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CLASSIFICATION OF LEFT INVARIANT METRICS
ON 4-DIMENSIONAL SOLVABLE LIE GROUPS

Tijana Sukilovié

ABsTRACT. In this paper the complete classification of left invariant metrics
of arbitrary signature on solvable Lie groups is given. By identifying the Lie
algebra with the algebra of left invariant vector fields on the corresponding
Lie group G, the inner product (-,-) on g = Lie G extends uniquely to a left
invariant metric g on the Lie group. Therefore, the classification problem is
reduced to the problem of classification of pairs (g, (-,-)) known as the metric
Lie algebras. Although two metric algebras may be isometric even if the
corresponding Lie algebras are non-isomorphic, this paper will show that in
the 4-dimensional solvable case isometric means isomorphic.

Finally, the curvature properties of the obtained metric algebras are con-
sidered and, as a corollary, the classification of flat, locally symmetric, Ricci-
flat, Ricci-parallel and Einstein metrics is also given.

1. Preliminaries

The pair (g, (-,-)), where g is a Lie algebra and (-,-) an inner product of
arbitrary signature, is called a metric Lie algebra. We denote by f a metric Lie
algebra (g, (-,-)) and by M(f) the (pseudo-)Riemannian space of the group G with
the metric g of arbitrary signature. Note that the inner product (-,-) on g extends
uniquely to a left invariant metric ¢ on the corresponding simply connected Lie
group G. Therefore, the problem of classification of metrics on solvable Lie groups
is reduced to the problem of classification of metric algebras.

Milnor’s classification of 3-dimensional Lie groups with a left invariant positive
definite metric [17] has become a classic reference, while the corresponding Lorentz
classification [11] followed twenty years later. In dimension four, only partial re-
sults are known. The classification of 4-dimensional Riemannian Lie groups is due
to Bérard-Bérgery [7]. Jensen [14] studied Einstein homogeneous spaces with a Rie-
mannian (positive definite) metric, while Karki and Thompson [15] studied Einstein
manifolds that arise from right invariant Riemannian metrics on a 4-dimensional
Lie group. Calvaruso and Zaeim [9] have classified Lorentz left invariant metrics on
the Lie groups that are Einstein or Ricci-parallel. Also, the classification in thecase
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of nilpotent Lie groups was extensively studied in both the Riemannian [16] and
the pseudo-Riemannian setting [8,20].

One of the open questions and a possible direction for future research would be
the classification of sub-Riemannian and nonholonomic Riemannian structures on
4-dimensional Lie groups. In the case of 3-dimensional Lie groups, a complete classi-
fication of left-invariant sub-Riemannian structures in terms of the basic differential
invariants has been given by Agrachev and Barilari in [1], while the nonholonomic
Riemannian structures have been investigated by Barrett et al. [5, 6].

In this paper the case of 4-dimensional solvable Lie groups is considered. The
Lie group G is solvable if its corresponding Lie algebra is solvable, meaning that its
derived series terminates in the zero subalgebra. The solvable Lie algebra g is said
to be completely solvable if ad, has real eigenvalues for all = € g.

From the following proposition it is clear that all simply connected 4-dimen-
sional solvable Lie groups can be divided into three types.

PROPOSITION 1.1. [4,7]. The simply connected 4-dimensional solvable Lie
groups are:

I the non-trivial semi-direct products R x E(2) and R x E(1,1);
II the non-nilpotent semi-direct products R x Hs, where Hsz denotes the
Heisenberg group;
111 the semi-direct products R x R3.

On the algebra level, it can be said that all 4-dimensional solvable Lie algebras
are given by g = v & g3, where the generator of v acts as a derivation over gs. A
more refined classification of the corresponding Lie algebras is given by the following
proposition.

PROPOSITION 1.2. [18]. Let g be a 4-dimensional solvable Lie algebra. Then if
g is not abelian, it is equivalent to one of the algebras listed below:
92 +2g1: les,en] =

]
2g9: le1, e2] = e, [e3, €4] = ey;
g3,1 + 010 [e1,e2] = e3;
032+ g1: [ea, e2] = e, [ea, €3] = €2 + e3;
93,3 + 010 [eq, e2] = ez, [es, €3] = e3;
054+ 011 [eq, 2] = e, [eg,e3] = ez, —1 <a <1, a#0;
055 + 011 [eq, 2] = aex —e3, [eq, €3] = €2 + ae3, a > 0;
[YRE [e1, ea] = e3, [e1, e3] = ea;
95 o: [es, e1] = aeq, [eq, €2] = ea, [eq,e3] = ea + €3, a # 0;
94,3 [ea, e1] = e1, [ea, e3] = ea;
04,4 [ea,e1] = e1, e, e2] = €1 + €2, [eq, €3] = ea +e3;
gi’f: [es, 1] = e, [eq, 2] = aea, [eq,e3] = Bes, — 1 <a < B <1, af #£0;
gi’g: [es, e1] = Bex, [eq, €] = aes — e3, [es,e3] = ea + aes, a >0, B £ 0;
94,7: le1, ea] = ey, [e1,e3] = e, [e2,e3] = e1 + €2, [e4, €3] = 2ey;
94! [e1, e2] = €4, [e1, €3] = €1, [e2, €3] = e, [ea, €3] = (1 + a)ey, |af < 1;
RS [e1, 2] = eu, [e1, €3] = aer—ey, [e, €3] = e1+aey, [eq, e3] = 2aeq, a > 0;
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04,10 le1,e3] = eq, [e1, es] = —ea, [e2, €3] = €2, [e2,e4] = €1.

REMARK 1.1. All the possible complex Lie algebras of dimension at most four
were classified by Lie himself. The classification by Mubarakzyanov is listed here
since it was the first complete and correct classification of real Lie algebras of di-
mension < 4. Also, the original notation is used with one addition: if the algebra
definition uses parameters, these parameters will be exponents. For the relations
between the lists of algebras in different notations, refer to Table A.1 in the Ap-
pendix.

The metric algebras f and | are said to be isometric if there exists an isomor-
phism ¢: f — f of Euclidean spaces preserving the curvature tensor and its covariant
derivatives. This translates to the condition that metric algebras are isometric if
and only if they are isometric as Riemannian spaces (see Proposition 1.3 below).
Although two isomorphic metric algebras are also isometric, the converse is not
true. In general, two metric algebras may be isometric even if the corresponding
Lie algebras are non-isomorphic. The test to determine whether any two given
solvable metric algebras (i.e. solvemanifolds) are isometric was developed by Gor-
don and Wilson in [12] and it will be discussed in detail later. However, in the
completely solvable case, isometric means isomorphic, as stated in the following
proposition.

PROPOSITION 1.3. [2|. The metric Lie algebras f and f are isometric if and only
if the corresponding Riemannian spaces M(§) and M (f) are isometric. Isometric
completely solvable metric Lie algebras are isomorphic.

