Vi+Zi=md —cz2 +/1-c2(x2 +y2+zz)% +oxd 4+ Bul,
VitZy =3 +cz2 + /1 —cz(x2+y2+zz)@ —cxd 4+ Bul, (25)

J J
/3 = §+0631/l3.

The transversality condition (24) of (25) with rank three is always satisfied. Since the Lie algebra

L4 is abelian, one can find the invariant functions, we call them also invariants, of £ in any order. The
invariants of Z3 are:

my = x,my =y,m3 =z,my=ue *3' (26)

The remaining operators can be given in terms of the variables m;,i = 1,...,4 as

Vi+Z, = _Cm3% + /1= c2(m? + my? + mgz)a%z + cmlain13 —my (a3 a1 — B1) a%, @)
Vo+27Zp = cmgﬁ + \/1 — cz(mlz + my? +m32)8372 — cm1ﬁ — My (0630(2 — ﬁz) ﬁ.
Next, the invariants of V; + Z; are
_ 2 2 _ cmp _ m3
ny = my~ + ms=, np = arctan <\/l—cz(m12+m22+m32)> arctan (ml) , 8)
7@‘3 “1;51) arctan(%)
N3y = mgye 1/,
In terms of the variables n;,i = 1,...,3, the remaining operator is
d d
Vo+72Z)=—-2c— —n3((a )z — By — —. 29
s+ 2o s 3 ((a1 +a2)as — B2 ﬁ1)an3 (29)
Finally, the invariants of V4 + Z are
ni,nze e (30)

Writing the invariants (30) in terms of the original variables gives the joint invariants of £; as

Aj arctan (A) +Aj arctan (5) —zx3t>
—2(x2 442422 * (31)
xz_i_zzlue 1—c%(x%4y>+2z%) ,

((X1+062)(;i—‘31—[32, A2 (30(1+1X2)D(3—3151—132‘

where A; = >
Note that Ay = A, = 0 when Z; = Z; = 0. Therefore, for simplicity, let us discuss the invariant

solution for this case.
The invariant transformations in this case are:

w = x> +22,Z(w) = ue %t (32)
Thus, using (32), Equation (8) can be reduced to the ODE:

4w (Pw—1) 2" +4(2c*w —1)Z' + a32Z = 0. (33)
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It was found that the transformation
w=—, Z(w) = R(r) (34)
reduces Equation (33) to the hypergeometric differential equation
r(r=1)R" + ((v+p+1)r = )R + ViR =0 (35)

. /2 —ajz? _ cHy/cP—ag? .
with v = T n = I Y = 1.
hypergeometric function F(v, y; y;r) as

The solution of (35) is given in terms of the

R(r) =i F(uv;v+ w1l —r)+o(r—1)""FFA—v,1 — ;2 —v— ;1 — 7). (36)
Therefore, the solution of (33) is
Z(w) = R(Pw). (37)
Thus, the invariant solution of (8) is
u(t,x,z) = et (c]P(y,u;v w1l —AE2+2) (@2 +22) - 1) T TTEA -1 - 2 —v— w1 - A2 + zz))). (38)
Another interesting special case when a3 = ¢, the solution of Equation (35) becomes
R(r) = c1EllipticK(\/r) + cEllipticCK(\/7), (39)

where EllipticK and EllipticCK are respectively the complete and the complementary Elliptic integrals
of the first kind.
Thus, the invariant solution of (8) is

u(t,x,z) = et (clEllipticK( c2(x? +zz)) + czEllipticCK( c2(x? + zz)>). (40)

5.1.2. Non-Solvable Subalgebras of of £

As is well known, all three-dimensional non-solvable subalgebras are simple. As they have no
non-trivial ideal, we use the method of reduced row echelon form of operators in any convenient basis.
As shown in [21], the operators of the three-dimensional non-solvable subalgebra in the reduced row
echelon form always form an abelian algebra. Clearly, the joint invariants of the three-dimensional
non-solvable subalgebra are the same as those of this abelian algebra. Using this, we find that the joint
invariants for £ as follows:

