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1. Introduction

A homogeneous manifold (M, g) is identified by the action of its group of isometries
I(M) on M. In fact, (M, g) is homogeneous if I(M) acts transitively on M ; that
means, for each p, ¢ € M, there exists an isometry ¢ : M — M such that ¢(p) = q.

In addition to their mathematical interest, homogeneous spaces are studied
for their wide applications in mathematical physics and relativity. Four dimen-
sional homogeneous Riemannian manifolds were classified in [3] by Bérard-Bérgery.
Based on this classification, a simply connected four dimensional homogeneous Rie-
mannian manifold is either symmetric, or isometric to a Lie group equipped with
a left-invariant Riemannian metric. Simply connected Riemannian Lie groups of
dimension four were also studied in [1].

In the pseudo-Riemannian setting, three-dimensional homogeneous mani-
folds were classified in [4], where the author proved the pseudo-Riemannian coun-
terpart of the results in [19], i.e., a connected, simply connected and complete
homogeneous Lorentzian manifold is either symmetric or isometric to a three di-
mensional Lorentzian Lie group (M, g), equipped with a left-invariant metric g.
Lorentzian Lie groups of dimension three were classified in [18] and [13]. In dimen-
sion four, a full classification of homogeneous manifolds with non-trivial isotropy
was given in [16]. This classification has been used for deep investigations of the
homogeneous four-dimensional manifolds with non-trivial isotropy (see for exam-
ple [7, 8, 12, 20]). The problem of classifying Lorentzian Lie groups of dimension
four remained open.

Up to recent years, Riemannian Lie groups were the only field of study
for left-invariant metrics (see for example [1]). Curvature conditions on four-
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dimensional Lorentzian and neutral Lie groups, with special emphasis on Einstein
and Ricci parallel cases, were studied in [9] and [10] respectively.

In this paper we give a full classification of four-dimensional pseudo-
Riemannian Lie groups of signature (2,2) and we study the existence and some
geometric properties of Ricci solitons, that is self-similar solutions of the Ricci
flow, on these spaces.

The paper is organized in the following way. In Section 2 we recall some
basic facts about four dimensional neutral Lie groups. Section 3 and 4 are devoted
to present a full classification of four-dimensional neutral Lie groups where the re-
striction of the left invariant metric on a three dimensional subgroup is Lorentzian
or degenerate respectively. Using this classification, in the last Section we study
Ricci solitons on four-dimensional neutral Lie groups and some of their geometric
properties.

Computer software has been used to check all the needed calculations.

2. Four-dimensional neutral Lie groups

Homogenous Riemannian manifolds of dimension four were classified by Bérard-
Bérgery in [3]. This classification highlighted the important role of Riemannian
Lie groups, since any homogeneous Riemannian manifold of dimension four is ei-
ther symmetric or isometric to a Lie group which is equipped with a left-invariant
Riemannian metric. The classification of four-dimensional Riemannian Lie groups
was first obtained by Arias-Marco and Kowalski in [1]. We summarize this classi-
fication in the following proposition.

Proposition 2.1. [1] A simply connected four-dimensional Riemannian Lie
group 1s:

(i) either one of the unsolvable direct products SU(2) x R and ﬁ(?, R)xR; or
(ii) one of the following solvable Lie groups:

(1i1) the non-trivial semi-direct products E(2) x R and E(1,1) x R;

(112) the non-nilpotent semi-direct products H x R, where H denotes the
Heisenberg group;

(113) the semi-direct products R® x R.

Note that, semi-direct products obtained by a three-dimensional non-
unimodular Lie algebra are absent in this classification. Indeed, one can check
that a semi-direct product gz x t with g3 non-unimodular, is also isomorphic to
a semi-direct product gz x v, with g3 unimodular, i.e., is isomorphic to one of the
cases listed in the above Proposition 2.1.

Pseudo-Riemannian Lie groups of dimension four were not studied until
recently, when the classification of these spaces was studied in [10], with special
emphasis on Einstein and Ricci parallel examples. This classification based on the
coincidence of Riemannian and pseudo-Riemannian four dimensional Lie groups.
We summarize this result in the following proposition.
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Proposition 2.2.  [10]| Fvery n-dimensional simply connected Lie group G ad-
mits left-invariant metrics of any prescribed signature (p,n — p). In particular, if
G is a four-dimensional simply connected Lie group equipped with a left-invariant
metric of neutral signature, then G is one of Lie groups listed in the Proposi-
tion 2.1.

By the above proposition, the class of simply connected four-dimensional
Lie groups of neutral signature coincides with the class of simply connected four-
dimensional Riemannian Lie groups, but this does not mean that the geometry of
these two categories is also the same. In fact, our study shows more complexities
in the neutral signature case. The difference between Riemannian and pseudo-
Riemannian cases arises when we restrict the invariant metric to the subspaces of
the corresponding Lie algebra. In other words, the restriction of a left invariant
Riemannian metric to each subspace of the Lie algebra is again Riemannian, while
in the neutral case, the restriction of a left invariant metric to each subspace (two
or three dimensional) can be Riemannian, neutral, Lorentzian or even degenerate.
In particular, since g = g3 x t, the restriction to g3 is either:

(a) of signature (2,1), (a’) of signature (1,2), or (b) degenerate.

The first two cases are referred to as “(a)” and “(a’)”, because they are equivalent
to each other, up to reversing the metric. In fact, in case (a’), g is a left invariant
metric of neutral signature over a four-dimensional Lie algebra g = g3 x ¢, and
a space-like vector e4 (spanning t) acts as a derivation over a three-dimensional
Lie algebra g3, such that the restriction of g on gz has signature (1,2). It now
suffices to reverse the metric [17] to find the same Lie algebra g equipped with the
neutral inner product —g, for which a time-like vector e, acts as a derivation over
the three-dimensional Lorentzian Lie algebra gs of signature (2,1) (case (a)).
We summarize the above discussion in the following lemma.

Lemma 2.3. [10]| Let g denote any four-dimensional Lie algebra and g be an
inner product on g, of neutral signature. Then, there exists a basis {e1, ea,€3,¢€4}
of g, such that

e g3 = Span(ey,eg, e3) is a three-dimensional Lie algebra and e4 acts as a
derivation on gs (that is, g = g3 X t, where v = Span(ey) ), and

e with respect to {ey,ea, e3,e4}, the neutral inner product g takes one of the
following forms:

10 0 0 1 0 00
01 0 0 0 =1 0 0
@190 1 0] ®lg o 01
00 0 -1 0 0 10

Based on the Lemma 2.3, in order to study four dimensional Lie algebras
g = g3 ¥ v of neutral signature, where g3 = Span(ey, e, e3) and v = Span(ey), it
would be sufficient to consider the following two cases:
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a) glg, is Lorentzian and the time-like vector e, acts as a derivation on gs.

b) glg, is degenerate and the light-like vector ey acts as a derivation on gj.