The paper is organized as follows. In Section 2, the idea of classification is
explained. Each type of Lie algebra is separately considered and the main result is
stated case by case in Theorem 2.5 (type I), Theorem 2.4 (type II) and Theorems
2.1, 2.2 and 2.3 (type III). Although many non-isomorphic Lie algebras share the
same set of inner products, they have distinct curvature properties and therefore
completely different geometry. This is best illustrated in Section 3, where the curva-
ture properties of the metrics obtained in the classification are further investigated.
As a corollary, the metrics that are flat, locally symmetric, Ricci-flat, Ricci-parallel
and Einstein are classified (Table 1 and Corollary 3.2).

2. Classification of left invariant metrics

There are two, in some way dual, approaches to the classification problem. The
first one is to fix a Lie algebra basis in a way to make the commutator relations
as simple as possible and then to adapt the inner product to it. The second one
is to start from the basis that makes the inner product take the most basic form,
while allowing the Lie brackets to be arbitrary, but satisfying the Jacobi identity.
Although the second approach is useful when a curvature condition is introduced
(see [9]), the main drawback is that the complete classification must be obtained
in order for the type of Lie algebra to be recognized. In general, if no additional
restriction is imposed, the problem becomes too complicated. Therefore, the first
approach is used here.
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Let us fix the basis {e1, es, €3, e4} of the Lie algebra g in such a way that the
structural equations are as in Proposition 1.2. Denote by Aut(g) the group of
automorphisms of the Lie algebra g defined by

Aut(g) :=={F: g — g |F - linear, bijective, [Fz, Fy] = Flz,y], x,y € g}.

The isomorphic classes of different left invariant metrics can be seen as orbits of the
automorphism group Aut(g) naturally acting on a space of left invariant metrics.
This allows us to use the algebraic approach, although often more geometrical tools
are required. In the fixed basis, the set S(g) of non-equivalent inner products of the
algebra g is identified with the symmetric matrices S of arbitrary signature modulo
action S +— FTSF, F € Aut(g). From now on the Lie algebra g is identified with
the algebra of left invariant vector fields on G. Thus, the matrix S representing
the inner product on g is at the same time representing the metric g in the left
invariant basis.

REMARK 2.1. The automorphisms of solvable Lie algebras given by Proposi-
tion 1.2 are calculated in Table A.2. For the list of automorphisms corresponding
to the classification [19], one can refer to [10].

Two non-equivalent inner products on g define two metric algebras on the
same space. Since those inner products correspond to the orbits of Aut(g) acting
on the space of symmetric matrices, the metric algebras are isomorphic, and hence
isometric. For the completely solvable algebras, the converse follows directly from
Proposition 1.3.

If the algebras are not completely solvable, then the more general result by
Gordon and Wilson [12] must be used. Although proven in a rather general setting,
only the version of the algorithm corresponding to the simply connected Lie groups
is presented here.

The two Riemannian solvemanifolds M (f) and M () are isometric if and only
if the corresponding standard positions of § = (g,(-,-)) and §f = (g,(-,-)1) are
isomorphic. Let us first define the standard modification (g, (-,-)1) of (g,{(-,)) as
follows: g is defined to be the orthogonal complement of the algebra N((g) of all
skew-symmetric derivations of (g, (-,-)) in b = N(g) ® g relative to the Killing form
of b (g is a solvable ideal of ). Then define (-, -); by ((Id+¢)z, (Id+d)y)1 = (z,y),
where ¢: g — g is the modification map. By replacing (g, (-,-)) with (g, (-, )1),
the computation of the standard modification should be repeated until the pair
(g, (-,-)2) in the standard position is obtained: g is in the standard position if and
only if g equals its standard modification.

Therefore, in order to find all non-equivalent inner products on the Lie algebra,
in addition to the action of the automorphism group, one must also consider the
action of the modification map.

2.1. Groups of the type R x R3. Let us start with a group to which the
majority of the solvable Lie groups belong: the abelian group, the nilpotent groups
and the algebras with a codimension one nilradical. Note that all algebras of this
type, except g5 5 +g1 and gi’g , are completely solvable. Interestingly, the nilpotent
Lie groups stand out and should therefore be considered separately. However, the



LEFT INVARIANT METRICS ON 4-DIMENSIONAL SOLVABLE LIE GROUPS 185

nilpotent case was the main subject of the previous, much more detailed research,
hence for the sake of completeness, only the main conclusions are stated.

Let us first consider the trivial abelian case 4g;. Since the automorphism group
is isomorphic to GL(4,R), every symmetric matrix S can be reduced by the action
of the automorphism group to the diagonal form:

egz 0 0 O
0 0 0

(21) S = 0 602 €3 0 5 €1,€2,€3,€4 S {_171}
0 0 0 e

In the 4-dimensional case, there exist two non-trivial nilpotent Lie algebras:
93,1 + 91 (which is the trivial extension of the 3-dimensional Heisenberg algebra h3)
and g41 (the filiform Lie algebra, i.e. the algebra whose nil index is maximal). In
other notations, these two algebras are often referred to as hs + R and ny. The
classification of inner products on these two algebras has been made in [16] for
the Riemannian case and later completed for the pseudo-Riemannian case in [8]
(Lorentz case) and [20] (neutral signature case). The results are summarized in
the following theorem, whose proof is omitted.

THEOREM 2.1. [8,20]. Let p # 0, €1,€2,€e3 € {—1,1}.
(i) The set of non-isometric inner products of gs 1 + g1 is represented by:
eec 0 0 O 1 0 0 O
e_ |0 e 0 O e |0 e 0 O
Se=1o 0 4 ol =0 0 0 1|
0 0 0 e 0 0 1 0O
(2.2) °
ec 00 O 0 0 0 1 0 0 0 1
e (o o1 0 e o e 0 0 o |0 0 1 0
S0=10 10 0| 9% |o 0 e« of 7|0 1 0 0
0 0 0 e 1 0 0 O 1 0 0 O

(ii) The non-isometric inner products of g41 are represented by the matriz

&6 0 0 0
e [0 & 00

(2:3) 4=10 0 a o]
0 0 b ¢

where the signature of the matrix A = (fg 2) is determined by the signature of the

inner product, or by one of the following matrices:

ee 0 0 0 0 0 0 1 0 0 1 0
e [0 0 0 1 e [0 & 0 0 e [0 & 0 0
Sie=10 o w 0f’ S0 =10 0 w 0’ Sse=11 0 0 ol

01 0 0 1 0 0 0 0 0 0

(2.4) "

e1 0 0 0 00 0 1 0 0 1 0
e [0 0o 1 0 o (00 10 o [0 0 0 @
Sip=1o 1 0 o] |0 1 0 ol =11 0 0 o
0 0 0 pu 10 0 0 0 e 0 O
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Now, let us focus on the non-nilpotent completely solvable algebras. Observe
that Table A.2 from the Appendix implies that all automorphism groups are sub-
groups of Aff3(R). Thus, every F' € Aut(g) can be obtained as a product of the
translation matrix with scaling, rotation or shear transformation matrix. Rather
than observing this as a simple matrix calculus, one can approach it from a purely
geometrical point of view: the quadratic surfaces are classified with respect to the
action of some subgroup of affine transformations. Note that the nature of the vec-
tor e4 cannot be changed, so essentially two separate cases have to be considered.
First, let us presume that e4 is not null, i.e. (e4,e4) # 0. In this case, the basis
can always be changed so that e4 is orthogonal to the subalgebra b = L(e1, ea, e3).
The corresponding inner products have the form:

(2.5) 54 = (gl 2) . A=ATE€GL(3,R), j#0.
In the second case, when ey is a null vector, the restriction of the inner product to
the subalgebra b is degenerate, and more careful analysis is required.

