Proceedings of the Royal Society of Edinburgh, 148A, 461-482, 2018
DOI:10.1017/50308210517000464

The structure of the Ricci tensor on locally
homogeneous Lorentzian gradient Ricci solitons

M. Brozos-Vazquez

Universidade da Coruna, Differential Geometry and Its Applications
Research Group, Escola Politécnica Superior, 15403 Ferrol, Spain
(miguel.brozos.vazquez@udc.gal)

E. Garcia-Rio and S. Gavino-Fernandez

Faculty of Mathematics, University of Santiago de Compostela,

15782 Santiago de Compostela, Spain (eduardo.garcia.rio@usc.es;
sandra.gavinoQusc.es)

P. Gilkey
Mathematics Department, University of Oregon, Eugene, OR 97403,
USA (gilkey@uoregon.edu)

(MS received 10 May 2016; accepted 20 July 2016)

‘We describe the structure of the Ricci tensor on a locally homogeneous Lorentzian
gradient Ricci soliton. In the non-steady case, we show that the soliton is rigid in
dimensions 3 and 4. In the steady case we give a complete classification in
dimension 3.

Keywords: locally homogeneous Lorentzian manifold; Cahen—Wallach space;
gradient Ricci soliton; harmonic Weyl tensor; Walker manifold;
Killing vector field

2010 Mathematics subject classification: Primary 53C21
Secondary 53B30; 53C24; 53C44

1. Introduction

Let (M, g) be a Lorentzian manifold of dimension n + 2 for n > 1 and let p be the

Ricci tensor. Let Ric be the Ricci operator; p(X,Y) = g(Ric X,Y). If f € C*(M),

let Hessy be the Hessian; f is often called the potential function. Then
Hess(X,Y) = (Vx df)(Y) = XY (f) = (VxY)(/).

Let Vf be the vector field dual to the exterior derivative df of f; this will also be

denoted by grad{f} for notational clarity when convenient. The Hessian operator

Hf(X) = Vx(Vf)

satisfies
Hessf(X,Y) = g(HsX,Y).

Note that |p]|* = ||Ric||? and ||H¢||* = ||Hess|*.
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The triple (M, g, f) is said to be a Lorentzian gradient Ricci soliton if f satisfies
the gradient Ricci soliton equation:

Hessy +p = Ag for some X € R. (1.1)

Setting f = 0 yields the Einstein equation p = Ag; thus, (1.1) is a natural gen-
eralization of the Einstein equation and a gradient Ricci soliton can be thought
of as a generalized Einstein manifold. Gradient Ricci solitons also correspond to
self-similar solutions of the Ricci flow 0;g(t) = —2py(t). For these reasons, gradient
Ricci solitons have been extensively investigated in the literature — see, for exam-
ple, the discussion in [6,10,13,23] and the references therein. If A > 0 (respectively,
A =0or A < 0), then (M,g,f) is said to be shrinking (respectively, steady or
expanding). We shall assume for the most part that (M, g) is locally homogeneous.
This implies that the scalar curvature is constant.

Omne has canonical examples that play a central role in the theory. Let (IV, gn)
be an Einstein manifold with Einstein constant ), i.e. py = Agn. Let M = N x R¥
have the product metric gy; and let f(z) := A||7(z)||?, where 7 is projection on
the second factor. Then (M, gar, f) is a gradient Ricci soliton and is said to be rigid.
Since we are interested in questions of local geometry, by an abuse of notation we
shall also say that (M, gas, f) is rigid if (M, gar, f) is isomorphic to an open subset
of a product N x R¥ that is rigid. We shall use the following results of Petersen and
Wylie [24]. Assertion (2) was first proved in the Riemannian setting but extends
easily to arbitrary signature.

THEOREM 1.1 (Petersen and Wylie [24]).
(1) Any locally homogeneous Riemannian gradient Ricci soliton is rigid.