3. Restricting the metric on g3 is Lorentzian

In this section, we start by the case (a) of the Lemma 2.3. The restriction of the
left-invariant metric g on g3 is Lorentzian, so that the metric ¢ is described by
the neutral inner product as in the case (a) of the Lemma 2.3. A classification
of the three dimensional homogeneous Lorentzian manifolds was given in [4].
This classification contains a full classification of three dimensional Lorentzian
Lie groups through 7 classes, named g1, --- , g7, corresponding to the unimodular
and non-unimodular Lie groups (Theorem 4.1 of [4]). So, we apply all these 7 cases
to g3, and considering that the time-like vector e4 acts as a derivation on gz, we
define, in general, the Lie brackets [e;, e4], 1 < i <4 in the following way

[e1, 4] = pre1 + paes + paes,
[ea, e4] = qrer + qes + gses, (3.1)
les, 4] = rieq + roeg + T3€3.

Now, we check the validity of the Jacobi identity for all possible cases of gs. That
is, we set

e, e;], ex] + [[ej, ex], €] + [len, €], €] =0, i,5,k=1,---4. (3.2)

So, we have the following classification theorem for g.

Theorem 3.1.  Let (G = Gz xR, g) be a four dimensional Lie group of neutral

signature, where the restriction of g on g3 is Lorentzian. In this case, there exists

a pseudo-orthonormal basis, such that g is isometric to one of the following cases:
a- g3 is of type gl)

le1, €2] = ey, le1, €3] = —aey, a #0,
1- [617 64] = Aey, [627 63] = ey + «es,
lea, €4] = Bey + Cey + Ces, [es,eq] = —Bey + Des + Deg,

le1, e2] = ey — fes, le1, e3] = —aey — Beg,
) [e2, €3] = Ber + aes + aes, [er,eq] = —(A+ B)er — LBey + Hey,
3 [e9, 4] = Wﬁ + Bey + Wes,
[e3,e4] = Cey + ﬁac+(§§_62)Aez + Aes, a#0.
b- g3 is of type g2)
1_ [617 62] == _7627 [617 63] = 7637 [617 64] = AeQ -+ B€37

[627 64] - 0627 [637 64] == D637 Y 7é 07
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le1, e2] = —yes — Bes, le1, e3] = —Bey + ves,
le1, e4] = Aey + Bes, le2, e4] = Cey + Des,
[63964] = De? - %637 57 7£ 07

le1, e2] = —ves — Bes, le1, e3] = —Pey + ves,
e, €3] = ae, le1, e4] = mz#ez + Bes,
aB—BA

[62764] v Cey — %63, [63, 64] = Ae; — %62 + Ces, ay # 0.

c- gs is of type g3)

[e1, e0] = —es, [e1, 3] = — ey, e, 3] = ey, aff # 0,
le1, e4] = —%62 + %637 leg, e4] = Aeq + %63, les, 4] = Beq + Cey,
[61762] = —7€s, [62,63] =ae;, a#0,

[e1, e4] = Aey + %637 e, e4] = Cey + Des, [es, e4] = Bey + Aes,
[61762] = —7€s, [61763] = —fes, [ #0,

[61, 64] = A€2 + B€37 [62, 64] = D62 + %63, [63, 64] = 062 + D63,
[617 63] = _5627 [627 63] = «eq, a 7£ 07

[61, 64] = A61 — %62, [62, 64] = B€1 + Aez, [63, 64] = Cel + DGQ,
le1, ea] = —es, le1, ea] = (A — B)ey + Ceg + Des,

lea, e4] = Eey + Beg + Feg, [es,eq] = Aes, v #0,

[61763] = _/862a [61a64] = (A_B)61+062+D637
lea, e4] = Aes, les, e4] = Fey + Fea + Bes, [ #0,

[62763] = aeq, [61764] = (A + B>617
[62, 64] = 061 + A€2 + D€3, [63, 64] = E@l + F€2 + Beg, « 7£ O,

le1, e4] = Aey + Beg + Ces,  [eg,eq] = Dey + Eey + Fes,
[63, 64] = G61 + H62 + K@g.

d- g; is of type g4)
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le1, e2] = —eg + €es, le1, e3] = —ceq + e3,
[ | = Aey + Beg + Ceg,

le2,e4] = Dey + Eeg — 5(A+ E — Fes,

[e3, e4]

= —e9 + (25 — ﬁ>€37 [@17 64] = A€2 _ (2576)(BB+QA)7B€37

[0
= —fes + e, [e2, €3] = ey,

e3,e4) = (BB + Aa)e; — CBey + Cez, a#0, &2 =1,

[e1, €2] = —eg + ceg, [e1, €3] = —ceq + e3,
le1,e4) = (A+ B)ey — eCey + Ces, [ea, €3] = ey,

[ea, €4] = Dey + Aey — e Aeg,

les, e4] = (D — aC)ey — eBey + Bez, &2 =1.

e- g3 is of type gb)

[617 63] = aep + 5627 [627 63} = e + 5627
[e1,e4] = (B + %(04 —4))er + %62, lea, €4] = Aey + Be,
[63,64]:C€1+D€2, CY+57£O, ()Z")/+65:0,’Y7é0,

[61763] = aeq, [62763] = dey,
[617 64] = Ael; [627 64] = B627 [637 64] = 061 + D@Q, o+ 4] 7é 07

[617 63] = ey, [62, 63] = ey, a#0,
le1, e4] = Aey + Bes, e, eq) = Cey + Dey, [e3,e4] = Eey + Fey,

e1, €3] = aey + Bey, [e1, eq] = Aer + —ﬂ(Aa_B)eza
e, e4] = Bes, [e3, e4] = Cey + Deg, o # 0.

f- g3 is of type g6)

[617 62] = ey + fes, [61; 63] = ey + des,
le1,e4] = Aeg + Bes, lea,eq) = (D + %(a —9))ey + %63,
leg, e4] = Cea + Deg, a+0#0, ay— =0, v#0,

[61, 62] = ey, [617 63] = des,
[61764] = Aey + Beg, [62764] = Cey, [63764] = Des, a+0d#0,

[617 62] = ey, [617 63] = «esg, «Q 7é 07
[61, 64] = A€2 + .B€37 [62, 64] = 062 + D€3, [63, 64] = E€2 + F€3,
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y [617 62] = ey + fes, [61, 64] = Aes + Bes,
e, e4] = Cep + @63, les, ea] = Des, o # 0.
g- g3 is of type g7)
[61762] - _562_/6637 [61763] :/862_{—&637

, lea, €3] = ve1 + ey + deg,

T fer,ed) = Agy — BAZEC e, BASBC), 1§ £,

[62, 64] = —Wel + Beg + B€3, [63, 64] = D€1 + 062 + 063,
[61, 62] = —ae; — ey — fes, [61, 63] = ey + fBey + PBes,

2- e1,eq) = Aeg + ﬁ(A_f_C) ey + ’B(A_f_c) es, |ea,e4] = —Dey + Bes + Bes,

les, e4] = Dey + Ceg + Cez,  a #0.