Example 2. In the case of L1 = (V1, V,, V3), by writing L1 in the reduced row echelon form, the fundamental
set of the invariants can be obtained by solving the following system:

0100 0 I 0

I, 0
00100 I, | =10 (41)
00010 L, 0

I, 0
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Clearly, the joint invariants are ¢, u. Therefore, the invariant transformations are:
w=t2(w)=u. (42)

Thus, using (125), Equation (8) can be reduced to the ODE:

7" =0, (43)
which has the solution
Z(w) =c1 + ¢ w. (44)
Thus, the invariant solution of (8) is
u(t)=c1+cyt. (45)

Example 3. In the case of L, = (Vy, V5, Vi), since the reduced row echelon form of the operators of L, coincides
with that in (124), it follows that they have the same solution.

5.2. Invariant Solutions of the Wave Equation on Anti-Einstein Spacetime

5.2.1. Solvable Subalgebras of £

Example 4. Case L1 = (V3 +aVy + Z1, V5, V), & # 0. The generators of L1 in Cartesian coordinates are
as follows:

V3 +aVy+ 7y :alg’t y +9caa1 +a/1+c2( x2+y2+22)%,ﬁ1u%,
= (y/1+c%( x2+y +22) +cz) L — ey, (46)

ay 0

=(V1+32(2+y2+22) 4+ cz)2 —cx .

The transversality condition (24) of (46) with rank three is always satisfied. Since the derived Lie
algebra generated by £, is (V5, V) which is abelian, one can find the invariants of £; by starting with
V5 or V. The invariants of Vs are:

—cz+ \/1+C2(x2+y2+22)
my =t,my =x,mg= 112 (21 2) , My = U. (47)

The operator Vg can be given in terms of the variables m;,i =1,...,4 as

Vs = 305 (48)

1
ms
Next, the invariants of Vg are

ny = mq, Ny = Mz, N3 = My. (49)
In terms of the variables n;,i = 1,2, 3, the remaining operator is

Va4 aVy+ 74 :alﬁ—aan%Jrﬁlng,ai. (50)

n3
We have to study the following two cases:
e Casel: If a1 # 0, the invariants of V3 + aVy + Z; are

Ly by,
npetlt ,nze . (51)
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Writing the invariants (51) in terms of the original variables gives the joint invariants of £; as

—cz+\/1+2(x2+y?+22) aey Py
1+ c2 (x2 +12) et ome T

Therefore, the invariant transformations are:

B 2022 T2 - 22) ac B
w= cz+ 1+ +y +Z>e“1t, Z(w)=ue al, (52)
1+c2(x2+12)

Thus, using (52), Equation (12) can be reduced to the ODE:

c ((zxz + w12) c+2a /31) wZ' + 2 (zxz - lez) w7+ B2 Z =0, (53)
which has the non-trivial solution for the following cases:
1. a?— oc% # 0:

—m’lz—tx B1tary/ 52a12+2 ca By +B12 7ca12—a B1—a1y/ cztx12+2 ca By +f512

Z(w)=cw (a2-a1%)¢ +cw (e -aq2)c - (54)
2. a?2—a3 =0, ca1+ By #0:
KB
Z(w)=crw 2(@cth), (55)
Thus, the invariant solution of (12) is
—cz+ 1+ 2(x2 +y2 +22) acpy Py
u(t,x,y,z):Z( PR Py e )e 1 (56)

e Case?2: If a1 = 0, the invariants of V3 + aVy + Z; are

B
ny, 1’13712“%. (57)

Writing the invariants (57) in terms of the original variables gives the joint invariants of £; as

A1
N s V1+2(x2+y2+22) |\ *
’ 1+c2 (x2+y2) '

Therefore, the invariant transformations are:

