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Abstract
We classify three-dimensional conformally flat homogeneous Lorentzian
manifolds. Our classification depends on the form of the Ricci operators.
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1. Introduction

We are interested in the classification problem of conformally flat homogeneous semi-
Riemannian manifolds. Takagi [7] classified the Riemannian case. That is, an n-dimensional
simply connected conformally flat homogeneous Riemannian manifold is isometric to one of
the following: (1) M"(k), (2) M™ (k) x M" ™" (—k),k #0,2 <m <n —2, (3) M"~ (k) x
R, k # 0, where M" (k) denotes the simply connected complete Riemannian manifold of
constant curvature k. Consequently, they are all symmetric spaces. In the previous paper [4],
we studied conformally flat semi-Riemannian manifolds with Q% = 0, where Q denotes the
Ricci operator, and showed how to construct such ones. We recall the method. We define an
inner product (, ) of index ¢ + 1 on R"*> by

k+1 n+2
(T, y) =Y (6iVestsi + Xesrsi Vil + Y E5XGY
i=1 J=20kr )+

where k is the fixed integer such that 1 < k < [n/2],k < ¢, and
o — -1 2k+D)+1<j<2k+)+qg—k
Tl 20+ D4+g —k+1<k<n+2

and denote by RZI% an (n +2)-dimensional vector space endowed with this inner product (, ).

We define the light cone A of (Ri7, (,)) by

A = {x € R™ — {0}|(z, z) = 0}.
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Let 7 : Rgfj —> R¥! be the projection defined by (X1, ..., Xerls Xks2s - - - Xng2) =
(x1, ..., Xr+1). We denote by 7 the restriction of 7 to A N 71’1(]1%]‘+1 — {0}). Then 7 is the

fibre bundle over R**! — {0}. Let N be a k-dimensional manifold and F : N — R¥!' — {0}
be a centro-affine hypersurface immersion. We consider the pull-back bundle of 7 :
AN 'R —{0}) — R*! — {0} by the immersion F. We denote by M and f, the total
space of the pull-back bundle and the bundle homomorphism of M into A Nz~ (R*! —{0}),
respectively. Then f is a hypersurface immersion of M into the light cone A. We proved that
the induced metric on M by f is non-degenerate and that the semi-Riemannian manifold M
with this metric is conformally flat and its Ricci operator Q satisfies Q> = 0 ([4] theorem 1.1).
There are interesting relations between the semi-Riemannian geometry of M and the affine
differential geometry of N. In particular if N is a homogeneous centro-affine hypersurface,
then M is a homogeneous semi-Riemannian manifold ([4] theorem 2.1(3)). Thus unlike
the Riemannian case we expect that there are various conformally flat homogeneous semi-
Riemannian manifolds and think that it is not so easy to classify them. In this paper, we focus
on the three-dimensional case and obtain the following result.

Theorem 1.1. A three-dimensional simply connected conformally flat homogeneous
Lorentzian manifold M 13 is isometric to one of the following six kinds of manifolds:
(1) Mj(k), k € R,
(2) M3(k) x R' k #0,
(3) Ry x M?(k), k # 0,
where M{' (k) is an m-dimensional simply connected homogeneous Lorentzian manifold
of constant sectional curvature k and M™ (k) is an m-dimensional simply connected
homogeneous Riemannian manifold of constant sectional curvature k and R (resp. Rf)
denote a one-dimensional real vector space with a positive (resp. negative) inner product.
(4) The universal covering SL(2,R) of SL(2, R) with a left invariant Lorentzian metric.
The bracket operation [,] with respect to a semi-orthonormal basis {e;, e», e3}(all
zero except (ey, ex) = (e3, e3) = 1) is given by
le1, e2] = —ke3
[e2, e3] = —Lke; + Lkes k 0

[63, 61] = %ké’] + \/751662.
(5) The nonunimodular Lie group with a left invariant Lorentzian metric. The bracket
operation [ , ] with respect to a semi-orthonormal basis {e, e, e3} is given by
le1, e2] =0
[ez,e3]=;—kel—kez k£0 e=1o0r 1
[63, 61] = 3k61.
(6) The universal covering of A N~ (c), where A is the light cone in Rg andm : Rg — RZ%is
the projection and c is one of the following homogeneous centro-affine plane curves of R2:
. y=x*x>1,x>0),
2. y= x)‘(k <—1,x>0),
x = ¢’ cos bt
{y = ¢ sinbt
4. x*+yr=1,

3. (b >0),

5. y=uxlogx (x > 0),

(see the construction described before this theorem).
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The six classes in theorem 1.1 are characterized by their Ricci operators.

Corollary 1.2. The Lorentzian manifolds in theorem 1.1 have the following form of their Ricci
operators according to the number of the theorem:

2k k
(D) 2k keR 2) k k#£0
2k 0
0 k? V3k?
&) ko )k#0 @ |-V R k#0
k —2k?
-8k ¢ 0 ¢
3) —8k? k#0 (6) 0 e=1or—1,
—8k? 0

where the matrices of (1), (2) and (3) are those with respect to the orthonormal bases and the
matrices of (4), (5) and (6) are those with respect to the semi-orthonormal bases.

Remark 1.3. Chaichi, Garcia-Rio and Vazquez-Abal [1] studied curvature properties of three-
dimensional Lorentzian manifolds admitting a parallel degenerate line field. In particular they
characterized those manifolds which are conformally flat. In our classification, the case (6) in
theorem 1.1 consists of homogeneous Lorentzian manifolds whose image Im Q of the Ricci
operator Q is a parallel degenerate line field. So our results show nice examples of such
properties studied in [1].