Proof. Let (G = G3xR, g) be a four dimensional Lie group of neutral signature,
where the restriction of g on g3 is Lorentzian. Since the classification of three
dimensional Lorentzian Lie groups is critical in this proof, we recall here that
classification, as reported in [4, Theorem 4.1]. There exists a pseudo-orthonormal
frame field {eq, es, €3} with ez timelike, such that the Lie algebra of G5 is one of
the following:

e If (G5 is unimodular,

le1,e2] = ey — fes,
(gl): le1,e3] = —ae; — Pey, a#0,
| [e2,e3] = Bei + aey + aes,
(([e1,e0] = —vyes — fes,
(92): q ler,es] = —Bes+es, v #0,
L le2,e3] = aey,
(93): [e1,ea] = —ves, [er,e3] = —Bea,  [e2, €3] = ae,
[61762] = —€2+(25—5)€37 e ==+l1,
(g4): le1,e3] = —Pey +es,
lea, €3] = wey.

[61762] - 07
aey + fes, where a+ 90 #0, ay+ o =0,
le,e3] = 7yer + dey,

—
i}
Ot
~—
o
—
D
&
Il
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le1,ea] = aey + Pes,

(g6): < le1,e3] = vex+des, where a+0d #0, ay— 6 =0,
[62763] = O?
le1,e2] = —aey — Pes — Pes,

(g7): le1,e3] = aep + Pes + Bes,  where a+ 0 #0, ay=0.
leg, €3] = ~ye1 + des + des,

We start with g3 to be of type gl, and the Lie brackets [e;,e4], 1 <1 < 4
are as in the Equation (3.1). In this case, the Jacobi identity is established, if and
only if

( Bp1 — 2aps; — Bgs + Brs =0,
2aps + fBp1 — Pr3+ Bg =0,
arg — fBps — g1 — ary =0, (3.3)
Bps — Bri + agqz — agy =0, '
Bqs + aps + aps — pfra = 0,

[ 892 — 2ary — 2aq — Bp1 + frz = 0.

Since a # 0, we set 5 = 0. Therefore

—2aps =0, 2aps =0,
a(rs —ry) =0, al(gs—q) =0,
alps+p2) =0, 2a(ri+¢q1) =0,

so, immediately, we get po = p3 =0, ¢ = —ry, r3 = ry and ¢ = g3, which show
the case a(1) of the statement in the Theorem, if we set py = A, 11 = —B, ¢ = C
and r3 = D. Now if 8 # 0, we get an algebraic system of 6 equations with 11
unknowns. By analyzing this system, we obtain the case a(2) of the statement just
after setting r3 = A, ¢o = B, r1 = C and r3 = D. For the other possible cases
of g3, we will complete the proof after checking the validity of the Jacobi identity
case by case. [ |

Remark 3.2.  All Lie algebras of the above Theorem 3.1, except the cases a(2),
b(3), ¢(1), d(3), are solvable examples.

4. Restricting the metric on g3 is degenerate

Throughout this section, the restriction of the left-invariant metric g on g3 is
degenerate, so that the metric g is described by the neutral inner product as
in the case (b) of the Lemma 2.3 unless the degenerate metric is stated. Since
g = g3 X t, we take, generally, the Lie brackets [e;,e4], 1 < i < 4 as in the
Equation (3.1). First, let ¢’ = [g, 8] = g3. With regard to the subalgebra g3, by
setting g5 = [g3, 93], the following possibilities are noteworthy.



HAJI-BADALI AND KARAMI 951

1) g4 is trivial: In this case, g3 = t® is abelian and so, the Lie algebra g
will be as Equation (3.1), which is equipped with the left-invariant metric

0

-1 : (4.4)

S

Il
co o+
oo
—_o oo
or oo

where p;,q; and r; are arbitrary real constants. Clearly, the Jacobi identity is
valid without setting any restriction on the above coefficients.

2) g, is one dimensional: In this case, g3 = b is the three dimensional
Heisenberg Lie algebra and we set g = Span{X}. We can write X =V + Aes,
where V' is space-like (resp. time-like), e3 L V' is light-like, and A is a real
constant. One of the following cases may occur.

(i) V #0: We set e; = X/||X]||, which is space-like and complete the basis of
g3 with a time-like unit vector ey, such that the Lie algebra g will be

[ela 62} = «eq, [617 63] = 6617 [627 63] = peéq,
which is equipped with the left-invariant metric (4.4).

(ii)) V # 0: We set es = X/||X]||, which is time-like and complete the basis of
g3 with a space-like unit vector e;, such that the Lie algebra g will be

[617 62} = Qe€y, [617 63] - 6627 [627 63] = He2,
which is equipped with the left-invariant metric (4.4).

(iii) V = 0: We choose an orthogonal basis {ey,eq,e3} for gz, such that the Lie
algebra g will be

le1, €] = aes, ler,e3] = Bes, [ea, e3] = pes,
which is equipped with the left-invariant metric (4.4).

In the above Lie algebras, «, § and p are arbitrary real constants.

3) g5 is two dimensional: In this case, g3 = ¢(1,1) or g3 = ¢(2). Suppose
that g3 = Span{ X1, Xo}, where X; = V;+ \je3, V] is space-like, V5 is time-like, e3
is a light-like vector orthogonal to Vi, and V5 and \; are arbitrary real constants.
One of the following cases may occur:

(i) V4 and V; are linearly independent: In this case there exist a space-like
vector e; and a time-like vector ey, such that gi = Span{e;,e2} and the Lie
algebra g will be

le1, e2] = arer + agea, [e1,es] = bieg + baea, [e2, €3] = cre1 + caea,

which is equipped with the left-invariant metric (4.4).
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V1 and V; are linearly dependent: In this case, we choose {V},e3} as
a basis for gy, and we set e; = V;/||V1]|, which is space-like. We choose a
time-like vector ey orthogonal to e; and es, such that the Lie algebra g will
be

le1,e2] = arer + azes, [e1,es] = biey + bses, [eq, €3] = creq + caes,
which is equipped with the left-invariant metric (4.4).

Vi and V; are linearly dependent: In this case, we choose {V5,e3} as
a basis for g4, and we set es = V,/||V2||, which is time-like. We choose a
space-like vector e; orthogonal to e; and es such that the Lie algebra g will
be

le1, ea] = area + ages, [e1,e3] = biea + bses, [ea, €3] = crea + c3es,

which is equipped with the left-invariant metric (4.4).

In all the above Lie algebras, a;, b; and ¢; are arbitrary real constants.

4) ¢, is three dimensional: In this case, g3 = sl(2) or g3 = su(2); and

suppose that the light-like vector ez € g3 is orthogonal to g3 itself. We consider
the map ad., : g3 — g3, which is of rank 2, since g} = g3. Besides 0, ad., has
either two real eigenvalues or two conjugate complex eigenvalues. In addition, if
we write e3 = [X1, X3|, we have

ad., = adx, oady, —ady, oadx,,

and so, tr(ad.,) = 0. Now one of the following cases may occur:

(i)

Eigenvalues of ad., are 0,\ # 0 and —\: We choose e; and e; as unit
space-like and time-like vectors, respectively; and the Lie algebra g will be

[61763] = ey, [62763] = —\es, [61763] = €3,

which is equipped with the left-invariant metric

k
-1

0
0

o O I
_ o O O
o= O O

where k is an arbitrary real constant.