(2) Let (M,g) = (M1 x Ma, g1 ®ga) be the direct product of two pseudo-Riemann-
ian manifolds. If f satisfies the gradient Ricci soliton equation on (M, g),
then f(x1 4+ x2) = f1(z1) + fo(x2), where fi and fo satisfy the gradient Ricci
soliton equation on (M1, g1) and on (Mas, g2) separately.

Assertion (1) was originally proven for homogeneous manifolds, but the assump-
tion of homogeneity can be weakened to local homogeneity by modifying the argu-
ment in [24, proposition 1], as in the proof of lemma 1.2(2)(c). Since any locally
homogeneous Riemannian gradient Ricci soliton is rigid, the classification is com-
plete in this context. However the possible geometries are much richer in the
Lorentzian setting owing to the existence of degenerate parallel line fields. For
example, in example 4.1 we present results of [1] showing that Cahen—Wallach
symmetric spaces admit steady non-rigid gradient Ricci solitons.

1.1. Outline of the paper and summary of results

In §1.2 we state lemma 1.2. This lemma, which will be proved in § 2, summarizes
the relevant results we shall need concerning gradient Ricci solitons with constant
scalar curvature; many of these results rely upon earlier papers. The analysis there
will be local in nature and will rely on the investigation of the gradient Ricci
soliton equation (1.1) as this links the geometry of the manifold, through its Ricci
curvature, with the extrinsic geometry of the level sets of the potential function by
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means of their second fundamental form. The signature of the manifold plays no
role in lemma 1.2 and is completely general. We shall see that if the scalar curvature
is constant, then any solution of (1.1) is an isoparametric function, i.e.

IVFII?=0b(f) and Af=a(f) for a,bsmooth on Range(f).

For the remainder of the paper we shall assume (unless otherwise noted) that the
underlying manifold (M, g) is a locally homogeneous Lorentzian manifold and that
(M, g, f) is a gradient Ricci soliton. In § 1.3 we present our results in theorems 1.3—
1.5 concerning non-steady solitons (A # 0); these results will be proved in § 3. In low
dimensions, such solitons are rigid; in arbitrary dimensions, the eigenvalue structure
of the Ricci operator agrees with the corresponding eigenvalue structure of a rigid
soliton, i.e. there are only two eigenvalues {0, A}. In §1.4 we present our results
concerning steady solitons (A = 0) in theorems 1.8-1.9; these will be proved in §4.
Theorem 1.8 gives a complete classification if ||V f||? < 0. In theorem 1.9 we examine
the situation when ||V f||? = 0 and show that the Ricci tensor is either two- or
three-step nilpotent; the metrics in question are pure radiation metrics with parallel
rays [21]. If we further restrict the geometry, stronger results are available. In §1.5
we give a complete classification of symmetric Lorentzian gradient Ricci solitons in
theorem 1.12. This result is proved in § 5. In theorem 1.16 of § 1.6 we give a complete
classification of three-dimensional Lorentzian locally homogeneous gradient Ricci
solitons; there are three non-trivial families of examples. Theorem 1.16 will be
proved in §6.

The fact that (M, g) is Lorentzian plays a crucial role in many arguments. For
example, when we study the non-steady case, there exists a distinguished null par-
allel vector field and there do not exist orthogonal null vector fields — this is a
Lorentzian phenomenon not present in the Riemannian or the higher signature set-
ting. The fact that (M, g) is locally homogeneous is not simply used to ensure that
the scalar curvature is constant, it plays a role in many proofs where we take frame
fields consisting at least in part of Killing vector fields. As our discussion is local in
nature, it is not necessary to impose global conditions such as global homogeneity
or completeness.

1.2. Consequences of the gradient Ricci soliton equation

Let 7 be the scalar curvature. Let Vf be the vector field that is dual to the
1-form df. It is characterized by the identity

g(Vf,X)=X(f) for any vector field X. (1.2)

Let £ be the Lie derivative; a vector field X on (M, g) is Killing if Lxg = 0; X is
Killing if and only if

9(VxZ,X)=0 for any vector field X. (1.3)

We say that (M, g, f) is isotropic if |[Vf||?> = 0. The proof of the following quite
general result concerning gradient Ricci solitons with constant scalar curvature in
arbitrary signature is given in § 2.
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LEMMA 1.2. Let (M, g, f) be a gradient Ricci soliton with constant scalar curvature.