Let us consider in detail the case of algebra g3 2 4 g1. It is easy to see that the
matrix F' € Aut(gs 2 + g1) can be written as a product of matrices:

1 0 0 a4 aill 0 0 0 1 0 0 0

_ o 0 1 0 ag4 0 a9 0 0 0 1 ZA 0
F=REBE=10 01 a0 0 ae oflo o T o
0 0 0 1 0 0 0 1 00 0 1

The matrix F} is a translation matrix, while F5 is a simple scaling and Fj is a shear
matrix influencing only the vector es. In addition to the vector ey, the nature of the
vectors e; and es cannot be changed by any of these transformations. Furthermore,
since the vector e; can only be scaled, an appropriate factor can be chosen such
that, if it is not null, e; becomes a unit vector, i.e. {e1,e;) =« € {—1,0,1}.

First, presume that the vector e4 is not null. As previously discussed, the inner
product takes a form (2.5) and the subalgebra h = L(eq, €2, e3) is non-degenerated,
meaning that the restriction A of the inner product S on b is a regular matrix.
The matrix F) is acting identically on b, thus only an action of the matrices Fy
and F3 should be observed. If e is space-like (or time-like), a parameter of shear
transformation can always be set such that e; becomes orthogonal to e3, and by
setting the appropriate scaling factors, es can become a unit vector. Specifically,
by changing the signs of scaling factors, {ej,e2) > 0 can be obtained. Now, let
e> be a null vector. Note that F3 is preserving the signature of the lower-right
2 x 2 sub-matrix of A. Therefore, one must consider the cases when that matrix is
regular and when it is singular. The corresponding forms of the matrix A are given
by (2.6), respectively.

Now, let us consider the case when e, is null. Similarly to the previous, by ap-
plying scaling and shear transformation, the restriction matrix A takes the forms
from (2.6), but with one major addition — the matrix A is now singular. By translat-
ing the vector e4, using the conditions of regularity of the matrix S and singularity
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of the matrix A, the inner products (2.7) are obtained. In order to get a more
compact form, in some cases, additional scaling must be applied.

The other algebras can be considered in a similar manner and the results are
summarized in the following theorem.

THEOREM 2.2. Let p#0 ande; € {—1,1}, x; € {-1,0,1}, i =1,2,3.

(i) The non-isometric inner products on g2 + g1, 952, @ # 1, and ga 3 are
represented by (2.5), where A is given by one of the matrices:

kK1 a b k1 d b k1 a 0
(26) Al = a €92 0 y A2 = d 0 €9 y A3 = a 0 0 ,
b 0 ¢ b e 0 0 0 e

or by one of the matrices:

K1 a b 0 eqc 1 0 O 0 0 0 1

o | a e 0 0 o _ |1 e 0 e o_ |0 e 0 O
TEle 0 —atn a2 o 0 oa of BT o 0 a o)

27) 0 0 d 0 0 e 0 0 1 0 0 0

' 2¢iad d a 1 0 0 b d &2 0 0 0

d 0 e 0 0 0 e O 0 0 0 1

0 _ 1 0 _ 1 0 __

Si = a e1 0 Of’ 5= e1 0 0f S5 = 0 0 d 0]’

1 0 0 0 d 0 0 0 0 1 0 0

with a > 0, b,c € R, d,e # 0.
(ii) The non-isometric inner products on g} , are represented by (2.5), where
A is one of the matrices:

e 0 O er. 0 O
A1: 0 €2 0 s AQZ 0 0 €1,
0 0 a 0 e O
(2.8)
01 0 0 0 1
A3: 1 0 0 s A4: 0 €1 0 5
0 0 € 1 0 0
or given by one of the matrices:
e1. 0 0 O 0 0 0 1 01 0 b
o |0 a 0 0 o |0 a 0 0 o |1 0 0 0
51_0001’52_00611;’53_0001’
0 0 1 0 1 0 b O b 0 1 0
(2.9)
et 0 0 O 0 0 0 1 0 0 1 0
o |0 0 0 1 o |0 0 e O o |0 0 0 1
S‘**Oan’S"’*Oel00’56*1000’
0 1 0 O 1 0 0 O 01 0 0

where a # 0 and b > 0.
(iii) The non-isometric inner products on g5 4+ g1 (for |a| < 1, a # 0) and
gi’f, —l <a< f <1,aB8 # 0, are represented by (2.5), where A is
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(2.10)

(2.11)

(vi)

(vii)

(viii)

(2.12)

(2.13)
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given by:

k1 a b 0 €1 1 b a
0 _ a K2 C 0 0 _ 1 €1 E1b 0
Si=y ooa 1|l etb k2 0]
0 0 1 0 a 0 0 0
k1 0 a O 0 0 0 1
o_ |10 0 0 1 o |0 kK1 a O
S5 = a 0 ko 0]’ Si = 0 a k2 O}
0 1 0 0 1 0 0 O

with a,b >0, K1k2 —a® # 0, c € R, d:%,

The non-isometric inner products on 9?:411 + g1 are represented by (2.5),
(2.10) or by one of the matrices S and S from (2.11).

The non-isometric inner products on ga + 2g1, 933 + g1 and ¢35, |af <
1, a # 0, are represented by (2.5), (2.10) (with Ky = €2, ¢ = 0) or by the
matrices SY (with ke = €3, c =0, d = a;ffjiz orke =0,a=1,bb=0,
c>0,d=—r1c?) and S (with k; = €;, a = 0) from (2.11).

The non-isometric inner products on gi’g, la| <1, a # 0, are represented
by (2.5), (2.10) (with k1 = €1, b =0, ¢ = 0) or by the matrices Sy (with
K1=¢€,b=0,c>0,d= a{f}fiz orky=0,a=1,¢c=0,d=—rb?)
and SY (with k; = €;, a = 0) from (2.11).

The non-isometric inner products on g}l:é are given by (2.5), (2.10) (with
ki=¢€,a=b=c=0) or by SY (with k; = €;, a = 0) from (2.11).