AL
_ 1T+ 2(x2 212 1+ 22) \ *°
w=t Z(w) = u cz+/1+32(2+y2 +22) ' 58)
1+c2(x2+y2)
Thus, using (58), Equation (12) can be reduced to the ODE:
w?Z" — By (B1+2ac)Z =0, (59)

which has the solution

\/ﬁ%JrZﬁlac \/ﬁ%JrZBlac
Z(w)=ce” &  Y4ce T =& @ (60)
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Thus, the invariant solution of (12) is

_h
—cz+\/1+cz(x2+y2+zz)> “' (61)

u(t, x,y,z) = Z(t) ( 1+c2(x2+12)

Example 5. Case L, = (V3 + Z1, V5, V). The generators of L, in Cartesian coordinates are as follows:

V3+Z1—txlat yax—i-xay—l—ﬁluau,
=(V1+(Z+y2+2%) +cz) L — ey, (62)

ay 0

=(V1+2(2+ 2 +22) 4 cz)2 —cx .

The transversality condition (24) of (62) with rank three is satisfied for a7 # 0. Since the derived
Lie algebra generated by £, is (V5, V) which is abelian, one can find the invariants of £, by starting
with the invariants of (V5, V) which are given by (49) as

—cz+ \/1+C2(x2+]/2+22)
ni , 12 1+C2 (x2+y2) N3 u (63)

In terms of the variables n;,i = 1,2, 3, the remaining operator is
Vs+Z1 = a1 32 + Pris g (64)

Finally, the invariants of V3 + Z; are

_h
np,nze " " (65)

Writing the invariants (65) in terms of the original variables gives the joint invariants of £, as

—cz+/1+c2(x2+y2 +22) ey
142 (x2+12) '

7

Therefore, the invariant transformations are:

—cz+\/1+c2(x2+y2+zz) _B1y
= Z = « .
w 1+ CZ(xZ + ]/2) ’ (w) ue " (66)

Thus, using (66), Equation (12) can be reduced to the Cauchy—-Euler ODE:

2
w27 — w7 — (ﬁ) Z=0, 67)
coq
which has the solution
coq+ f2a12+ﬁ12 coaq— C2a12+,312
Z(w)=cw o1 +ow e : (68)

Thus, the invariant solution of (12) is

(69)

—cz+4/1 +c2(x2+y2+zz))e/%t

u(t, x,y,z) :Z( 1+ 22 +12)
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Example 6. Case L3 = (V4 + Z1, V5, V). The generators of L3 in Cartesian coordinates are as follows:

Vit Zi=a g+ 1+ 22+ P2 +22) L+ prug,
Vs = (/1 + 2(x2 + y2 + 22) +CZ)% —cyi, (70)
Vo= (V1+2(x2+ 2 +22) +cz)L —cxl.

The transversality condition (24) of (70) with rank three is always satisfied. Since the derived Lie
algebra generated by L3 is (V5, V) which is abelian, one can find the invariants of £3 by starting with
the invariants of (Vs, V) which are given by (49) as

—CZ+\/1+C2(x2+y2+ZZ)
=t = =u. 71
np 12 1+C2 (x2+y2) 13 u ( )

In terms of the variables n;,i = 1,2, 3, the remaining operator is
Va+Z :ai—cni—f—ﬁni (72)
4 1 19n; 29n, 173 5p5
We have to consider the following two cases:

e Casel: If a; # 0, the invariants of V + Z; are
nzeﬁnl, i’lg,e_qn1 . (73)

Writing the invariants (73) in terms of the original variables gives the joint invariants of £3 as

—cz+\/1+2(x2+y?>+22) ¢ by
1+ (2 + ) erone T (74)

Therefore, the invariant transformations are:

_ 202 L2 L2\ A
w = cz+ 1+ +y +Z)e“1,Z(W):“e a 7)
142 (x2+y?)