(1) We have the following relations:
(a) Ric(Vf)=0;

() IVf]? = 2Af = const.;

(©) RIX,Y.Z,Vf) = (Vxp)(Y. Z) — (Vyp)(X, 2);
(d) (VysRic)+RicoH; = R(Vf, )Vf.

(2) Let X be a Killing vector field. Then

(a) Lx(Hessy) = Hessx(f);
(b) grad{X(f)} is a parallel vector field;
(¢) if A #£0, then grad{X(f)} = 0 if and only if X(f) = 0.

(3) We have A\((n + 2)A — ) = ||Hess¢||2.
(4) If (M, g, f) is isotropic and non-steady, then (M,g) is Finstein.
(5) If (M, g, f) is steady, then ||Hessy | =0 and ||V f||*> = p is constant.

In what follows we shall apply different techniques to study the steady and the
non-steady cases since setting A # 0 or A = 0 in lemma 1.2 gives significantly
different information about the potential function f. By lemma 1.2, any isotropic
non-steady gradient Ricci soliton with constant scalar curvature is Einstein. How-
ever, there exist isotropic steady gradient Ricci solitons that are not Einstein [1].

1.3. Non-steady locally homogeneous Lorentzian gradient Ricci solitons

We say that a Lorentzian manifold (M, g) is irreducible if the holonomy represen-
tation has no non-trivial invariant subspace. We say that (M, g) is indecomposable
if the metric on any non-trivial subspace fixed by the holonomy representation is
degenerate, and thus the holonomy representation does not decompose as a non-
trivial direct sum of subrepresentations. The distinction between irreducible and
indecomposable is only relevant in the indefinite setting. We shall establish the
following results in § 3.

THEOREM 1.3. Let (M,g, f) be a locally homogeneous Lorentzian non-steady gra-
dient Ricci soliton. Then one of the following holds.

(1) (M, g) is irreducible and Einstein.
(2) (M,g,f) is rigid, that is, there is a local splitting
(Magaf) = (N X RE»QN +geva +fe)v

where (N, gn) is Einstein with Einstein constant X and (RE, ge, fo) is pseudo-

Buclidean space, v = 0,1, with fo(z) := $[|z|%.
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(3) (M, g, f) locally splits as

(M7g7f) = (NO XNI XRk,go +gl +ge7f0+f1+fe>7

where (No, go, fo) is an indecomposable locally homogeneous Lorentzian gra-
dient Ricci soliton, (N1, g1) is a Riemannian Finstein manifold with Einstein
constant A and (R*, ge, fo) is Buclidean space with f(z) :== ||z
We now focus on the situation in assertion (3) above and study the indecompos-
able factor. Recall that a Lorentzian manifold is said to be Walker if it admits a
parallel null line field, and strict Walker if this distribution is spanned by a parallel
null vector field; we refer the reader to [4] for further details. We shall say that
(M, g) has harmonic Weyl tensor if the Schouten tensor S is Codazzi. This means
(see [3]) that

T

VXSYZ = VySXz, where S = p— mg.

THEOREM 1.4. Let (M,g, f) be a locally homogeneous indecomposable Lorentzian

non-steady gradient Ricci soliton that is not Einstein.

(1) Locally, there exists a Killing vector field X so U := grad{X(f)} is a non-
trivial parallel null vector field; thus, (M, g) is strict Walker.

(2) U is unique up to scale, V := {U,Vf} C ker{Ric} is a U-parallel Lorentzian
distribution, and grad{U(f)} = A\U.

(3) VyRic = VyH; = 0, Spec{Ric} = Spec{H;} = {0,A}, Ric and H; are
diagonalizable, ker{Ric} = Image{H}, and ker{# s} = Image{Ric}.

(4) The Weyl tensor of (M, g) is harmonic if and only if (M, g, f) is rigid.
(5) If dim(ker{Ric}) = 2, then (M, g, f) is rigid.
This leads to the following classification result in low dimensions.