The non-isometric inner products on gs,4 are represented by (2.5), where
A is one of the matrices:

€1 0 0 0 €1 0 0 0 €1
A1 = 0 a b 5 AQ = 1€ a 0 5 A3 = 0 d a 5
0 b ¢ 0 0 d ee. a O

where a,b,c € R, ac —b*> # 0 and d # 0, or by one of the matrices:

c 0 0 0 c 00 0 0 a 0 O
0 a 0 0 0 0 1 a b 00
0 0 _ 0 _
=0 e 2 1l 2T o0 a0 BTlo 0 0 1]
00 1 0 01 0 0 0 01 0
0 0 a O 0 0 0 1 0 0 0 1
o |0 0 0 1 o |0 a 0 0 o [0 0 a 0
S4_a000’55_00c0’56_0a00’
01 0 0 1 000 1 0 0 0

where a, ¢ # 0, b € R.
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Finally, let us consider the algebras g3 5 + g1 and gi’éﬂ that are not completely
solvable. Note that the algebra g3 ; + g1 can be considered as a special case of gi’ﬁﬁ ,
for 8 = 0. Applying a procedure similar to the one in the completely solvable case,
we get that the inner products take one of the forms:

K1 a b 0 e17 O a 0
g4 a k2 0 0 g0 — 0 e b 0
B ) 0 ¢ 0]’ 17 1a b ea?2+eb? d|°

(2.14) 0 0 0 d 0 0 d 0
’ 0 0 0 1 0 0 a 1 00 1 0
o [0 e 0 0 o [0 0 e o o |0 0o 0 1

Sz = 0 0 d o}’ 93 = a e ¢ 0]’ Si=14 0 ¢ 0]’

1 0 0 0 1 0 0 0 01 0 0

where k1, ke € {—1,0,1}, €1,62 € {—1,1}, a > 0, b,c € R, d # 0. Specially, for the
unimodular algebra g3 5 + g1, the additional constraint b > 0 can be obtained.

Now, the standard modification algorithm has to be performed. In both cases
the algebra of all skew-symmetric derivations is spanned by Fa3 — E3z, where Ej;
denotes the matrix with the unit on the cross of the i-th row and the j-th column
and the zero otherwise. Calculating the standard modification algebra, it is shown
that it equals the original one. Hence, the standard position is obtained in the
very first step. Furthermore, the action of the corresponding modification map is a
special case of the action of the automorphism group and the inner products cannot
be more simplified.

The previous consideration yields the following theorem.

THEOREM 2.3. The non-isometric inner products on g5 5 + g1 and gi’ﬁﬁ are
represented by (2.14).

2.2. Groups of the type R x Hjz. For a Lie algebra g a nil ideal is an ideal
n of g such that ad x is nilpotent for every x € n. An ideal n is a nil ideal if and
only if, it is, as an algebra, nilpotent. Every Lie algebra g has a unique maximal nil
ideal containing all other nil ideals and it is called the nilradical of g. The algebra
g is nilpotent if and only if it is equal to its nilradical.

The 3-dimensional Heisenberg algebra 3 is a nilpotent Lie algebra, while the
algebra of 3-dimensional real hyperbolic space g3 3 is an example of a Lie algebra
with a codimension one abelian nilradical. The algebras of type II are the Lie
algebras for which a codimension one nilradical is isomorphic to the Heisenberg
algebra h3. They can also be obtained from the 3-dimensional Lie algebras having
a codimension one abelian nilradical by applying the following extension procedure
introduced in [18].

Let g be the 3-dimensional Lie algebra that has a codimension one abelian
nilradical. Then g is one of the following algebras:

93,2 le1,e3] = e1, [e2,e3] = €1 +eg;
93,3 [e1,e3] = e1, [e2,e3] = ea;
05 4 [er,es] = e1, [ea,e3] =aes, —1<a<1, a#0;
[e1, €3]

95 5 e1,e3] = ae; —eq, [ea,e3] = ey + aes, a = 0.
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If an additional vector e4 that gives an extended algebra g’ is introduced, then the
only possibility for the extra brackets is [e1, ea] = e4. Note that ey is the center of
the nilradical, i.e. center of the Heisenberg algebra b3, and the remaining bracket is
given by: [e4, e3] = (cl3 + c33)eq, where cfj are the structural constants of g. Now,
it is easy to compute that g3 > extends to g4 7, g5 5 extends to g7 9, while g3 3 and

g3 4 give the algebra g for a =1 and —1 < a < 1, # 0, respectively.

REMARK 2.2. Note that the algebra ggyg was excluded from the previous consid-
eration. This is only a technicality, since it is obtained by the Heisenberg extension
of the reducible algebra gs + g1 that can be considered as a special case of the
algebra g3 ,, for a = 0.

REMARK 2.3. It is interesting that the algebra of complex hyperbolic plane 9411,8
is obtained here as the Heisenberg extension of the algebra g3 3 of 3-dimensional real
hyperbolic space. The algebra of 4-dimensional real hyperbolic space g}l:é could be
obtained from g3 3, but by taking the abelian extension, i.e. by adding the vector
eq such that [eq, e3] = ey, [e4, 2] = [e4,e1] = 0.

The described construction can be generalized to higher dimensions. However,
more possibilities for the extra bracket will occur and more detailed analysis is
required.

Bearing in mind the previous construction, the following technical lemma holds.

LEMMA 2.1. Let g be the 3-dimensional irreducible algebra with the codimension
one abelian nilradical given by the structural constants cé—“j. Then the group of
automorphisms of its 4-dimensional Heisenberg extension g’ consists of the matrices
of the form:

ai a2 a3 0
az1 a2 a3 0

(2.15) 0 0 1 0 | Ar#0
013A13ZC?3A23 C%sﬁlsgcgsﬂzs a3z Ao

where the upper-left 3 x 3 matriz F is the matriz of the automorphisms of g, Ay =
| ali aij

a2; a2; |7 1 < 1< ] < 3; and C' = 0%3053 - C%SC%?)'
PROOF. The proof follows directly from the following facts: the restriction of
the automorphisms to the algebra g must preserve its commutators, the algebra g
has a codimension one abelian radical R? = L(ej,es) and ey is the center of the
Heisenberg subalgebra h3 = L(eq, €2, e4). O

Observe that, in this way, the problem was reduced to the problem of classifi-
cation in dimension three. By selecting the matrix F' € Aut(g), the inner product
on the extension algebra g’ is almost completely determined and since all algebras
of this type are completely solvable, the obtained products are final. However,
one must keep in mind that the degenerate products on g must also be considered
since they can rise to the non-degenerate product on g’. Also, the center e4 of the
nilradical cannot change its character; the cases when it is space-like ({e4, e4) > 0),
time-like ({eq, e4) < 0) and null ({eq, e4) = 0) must be separately examined.
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Now, the main theorem of this subsection can be stated.

THEOREM 2.4. Let e1,e3 € {—1,1} and k1,k2 € {—1,0,1}.