This paper is organized as follows: in section 2 we show the identity of the eigenvalues
of the tensor field A = 1/(n — 2){Q — §/(2(n — 1)) Id} on an n-dimensional conformally
flat homogeneous semi-Riemannian manifold M (theorem 2.1), where Q and S denote the
Ricci operator and the scalar curvature of M, respectively. Applying this identity, we give
a local classification of conformally flat homogeneous semi-Riemannian manifolds with
real diagonalizable Ricci operators (theorem 2.3) and a complete classification of possible
candidates for the linear operators A of conformally flat homogeneous Lorentzian manifolds
(theorem 2.4). The other sections are devoted to the proof of theorem 1.1. Our proof depends
on the classification of the Ricci operators. The Ricci operator Q,(p € M) of a three-
dimensional Lorentzian manifold M? is known to have exactly one of the following four types
(cf O’Neill [6] pp 261-262):

)»1 a —b
case 1 Ao , case 2 b a b #0,
b g 1.1
A 0 0 L& 4.1
case 3 0O x 11, case 4 A g=1or—1,
1 0 A o

where the matrix of case 1 is the one with respect to an orthonormal basis and the matrices
of cases 2—4 are those with respect to semi-orthonormal bases. Evidently, the Ricci operator
of a three-dimensional homogeneous Lorentzian manifold has the same form at every point.
In section 3, we deal with case 2 and show that it is isometric to the Lorentzian manifold of
(4) in theorem 1.1. In section 4, we deal with case 3 and show that this case does not occur.
In section 5, we study case 4 and show that A = o < 0. In the case of A < 0, it is isometric
to the Lorentzian manifold of (5) in theorem 1.1. Moreover we give a local description of the
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case A = 0. In section 6, we give a global classification of the case 4 with .. = ¢ = 0 and
obtain (6) in theorem 1.1. Finally in section 7, we give a global description of case 1 with
AM=Xx #0,23 =00r iy =0, A, = A3 # 0 and show that they are isometric to (2) or (3) in
theorem 1.1.

2. Conformally flat homogeneous semi-Riemannian manifolds

Let M be an n(>3)-dimensional semi-Riemannian manifold of index g. We denote by V the
Levi-Civita connection of M and by R, Q and S the curvature tensor, the Ricci operator and
the scalar curvature of M, respectively. We define the Weyl conformal curvature tensor field
C of type (1,3) and c of type (1,2) of M by

1 S

1
c(X,Y) =(VxQ)Y = (Vy Q)X — m(X(S)Y —Y(9)X), 2.2)

where X A Y denotes the endomorphism defined by (X A Y)(Z) = (Y, Z)X — (X, Z)Y. The
following are well known:

e My is conformally flat if and only if C vanishes for n > 4.

e C =0implies c =0 forn > 4.

e The tensor C vanishes identically for any three-dimensional semi-Riemanian manifold.
° M;’ is conformally flat if and only if ¢ = 0.

Now we assume that M is conformally flat. For convenience, we define a tensor field A
of type (1,1) by

1

S
A:n_Z{Q—Z(n_l)Id}, 2.3)

where Id denotes the identity transformation. Then A is a symmetric linear endomorphism of
the tangent space T, M. Since M, is conformally flat, by (2.1) and (2.2) we have

R(X,Y)=AX AY + X A AY, (2.4)
(VxA)Y = (VyA)X. 2.5)

From now on we assume that Mj is a homogeneous semi-Riemannian manifold. Then
evidently, the—possibly complex—eigenvalues of A and their algebraic multiplicities are
constant on M. It is a similar situation to the shape operators for isoparametric hypersurfaces
in the semi-Riemannian space form. Hahn obtained the basic identity concerning principal
curvatures of an isoparametric hypersurface ([3] theorem 2.9). We have the same result for
the eigenvalues of A.

Theorem 2.1. Let My be a conformally flat homogeneous semi-Riemannian manifold and

A, ..., A be the distinct eigenvalues of the tensor field A on M with algebraic multiplicities
my, ..., m,, respectively. If fori € {1, ...,r}, the eigenvalue X; is real and the dimension of
its eigenspace coincides with its algebraic multiplicity, then we have
A+ A
ij TR (2.6)
Aj— A
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Proof. Our proof is inspired by Hahn [3]. Let A be a real eigenvalue of the tensor field A.
We assume that the dimension of its eigenspace coincides with its algebraic multiplicity m.
For each point p € M, we define 7,(p) = Ker(A — Ald). Then the semi-Riemannian
metric restricted to 7;(p) is non-degenerate and we have the orthogonal decomposition
T,M = T,(p) + Tf‘(p). By (2.5), we see that the eigenspace distribution 7 is completely
integrable and that its leaves are totally geodesic semi-Riemannian submanifolds in M. The
orthogonal complement 7} is parallel with respect to the Levi-Civita connection V along the
leaves of 7. For this totally geodesic foliation, we define the conullity operator C as a smooth
section of Hom(7;., End(7}")) (cf Ferus [2]). We denote by 7w : TM — T~ the orthogonal
projection. Define a linear homomorphism C of T; (p) into End(7}-(p)) by
Cux = —m(V,U) for x e T;5(p), ueT(p),

where U is a local smooth section of 7; with U, = u. At each point p € M, we restrict a
linear endomorphism A — X Id to T)\l (p) and denote it by ®,. Then ®, is a linear isomorphism
of T; (p). We have the following identity at each point p € M:

V,®, = ®,C, for u e T,(p). 2.7)

In fact for a local smooth section U of T, with U, = u and local smooth sections X and Y of
TAJ- around p, we have

(V@) X,Y) = ((VyA)X,Y) = ((VxA)U,Y)
= ((A\Id — A)VyU, Y) = (L 1d — A)w(VxU), Y)
= ((A—=Ald)Cy(X),Y) = (9, C(X), Y).

Since the leaves of T; are totally geodesic, we have R(x, v)v € T,\l(p) for x € Tf( p) and
v e T,(p). Forv € T, (p), we denote by ﬁv the linear endomorphism of Tkl( p) defined by
x +— R(x,v)vforx e T)\l (p). Let y be a geodesic in a leaf of 7;. Then it is known that the
following identity holds (cf Ferus [2]):

, o~
V,Cy =C,+Ry. (2.8)
Moreover, we have the following identity.
Lemma 2.2. For any v € T, (p),
tr(1~€v<I>;l) =0.
Proof of lemma 2.2. We take a geodesic y : (—¢, &) — M suchthat y(0) = p and y(0) = v.
Then y is a curve in the leaf of T; through p. Let {ey, ..., e,_,} be a basis of Tki(p) and
{Ey,..., E,_,}beparallel fraNme fields ofTAl along y suchthat (E;), = ¢;(i = 1,...,n—m).
We express ©;,, @;1, C; and Ry as (n—m) x (n —m)-matrices withrespectto {Ey, ..., E,_,}
and denote them by the same notations. Differentiating ®, and C; along y, by (2.7) and (2.8)
we have
o, =,Cy, Q.7
2D /
C),=C2+R;. 2.8)

By these equations, we have
(@) = =0, 00! =~ (9,00 = —Cy 7,
and
(@71)" = —Cp @, — Cy (@)
= —(C;+R)) 0 - Gy (-0, ") = —R 9.
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Thus we obtain the following:
(@) = -R, ;" (2.9)

Since M is a homogeneous semi-Riemannian manifold, the trace tr(d>;1) of the linear
isomorphism ®; ' is constant on M. Therefore, we have tr((®;")") = (r(®;'))" = 0.
By (2.9) it follows that tr(R; ®; ') = 0. O

We continue the proof of theorem 2.1 We take a vector v € T, (p) such that (v, v) # 0. Then
by (2.4), 1~€v x) = (v, v)(A+ Ald)(x) for x € TAJ- (p). By lemma 2.2, the trace of the linear
endomorphism (A + AId)(A — AId)~! of Tf (p) is 0. From this, immediately we obtain the
identity (2.6). (|

As an application of theorem 2.1, we give a local classification of conformally flat
homogeneous semi-Riemannian manifolds with real diagonalizable Ricci operators. This
classification is same as that of the Riemannian case shown by Takagi [7].