THEOREM 1.5. Let (M, g, f) be a locally homogeneous Lorentzian non-steady gra-
dient Ricci soliton of dimension m < 4. Then (M, g, f) is rigid.

REMARK 1.6. What is indeed proven in theorem 1.5 is that if the factor Ny of the
decomposition given in theorem 1.3 is of dimension ny < 4, then the gradient Ricci
soliton is rigid.

1.4. Steady locally homogeneous Lorentzian gradient Ricci solitons

The geometry of the level sets of the potential function plays an essential role in
our analysis; the norm ||V f||? is important as this controls the nature of the metric
on the level sets. The two-dimensional case is trivial; see [6,14].

THEOREM 1.7. A steady locally homogeneous Ricci soliton of dimension 2 either in
the Riemannian or in the Lorentzian setting is flat.

The following two results will be established in §4.
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THEOREM 1.8. Let (M, g, f) be a locally homogeneous steady gradient Lorentzian
Ricci soliton. If ||V f||? < 0, then (M,g) splits locally as an isometric product
(R x N,—dt? + gn), where (N,gn) is a flat Riemannian manifold and f is the
orthogonal projection on R.

The cases in which ||V f]|? > 0 are less rigid in the steady setting. Several exam-
ples in the spacelike case ||V f]|> > 0 are known [1,6], but little more of a general
nature is known about this case. In the isotropic case one has some restrictions on
the Ricci operator; in particular, it must be nilpotent. Recall that a tensor T is said
to be recurrent if there is a smooth 1-form w such that VxT = w(X)T.

THEOREM 1.9. Let (M, g, f) be an isotropic locally homogeneous Lorentzian steady
gradient Ricci soliton. One of the following two possibilities pertains.

(1) Hy = —Ric has rank 2 and is three-step nilpotent.

(2) Hy = —Ric has rank 1 and is two-step nilpotent. In this case (M, g) is locally
a strict Walker manifold and, more specifically, the following hold.
(a) ker{H} = Vf* and Image{H;} = Vf.

(b) Vf is a recurrent vector field and V f+ is an integrable totally geodesic
distribution with leaves the level sets of f.

(c) Let P € M. At least one of the following possibilities holds near P.

(i) There exists a Killing vector field F' so grad{F(f)} is a null parallel
vector field.

(ii) There exists a smooth function v defined near P so YV f is a null
parallel vector field.

We shall illustrate possibility (2) in example 4.1 presently.

1.5. Symmetric Lorentzian gradient Ricci solitons

Stronger results are available if (M, g) is locally symmetric; this implies that

VR =0.
DEFINITION 1.10. We say that (N,gn) is a Cahen—Wallach symmetric space if
there are coordinates (¢,y,z1,...,%,) such that
g=2dtdy + (mef) dyz—&-z:dacl2 for 0 # K; € R. (1.4)
i=1 i=1

We shall always assume that all x; # 0 to ensure that (N, gy) is indecomposable.

For the proofs of assertions (1) and (2) in the following result, we respectively
refer the reader to [7,8] and [1].

THEOREM 1.11.
(1) Let (M,g) be a Lorentzian locally symmetric space.

(a) If (M, g) is irreducible, then (M, g) has constant sectional curvature.
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(b) If (M, g) is indecomposable but reducible, then (M, g) is a Cahen—Wallach
symmetric space.

(2) If(M,g, f) is a Cahen—Wallach gradient Ricci soliton, then (M, g, f) is steady,
f=ap+ay+ izl kiy?, and Vf = (ag + %Zz Kiy) O is null.

Theorem 1.11 will play a crucial role in the proof that we shall give of the following
result in §5.

THEOREM 1.12. Let (M, g, f) be a locally symmetric Lorentzian gradient Ricci soli-
ton. Then (M, g) splits locally as a product M = N x R¥, where

(1) if (M, g, f) is not steady, then (N,gn) is Einstein and the soliton is rigid;
(2) if (M, g, f) is steady, then (N, gn, fn) is locally isometric to a Cahen—Wallach

symmetric space.