(i) The non-isometric inner products on g4,7 are represented by:

a 0 f 0 0 b f 0
e |0 b ¢ O e _|b ¢ 0 O
Sl_fch’SQ_deO
0 0 0 & 00 0 &
(2.16)
b 0 0 1 b 0 ¢ 0 a 0 0 0
o |0 ¢ e 0 o |0 0 0 1 o |0 b w0
So_oedo’Sl_cOdo’SZ_onfoc’
1 000 01 0 0 0 c 0

with a #0, b,c,d,e e R, f > 0.
(ii) The non-isometric inner products on ggg (la| < 1,a # 0) are repre-

sented by:
k1 a d 0 0 0 0 e
e _|a b ¢ O o_ |0 a c¢c e
S = d ¢ e 0] So = 0 ¢ b dJ)’
0 0 0 e €1 € d O
0 c 0 1 a ¢ k1 O b a 0 O
o _|lc a k1 O o_| ¢ 0 0 1 o_|la e 0 O
(2.17) 57 = 0 w1 b 0]’ 52 = k1 0 b 0] =10 0o o0 1]
1 0 0 O 0 1 0 0 0O 0 1 0
k1t —1 0 0 k1t 1 ¢ O f a ¢ O
-1 0 ¢ 0 1 0 0 O a € 0 0
0 _ 0 _ 0 _ 1
Si=lo ¢ o0 1] BT 0 0 o FT|e 0 0o 1)
0 0o 1 0 0 0 a O 0O 0 1 0

with a,b,e € R, ¢,d >0 and f = %(a+1)(aa —1).

(iii) The non-isometric inner products on g;é are represented by the matrices
S, 80, 89, 89, 82 (with a = —1 and k1 = 0) and S2 (with f = €1(a+1)?)
from (2.17).

(iv) The non-isometric inner products on g3 g are represented by the matrices:

k1 a d 0 0 a 0 1 k1t 0 b O
e _|la b ¢ O o _|a k1 b d o_ |0 0 0 1
S = d c¢c e 0]’ So = 0 b e 0]’ 1= b 0 e d|)’

0 0 e 1 d 0 0 0 1 d 0
(2.18)

k1 a 0 O k1 —1 0 O
0 _ a b 0 0 0 _ -1 b d 0
2=109 00 1|° =0 a o 1|

0O 0 1 0 0 0 1 0

with a,b,e € R, ¢,d > 0.
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(v) The non-isometric inner products on 9411,8 are represented by:

e1 0 0 O 0 ¢ 0 0 0 0 0 1
e |0 a ¢ O o 0 w1 O g0 — 0 kK1 a O
=10 ¢ b of” "27{0 st b 0 "7 |0 a b 0]
0 0 0 e 0 0 0 e 1 0 0 O
2.19
( ) 0 ¢ 0 1 eg 0 0 O es 0 0 O
0 _ c 0 €1 0 0 _ 0 a 0 O 0 _ 0 —€1 c 0
S = 0 ¢ 0 0} Sz = 0o 0 0 1|’ Sy = 0 c 0 1}
1 0 0 0 0 0 1 0 0 0 1 0

with a,b € R, ¢ > 0.
vi) The non-isometric inner products on g3 4, a = 0, are represented by:
4,9

a d 0 0 a 0 0 1
e |d b e 0 o |0 b d 0
S = 0 e ¢ 0} So = 0 d ¢ 0]
0 0 0 e 1 0 0 0
(2.20)
a 0 0 O f 0 0 0
0 _ 0 b 0 0 0 _ 0 a & 0
51 = 00 0 &l Sz = 0 e 0 e’
0 0 ¢ O 0 0 e O

with a,b,c,d € R, e 2 0 and f = a(;ﬂﬁ If a =0, thend > 0 and
f:€1.

2.3. Groups of the type R x E(1,1) and R x E(2). Finally, let us con-
sider the type I groups, i.e. the semi-direct products of R with the group of rigid
motions of the Minkowski and Euclidean space, respectively, with the corresponding
Lie algebras 2go = aff(R) @ aff (R) and g4,19 = aff(C).

THEOREM 2.5. Let €1,e9 € {—1,1}, A1, Ao € R.

(i) The non-isometric inner products on aff(R) @ aff(R) are represented by
the matrices:

A1 O a e A1 O 0o 1 A O a b
|0 e f d |0 e f O 10 e 0o 1

Si=1|, f X 0] 2= f X 0f° B=Ly 0 x 0]

e d 0 e 1 0 0 0 b 1 0 0

M 0 a O M 0 0 1 0 1 a b

0 0 0 1 0 0 1 0 1 0 ¢ d

(2:21) Sa= a 0 X O}’ S=1y 1 X O =1, « 0 1|

0 1 0 0 1 0 0 0 b d 1 0

0 1 e 01 0 1 0 1 a b

1 0 ¢ d 1 0 ¢ 0 1 0 0 1
ST=1a ¢ x o BTlo ¢ a o =1y 0 a 0|

e d 0 e 1 0 0 0 b 1 0 0

with a,b,c,d € R, e, f > 0.
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(ii) The non-isometric inner products on aff(C) are represented by the

matrices:
e 0 O 0 0 0 0 1
0 a b c 0 0 a c
(2:22) Si=19 YR S2=10 4 0 4]
0 C d )\2 1 C d )\2

with a,d € R, b,c > 0. If a # 1, the inner product Ss can be further
simplified by making d = 0.

PROOF. (i) Note that the automorphisms of aff (R) ¢ aff (R) are represented by
the block matrices (see Table A.2):

Aut(aff(R) @ aff(R)):{Flz (’g g) | Fy= (g g) 'F: (J}l Jﬁl)  fifa € R}.

If the matrix S is also presented in the block form S = (;T g), with A = AT,
C = C7, by the action of the matrix F', the matrices A and C can be reduced to
one of the following forms: (3 %) or (), A € R,x € {—1,0,1}. The basic matrix
manipulation and case-by-case analysis yields the inner products given by (2.21).

(ii) While the proof of the previous part was purely algebraic, this part requires
more geometrical tools. By taking a closer look at the form of the automorphisms
(see Table A.2), one can observe that the upper-left 3 x 3 matrix is actually a com-
position of homothety, rotation/reflection and translation. Therefore, the problem
is reduced to a problem of classification of second-order plane curves by the action
of these affine transformations.

However, aff(C) is not a completely solvable algebra and the standard modifi-
cation algorithm must be applied.

The algebra Ni(aff(C)) of all skew-symmetric derivations of (aff(C),(-,-)) is
spanned by F15—Fs;. Then the standard modification of aff (C) is given by aff (C) =
L(e1+eq, —e1+ea, e3,e4) (With e; being the standard basis of the algebra aff (C)). It
is easy to verify that aff (C) equals aff (C). Therefore, we already have the algebra in
the standard position. The only thing left is to check the action of the modification
map ¢ on the inner product, i.e. to see if the inner product ((Id+¢)z, (Id+¢)y)1 =
(x,y), z,y € aff(C) can take a simpler form. However, since Id + ¢ € Aut(aff(C)),
the obtained inner products (2.22) are the final ones. O

3. Geometrical properties

Once the complete classification of left invariant metrics, both Riemannian and
pseudo-Riemannian, is obtained, the metrics with interesting geometrical properties
can be further examined. First, let us recall a basic notion.