Theorem 2.3. Let My be an n(=3)-dimensional conformally flat homogeneous semi-
Riemannian manifold of index q whose Ricci operator is diagonalizable with respect to an
orthonormal basis. Then My is isometric to one of the following:

(1) A semi-Riemannian manifold of constant curvature.

(2) A semi-Riemannian manifold which is locally a product manifold of an m-dimensional
semi-Riemannian manifold of constant curvature k(#0) and an (n — m)-dimensional
semi-Riemannian manifold of constant curvature —k, where 2 < m < n — 2.

(3) A semi-Riemannian manifold which is locally a product manifold of an (n—1)-dimensional
semi-Riemannian manifold of index q — 1 of constant curvature k(#0) and a one-
dimensional Lorentzian manifold or a product of an (n—1)-dimensional semi-Riemannian
manifold of index q of constant curvature k(#0) and a one-dimensional Riemannian
manifold.

Proof. The proof is quite similar to that of theorem A in Takagi [7]. So we show only
its outline. Since the Ricci operator Q is real diagonalizable, the linear operator A is so.
Therefore the eigenvalues Ap, ..., A, of A are all real and the dimensions of their eigenspaces
coincide with their algebraic multiplicities. Hence we can apply the identity (2.6) for each
i €{l,...,r}. Then we have

)"j + A )‘i - )"12 .
O:ij)\'_)\l :ijm for each i. (210)
J#i J J#i J
This implies that the linear operator A has at most two distinct eigenvalues. If A has only one
eigenvalue A, by (2.4) M is of constant curvature 2A. If A has exactly two eigenvalues, by
(2.10) the eigenvalues are A and —A(A > 0) and we have the orthogonal decomposition:

TM =T, +T_,

into the two eigenspace distributions 75 and 7_,. By the proof of theorem 2.1, T; and 7, are
parallel on M with respect to the Levi-Civita connection V. By the de Rham decomposition
theorem, M, is locally a product of two semi-Riemannian manifolds which are integral
submanifolds of 7; and T_,, respectively. ]

As a second application, we give a classification of possible candidates for the linear operator
A of conformally flat homogeneous Lorentzian manifolds (it is equivalent to the classification
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of the Ricci operators). The symmetric linear operator A in a Lorentzian vector space has
exactly one of the following four forms (cf O’Neill [6] pp 261-262):

Al
A2
(D
a —b
b a
(2)
M O
0 N
1 0
3)
A] &
0 X
4

A2

Al

A2

An—l

An72

relative to an orthonormal basis

b#0
relative to an orthonormal basis
(e, e1) =—1,{ei,e;) =6;;(i, j = 2)

@2.11)

relative to a semi-orthonormal basis
(er1,e2) =1,(e;, ej) =6;;(i, j = 3)

e=1or—1
relative to a semi-orthonormal basis
(els 62) = 19 (ei7 ej) = 8!/(17 .] 2 3)

Theorem 2.4. Let M} be an n(=3)-dimensional conformally flat homogeneous Lorentzian
manifold. Then the linear operator A defined by (2.3) has exactly one of the following four
forms corresponding to (2.11):

ey

@

A
a —b
b a

b0
a? + b2 = 2
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A 0 0
0o x 1
1 0 A
A
3
A
—X
—A
A€
0 X
4) A e=1or—1
—A
—A

In the expression above, if A has only one real eigenvalue A, we delete —X.

Proof. The case of (2.11)-(1) has already been studied in theorem 2.3. We consider the case of
(2.11)-(2). In this case A has two complex eigenvalues = a++/—1b and & with multiplicity

1 and at least one real eigenvalue. Let Ay, ..., A, be the distinct real eigenvalues of A with
algebraic multiplicities m, ..., m,, respectively. Then the dimension of the eigenspace of A;
coincides with m; foreachi € {1, ..., r}. Applying the identity (2.6), we have

O—Zm~)\'j+)\'i + ,U,+)\.,‘ + /_L+)\.i
Thi=h o om—hi =i

A
22— a2 2(|ul> — A2
=Y m ( _ D foreachi. 2.12)
— (A —A)F (= A)(R—Ay)
J#
This implies that ||> = A2 = ... = A2 and in particular = 1 or 2. In fact we assume
that there exists a j € {I,...,r} such that |u|> > A? (resp. |u|* < A?). Then we choose
i € {1,...,r} such that A7 is the minimum (resp. the maximum) of {Af,...,A?}. For

this 7, the right-hand side of (2.12) is positive (resp. negative) and it is a contradiction.
Consequently we obtain the form (2) in our theorem. We can prove the other cases by the similar
argument. ]

We devote the rest of this section to the preparation of the proof of theorem 1.1. The
Ricci operator Q and their higher covariant derivatives ViQ,i = 1,2, ... are essential local
invariants of a conformally flat semi-Riemannian manifold. We denote by so(7, M) the Lie
algebra of the orthogonal group O (T, M) consisting of orthogonal transformations on 7, M.
For a non-negative integer ¢, we define a Lie subalgebra g,(p) of s0(T, M) by

ge(p) ={A eso(T,M)|A-Q,=0,A-VQ,=0,...,A- V[Qp =0}, (2.13)
where A acts as a derivation on the tensor algebra on 7, M. In particular,

go(p) = {A € so(T,M)|A - Q) = 0}. (2.14)
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If M is a homogeneous semi-Riemannian manifold, g,(p) is isomorphic to g,(g) for every
p,q € M and every non-negative integer £. So we simply write g,. By straightforward
computation, we have the following.

Lemma 2.5. Let M f’ be a three-dimensional Lorentzian manifold. If the Ricci operator Q, at
p € M has the form of case 2, case 3 or case 4 with . # o in (1.1), then go(p) = {0}.