1.6. Three-dimensional locally homogeneous gradient Ricci solitons

We will establish the following two results in three-dimensional geometry in §6.
Let (M, g) be a Lorentzian manifold of dimension 3. We suppose first that (M, g) is
strict Walker, i.e. admits a null parallel vector field. We may then (see, for example,
[4]) find local adapted coordinates (t,x,y) such that

g = 2dtdy + dz? + ¢(z,y) dy?. (1.5)

The following is of independent interest; we drop for the moment the assumption
that the metric is locally homogeneous and focus on Walker geometry.

THEOREM 1.13. Let (M, g) be a non-flat three-dimensional Lorentzian strict Walker
manifold. Then (M, g, f) is a gradient Ricci soliton if and only if there exists a cover
of M by coordinate systems where the metric has the form given in (1.5) and where
one of the following occurs.

(1) We have

Be,y) = ~5alp)e™ +obly) +ely) and f(z,y) = va+(),

where a € R and 7" (y) = f%ab(y). In this setting, Vf = ad, ++'(y)0; is
spacelike.

(2) We have
$(a,y) = 2%a(y) + 2b(y) + c(y) and  f(z,y) =(y),

where v (y) = +a(y). In this setting V f =79y is null.
Moreover, in both cases the Ricci soliton is steady.
DEFINITION 1.14. Adopt the notation of (1.5).
(1) Let ¢(z,y) = b=2e" for 0 # b € R define N,
(2) Let ¢(z,y) = 22%a(y), where a(y) = ca®/?(y) and a(y) > 0, define P,.

(3) Let ¢(x,y) = 22 define the Cahen-Wallach symmetric space CWx.
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The following result was established in [18].

THEOREM 1.15. Let (M, g) be a locally homogeneous Lorentzian strict Walker man-
ifold of dimension 3. Then (M, g) is locally isometric to one of the manifolds given
in definition 1.14.

We can now state our classification result.

THEOREM 1.16. Let (M, g, f) be a Lorentzian locally homogeneous gradient Ricci
soliton of dimension 3. If (M, g, f) is non-trivial, then either it is rigid or (M, g)
is locally isometric to either CW+, P. or Ny, as defined above, and the soliton
is steady. Moreover, NV f is null if (M,g) = P. or if (M,g) = CWy4, and Vf is
spacelike if (M, g) = Nb.

2. Consequences of the gradient Ricci soliton equation:
the proof of lemma 1.2

The proof of lemma 1.2(1). If (M,g, f) is a gradient Ricci soliton, then V7 =
2Ric(Vf) [15,25]. Assertion (1)(a) now follows as V7 = 0. We also have [6,13,15,25]
that 7 + |V f||? — 2\f = const.; assertion (1)(b) now follows. We refer the reader
to [6, 16] for the proof of assertion (1)(c), which holds without assuming that
7 = const. The identity

(Vv Ric) +RicoHy = R(Vf,)Vf + 5VVr

was proved in the Riemannian setting in [25]. One can use analytic continuation
to extend this identity to the indefinite setting (or simply observe that the proof
goes through without change in the higher signature context). Assertion (1)(d) now
follows once again using the fact that 7 is constant. O

The proof of lemma 1.2(2). Let X be a Killing vector field. Fix a point P of M so
that X (P) # 0; assertion (2) for P where X (P) = 0 will then follow by continuity.
Choose a system of local coordinates (z1,...,%n42) so that X = 0,,. Set g;; =
9(0z,,0;) and observe that

Oz, Gij = g(vazl 8961 ) ax]) + g(aﬁtz ) vaml 896,) = g(v5zi Oz, s 896,) + g(aﬂﬁm vamj 6961)
= (‘Cazl g) (81?17 803])

Thus, 0, 9i; = 0, 50 0,, I;* = 0 as well. We establish assertion (2)(a) by computing
as follows:

(Lo, Hessf)(0z,;,0:;) = Lo, Hessy(0x,,0x;)
= Lo, (07,.,(f) = I1;*02,(f))
=03, ,0, () = 00, (15")0u,, () = T5* 02,0, (f)
= aixjaml(f) — T%04, 0, (f)
= Hessy, (1)(0z,,0u;)-