Eigenvalues of ad., are 0,:3 # 0 and —¢3: We chose e; and e; as unit
space-like and time-like vectors, respectively; and the Lie algebra g will be

[61763] = —fes, [62763] = ey, [61762] = fPes,

which is equipped with the left-invariant metric (4.5).
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Now, let dim g’ = 2; in this case at least two linear independent vectors, namely,
es and v, act as derivations on g, so according to the Lemma 2.3, the vector v
is time-like or null. In the first case, we are, in fact, in one of the non-degenerate
cases, where g|y, is Lorentzian. But in the latter case, clearly, the null vector v
belongs to gs. Thus, the Lie algebra g takes the following form

le1, ea] = ajer + aszes,
le1, €3] = bier + baea,  [e1, eq] = pley + p2ey,
le2, €3] = cre1 + caea, e, eq] = qler + q2es, [es, e4] = 11€1 + o€,

with the left-invariant metric g of the Equation (4.4). Here it should be noted
that this case is also studied in case 3-(i) above.

Finally, if dimg’ = 1, since at most, two linear independent null vectors
exist, surly, one time-like vector acts as a derivation on g; so, again one of the
cases where g|g, is Lorentzian may happen.

It is evident that the Jacobi identity must be valid in all the above ar-
guments. Thus we may check, case by case, the Jacobi identity and state the
following theorem for the case when the g|y, is degenerate.

Theorem 4.1.  Let (G =G5 xR, g) be a four dimensional Lie group of neutral
signature, where the restriction of g on g3 s degenerate. In this situation, one of
the following cases may happen:

a) There exists a basis {e1,...,es} for g, such that g3 = Span(eq, ez, e3),
v = Span(ey) and the inner product g is specified by the matriz (4.4), where the
non-zero Lie brackets are:

al) g, is trivial: In this case, g = t> X v is isometric to the following Lie
algebra:

le1, e4) = Aey + Beg + Ces, [es,e4] = Dey + Eeg + Feg,
les, e4] = Gey + Heg + Kes.
a2) g, is one dimensional: In this case g = b X t is isometric to one of
the following Lie algebras, where by is the three dimensional Heisenberg Lie algebra:
le1,e2] = Aeq, [eq,e3] = Bey, leg, e3] = Cey,
1- le1,ed] = Der, [ea,e4] = Eey — EEey + Fes,

[63764] — (ACG—BCFXQABE—ACD)el o BT?@Q + G€37 A ;é O,

9. [617 63] = A617 [627 63] = Bela [617 64] = Oel?
lea, €4]) = @61 + Desy, [es,eq] = Eey + Feo, A #£0,

] [ea, €3] = Aey, le1, e4] = (B + Ce,
lea, €4] = Dey + Ceg + Ees, es,eq] = Fey + Geg + Beg, A #0,
[617 62] = A627 [ela 63] = BeZa [62a 63] = 0627

4- e, eq] = %61 + Dey + Ees, ez, e4] = Fe,

(o€ ABF—-ACD—BCE—-ABG
[63, 64] =€ + 12 ey + Geg, A 7£ O,
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le1, €3] = Aey, le1,e4] = (B — C)ey + Deg + Feg,

5-
lea, e4] = Bea, [e3,eq] = Feq + Gey +Ces, A F#0,
6- [62763] = Aey, [61764] = Bey,
[627 64] = 0627 [637 64] = D€1 + E@Q, A 7é 07
7. [e1,e3] = Aea, [e2, €3] = Bes, le1, eq] = ACZBDQ + Dey,
[627 64] = 0627 [637 64] = Eel + F€27 A 7£ 07
[617 62] - A€3, [61, 63] - Be37 AB # Oa
8- [ea, e3] = Ces, le1, e4] = —%61 + Dey + Ees,
[627 64] = _%61 + F62 + G637 [637 64] = A(BchDZL;FBB(BG*CE) €3,
9 le1, €2] = Aeg, le1, e4) = Bey + Ceg + Deg,
leg,e4] = By + Feg + Ges, les,eq) = (B+ Fles, A#0,
10- [61, 62] = Aes, [62; 63] = Bes, [61, 64] = Cey + Des,

ey, e4] = Fey + Fes, [e3,eq] = 458Pes A #£0,
A

le1, €3] = Aes, [e1,eq] = Cey + %62 + %63,
11- [62,63] = B€3, [62,64] = E61 — A?Eeg + D€3,
[63764] = F€37 B ?é O?

19. [e1, €3] = Aes, [e1, eq] = Bey + Ces,
[627 64] = D@Q, [637 64] = Ee37 A # 0.
a3) g5 is two dimensional: In this case, g =¢(2) xv or g=-ce(l,1) x ¢
and g is isometric to one of the following Lie algebras:

BE
e1 + —~ €9,

le1, e3] = Aey + Bes, [er,e4] = C

I- ey, e3] = Cey + Dey, [eg,e4] = Eeq + Fey,
[63,64] = Gel + H62, C §é 0, AD — BC 7A 0,

E(A—D)+CF
C

g le1, €3] = Aer,  [er, eq] = Cey, [e2, €3] = Be,
[627 64] = D627 [637 64] = Eel + F627 AB 7é 07
9. [617 63] = Aey, [61, 64] = Bej + Cey, [62, 63] = Aey,

[62, 64] = D€1 + EGQ, [63, 64] = F@l + GGQ, A 7& O,
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le1, €3] = Aer+Bey, [er, eq] = BPHE=CEe + Eey, [e, €3] = Ces,
2, e4] = De, le3, es] = Feg + Ges, B #0, AC # 0,

[61762] = A61 + B€37 [61764] = wel —_ B_Cge?)’

[63,64] = G61 +H63, C’?é 0, 14.D—.BC’7'é 0,

6- [617 62] = Aey, [62, 63] = Bes, [617 64] = Cey,
leg,e4] = Dey + Ees, [es,eq) = Fes, AB #0,
a [617 62] - Aeh [627 63] - _Ae?n [617 64] - B€1 + 0637
[62, 64] = D61 + E€3, [63, 64] = F€1 + Geg, A 7é 0,
5. le1, 2] = Aey + Bes, [ea,e3] = Ces, [e1, e4] = SPE2FEE ey + Deg,
lea, €4] = Fey + Ges, les,eq) = Fes, B #0, AC #0,
9. [617 62] == A627 [ela 63] = B€3, [617 64] = C(62 —+ D€37
[62764] - EeQa [637 64] = F637 AB 7é 07
10- [617 62] = Aey, [61, 63] = Aes, [61, 64] = Besy + Ces,
62, 4] = Dey + Ees, [es, eq] = Feg + Ges, A#0,
11 le1, €2] = Aey + Bes, le1,e3] = Ces, [e1,e4] = Cea + Ees,