Let X,Y, Z be the left invariant vector fields. Then the Levi-Civita connection
V of the metric g can be calculated from Koszul’s formula

and the curvature R and Ricci tensor p are given by:
R(X.Y)Z =Vx(VyZ)=Vy(VxZ)=Vixy1Z, pX,Y)=Tr(Z— R(Z,X)Y).
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The metric algebra f is said to be flat if the corresponding curvature tensor is zero
everywhere, i.e. R =0, and it is locally symmetric if VR = 0, which is equivalent to

Vi (R(X,Y)Z) = R(VwX,Y)Z + R(X,VwY)Z + R(X,Y)VwZ,

for all tangent vector fields X,Y, Z, W. Similarly, the metric algebra is Ricci-flat if
p =0 and Ricci-parallel if Vp = 0, i.e. if for all tangent vector fields XY, Z:

Vzp(X,Y) = —p(VzX,Y) = p(X,VzY) = 0.

Obviously, the flat metric algebra is also locally symmetric and Ricci-flat and
Ricci-parallel. Also, Ricci-flat is simultaneously Ricci-parallel. However, in the
classification below, these trivial cases are omitted, i.e. the classification of Ricci-
parallel and locally symmetric metric algebras includes only the non-flat cases.

COROLLARY 3.1. The classification of flat, locally symmetric, Ricci-flat and
Ricci-parallel metric algebras is given in Table 1.

We say that the metric is Einstein if the curvature tensor is proportional to a
metric tensor. According to the results presented by Jensen [14], the 4-dimensional
Lie group endowed with the left invariant Riemannian metric is Einstein space if
and only if its Lie algebra is one of the following 2gs, g8 5 + 91, gi:é and gj’ or
gig and g§g, for @ > 0. As Riemannian spaces, these cases correspond to the
direct product of a 2-dimensional solvable group manifold (of constant curvature
K = —1) with itself, flat space, a real hyperbolic space with constant curvature
K = —1 and a Hermitian hyperbolic space with sectional curvature —4 < K < —1,
respectively. However, a more general result is obtained here.

COROLLARY 3.2. The non-flat Einstein metric algebras are:

M 0 0 0 —af? 0 aft f
_ 0 €1 0 O . _ 0 €1 f €1 .
292,51 - 0 0 )\2 0 ; 292,51 - €1f2 f _61f2 0 3
0 0 0 e f €1 0 €1
0 1 0 0 a 0 O
|1 -2 0 L A_|la 0 0 O )
2009 =g 9, of |7 |9t =10 0 4 of |V
0 0 0 e 0 0 0 u
0 0 e 0 0 a 0 O
Az 0 —€1 0 0 . 7%,% A a €2 0 0 .
gaa, 5 a 0 o o [ =0 0 a off
0 0 0 p 0 0 0 p
0 a 0 0 egc 0 0 O
-3+ a4 _|a €2 ev2 0 1104 |0 e 0 0 .
g4 5 7S - 0 61\/5 € 0 ) 94 57S - 0 0 €3 0 )
0 0 0 I 0 0 0 u
0 a 0 O
gi’sﬁ,SA: 8 8 601 8 fora=28-1,0<8<1;
0 0 0 u
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egc 0 0 O 0 a 0 0
wa ca_ |0 e 0 0f | 0 o _|a 0 ed® 0 _
946 , 87 = 0 0 e O > 04,8, S = 0 e1a? 0 0 5
0 0 0 u 0 0 0 —a
0 a 0 0
a e _|la O 0 0 )
g1s,5° = 0 0 —ea(lt a)2a2 0 Jor la| < 1,a #0;
0 0 0 €1
a 0 0 O e1 0 0 0
i 0 0 0 1 0 a 0 0
3 Q0 _ . 1 oge _ )
852 =0 o0 5 o ' |9 = |0 0 4eea 0] |
01 0 O 0 O 0 €2
0 c 0 0 a 0 0 0
L g fe 0 0 o) o g_|0 a 0 ol |
Ja,8,02 = 0 0 *46202 0 5 94,9, =lo o 461a2a2 0 5
0 0 0 €2 0 0 0 €1
e O 0 0 e O 0 0
0 — O 0 0 0 0 c
g4,10, S, = 0 0 A 0 3 94,10751 =lo o —ec? 0
0o 0 0 -\ 0 c 0 2¢ec?
REMARK 3.1. The results obtained by Karki and Thompson in [15] for the

solvable case can be derived from Corollary 3.2 by restricting the metrics to the
Riemannian signature. Furthermore, this corollary shows that by switching from
the Riemannian to the pseudo-Riemannian signature, the list of groups admitting
the non-trivial Einstein metric is longer than the one obtained by Jensen in [14].
Additionally, the algebra g4 10 appears for the first time as the underlining algebra
for the Einstein space, since both observed inner products have a neutral signature
and hence were not previously investigated.

Finally, let us conclude with a couple of examples.

EXAMPLE 3.1. In [14] it was proven that all 4-dimensional, simply connected,
homogeneous Riemannian Einstein manifolds are necessarily symmetric. The same
does not hold for the pseudo-Riemannian setting. However, most of the non-trivial
Einstein metric algebras are locally symmet}"i(i. The only non-symmetric examples
from Corollary 3.2 are (g, 2%, 5%) and (g, 2'",S4).

This can be compared with the Lorentz classification from [9, Theorem 3.1.],
where the non-symmetric, non-flat Einstein examples occur only in the following
classes:

(6)

[f1, fa] = —2Af1, [f2, fa] = —BAfo + 6eAfs, [[f3, fa] = Afs, with A # 0;

® Uil = el o fil =22 A o B
[f3, fa] = Afa + eSA;Bfg, with A # +B;

6
[f17f4] = 5§f1 +3€Af37 [f?vf‘d = Af27 [f57f4] = _§f37 with A 7& 0;
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2 g o) = A,

3
V2A

s fal = Afa = =

With the appropriate change of basis, it can be seen that classes (6), (8) and (9)
1

(A1) [f1, fu] = —

f3, with A #£0.

I

give rise to the algebra 9;5% ’%, while class (11) corresponds to the algebra g;g
The corresponding inner products (expressed in the basis from Proposition 1.2) in
all cases represent a special form of the appropriate inner product S4 from the
corollary above.

EXAMPLE 3.2. Observe the algebra g ¢ with the inner product 59 : (e1,e1) =
(e3,eq) = 1, (e2,e2) = a > 0 of the Lorentz signature. From Table 1, it follows
that this metric algebra is Ricci-parallel for every a > 0 and that for a = 2 it is
Ricci-flat (hence the space is trivially Einstein), but it is not locally symmetric.

For a = 2 this metric algebra corresponds to the following class from [9, The-
orem 3.1.]:

(14) [f1, fo] =V (A+ D)2 +4B2 f3, [f1, fal = =Bfi + Dfe + Efs,
[fe, fal = Afi + Bfa + Cfs,

with A = %, B=C =0, D= —/2. From [9, Table 1], it follows that this is not
a flat/locally symmetric example, since A + D # B = 0 and AD + B2 # 0, but it
is confirmed that the algebra is Ricci-flat.