Thus, using (75), Equation (12) can be reduced to the ODE:

2 (a% . 1) Wz — ((1 + alz) c+ 2;31) cwZ' — B12Z =0, (76)
which has the non-trivial solution for the following cases:
1. a2 —1#0:

ca12+,51 +agy/ 620(12+2 cBq +ﬁ12 ca12+/51 —a1y/ 620(12+2 cBq +ﬁ12

Z(w)=crw (1) +eow e(m?-1) , (77)

2. a3—1=0,c+p #0
£

Z(w)=cw (k) (78)
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Thus, the invariant solution of (12) is

—cz+/1+c2(2+y2+22) a\ Py
t,x,y,z) =2 1)en . 79
u(t x,y,2) ( 1+ 2 (x2 4+ y?) © )e @)
e  Case2: If a1 = 0, the invariants of V; + Z; are
B
ni, ns 71271. (80)

Writing the invariants (80) in terms of the original variables gives the joint invariants of £3 as

A1
—cz+ \/1+02(x2+y2+22) ¢
tu < 1+ (2 + ) : (81)

Therefore, the invariant transformations are:

A1
_ 22+ 12+ 22) )\ ©
o=t Z(w) = u cz+ I+ A2 +y2+22)) © 82)
e ()
Thus, using (82), Equation (12) can be reduced to the Cauchy-Euler ODE:
7"~ (2 Bic+ /312) Z =0, 83)
which has the solution
Z(w) =c1eV ﬁ%+2cﬁ1w+c2 e VAI2chiw, (84)
Thus, the invariant solution of (12) is
J _h
—cz+ 1+C2(X2+y2—|—22) ¢
t =Z(t
“(/x,]//Z) ( ) < 1+c2 (x2+]/2) (85)

Example 7. Case L4 = (V3 + Z1,Va+ Zy,Z3), Z3s = V7 + a3Vg. The generators of L4 in Cartesian
coordinates are as follows:

Vst Zi =y —y gk +xgy + Brugy,

Vit Zy =9 +/1+ 22+ 2 +2) 2 +pruld, (86)
Z3 = % + a3 u%.

The transversality condition (24) of (86) with rank three is always satisfied. Since the Lie algebra
generated by L4 is abelian, one can find the invariants of £, in any order. The invariants of Z3 are:

my =Xx,My =Y, M3 =2,My = ue %t (87)
The operators can be given in terms of the variables m;,i =1,...,4 as

V3+2)= —mzﬁ +m1% +(B1— a3 041)"14%,
Vit Zy = /T4 2(m? + mp? + ma?) 5= + (B2 — wo a3) ma 5o

a3

(88)
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Next, the invariants of V3 + Z; are

ny = my% +my?, ny = ms, n3 = m4e(ﬁ17“3 al)ardan(%). (89)
In terms of the variables n;,i = 1,2, 3, the remaining operator is
Vit Zy = T+ (1 +n9%) 38 + (B2 — wa a3) 350 (90)
Finally, the invariants of V4 + Z, are
ny,n3 (c ny+4/1+c2(ny + n22)> ) (91)

Writing the invariants (91) in terms of the original variables gives the joint invariants of £4 as

A arctan (2 A
x2+y2’ueﬂx3te arc an(?) (CZ+\/1+CZ (x2+y2+22)> , (92)

where A} = (B1 —azwaq), Ay = 7‘12“3;[52.

Therefore, the invariant transformations are:

Ajarctan (2 A2
w = x2 +y2’ Z(w) — ye Wte parc an(y) <cz + \/1 + 2 (xz +y2 +Zz)> . (93)
Thus, using (93), Equation (12) can be reduced to the ODE:
4(w? + ) Z" + 4w — P (Ay — 2) w?)Z + ( ((Az2 - 2A2> 2 az) w+ A12>Z =0, (94)

which can be transformed using the transformation w = — 7.