€2, 4] = AEBE=CE o)+ Fes, ez, e4] = Ges, B#0, AC #0,

[e1,e2] = Aea + Bes, [e1,e3] = Cey + Des,
12- ey, eq) = Eeg+ Fes, |es, 4] = W@ + %Ge37
[63,64]:G62+H63, 0%0, AD-BO?AO

b) There exist a basis {e1,...,es} for g, such that g3 = Span(ey,es, e3) and
t = Span(ey) ; also, the inner product g is specified by the Equation (4.5) and g is
isometric to one of the following Lie algebras:

1_ [61, 62] = —€s3, [61, 63] = —Ael, [62, 63] = A@Q, A 7& O,
le1,€4) = —Bey + Ces, [ea,e4] = Beg + Deg, [es,e4] = ADey + ACes,
g len el = Aes, [e1, €3] = —Aes, [e2, €3] = Aey, A F0,

[61764] = —Bey — Ceg, [62, 64] = Be; — Des, [63764] = Cey + Des.
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Proof. The validity of the Jacobi identity can be checked in all cases. We give
the details only for the case (2-i), since the other cases are treated in a similar
way. In this case, the Jacobi identity is established if and only if the following
equations are valid

pp2 = pups =0, aps =ap3 =0, fBpz=Pps =0,
ppe + Brs + ary = 0,

pps — Bgs — age = 0,

prs + pge — ary + Bqi — ppr = 0.

Since afu # 0, from the first equation we immediately get po = p3 = 0. If a # 0,
then, from the second and third equations, we have ¢, = —% and ry = —%.
Now, the last equation gives

_ a(urs + B — pp1) — Bugs
a? ’

1

which shows the case a2(1) of the statement, after setting « = A, § = B, p =

C,m=D, g=FE, ¢3=F and r3 = G. If a =0, we may also suppose § = 0;

since p # 0, the last equation gives p; = r3 + g2, which shows the case a2(3) of

the statement. Finally, if 5 # 0, from the second (and ;chird equations, we have
p1{p1—q2

q3 = r3 = 0; then the last equation gives ¢; = =, which proves the case

a2(2) of the statement, and this ends the proof. [

Remark 4.2.  All Lie algebras of the above Theorem 4.1, except the two cases
b(1) and b(2), are solvable.

5. Ricci solitons

In this section, using the complete classification of four dimensional neutral
Lie groups given in Theorems 3.1 and 4.1 we study Ricci solitons. A pseudo-
Riemannian manifold (M, g) is called a Ricci soliton if it admits a smooth vector
field X, such that

Lxg+o0=Ag, (5.6)

where Lx and p, denote the Lie derivative in the direction of X and the Ricci
tensor, respectively, and A is an arbitrary real number. Depending on the value of
A, a Ricci soliton is called shrinking, steady, or expanding, according to whether
A>0, A=0, or X\ <0, respectively.

Ricei solitons play an important role in understanding the singularities of
the Ricci flow, of which they are the self-similar solutions. A survey and further
references on the geometry of Ricci solitons may be found in [11].

Ricci solitons on homogeneous manifolds have been the subject of several
studies. Ricci solitons on four dimensional pseudo-Riemannian homogeneous man-
ifolds with non-trivial isotropy have been studied in [6]; especially, Ricci solitons
on non-reductive cases have been considered in [5]. Here we complete the analysis
of Ricci solitons on homogeneous manifolds by classifying the solitons on pseudo-
Riemannian Lie groups.
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Let us now consider, for example, the Lie algebra in the case (a-1) of
Theorem 3.1; we apply the well known Koszul formula and describe the Levi-Civita
connection V of g. With respect to the pseudo-orthonormal basis {ey, €2, €3, €4},

with e3 and ey time-like, we set V., = A; for all indices ¢ = 1,--- ,4. Then, we
get
_ B
0 a a A 0 0 0 b
B 2
—« 0 0 = 0 0 o« c
A = Ao = )
—a 0 0 E 0 « 0 —D+C
2 2
B B B D-C
A = -2 o0 =~ c 0
2 2 2 2
B B B
0 0 0 -= 0 = = 0
2 2 2
D-— B D-—
0 0 o PC¢ -= 0 b=,
A3 = 2 s Ay = 2 2
0 —a 0 D B C+D 0
B C+D 2 2
-5 5 P 0 0 0 0 0

The curvature tensor is calculated by R(e;, e;) = AjAj — AjA; — A, o1, for all
indices 1 < 4,5 < 4. Then, by contraction over the first and third indices of the
curvature tensor, we have the components of the Ricci tensor with respect to the
basis {ej, €q, €3, €4}:

on = A(C+D+A), 02 = —013 = AB,
02 = —20° + C(A+ D)+ BEHC+D2
2
023 = 2042+—A(C_§)_B,
024 = —034 = Oé(mTD—A),
033 = —2042—D(A+C)—w,
o = —(A2+<H2 4+ COD).

Let X = Xje1 4+ Xoes + X3ze3 + Xyey, for arbitrary real coefficients Xy, ..., X4, be
an arbitrary vector filed on G. By a direct calculation, one can easily obtain the
Lie derivative of g; i.e., Lxg is

2(1(X2—X3)+2X4A —Xia+ XyuB Xia— X4B —X1A+ B(X3—X2)
—Xi1a+ X4B 2(Xza+ X4C) —a(X2 4+ X3)+ Xu(D - C) —XoC — X3D
Xi1a— XyB 70((X2+X3)+X4(D70) 2(X2a7X4D) X2C + X3D

—X1A+B(X3 —Xg) —XoC — X3D XoC + X3D 0

Now, Equation (5.6) gives the system of equations presented in case (a-1) of the
following Theorem 5.1. We will have exactly four sets of solutions; for example,
one non-trivial solution is

A=a=-D, B=0, C+3D#0, =322 1 D,

X, =0, Xo= _9D2jL(ésl(gj)JrC?7 X3 = 3D2+i%D+C27 X, = 9D2+i%D+02‘
As we know, Einstein manifolds (where p = ng for a real constant 1) are trivially
Ricci soliton. In the above case (a-1), the Einstein condition is satisfied if and only
if C'=—3D, so we exclude this trivial Ricci soliton.