If @ # 2, then the metric algebra belongs to the class:

(18) [f1, fal = Afs, [f1, fa]l = —=Bfi + Cfa+ Dfs, [fa, fa] = Efs + Bfa + F f3,
with A? # 4B? + (C + E)?,

from [9, Theorem 4.1.], where A = F = ﬁ, B=D=F=0,C = —/a.
This is one of the two classes where examples of non-locally symmetric metrics
occur. The considered metric is not locally symmetric since none of the conditions
E=A+4+C B =C+ E = 0 are satisfied, but it is a Lorentz Walker manifold
(see [9, Theorem 4.2.]) with the parallel vector field e4 = f3.

Future research should primarily focus on completing the classification for the
non-solvable Lie groups. Additionally, these results can be used for the classification
of sub-Riemannian and nonholonomic Riemannian structures on 4-dimensional Lie
groups (for the classification in the 3-dimensional case one can refer to [1,5,6]).

Another open question is the geodesical completeness of classified metrics. The
geodesic of an arbitrary left invariant metric on a Lie group G can be considered as a
motion of a “generalized rigid body” with a configuration space G. All Riemannian
geodesics are complete. In the pseudo-Riemannian case, only partial results are
known: all metrics on 2-step nilpotent Lie groups are geodesically complete [13],
on the real hyperbolic space RH™ the only complete metrics are the Riemannian
ones [21], etc. However, a more general result, or even the classification of groups
that admit the pseudo-Riemannian complete metrics, is yet to come.
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TABLE 1. Curvature properties of metric algebras
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inner product

algebra
£=0 VR=0
4g1 s ~
57 (r1=0)
0 2, 2
2 s9 S9(k1=0, kg=eg, c=0, d=—e3b> /a?)
ot ¢ Sb("é1=51m2=eg,a= —=c=d=0)
S} (r1=r2=0, a=1, b=d=0)
S1 (a=d=e=f=0)
Sg (a=b=c=d=0) S1 (e1=€a=d, e=f, \y=Ag=—a=—e} f2)
292 Sg (a=b=d=0, c=—2) 5
Se (a=e=d=0,b=-2) S7 (a=c=d=e=0)
S7 (a=d=e=0, c=—2)
93,1+01 Sg1, S e
93,2+01 s9 »
93,3+01 59 (k1=e1, ka=ea, a=b=c=d=0) 54 (a=b=c=0), 59
a:% : SA (k1 =ra=b=c=0, k3=¢€3)
a=—1: S (k1=e1, ka=r3=a=b=0) a=1: 59 (k1 =rg=b=c=0)
g‘g’!*4+gl a=—1: 5§ (rm1=r2=0) aF—1: SA (k1=e1, ko=r3=a=b=0)
a=% : S7 (k1=Ka=b=c=0) at—1: S0 (k1=ra=0)
—1<a<l1: S4 (a=0)
0% -+o1 a=0: SA (a=b=0,k1=¢€1, kp=c=e3) SA (a=b=0, r1—c1, Ra—c=c2)
3,5 a=0: 59 (d=e1) 59 (d=—e1), 59 (a=c=0)
94,1 S, (n=—1), 57 %
922 a=1: Sg, Sg «
04,3 X sQ
94,4 X SA43 (a=0,d=—¢;)
a=2F-1<1 SV (a=1, k1 =z =b=c=0)
1 2
a=3,B8=3% S7 (a=1, ko=ea, k1 =b=c=0) a1 A o 7
B a=28-1<1: 8§ (k1=r2=0) a=2f-1: S§° (m1=ry=b=c=0, kg=c5)
945 G=f=1 0 a=—f: % (m1=e1, a=b=ra=r3=0)
a=-— Sﬂ (k1 =kK2=0) a=p=1: S
a=—p=—1: 59 (k1=0)
ga,ﬁ‘ a=B: 59 (d=e1) =B : SA (a=b=0, m1—c1, ra—c=c2)
4,6 a=0: S8 (d=e1) a0 S (amb=0. ry—c1. ra—c—ca)
94,7 X <
la] < 1,a#0: S (ki=b=c=d=0,e=—e;(1+a)%a?)
_1. 0, _
a:—% Sg (k1=¢€1, a=b=c=0) =3 i S% (k1=c=0)
— . 0 (. _ a—=_1. 0
a=—5: Sy (k1=0) 72‘ 5. o B
918 a=0 89 (k1 =b=0, a=e; =1) a=—1: Sg (a=-1), 89 (k1=0) s
’ a=0 S% (a=e1=-1), s9 a=0: S€ (k1 =b=c=d=0,e=—¢1a”)
a=1: s (a=—51) ? a=0: sg (k1=a=d=0)
2 4 a=1: Si (b=4ej€eza, c=0)
a=1: SS (r1=0, b=—4epc?)
[y % a=0: SY (a=e1 —bs0 or a = b)
S : S€ (a=b, c=4eja?a?, d=e=0)
_ e — S1 (a=—¢€,b=c=0, Ag=—X\1)
g4,10 S (a=—1, c=X2=0) 1 (a=b=d=0,)\2=—2)\1=2ec2)
So (a=1, c=0)
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TABLE 1. Curvature properties of metric algebras (continued)
inner product
algebra
p=0 Vp=0
4g1 X X
54 (k1=0)
80 (r1=0, ra=e2, =0, d=—c3b% /a?)
92+291 89 (k1=rz=€2, a=V/2, b=c=d=0) S%)(m:el, Ko=ea, b= —0)
ST (k1=Kr2=0, a=1, b: 0)
S7 (k2=0, a=1, b=c=d=0)
S1 (a=d=e=f=0)
Se (b=c=d=0) 81 (e1=€z=d, e=f, \1=Aa=—a=—e1 f?)
292 Sg (b=d=0, c=-2) S4, S5
Sg (c=d=0, b=—2) S7 (a=c=d=e=0)
S7 (a=d=e=0, c=—2)
93,191 X S€, S5,
93,291 59 (d=—2¢1) 59, S8 (b=0)
03,3+91 X S (a=b=c=0), S
a=% S‘f (k1Kk2=b=c=0)
0% 49 a#y i S (ki=e1, map=c2,a= , 0‘:% 2:: EK1=N2=b=C=0,N3=63))
3,478 1. g0 (r1=0 —o a#—1: K1=€1, kKo=K3=a=b=0
’ =-1: 53 (x1=0 or k3=0) - 20
N Ve 1<a<1l: S
a#-1: Sj (nlznzzel,a:T)
0S - +g1 a>1: Sg (d=(172a2)51 + 2ava2-1 g4 (a=b=0, k1=€1, Ka=c=¢€3)
3,5 a>1: 89(a=0,c=42Va2-1) 59, 59 (a=0)
94,1 S{,, (u=1) S0 S50 59
a=1: SY
04, L G0 (g€ X
4,2 a#l: 59 (d_ﬁ)
04,3 59 (b=0) 59, Sg
04,4 SQ 543 (a=0, d=—e;)
a#2B—1: Stl) (k1=¢€1, Ko=¢€q,
_ . [2e1e2(a—(at DB+
a= ,b=c=0
(a+1)(a—2B+1) . ) =281 SA (k1 =ra=b=c=0, ng=c1)
B a#26—1: 89 (m1=ko=e€1,a= 4?;?1?‘;’(;;55:3) __1 g2, sﬁ (k1 =b=c=0, ka=¢q, K3=¢1)
94,5 a=28-1<1: 89 (k1ra=b=c=0) SA (k1 0, kg=rz=e2, c=€1V/2)
a=—F: S6 (k1K2=0) iA(M:EL a=b=kp=r3=0)
aFt—p: S3 (k1=€1, Ko=€a,
az, [2e1e2(a—Dat(B_1)8) |
— (a+B-2)(a+B)
=—2a=— -2 : SA (a=b=0, k1 =€}, kg=—c=
0.8 ﬁo o el (a K1=€1 n22 c=e3) am=B: 54 (amb=0, k=1, namc=ca)
94,6 Sz (d=e1(2a(f-a)41) £ 2v ala—F)(a—~af—1) a=0: 54 (a=b=0, 1 =cy, ma=c=c3)
S9 (a=0,c= + 2v/a2—aB—1)
2 2
94,7 s9 (h:%) x
lal < 1,00 :  S€ (k] =b=c=d=0, e=—e¢; (1+a)’a?)
2.2 —_1. € - — —_ 4 2
laf <1,a20: §9 (p={0F2) 2 "1ey, e=Ts ! S0 (m_ _d 0,e=—%e1a?)
0 3 a=5: S5 (k1=c=0)
lal <1,a#0: SO (a=527) 2 3 (m1=c=
g e 90 (s = o), 0 a=-1: 59,59, 58
4,8 a=—1: %(m—efhagc— )s J5 a=0: S (k1 =b=c=d=0, e=—e;a?)
a=—1: S% (b=), 52 (a=—3) w0 59 (m1 —a—d—0)
a=0: S5 (a=e1=1) a=1: S7 (b=4e1€2a, c=0)
a=1: S8 (k1=0, b=—4ezc?)
- a>0: S9(a=L(3+ j—‘-’f:ll)) a=0: SY,s9
4,9 LS (b o 2,2 g0
a>0: Sg (a=b(1+2a2)+\/1+4b2a2 (1+a2)) a>0: S€(a=b,c=4e;a”a”, d=e=0)
S1 (a=€, b=c=0)
_ _ S1 (a=—¢,b=c=0, Ag=—2X1)
94,10 52 (a==1,¢=0) 51 (a=b=d=0, \g=—2X\; =2¢c?)
Sa (a=1, c=0)
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Appendix A.