Z(w) = rzids R(r) to the hypergeometric differential equation

r(r—1)R" + ((v+y+l)r—'y)R'+vyR:0 (95)

. _ (14iA1—Ap)c+/ c2+az? o (1+1‘A17A2)C7\/C2+0(32
withv = S = ,

2c 2c
terms of the hypergeometric function F (v, 1;7; r) as

v = 14 iAj. The solution of (95) is given in

R(r) =cF(v,;7;7) + otV "Flu =y + 1L, — vy + 1,2 — ;7). (96)

Therefore, the solution of (94) is
2.2 (1=1) 2 97
Z(w) = (—c*w) R(—c*w). 97)

Thus, the invariant solution of (12) is

. x 3v—y—pu
u(t, x,y,z) _ Z(Xz + yZ) o3 tel(Wfl) arctan(?> <cz + \/1 + 2 (x2 + ]/2 4 Z2)) , (98)

where a3 = 2(v — u)? — 2.
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Example 8. Case L5 = (Vy + Z1,V5,2Z3), Z3 = V7 + a3Vg. The generators of Ls in Cartesian coordinates
are as follows:

Vit 7 = 061% + /1 +c2(x2+y2+22)% +51M%,
Vs = (/14 c2(x2 + y2 + 22) +CZ)% — v (99)

The transversality condition (24) of (99) with rank three is always satisfied. Since the derived Lie
algebra generated by L5 is (V5), one can find the invariants of L5 by starting with V5. The invariants
of Vs are:

*CZ+\/1+C2(x2+y2+ZZ)

my=tmy =x,m3=1u,my = 100
1 2 3 4 1122 ) (100)
The operators can be given in terms of the variables m;,i =1,...,4 as
— o) o) 2
Vit+Zi=wm5, + ‘Blm337ma3 — My, (101)
Next, the invariants of V, + Z; are
_PL <
ny = my, Ny = mze "1 ml, n3 = mye™ " (102)
In terms of the variables n;,i = 1,2, 3, the remaining operator is
_ (gm—p1) 3 0
Finally, the invariants of Z3 are
B1—aza
ni,np n3 : C3 ! . (104)

Writing the invariants (104) in terms of the original variables gives the joint invariants of L5 as

14 2(x2 1442 A
Y e%t( + o (x" +y7) ) ! (105)
—cz+ \/1 + CZ(xZ +y2 + ZZ)
where A; = w
Therefore, the invariant transformations are:
14 2(x2 112 A
w=x, Z(w):ue*‘w( e (C 4y ) § (106)
—cz+ \/1 + CZ(XZ +y2 + ZZ)
Thus, using (106), Equation (12) can be reduced to the ODE:
(w?+1) 2" =2 (241 - 3)wZ' + (A(A} ~241) - ) Z = 0. (107)

It was found using Maple software (Maple 13.0, Waterloo Maple Inc., Waterloo, ON, Canada) that
the transformation

1 1
_r (2 \2ATa
w= - Z(w) = (r 1) R(r) (108)
reduces Equation (107) to the associated Legendre equation

2

(1—1)R" —2rR' + (v(v +1) -5 E rz)R =0 (109)
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24/c2+a3—c

5 , u=A — % Therefore, the solution of (107) is

withv =

Z(w) = (—czw2 — 1)% (cle,‘(icw) + cng(icw)), (110)

where P}, and Q} are the associated Legendre functions of the first and second kinds respectively. Thus,
the invariant solution of (12) is

/ (111)

—cz 4+ /1+ (2 +y2 + zz))ﬂ+%

u(t x,y,2) = Z(x) e 1+ (2 + )

2 _

where a2 = 2(v + 1)2 — 2.

Example 9. Case Lo = (V5 + Z1, Vs + Zp,Z3), Z3 = V7 + azVs. The generators of Le in Cartesian
coordinates are as follows:

Vs + Z1 =y + (/1 + 22+ y2 +22) +ez)  — ey + Py,
Vo +7Zo = zxz% + (V1+c2(x2 +y2 +22) —i—cz)% —cx% + B2 u%, (112)

J d
Z3:§+(X3u$.