By the same method, we can find all Ricci solitons for all cases in Theorems
3.1 and 4.1. The results are summarized in the Theorems 5.1 and 5.4.
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Theorem 5.1.  Let (G = G3 xR, g) be one of the four dimensional Lie groups
of neutral signature, which are listed in the Theorem 3.1. Then (G,g) is a Ricci
soliton if and only if it is one of the following classes.
a-1) and the following equations are satisfied
[ 2a(Xy — X3) + 24X, + A(C + D) + A2 — X\ =0,
AX1+B(Xe— X3)=0, aX;—B(X4s+A)=0,
2aX;3 + 20Xy — 20° + AC + CD + B+CHD" )\ — ¢,
a(Xy + X3) + X4(C — D) — 202 4 AC=DE _
CXy+ DXy — ) LA =0, A+ 24C L 0D \=0,

2
20X, — 2DX,; — 20° — D(A+ C) — =B 4\ =,

\

In particular, one non-trivial solution is

A=a=-D, B=0, C+3D #0, )\ZW_FCD’

_ ___9D?*4+6CD+C? __ 3D244CD+C? __ 9D246CD+C?
X, =0, Xz——T, X3—T, X4—T-
a-2) and
A=—-B, =0, C#+2a, A=0,
__CcX _ 4BX4—4a2+C? _ 4BX4—4024C?
Xy =— a4> XQ__4T’ X3__4T'
c-2) and
2
B=C=0, eA=a=2=¢c2 D#0, A= 32
_ __ 3eD . _ 2 _ .2 _
Xi=-eX4=3%32 Xo=X3=0, €=¢?=
c-3) and

c-4) and one of the following cases occurs

1-
_ _ _ _ B _ D _ 3
B—C—O, EA—O[—g—é‘X,D%O, ——gDz,
X1:—€X4:%, X2:X3:0,€2:€2: s
& D
B =0, eA:—eoz:eﬁ:Xm, g’st, D #0, \=0,
g-

B:D:O’ EA:/B:S%:%’ a%o’ A:_§a27

X1:X3:0, EX2:X4:—26a, 62252:1.
c-8) and the following set of equations are satisfied

AX, + DX, + GX3 =0, BX; + EX, + HX3 =0,

K(2Xy + A) + C=CE=IE L PR+ K2 — A =0,

X4(C _ G) + EC—EGEBH—DF — AG + KC = 0’

X4(F—H) 4 AFfAH;BCfDG o EH+KF — O,

A@2Xy+ E) + B=D5CHE L AR + A2 - A =0,

E(2X, + B) — B=LHE2IE 4 pRy B2 - A =0,

X4(B+ D)—GE=CH_RBKD L AD+ BE=0, CX1+FX,+KX;=0,
DB -GRoCPoP o2 | A2 4 BD + COG + E? + FH + K? — A = 0.
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In particular, one solution is

A=Y%=-K B=C=D=E=F=H=0, K#0, A=0,
X1:X2:X3:O, X4:K

d-1) and one of the following cases occurs

1-
A:_B€(B; )?C_B)O i=e B2+2)C€é+21 BBé’g 2/\X_)0
_9¢ + 3
Xy = 4(C—1)?C+1)’X2 —eX3, Xy = 4(C—1)(C+i)‘
9.
A=B=0,D=-C, (C£1)(f—e)#0, A=0,
Xlz—X4C+€ﬁ—1+C2—€ﬁCQ, X2:X3:O.
d-2) and
A=B=C=0, E=—-F, D#0, A=0,
X, =L Xy =Xy, X4=0.
d-4) and
B=—-A C=a=0, D#0, A=0,
X, =L Xy = X3, X4=0.
e-2) and one of the following cases occurs
I- D D
A:m,B—C—a—O (5:;72 7é A=0
X1:X2:0 €X3—2X4 75,626 =1.
2.
B=-% A=D=0=0, a—e— C#0, A=0,
X1 X2—0 €X3—2X4 502,6—6—1
3-
C=ey2(A2+B?), D=0, a=—€B, §=€A, A=0
X1=Xo=0, Xs=¢B-3), Xu=-2-4 ==
/-
D=¢e\2(A2+B?), C =0, a=—€B,0 =€A, =0,
Xi=Xo=0, Xs=€¢£-A4), Xy=—2-B, 2+&=1

e-3) and the following set of equations are satisfied

((a(A+D)=0, B2 _ 202 4 X\ =0, AX1+CX2+EX3+3QE—O
BX1+DX2+FX3+3°‘F—O X(C+B)+£E +(JA+BD_O
aX) — EXy — E2EBE _AF =0, aXy — FX, — AF;CE FD =0,
—02+32;E2’F2+A2+BC+D2—/\:0,

20X;3 + 2AX, +20% + AD + B=CHE 4 A2 )\ =,

20X +2DXy + 202 + AD — B=C=2 4 D2 — X = 0.
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In particular, one solution is

E?
8 7

A:D:F:O,B——a_—sﬁ C=eif E+£0, A= 32
Xl :X4:0, XQ —€X3 52—1

2 Y

e-4) and one of the following cases occurs

A=D=83=0, B=—ea, C=ev2a, a#0, \=0,
X1:X2:0, X3:—2€X4:—Oé, €2+€2:1.

A=C=p=0, B=¢ca, D=¢c2a, A =0,
X1:X2:O, 2X3:€X4:—Oz, 82+62:1.

f-1) and the following set of equations are satisfied

(2DX;5 + (2X1 + 20+ 8)A — BB + 2C X3)y + 2CX2(a )
Cy* = (26C +2D(a + 8))y + C (206 + % — 20°) = o

Ay? — (2BX1 + 2B6 + Ba +2DX3)y — 2C3Xs = 0,

2X372 + (3AD + 2AX4 + 2X20)y + (2Aa — 245 — BB)C =0,

(A2 —B2?—C?4+4D? —2)\)y2+2(BC+2D(a—08))Cy—C?(4ad — 262+ 3% —2a2) =0,
Y —(C?—202 4 (—25—4X1)a— A% + 4D+ 32 -2\ +4 X4 D)~?
—6C(a—6)(E2+D)y + C?(4ad — 26% + B% — 2a%) = 0,
- @262+ Ra+4X1)6+C?—4X4D— B?+32+2XA—4D?4?+2DC(a—68)y+C? % =
’YQ+,32-;A2—B2 —a? - ’7,8 52 \=0.

\

In particular, one solution is

32
A=C=25=¢eV3y, B=D=v, a=4=0, A=
Xlz—Xg 36[’}/, XQZ—X4:%"}/

£-3) and the following set of equations are satisfied

a(C+F)=0, &5 — 202 — A =0, AX; + CX, + EX3 + $Aa =0,
BX:+ DXy 4+ FX3+4+3Ba =0, X4(E— D)+ +AB+ EC — FD =0,
aXy+ AX, — BEHAE + AC =0,

aXz+BX,+BSAE L BF =, ASBED L 02 DR 2\ =0,
20X — 20X, + A= 4 902 — OF — C? + X =0,

20X — 2F X, — BHDP=E2 4 902 _ CF — F? 4 )\ =0,

\

In particular, one solution is

A=41E, B=C=F=0,D=a=
Xlz—ng—ZE, X2:X4:0.

E, A\=2E?,

1
3 3

(2X1+20)72 = (2CX4+2CD+2B5+2B8X1+AB)y —2((a—8)C—B(D+X4))C =0,
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g-2) and the following set of equations are satisfied

(20(X3 — X3) — (2X4 + B+ C)(A - C — B))B + 2a(—X1a 4+ D(X4 + A)) = 0,
20— (48X1+B% + (24 + 4X4 + 2C)B +C?+D?*-2)\)a?+B%(A— C — B)? =0,
201 — (48X, —C? — (2A 44X, + 2B)C — B>+ D?*4+2\)a?+B*(A—-C - B)?2 =0
20 — (48X, + (B — C)A+ D? + 2BX, — 2CX4)a? + 2(A - C — B)? = 0,
(B+C —2A)a? + (2BX5 +2CX3)a + 26X1(A - C — B) =0,
(XQ —X3>D —AXq7 =0, A2 + (2X4+B—|—C)A— 2(X2 —X3)CV—)\: 0,

[ A2 4 B2C° L oB - A =0,

i

In particular, one solution is

A=p3=0, C=—-B, D#¢eV2a, \=0,

_ D(202-D?) o _ 2a2-D?2
X1= " pe s X2 = X, Xy =g

Remark 5.2.  All examples of Ricci solitons in the Theorem 5.1 are only shrink-
ing, expanding or steady. This means, in each example, we just have A > 0, A <0
or A=0.