We state formulae for later use. On a three-dimensional conformally flat homogeneous
Lorentzian manifold M, the following holds by (2.1) and (2.2):

S
R(X, Y)Z:(QX/\Y+X/\QY)Z—E(X/\Y)Z, (2.15)
(Vx Q)Y = (Vy0)X. (2.16)
3. The Ricci operator of the form case 2 in (1.1)

In this section, we study a three-dimensional simply connected conformally flat homogeneous
Lorentzian manifold M ? whose Ricci operator Q has the form
a —b
o=[b a |b=o G.1)
A
with respect to a semi-orthonormal basis {ej, ez, e3}, (e], e2) = 1, (e3,e3) = 1. Then by
lemma 2.5, go = {0}. Therefore M is a three-dimensional Lie group with a left invariant
Lorentzian metric. Let {e;, e;, e3} be left invariant semi-orthonormal frame fields on M with
respect to which the Ricci operator has the form (3.1). We denote by {F lk] } i jk=1,2,3)
the connection functions, i.e., V,e; = Zzzl Ffjek. We note that Ff‘j are constant on M.
Simply we denote by I'; the matrix whose (i, j)-components are F,’;j. Since {ey, e, e3} are
semi-orthonormal frame fields, we have
a0 ai
Ipy=10 —an -—az
ay; —aiz 0

Using equation (2.16), we shall determine Flk] Calculating V,, Q = [I';, Q], we obtain

0 —2bT}| (A —a)T} — b3,
V.0 = —2bT}, 0 —bI'l — (A — )T},
—bI's — (A —a)T}, (—a)T} —bT3, 0
Since (V,, Q)e; = (Ve, Q)e;, we have
—2bT}, 0
G, j)=0(1,2) 0 = —2bT}, ,
(A —a)l'}; — by, —bI'); — (b —a)T3,
(A —a)l}; — bI3, 0
(i, j)=(1,3) bl — (L —a)T5, | = —2bT'3, ;
0 —bI'l, — (A —a)T3,
()L - a)F213 - br‘g] —2b1“3'1
i, 7)) =123 —brh — (v —a)T3, | = 0
0 (A —a)T}, — b3,
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From these, we have

0 0 ac 0 0 -—Bc c 0 O
=10 0 —pc |, rh=40 0 —a«acl, ;=10 —c 0],
Bc —ac 0 ac Bc 0 0o 0 O

where o = 2b2/((k —a)?+b»), B =2b0\ — a)/((x — a)? + b?) and ¢ is a constant. From
this, we have

V. e = Bces Ve,e1 = ace; Ve,e1 = cej
V. e2 = —ace; Ve,ea = Bees Ve,e2 = —cep
V. e3 = ace; — Bcer Ve,e3 = —fce; — ace; Ve,e3 =0
[e1, e2] = —2ace;

[e2, e3]1 = —Bce; + (¢ — ac)e;

[es, e1] = (¢ — ac)e; + Bees.

We calculate the curvature tensors by two ways. First using the connection, we have

R(ey, ex)ey = dac?e; R(ei,e3)e; = 2,36263
R(ey, ex)es = —dac?e, R(ey, e3)es = 20c2es
R(ey, ex)es =0 R(ey, e3)e3 = —2ac’e; — 2Bc%e,

3.2)
R(ey, 3)e; = 20c?es

R(ez, e3)er = —2fBc%e3

R(ea, e3)e3 = 2Bc%e; — 2ac’e,.

Here we use a? + B> = 2a. On the other hand, we calculate the curvature tensors using
equation (2.15), and have

A A
R(ei, e2)er = (d - 5) e R(ey, e3)e; = —bes R(ez, e3)e1 = —563
A A
R(ey, ex)er = — (a - 5) e R(ey,e3)er = 5 R(es, e3)er = bes (3.3)
A A
R(ey, e2)e3 =0 R(ey, e3)ez = el +be;  R(es, e3)e3 = —bey + e

Comparing (3.2) and (3.3), we obtaina = —A/2,b = :t(«/§/2)k, A < 0. In fact, « = 1/2,
B = £vV3/2,a = 2 b = FV/3c¢*, 1 = —2¢% and ¢ # 0. When 8 = +/3/2, for the
semi-orthonormal basis {ey, e;, e3} the brackets [e;, e;] become

[er, e2] = —ces3

_ 3 c
[e2, e3] = — et e (3.4)

c
les, e1] = —e; + —ces.
2 2

This Lie algebra is semi-simple and isomorphic to s/(2, R). Hence the Lie group is isomorphic
to the universal covering SL(2, R) of SL(2, R). The Ricci operator is of the form
c? V32 0
-3¢t 2 0 c#0
0 0 —2c2
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with respect to the semi-orthonormal basis {e], e>, e3}. When g = -3 /2, we may take the
basis {e;, e, —e3}.

Conversely, for the basis {e, e, e3} of the Lie algebra s/(2, R) with the bracket operation
[,] given by (3.4), we define a Lorentzian inner product by (e, e2) = 1, (e3, e3) = 1, the
others = 0. Then we go backward on the way of our calculation and can show that the Lie
group with the left invariant Lorentzian metric above is conformally flat. Thus we have the
following.

Proposition 3.1. A three-dimensional simply connected conformally flat homogeneous
Lorentzian manifold whose Ricci operator has the form (3.1) is isometric to the Lorentzian
manifold of (4) in theorem 1.1.

4. The Ricci operator of the form case 3 in (1.1)

In this section, we study a three-dimensional simply connected conformally flat homogeneous
Lorentzian manifold M 13 whose Ricci operator Q has the form

L 00
o=|0 A 1 4.1)
1 0 A

with respect to a semi-orthonormal basis {ej, ez, e3}, (e1,e2) = 1, (e3,e3) = 1. Then by
lemma 2.5, go = {0}. Therefore it is a three-dimensional Lie group with a left invariant
Lorentzian metric. Let {e;, e», e3} be left invariant semi-orthonormal frame fields with respect
to which the Ricci operator has the form (4.1). We trace the same way as section 3 to determine
the connection functions {Flkj } Using equation (2.16), we have

2a 0 =2b 00 O —-4b 0 O
=10 —-2a —c|, =10 0 -b|, I's=|1 0 4 —-al,
c 2b 0 b 0 O a 0 O

where a, b and ¢ are some constants. We calculate the curvature tensors using the connection
functions and have

(R(ey, ex)es, e;) =ab and (R(e1, e3)er, e1) = 10ab.
On the other hand, we calculate them using equation (2.15) and have
(R(er, e2)e3, e1) = —1 and (R(e1, e3)ez, 1) = —1.

From these, it follows that ab = —1 and 10ab = —1, which is a contradiction. Thus we
obtain the following.

Proposition 4.1.  There is no three-dimensional simply connected conformally flat
homogeneous Lorentzian manifold whose Ricci operator has the form (4.1).