TABLE A.1. The list of 4-dimensional solvable Lie algebras in dif-
ferent notations

not '°1 [ g9 + 2g; 292 93101 [@32+01 |@33+ 0
not I [ vz oty ths Ty 31
not 9T | Ay @ 24, 24, As1 @A | A30 @ A1 | Ass D Ay
not 71 954+ 01 955+ 01 94,1
not I T3 e, [A] < tg’w ke
1L,LA#O
not VI [ Az @ Ay | A5, @ | Az A, A, ® A1, a >0 Agn
Ala |Oé| <
1
not 1%l 979 04,3 94,4 94&,755 01
not I A F0 t4,0 2 ‘40,8 Fig
not [ Ao, a7 0 Aus Asa AZ,? AZ"g
not '] 94,7 91 949 94,10
not 1 | by 0y 04,2 s t
not 191 | A, 7 Aus Al As10 Aln As 2
TABLE A.2. The automorphisms of 4-dimensional solvable Lie
algebras
algebra automorphisms
al 0 0 ai4
0 a2 a3 any
+ 2 ,  Q11,092033 — G230, 0
g2 g1 0 asy ass asg 11, @22033 23032 #
0 0 0 1
1 0 0 O
ag1 Q92 0 0
0 0 1 0
0 0 a3 au
292 0O 0 1 o0
0 0 a9 a
or 1 0 83 (2)4 , 422, Q44, 024, Q42 # 0
as1 as2 0 0
air a 0 0
a21 a22 0 0
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ai1 0 0 auns
0 a2 a3 a
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0O 0 0 1
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0 a2 a3 axn
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a =
ail 0 O aiq
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or 0 azj _;22 aii s aiy, a§2 + Cl%?, 75 0
0 O 0 -1
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a21 Q22 0 0
ail, a 0
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2
(41 Q42 (11032 Q71022
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0 a2 a3 a
a#1 ai, a 0
05 # 0 0 ap as |’ 11, 22 #
0O 0 O 1
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a1 0 a1z as
a1 Q22 G12 Q24
a=1 a a 0
0 0 ay ass|’ 11, a2 #
0O 0 0 1
ail 0 0 a4
0 a2 a3 a
a1, @ 0
94,3 0 0 ag ass |’ 11, Q22 #
0O 0 0 1
a1l @12 A13 Aai4
0 a11 ajz ax
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KITACUPUKAIINIJA JIEBO NTHBAPNJAHTHUNX
METPUKA HA YETBOPOJVIMEH3VOHNM
PEIIINBUM JIMJEBUM T'PYIIAMA

PE3UME. Y 0BOM pajiy M3JI0)KEHa je MOTIyHA KJIACHMDUKAIN]a JIEBO HWHBAPU-
JAHTHUX METPUKA [IPOM3BOJbHE CUTHATYPE Ha YeTBOPOIUMEH3MOHUM JlujeBuM rpy-
nama. Ako ce JlujeBa anrebpa waentudukyje ca ajarebpoM JIEBO WHBAPUjAHTHUX
BEKTOPCKHUX I0Jba Ha HpuApykenoj Jlujesoj rpynu GG, Taja mMOCTOjU jeMHCTBEHA
“1-1” kopecriopennuja u3mehy ckasapHor npoussoa (-,-) Ha aarebpu g = Lie G u
JIEBO MHBapHUjaHTHe MeTpuke ¢ Ha JInjeBoj rpymu. Crora, npobsem KiacuduKarmje
je cBesieH Ha npobiieM Kiacudukanuje naposa (g, (-, -)) Koje Ha3MBAMO METPUIKUM
Jlujesum ajrebpama. Mako nBe merpudke ajrebpe MOry OUTH W30METPUIHE YaK W
aKo muxoBe onrosapajyhe Jlujese anredbpe rucy nzomopdue, y paay he ouru moka-
3aHO /13 Cy Y Y€TBOPOIMMEH3NOHOM PEIUBOM CJIYyYajy OBa /IBa II0jMa €KBUBAJEHTHA.

Ha kpajy ce pazmarpajy KpUBUHCKA CBOjCTBA JIOOMjEHNX METPUIKNAX aJIreOpHn u,
Kao TOCJIeInIa, KiIacuuKkyjy ce paBHe, JOKAJIHO cuMeTpudne, Puan-pasue, Putan-
mapaJjiejine u AjHIITajHOBE METPUKE.
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