Remark 5.3. On three dimensional Riemannian Lie groups (Lie groups
equipped with a left-invariant Riemannian metric), there are no non-trivial (in-
variant) Ricci solitons. This is true for any finite dimensional unimodular Rie-
mannian Lie group [14]. With regard to the non-unimodular Riemannian Lie
groups, similar results were proved in [15], for the dimension four. Based on re-
sults in the Theorem 5.1, non-trivial Ricci solitons exist on both unimodular and
non-unimodular Lorentzian Lie groups in the dimension four. Thus the results in
the pseudo-Riemannian are different from those in the Riemannian setting.

Theorem 5.4. Let (G = G3 xR, g) be one of the four dimensional Lie groups
of neutral signature listed in Theorem 4.1. Then (G,g) is a Ricci soliton if and
only if it is one of the following classes.

al) and one of the following cases occurs

1-
B=D, F=A G=H=0, K=2A,
_ _MAC+DF) _ MAFHDO) _ 2A%2A2DXN\(F2-C2) Y
X1_2A(A—D)(A+D)’ XQ__QA(A—D)(A—',-D)’ X3 = 1A(A+D)(A-D) X4—ﬁ'
2.
G=H=0, 2K(A+ FE) %2(A2+E2)—(B—D)2, A=0,
2 2\ _ _ _ 2
X =Xo=X, =0, Xy=—244F) 211(£+A) (B-D)*
a2-1) and

B=C=E=0, D=4 \x=A?

A’F F2A? A
X1:07 XQZ_GzaXSZ 2G’3’X4:E'

a2-3) and
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A=F=G=X=0, D+#2eC, =1,

Xi=Xo=X, =0, X =22

a2-4) and

B=C=D=E=F=0, \=—-A2,

Xi=Xo=X3=0, Xy =4

a2-8) and the following equations are satisfied

4CDX4 + B3 +2X\B =0,

2(CF + DB)X4 + B2C =0,

AB? + ((—2X3 + F)C + (2A — 2D) X1 — 2X2F — 2X4G) B — C?D =0,

(2X3 — F)B%2 — ((A— D) C — 2AX2 — 2EX4) B+ 2C (DX1 + FX5) =0,

B3A+ (2AX1 —2GX4) B? + ((—2F X4+ 2A +2CX2 — C?) A+ 2CEX4) B +2ACDX,4 =0,

2G (2X3 — F) B3 + (A3 4+ (4X3F + 4X1E + 4X>G — D?) A+ 2C (GD — E (2X3 — F))) B?
—20D (EC + A(2X3 — F)) B — AC?F? =0,

2X4F + & —a=0.

In particular, one non-trivial solution is

B=C, D=F, G=EE2" 421 B2+40, \=0,
X, = AB-4ADXy . ABD—4ADXs+B?E X, = B2

4D » 3 4BD T 4D

a2-9) and the following equations are satisfied

(E—C)X; =0, 2BX;—A=0, 2FX,~A =0, (B+F)X;— A =0,
(C—A>X1+FX2+GX4 :0, XlB+(E—A)X2E—DX4 :O,
2DX; +2G X, +2(B + F)X3 — 2BF + £=£=C 4 pC = 0.

In particular, one non-trivial solution is

C=A=E+#0, B=F=0, \=0,

X, = —4GXH By, =),
a2-10) and
B=0, A=0,
2 2
Xi=X,=X,=0, X3 =54

a2-11) and the following equations are satisfied

( (2CXy— B*)A+2EBX,; =0, 4AEX,— B*+2\B =0,
(C —2X3) B2 — (2DX4 + AE) B+ 2A(CX, + EXy) = 0,
A’E 1 ((=C +2X3) B+2DX,) A — 2B (CX, + EX,) =0,

\ (E? —4DX, — 4F X5 + 2CF — 207%) B’

+2A(—2DX, + EC — EF) B + (C? — 2E?) A? = 0,

20X, — 4 —\=0, AX,+BX,—FX,+4558 ) =0.

\
In particular, one non-trivial solution is

A=-B, E=-C, F=0, B#0, A\=0,

_ BD _ B?
Xz =%, Xa= 3¢
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a3-1) and the following equations are satisfied

(EG+ (2X3 —3F)H + 2FX»)C — (A— D)H — 2BX1) E = 0,
((C=B)?-2(A—D)?)E? —4CF(A—-D)E —4C%F? =0,

(2(A-=D)G—2CX2 —2(A—D)X1 — HB)E —3C ((2X3 — 3F) G + 2FX1) = 0,

EC? — (2AF — G? +2DF +2BE 4+ H? +2)) C + (B2 — 2A% + 2AD) E = 0,
2(F—X3)C?+(2(2A— X4 —D)E—2(F - X3)B—GH)C +2EB (X4 — D) =0,

2EC? + ((4X3 — 6F) D — (2A — 4X4) F + H? —2)) C + 2E (D? — AD — B%) =0,

2EC?+ ((4Xs 4 6F) A+2X — 4X4F+2DF+G?) C + 2E (2A%— (D+2X4) A —B?4+2DX4—D?) =0,
(—2X4+A+2D)H +2BX1 +2DXs —CG =0, (2X4— D —2A4)G —2AX1 —20X2+ HB =0,
C? + B2 —2A? —2BC —2D? = 0.

In particular, a non-trivial solution is

A=eV20, B=—-C, D=F=G=H=0, E#40, A\=0,
X1:X2:O, ngw, 82:1.

a3-4) and one of the following equations are satisfied

((2X3 —3D)B—-E(A—C))G+2B(EX, +DX3) =0,
(BQ72(A70)2>E‘274BD(AfC)E74BQD2=0,

EB? 4+ (F? —2AD — G? —2DC —2a) B—2AE (A - C) =0,

(GB+2(X1 —F)(A-C))E+B((2X3 —3D) F +2DX;) = 0,

2EB? 4+ ((6D —4X3)C + (2A —4X4) D+ 2a — G?) B+ 2EC (A—-C) =0,

2EB? — ((6D —4X3) A—4DX4 +2DC + F? +2a) B—2E (A—C) (24 —2X4 4+ C) =0,
B%2 —2A%2 -20%2 =0, (-2X3+2D)B+ (2C—-2X4)E+ FG =0,

(—2X4 + A+2C)G+2BX1 +20X2 =0, (2X4—C —2A)F —2AX; +GB =0.