5. The Ricci operator of the form case 4 in (1.1)
In this section, we study a three-dimensional simply connected conformally flat homogeneous
Lorentzian manifold M; whose Ricci operator Q has the form

A e 0
o=10 » O e=1or—1 5.1)
0 0 o
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with respect to a semi-orthonormal basis {e|, e, e3}. We consider the following two subcases:

case 4-1. L # o,
case4-2. A =o.

Case 4-1. We will prove that this case does not occur by the same way as the previous section.
By lemma 2.5, go = {0} and hence it is a three-dimensional Lie group with a left invariant
Lorentzian metric. Let {e, e,, e3} be left invariant semi-orthonormal frame fields with respect
to which the Ricci operator has the form (5.1). We solve the connection functions {I'}; } which
satisfy equation (2.16) and have

a 0 b ab 0 0
F1=O, F2= 0 —a O s F3= 0 —ab 0 s
0 —b 0 0 0 0

where @« = (0 — A)/(2¢) and a, b are some constants. We calculate the curvature tensors
using the connection functions and have

R(€1,€2)€1 =0 and R(€1,€3)€2 =0.
On the other hand, by (2.15), we have

R(el, 62)61 = ()\. — %) [ and R(el, 63)82 = —%63.

From these, we have A = o = 0. This contradicts our assumption A # o. Thus we obtain the
following.

Proposition 5.1.  There is no three-dimensional simply connected conformally flat
homogeneous Lorentzian manifold whose Ricci operator has the form (5.1) with A # o.

Case 4-2. In this case,

0 0 -—s
go = 0 0 O ||lseRy;. 5.2)
0 s O

Let {e1, ez, e3} be local semi-orthonormal frame fields with respect to which the Ricci operator
0 has the form

A€
A e=1or—1. (5.3)
A
We calculate the covariant derivative V Q of the Ricci operator and obtain
0 2el}, eI’}
Ve, Q=10 0 0 1. 5.4
0 e} 0
By (2.16), we have
0 0 a b 0 c d 0 e
=10 0 0}, =0 —-b -2d}, =10 —-d 0], (5.5)
0 —a O 2d —c 0 0 — O

where a, b, ¢, d and e are not constant in general. We define the subbundle T and Ty of the
tangent bundle 7 M by Ty = Ker(Q — AlId) and Ty = Im(Q — A 1d), respectively. Then e;
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and e3 are local frame fields of T} and e, is a local frame field of Tj. For the subbundle Ty,
we define a Hom(7yy, T M/ Typ)-valued 1-form « by

a(X)(E) = (Vxé) for X e'(TM) and & € I'(Ty),
where 7 denotes the projection of TM onto TM /Ty and I'(T M) and I'(Typ) denote the
spaces of smooth sections of the vector bundles 7'M and Ty, respectively. The bundle Ty is
parallel with respect to the Levi-Civita connection V if and only if « vanishes. The bundles
Ty and Ty are invariant by the action of isometries. Since M is a homogeneous Lorentzian
manifold, if a, = 0 at some point p € M, then o = 0 everywhere on M. We divide the
case 4-2 into the following subcases:
case 4-2-(i). Ty is not parallel,
case 4-2-(ii). Ty is parallel.

By (5.5), we have
a(er)(e)) =0, a(ey)(er) = 2dm(e3), a(es)(er) =0.
Therefore @ = 0 if and only if d = 0.

Case 4-2-(1). First we consider the case when Ty is not parallel. Then d # 0. In this case, if
X -VQ =0for X € g, that is,

X((%,.0)e)) — (Vxo Q)e, — (V@) Xe; =0 i.j=1.23
then we have X = 0. Therefore we have g; = {0} and hence M is a three-dimensional Lie
group with a left invariant Lorentzian metric. Let {e, e, €3} be left invariant semi-orthonormal
frame fields with respect to which the Ricci operator has the form (5.3). Then the connection
functions Ffj are constant and in particular, a, b, ¢, d and e in (5.5) are constant.

Lemma 5.2. We can choose left invariant semi-orthonormal frame fields {e;, e,, €3} with
rj, =0.
21

Proof of lemma 5.2. The one-dimensional Lie subgroup of SO(1,2) corresponding to
90((5.2)) is given by

1 —%52 -5
0 1 0 s eR
0 s 1

We define new semi-orthonormal frame fields {é;, é,, é3} by

e =ey, &y = —%5261 +er + 563, é3 = —sej +e3.

Then the Ricci operator has the form (5.3) with respect to {&;, &, &;}. Moreover we have
ngél =0+ SSd)él + 2des.
Therefore if we put s = —b/(3d), we obtain f’211 =0. O

From now on, we use left invariant semi-orthonormal frame fields {e;, e», e3} defined by
lemma 5.2. Then we have

Ve e1 =0 Ve,e1 = 2des Veer =de;
Ve €2 = —aes Ve,e2 = —ce3 Ve,e2 = —dey — ees
Ve e3 = ae; Ve,e3 = cep — 2des Ve, e3 = ee;

[e1, e2] = —(a +2d)e;
[ea, e3] = cey — de; + ee;
[es, e1] = —(a — d)ey,

where a, ¢, d, e are constant and d # 0. Calculating the curvature tensors using the connection,
we have
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R(ei,ex)er = (Ba +2d)de R(ei,e3)e; =0
R(ei,ex)es = —(Ba +2d)de; — (a + 2d)ees R(ey, e3)es = a’es
R(ey, ex)es = (a +2d)ee R(ey, e3)e3 = —a’e; (5.6)
R(ey, e3)e; = —3dee| + 4d%es ’
R(ey, e3)es = 3dees + (ac + e*)es
R(es, e3)e3 = —(ac + e, — 4d%es.
On the other hand, we calculate the curvature tensors using equation (2.15) and have
A A
R(ey, ex)e; = el R(e1,e3)er =0 R(ez, e3)e; = —5e
A A
R(ey, ex)er = —5e R(e1, e3)er = —5 R(es, e3)er = —¢ce3 (5.7
A A
R(er, e2)es =0 R(ey, e3)e; = el R(e, e3)e3 = gey + ¢

Comparing (5.6) and (5.7), we obtain a = —2d,c = &¢/(2d),e = 0, and A = —8d*(d # 0).
Hence the brackets [e;, e;] are given by

[e1,e2] =0
lea, e3] = %el —dey eg=1or—1 (5.8)
[es, e1] = 3de.