The transversality condition (24) of (112) with rank three is always satisfied. Since the Lie algebra
generated by Lg is abelian, one can find the invariants of L¢ in any order. The invariants of Z3 are:

my = x,my =y,m3=zmy=ue “3t (113)

The operators can be given in terms of the variables m;,i =1,...,4 as

Vs+21 = (\/l + 2 (m2 + mp2 + m32) + cn@,)% — cmzﬁ + (B1—a3 041)7114%,

(114)
o) J J
Vo425 = (\/1 + 2 (Mm% + mp? + m3?) +CM3)W — Mg, + (B2 —axa3) My g
Next, the invariants of V5 + Z; are
ny = mq,
_ —omzta/14c2(my 2 ma2 4 ms?)
2= 1+ (my 7 11,7) ' (115)
(“3“1*/51)"12(*5"13+ 1+02('”12+m22+m32))
N3 = mye 142 (my 2 +my?)
In terms of the variables n;,i = 1,2, 3, the remaining operator is
Vot Zo = 5o + (B2 — m23) mah. (116)
Finally, the invariants of V + Z are
1y, g el @283 =F2)mmnz (117)

Writing the invariants (117) in terms of the original variables gives the joint invariants of L4 as

1+c2 (x2+y2 +zz) >

—cz+
—cz+/1+c%(x2 +y2 + 22) ue e <A1x+A2y> ( 22442 ) (118)
1+ c2(x2 4 y2)

where A1 = Np3 — ‘32, Az = K13 — ‘31.
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Therefore, the invariant transformations are:

_ ————3 —cz /1 (242 +2)
_ zer 1Ay e ) Z(w) = ue~e (Alx“‘zy) ( 1+ ) ) (119)
T+ c2(x2 +y2)
Thus, using (119), Equation (12) can be reduced to the ODE:
w2 - Fwz' + (43 + AJw? — a3)Z =0, (120)
which can be transformed using the transformation w = r, Z(w) = rR(r) to the parametric
Bessel equation:
rR" + R+ (txzrz - vz> R=0 (121)
witha = Y ACHAY o VEga?
c 4 C .
Therefore, the solution of (120) is
Z(w) = cqw]y(aw) + cowYy(aw), (122)

where J, and Y, are the Bessel functions of the first and second kind, respectively. Thus, the invariant
solution of (12) is

cz— c“(x Z
oo TERETRTEN) (o) (D)

t Y, =7 1+c2(x2+y2)
u(rxyz) ( 1—|—C2(X2+y2)
5.2.2. Non-Solvable Subalgebras of £

Example 10. Case L1 = (V4, V5, V5 — 2cVa). By writing L4 in the reduced row echelon form, the fundamental
set of the invariants can be obtained by solving the following system:

01000 b 0
Iy 0
001 00O L, [=1] o0 (124)
00010 L 0
I, 0
Clearly, the joint invariants are t, u. Therefore, the invariant transformations are:
w=t2Z(w)=u. (125)
Thus, using (125), Equation (12) can be reduced to the ODE:
z"=0, (126)
which has the solution
Z(w) =1+ w. (127)

Thus, the invariant solution of (12) is

u(t)=c1+cat. (128)
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6. Concluding Remarks and Future Research

Improved algorithms of the expansion method introduced by Ovsiannikov [6] are introduced to
construct the optimal systems of dimension of at most three of non-solvable Lie algebra. The algorithms
are then applied to determine the Lie algebra structure and optimal systems of the symmetries of
the wave equation on static spherically symmetric spacetimes admitting G as an isometry algebra,
while joint invariants and invariant solutions corresponding to three-dimensional optimal systems are
also found. The energy density e(u) = % gl u;u;j and the corresponding energy of the solutions can be
investigated for physical significance of the wave functions obtained in the examples.

It would be of interest to complete and extend this study by applying the algorithms in this paper
to equations of physical interest on all static and non-static spherically symmetric spacetimes and to
find the corresponding invariant solutions.
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