In particular, a non-trivial solution is

A=-C=2 D=-LZ F=G=0, E#£0, A\=0,
Xi=X;=0, X3 =258

a3-6) and the following equations are satisfied

2BXs —2F X4+ AB — B2 42X =0,

4XoFE 4+ 4X3F +2AE —2CF + D? +2C?% =0,

AX] —DX4 =0, 2424+ B?2_-2)\=0, X;C+ XD+ AD =0,
2BX3+2EX, —CB —2AC =0, 24X3+20X4+ A2 —-AB—-X=0.

In particular, one non-trivial solution is

B=D=0,C=4E A#0, A=A
2 2 A2 2
Xl:07 X2:_AF_2Ea X3:E2F/213 ) X4:AT
a3-7) and the following equations are satisfied

4CX, +4EXs +4GX3 4+ 2AE — 2BG — D2 +2FC 4+ 2B2 =0, FX4=0,
3A2 —2X =0, AX; -DX;,=0, 2AX3—-2EX;+ AB—DF =0,

24X5 +2GX4 +2A%2 + F2 — 20 =0, 4AXs+4BX4+4A%2 - F2 _2)\=0,
BX1 + DX, + FX3—CX4+ AD — BF =0.

In particular, one non-trivial solution is

A=F =0, 2GB #2B*>—-D? \=0,
X1:X2:X4:0, X3:W
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a3-8) and the following equations are satisfied

(A2 + (2X2 —C)A— A +2EX4) B4+ 2DX4(C+ A) =0,

2B2X1 + ((E —2X3)C —2GX4 +2AE) B+ D (C +2A) (C + A) =0,

(2Xo — C)B2 — (2EX1 — 2DX4 + 2F (X2 + A)) B—2DX1 (C + A) =0,

B* + (2AG + 4EX3 — F? + ADX1 +4GX2) B2 + 2DE (C + A) B+ 2D? (C + A)? = 0,
AX] —FX, =0, 2A24+C?-2)\=0,

C? — (A+2X3)C — 22 +2EX4 = 0.

In particular, a non-trivial solution is

A=C=0, B#¢eF, \=0,

Xi=Xo=X,=0, Xz3=58 2=1.

a3-9) and one of the following cases occurs

1-
C=0, F=2DE g 944, \= 230
_ (2A-B)(2(2E%+BD)A%+E?B?) _
Xi=— 41A(2A2D—E?B) , Xo =0,
X, — E(E%+BD)(2A-B) X, — E(B%+2A%)(2A-B)
3 = T 202A2D—E2?B)  “* T T T 2(2A2D—E’B)
2.
A=B=0,2EF #2E*>—-C? A=0
X, = _CXy X5 = —4DX,+C?+2EF—2E? X, =0
E AF 3 .
a3-10) and
B(G-D E(D?-2DG+B? 3B%(D-G)?
A: (E ),C:W,FZO, A:_(ZTL’
2 2 2 —
X, = -BCDE0)  x, — 3B X, — W X, = 3BUD-G)

(B2 + D*)(D —ev2B) # 0, g2 =1.
a3-11) and the following equations are satisfied

(A% + (2X1 +C)A — 2X4G + )\)B — 2X,4F(A - C) =0,

2X2B? — ((G — 2X3)C —2EX4 — 2AG)B + F(2A - C)(A—-C) =0,

(2X1 + C)B? — ((2X1 + 2A)C + 2X4F + 2X2G)B — 2X2F(A - C) = 0,

B* + (4X1E 4+ 4XoF — C? + 2AFE + 4X3G)B? + 2GF(A - C)B +2F%(A - C)? = 0,
XoA+X4C =0, 2424+ C%?4+20=0, 2Xi;C —2X4G+C?+ AC+2)1=0.

In particular, one non-trivial solution is

A=C=0, B#0,A=0,

Xi=Xo=X,=0, X3=-L2.
Remark 5.5.  All Ricci soliton examples of Theorem 5.4, except the case al(1),
are only shrinking, expanding or steady.

Remark 5.6.  According to the result of 2], all three dimensional Ricci solitons
on Lorentzian Lie groups are solvable (solvsolitons). By using Remarks 3.2 and
4.2, and the Theorems 3.1 and 4.1, this is still true in the four-dimensional neutral
metrics.
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We can now study some curvature properties of our classification of Ricci
solitons on four-dimensional Lie groups. So, for each of the cases listed in Theo-
rems 5.1 and 5.4, we consider the tensor components with respect to the pseudo-
orthonormal basis {ej, ez, €3,€e4}, with ez and e4 time-like being used to describe
the Lie algebra g. The Ricci parallel condition means that the covariant derivative
of the Ricci tensor will be zero. Clearly, each Ricci flat manifold (i.e., a manifold
on which the Ricci tensor vanishes) is Einstein and every Einstein manifold is Ricci
parallel.

If the covariant derivative of the curvature tensor vanishes, i.e., A(R) =0,
the manifold is called locally symmetric. Also, Conformal fatness is translated into
the following system of algebraic equations:

r

(gikgjh - gihgjk)
6

1
Wijkn = Rijrn — E(giijh + Gjn0ik — GinQjk — YjkOin) +
=0,

for all indices 7,7, k,h = 1,---4, where W denotes the Weyl tensor and r is the
scalar curvature.

Now by a straightforward calculations, the results of the previous sections
yield the following result.

Corollary 5.7.  Consider the four-dimensional neutral Ricci soliton examples
of Lie groups in Theorem 5.1. The Ricci parallel, locally symmetric and confor-
mally flat examples are listed in the following Table I, where the check mark “v/”
(respectively, “X”) means that the corresponding condition holds for all Lie algebras
of that given form (respectively, never holds for Lie algebras of that given form).

case Ricci parallel locally symmetric | conformally flat

W 1| A=B*20=C+D=0, AD +a”>=0 X
AD+a?=C+D=B=0 C+D=B=0

d—2 v X X

d—4 v X X

g—2 A=B+C=0 A=B+C=D=0 X

Table I: Ricci Parallel, locally symmetric and conformal flatness examples of the Theorem 5.1.

Corollary 5.8.  Consider the four-dimensional neutral Ricci soliton examples
of Lie groups in Theorem 5.4. The Ricci parallel, locally symmetric and confor-
mally flat examples are listed in the following Table 11, where the check mark “/”
(respectively, “X”) means that the corresponding condition holds for all Lie algebras
of that form (respectively, never holds for Lie algebras of that form).
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case Ricci parallel | locally symmetric conformally flat
al(l) X X 4
E+eB—-A—-¢eD
al(2) X X D+]£(312I€(B— AleE 2’0,
D—-B=F—-A=0

a2—1 v 4 X
a2—4 v 4 X
a2—8 v v v
a2—9 v v v

a2—11 v 4 v
a3—6 v v X
a3—-"7 G=0 D=G=0 B—eD=G—-2D=0

a3—9(1) B=0 B=0 X

a3—9(2) F=0 C=F=0 E—-—esC=F-20=0

Table II: Ricci Parallel, locally symmetric and conformal flatness examples of the Theorem 5.4.
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