This Lie algebra is nonunimodular and its unimodular kernel is spanned by e; and e,. Moreover
the Ricci operator has the form
—8d? e
—8d? d #0.
—8d?
Conversely, for the basis {e}, e», e3} of the Lie algebra with the bracket operation given
by (5.8), we define a Lorentzian inner product by (e, e2) = 1, (e3, e3) = 1, the others = 0.
Then we go backward on the way of our calculation and can show that the Lie group with the
left invariant Lorentzian metric is conformally flat.

Case 4-2-(ii). We consider the case when the bundle Ty is parallel. Then d = 0 in (5.5). In
this case,
0 0 —s
go=g1=110 0 0 J|seR
0 s O
Moreover, the following holds.
Lemma 5.3. The subbundle Ty = Ker(Q — A 1d) is also parallel and ) = 0.

Proof of lemma 5.3. We note that 7 is the subbundle of 7'M which is the orthogonal
complement of Tyy. Since Ty is parallel, then T, is also parallel. Let {e, es, e3} be
a semi-orthonormal basis with respect to which the Ricci operator has the form (5.3).
Since Ty is parallel, R(ep, e3)e; = ae; for some o € R. On the other hand by (2.15),
R(ep, e3)e; = —(1/2)es. Therefore we have A = 0. O

By this lemma and the previous arguments in this section, we obtain the following
characterization.
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Proposition 5.4. A three-dimensional simply connected conformally flat homogeneous
Lorentzian manifold whose Ricci operator has the form (5.3) with A # 0 is isometric to
the Lorentzian manifold of (5) in theorem 1.1.

We will show the global description of case 4-2-(ii) in the next section.

6. Global description of case 4 with A = o = 0 in (1.1)

In this section we study a three-dimensional simply connected conformally flat homogeneous
Lorentzian manifold M 13 whose Ricci operator Q has the form

0 ¢
0= 0 g=1lor—1 6.1)
0

with respect to a semi-orthonormal basis {e;, €2, e3}. In this section, our main result is the
following:

Theorem 6.1. Let M 13 be a Lorentzian manifold which satisfies the assumption above. Then
M f is isometric to the Lorentzian manifold of (6) in theorem 1.1.

At first we will show the outline of the proof of theorem 6.1. As we refered in the
introduction of this paper, in the previous paper [4], we have shown how to construct the
examples which are conformally flat semi-Riemannian manifolds whose Ricci operators QO
satisfy Q% = 0. Moreover we obtained the characterization of such examples ([4] theorem
5.4). We recall it. Let M be an n-dimensional conformally flat semi-Riemannian manifold
with Q% = 0. We assume that the rank of the Ricci operator Q is k everywhere on M. Then
the distribution 7y = Ker Q is completely integrable and its leaves are totally geodesic with
respect to the Levi-Civita connection V. Suppose that the distribution Tj is parallel on M
with respect to the Levi-Civita connection V and that each leaf of 7j is geodesically complete
with respect to the induced connection. Then there exists a k-dimensional manifold N and a
centro-affine hypersurface immersion F : N — R*! — {0} such that M is isometric to the
semi-Riemannian manifold constructed from (N, F) by the method in the introduction.

Now we return to the proof of theorem 6.1. We have already shown that the distribution
To = Ker Q is parallel in lemma 5.3. Therefore to prove theorem 6.1, it is sufficient that we
show the following two:

1. to prove that each leaf of 7, is geodesically complete with respect to the induced
connection.
2. to classify homogeneous centro-affine plane curves in R>.

We will study the first problem above. Let M f be a Lorentzian manifold which satisfies
the assumption in the beginning of this section. Let K be a connected Lie group which
acts isometrically, transitively, and effectively on M. For k € K, we denote by 1 the
diffeomorphism of M defined by k. Let £ be the Lie algebra of K and for X € € we denote by
X* the vector field on M generated by X, i.e., the vector field defined by the one-parameter
group {Texprx|t € R} of transformations of M. We fix a point of M which is called the origin
of M and denoted by o. The isotropic subgroup of K at the origin o is denoted by H and
the Lie subalgebra corresponding to H is denoted by h. Then the quotient manifold K /H is
diffeomorphic to M. We denote by & : K — M the natural projection defined by 7 (k) = 74 (0)
for k € K and by the same symbol 7 : ¢ — T,M its differentiation m,, at e € K. Then
we have w(X) = X. We denote by A : H — End(T, M) the linear isotropy representation
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defined by A(h) = 1,4, and by the same symbol A : h — End(7,M) its corresponding Lie
algebra homomorphism. Then we have

A (X) = 7 (Ad(h)X)
AMAT(X) = 7([A, X]) for heH Aeh and Xet

6.2)

Under the assumption of this section, dim gy = 1, where gg = {A € so(T,M)|A - Q, = 0}.
Therefore we have dim b < 1 and hence dim £ = 4 or 3. We study the first problem dividing
into the two cases.

At first we assume that dim £ = 4. We will determine the structure of the Lie algebra £ and
the connection I" applying the theory of invariant affine connections. We refer to Kobayashi
and Nomizu [5] chapter X. A semi-orthonormal basis {e, e, €3}, (€1, €2) = 1, (e3,e3) = 1
of the tangent space T,M,p € M is called adapted if e, € Ty(p) = ImQ, and
{er,e3}r = To(p) = Ker Q,. We denote by P the bundle of adapted semi-orthonormal
bases over M. The structure group G of P and its Lie algebra g are given as follows:

b2
¢ T
c=1lo 1 ollazoprere=10r—1},
a
b
0 ——e ¢
a
a 0 b
g= 0 —a O)|la,beR
0 —b 0

Since Ty and Ty are parallel with respect to the Levi-Civita connection, the Levi-Civita
connection is reduced to a connection in the bundle P. We define a basis {E, E,} of the Lie
algebra g by

1 0 0 0 0 I
E=[0o -1 o], E=[0 0o of. (6.3)
0 0 0 0 —1 0

Then we have [E4, E;] = E,. Letu, = {ey, es, e3} be a semi-orthonormal basis of 7, M with
respect to which the Ricci operator has the form (6.1). Then u, is adapted. From now on, we
fix this basis u, and by u, we identify R? with T,M. Then gy = {A € so(T,M)|A - Q, = 0}
is spanned by E, and for the linear isotropy representation A of b, we have A(h) = go.

We recall the theory of invariant affine connections (see section 1 in [5] chapter X). For
the Levi-Civita connection reduced to P, there exists a linear map I : € — g such that the
following equations hold:

T(A) = A(A) for Aeb, (6.4)
T([A, X]) = [~(A), [(X)] for Ach Xekt (6.5)
FX)n(Y) - T (¥)r(X) = 7((X, Y] for X,Y e, (6.6)
R(x(X), m(Y)) = [[(X),T(Y)] = T([X,Y])  for X,Y ek, (6.7)

where we denote by R the curvature tensor at 0 € M and note that we identify R with T, M
by the basis u,. Moreover for X, Y € £ and k € K, the following holds:

(Vx: Y0 = T, (T(AdGH YY) (Ad(k ) X)). (6.8)
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For the basis {E|, E»} of g, we put I'(X) = '/ (X)E| + ['2(X)E; for X € £. We choose an
element A € b suchthat A(A) = E,. Forthe basis u, = {ey, €2, €3}, we choose X1, X,, X3 € ¢
such that 7(X;) = ¢; and I',(X;) = 0@ = 1,2, 3). By (6.2), (6.5), (6.6) and (6.7), we will
determine the bracket operation [ ,] of € and the connectionI" : ¢ — g.

Lemma 6.2. For the basis {A, X1, X», X3} of & given above, we have

[A, X1]1=0, [A, Xo] = —cA — X3, [A, X3] = X,
[XlaXZ] = _CXla [X27 X3] = _8Aa [XI’X3] =0
I'(X1) =0, I'(X2) = cEy, I'(X3) =0,

where c is a constant and ¢ = 1 or —1.

Proof of lemma 6.2. By (6.2), there exist real numbers ¢y, ¢, and ¢3 such that [A, X ] = ¢/ A,
[A, X2] = C2A — X3 and [A, Xg] = C3A + X]. By (65), we have Cc; = —F](X,)(l = 1, 2, 3)
and I'1(X;) =T'1(X3) = 0. So we put ¢ = I'1(X3) newly and obtain

[A, X1]=0, [A, Xo] = —cA — X3, [A, X3] =X,
'X;)=TX3) =0, I'(X,) = cE;.
By (6.6), there exist real numbers by, b, and b3 such that
[X1, Xo] = b3A — X, [X2, X3] = b1A, [X3, X1] = bA.
By (6.7) we have
R(m(X1), 1(X2)) = —b3Es, R(7(X»), m(X3)) = —b1Es,

R(m(X1), 1(X3)) = by Es.
On the other hand, by (2.15)
R(m(X1), n(X2)) =0, R(m(X2), n(X3)) = eEy, R(m(X1), m(X3)) = 0.
From these, it follows that b, = b3 = 0 and b; = —e. O

Corollary 6.3. When dimt = 4, each leaf of the distribution Ty = Ker Q is geodesically
complete with respect to the induced connection.

Proof of corollary 6.3. Since the distribution 7 is invariant by the action of isometries, it
is sufficient to prove that a geodesic of M through the origin and tangent to 7j(o) is defined
on the whole of R. To prove this, for an arbitrary vector X = aX; + bXs € €(a,b € R),
we will show that 7ex,,x (0) is a geodesic of M tangent to 7 (X) = ae; + bez. By lemma 6.2,
I'(X) =al'(Xy) + bI'(X3) = 0. We note that Ad(exptX)X = X. By (6.8), we have

(Vi XD () = Texprxs (D' (Ad(exp(—1X)) X) 7 (Ad(exp(—1 X)) X)
= fexth*(F(X)T[(X)) =0.

Therefore the integral curve 7ey,;x(0) of X* through the origin is a geodesic. In particular, it
is defined on the whole of R. (Il

Next we treat the case of dim€ = 3. Then M is a three-dimensional Lie group with a
left invariant Lorentzian metric. We will investigate it by the same way as section 5. Let
{e1, €2, e3} be left invariant semi-orthonormal frame fields with respect to which the Ricci
operator has the form (6.1) and {Fl"]} the connection functions. By the same calculations as
section 5, we obtain the following.
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Lemma 6.4. We can choose left invariant semi-orthonormal frame fields {e,, e2, e3} such that
ler, e2] = —aey, [e2, e3] = bes, le3, e1] =0,
Fl = 0, F2 = ClEl, F3 = bEz,

where a, b are some constants which satisfy (a — b)b = ¢ and E| and E, are the elements of
g defined by (6.3).

We will show the Lie group corresponding to the Lie algebra given in lemma 6.4. We
denote by (s, x, y) the coordinates of R>. On R*, we define a product as follows:

—as —bs
(51, x1, Y1) (82, X2, y2) = (81 + 52, € “Cx 1 +x2, ¢ "2y + ).

Then R? equipped with the product is a Lie group, which is denoted by K. We define vector
fields e;(i = 1,2, 3) on R* by
0 0 0 0

= —, i ——b -, = —.
. ax “ as @ ax y3y “ ay

Then they are left invariant vector fields on K and satisfy
le, e2] = —aey, [e2, e3] = bes, [e3,e1] = 0.

Therefore the Lie algebra of K is isomorphic to the Lie algebra £. We define a left invariant
Lorentzian metric on K such that (e, e;) = 1, (e3, e3) = 1, the others = 0. Then K equipped
with the left invariant Lorentzian metric is isometric to M. The distribution 7y = Ker Q is
spanned by e; = 9/dx and e3 = d/dy. Therefore a leaf of 7y through (s,, x,, y,) is given
by {(s,, x, y)|x,y € R}. Let My(0) be the leaf of Tj through the origin which is given by
{(0, x, y)|x, y € R}. We will determine the geodesic y () of My(0) such that y(0) = o (the
origin) and y(0) = (0, p,q). The geodesic y(t) = (0, x(¢), y(¢)) satisfies the system of

equations
d? dy\*
() =0
dr? dr

d?y _

P
We can easily solve it and obtain x(¢) = pt —(1/ 2)bq2t2, y(t) = gt. Inparticular it is defined
on the whole of R. Thus the following has been proved.

Corollary 6.5. When dimt = 3, each leaf of the distribution Ty = Ker Q is geodesically
complete with respect to the induced connection.

By corollaries 6.3 and 6.5, we have solved the first problem in the proof of theorem 6.1.
Now we will study the second problem in the proof of theorem 6.1. We recall some
relations between the affine differential geometry of centro-affine hypersurface immersions and
the semi-Riemannian geometry of conformally flat semi-Riemannian manifolds constructed
from such hypersurface immersions (mainly section 3 in [4]). Let F; : N; — R 016 =
1,2) be centro-affine hypersurface immersions of k-dimensional manifolds N; and M;
be n-dimensional conformally flat semi-Riemannian manifolds constructed from (N;, F;),
respectively, by the method recalled in the introduction of this paper. If (N, F;) and (N, F>)
are GL(k+ 1, R)-congruent, that is, there exist a diffeomorphism a of N| onto N, and a linear
transformation @ € GL(k+1, R) such that F>oa = do F, then M, is isometric to M, as semi-
Riemannian manifolds. If the centro-affine fundamental form of (N, F) vanishes, then the
semi-Riemannian manifold M constructed from (N, F) is flat. A centro-affine hypersurface
immersion F : N — R¥! — {0} is called homogeneous if there exist a connected Lie group
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K which acts transitively on N and a Lie group homomorphism p : K — GL(k + 1, R) such
that
F(ap) = p(a)F(p) for a€e K,peN.
We consider a homogeneous centro-affine curve in R2. Ifitis non-degenerate, that is, it has a
non-zero centro-affine fundamental form, the dimension of the corresponding Lie group K is
equal to 1. Therefore our problem is reduced to the following:
to classify non-degenerate centro-affine curves which are orbits of points in R?> — {0} under
one-parameter subgroup of GL(2,R) up to congruence by linear transformations in
GL(2,R).
It is easy to classify one-parameter subgroup of G L(2, R) up to inner automorphisms and
their orbits by linear algebra. Thus we obtain the following.

Proposition 6.6. A homogeneous non-degenerate centro-affine curve in R is congruent to
one of the following by linear transformations in GL(2, R):

) y=x*>1,x>0)

2 y=x"A<-1Lx>0),

x = e’ cos bt
3) {y:et sin bt &> 0),
@ 2+ =1
B) y=xlogx(x > 0).

This, combined with the previous arguments, proves our theorem 6.1.

7. The case of product manifolds

In this section we study a three-dimensional simply connected conformally flat homogeneous
Lorentzian manifold M f whose Ricci operator Q has the form

k 0
1 k k#0, ) k k#0, (7.1
0 k

with respect to an orthonormal basis {eq, e, €3}, (€1, e1) = —1, (€2, €2) = (e3,e3) = 1. In
section 2, we have shown that M 13 is locally a product manifold (theorem 2.3). In this section
we show global properties.

Theorem 7.1. Let M 13 be a Lorentzian manifold which satisfies the assumption above. If the
Ricci operator has the form of (7.1)(1) (resp. (2)), then M13 is isometric to M12 (k) x R (resp.
R{ x M?(k)).

Proof. We will prove the case of (7.1)(1). The proof of the case (7.1)(2) is similar. We will
trace the same way as the proof of theorem 6.1. Let K be a connected Lie group which acts
isometrically, transitively, and effectively on M and £ be the Lie algebra of K. We fix a point
of M, which is denoted by o. The isotropy subgroup of K at the origin o is denoted by H and
the Lie algebra corresponding to H is denoted by h. Under the assumption of this section,

0 a O
go=1{A € so(T,M)|A-Q, =0} = a 0 O)jlaeRy;. (7.2)
0 0 O

In particular dim gy = 1. Therefore dim ) < 1 and hence dim £ = 4 or 3.
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First we discuss the case of dim & = 4. We define the subbundles of the tangent bundle
TM by T; = Ker(Q — k1d) and Ty = Ker Q. An orthonormal basis {e}, e, e3} of the tangent
space T,M, p € M is called adapted if {e|, e;}r = T;(p) and e3 € To(p). We denote by
P the bundle of adapted orthonormal bases over M. Then the Lie algebra g of the structure
group G in P coincides with gy given by (7.2). As shown in the proof of theorem 2.3, 7}
and Ty are parallel with respect to the Levi-Civita connection V. Therefore the Levi-Civita
connection is reduced to a connection in P. As in section 6, there exists a linearmap " : ¢ — g
which satisfies (6.4)—(6.7). We define a subspace m of £ by m = {X € ¢|I'(X) = 0}. Since
A(h) = g, we have a direct sum decomposition £ = ) + m. By the same argument as corollary
6.3, we see that the Lorentzian manifold M; is geodesically complete. Thus M? is a simply
connected, complete Lorentzian manifold. By the decomposition theorem of de Rham and
Wu ([8] appendix I), M f’ is isometric to the product manifold M 12 (k) x R!. O

Next we discuss the case of dim € = 3. Then M f is a three-dimensional Lie group with a
left invariant Lorentzian metric. Let {e;, ¢, e3} be left invariant orthonormal frame fields with
respect to which the Ricci operator has the form (7.1)(1) and { Flk]} the connection functions.

Lemma 7.2. We can choose left invariant orthonormal frame fields {ey, e», e3} such that if
k>0,a=k,

[e1, e2] = aey, [e2, e3] = [e3,e1] =0
F1=F3=0, F2=—aE
and ifk < 0,a = /—k,
[e1, e2] = aey, [e2, e3] = [e3,e1] =0
F]:CIE F2=F3=O,
where
01 0
E=]11 0 0
0 0 O

Proof of lemma 7.2. Since T} and T are parallel with respect to V, there exist some constants
ai,ap,as suchthat I'; = a; E(i = 1, 2, 3). Then we have

[e1, e2] = a1er — azen, [e2, e3] = —aszey, [es, e1] = azes.
Calculating the curvature tensors using the connection, we have
R(ei, er) = (—a12+a§)E, R(ez, e3) = ajaz E, R(ey, e3) = arazE.
On the other hand, we calculate them using equation (2.15) and we have

R(e1,e2) =kE, R(es, e3) = R(ej, e3) = 0.

Therefore —a% + a% = k(#0) and aja3; = aaz = 0. Since at least one of a; and a; is not
zero, a3 = 0. We put v = [ey, e2]. Then (v, v) = k. If k > 0, we put e; = v/«/E and define
new orthonormal frame fields {e;, e>, e3}. If k < 0, we put e¢; = v/ /—k and define new
orthonormal frame fields {e;, e, e3}. Then they satisfy the conditions in lemma 7.2

We continue the proof of theorem 7.1 in the case of dim€ = 3. We put & = {e3}r
and € = {e;, eo}r. Then by lemma 7.2, we have a Lie algebra direct sum ¢ = € + ;. We
denote by K| and K the Lie subgroups of K which correspond to the Lie algebras €, and &,
respectively. Then the Lie group K is isomorphic to the product Lie group K; x K. Since the
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metric on M; = K is left invariant, Mj = K is isometric to the product Lorenizian manifold
K| x Ky. Here K is a two-dimensional simply connected homogeneous Lorentzian manifold
of constant sectional curvature k. ]

Remark 7.3. The two-dimensional Lie group K; with left invariant Lorentzian metric in the
case of dim¥ = 3 is not geodesically complete. We can prove this fact straightforward but
omit it.
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