Since Lxg = 0 and since p is natural, Lxp = 0. Equation (1.1) implies that
Lx Hessy = 0, and therefore, by assertion (2)(a), Hessx(s) = 0. Consequently,
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grad{X (f)} is parallel. This establishes assertion (2)(b). Assume now that A # 0.
Tt is clear that grad{X (f)} = 0 if X(f) = 0. Conversely, if grad{X (f)} = 0, then
X (f) = k for some constant k. Since the scalar curvature is constant, assertion (1)
implies that Ric(Vf) = 0. Since X is a Killing vector field,

0=Vf(k)=VFX()=VIg(V,X)=9(VviVI,X)+g(Vf VvsX)
= Hess;(Vf, X) + 3(Lxg)(Vf, V)
=—p(Vf,X)+ (V[ X)
= AK.

Thus, k£ = 0. Consequently, grad{X (f)} = 0 if and only if X(f) = 0. This estab-
lishes assertion (2)(c). O

The proof of lemma 1.2(3). We have the Bochner identity:
389(Vf V) = |[Hess||” + p(Vf, V) + g(VAF, V). (2.1)

By assertion (1), Ric(Vf) = 0 and ||V f||? — 2\f = const. Thus, the left-hand side
of (2.1) becomes $Ag(Vf,Vf) = AAf — 3A7. Taking the trace in (1.1) shows that
Af = (n+2)A — 7, and hence $Ag(Vf,Vf) = A((n + 2)A — 7). On the other
hand, since Ric(Vf) =0 and VAf = —V7 = 0, the right-hand side in the Bochner

formula reduces to ||Hess¢||?. O

The proof of lemma 1.2(4). If [V f||*> = 0, we may apply assertion (1) to see that
2\ f = const. Since A # 0, f is constant and (M, g) is Einstein. O

The proof of lemma 1.2(5). If A = 0, then ||Hess¢||? = 0. By (1.1), H; = — Ric and
thus Ric(V f) = 0 implies that H(Vf) = 0. Consequently, V f is a geodesic vector
field. Next, using the identity 7 + |V f||?> — 2\f = const., one has that ||V f]? is
constant and therefore f is a solution of the Fikonal equation ||V f||* = p. O

3. Non-steady locally homogeneous gradient Ricci solitons:
the proof of theorems 1.3—-1.5

By lemma 1.2, isotropic non-steady locally homogeneous gradient Ricci solitons
are Einstein. Consequently, we shall concentrate henceforth on the study of non-
isotropic non-steady locally homogeneous gradient Ricci solitons. In §3.1 we will
prove theorem 1.3, in § 3.2 we will establish theorem 1.4, and in § 3.3 we will establish
theorem 1.5. We shall use lemma 1.2 repeatedly and without further reference in
what follows. Throughout § 3 we shall let (M, g, f) be a locally homogeneous non-
steady gradient Ricci soliton.

3.1. The proof of theorem 1.3

Assume that (M, g) is irreducible or, equivalently, that there are no non-trivial
parallel distributions on M. Consequently, any parallel vector field is trivial. Let
X be a Killing vector field. Then grad{X(f)} is a parallel vector field and thus
grad{X (f)} = 0, so X(f) is constant and hence X(f) = 0. Since the underlying
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Lorentzian structure (M, g) is locally homogeneous, there are (n 4 2) linearly inde-
pendent Killing vector fields X7i, ..., X, 12 locally. Consequently, f is constant and
the metric is Einstein. This establishes assertion (1) of theorem 1.3.

We now apply the local splitting result of assertion (2) in theorem 1.1. Let X be
a Killing vector field on (M, g). If grad{X (f)} is spacelike or timelike, then we may
split, at least locally, a one-dimensional factor from (M, g) and decompose locally

(M’gvf) = (NXRLQN@geafN"’_fe)-

If grad{ X (f)} is timelike, then (N, gn) is Riemannian and, by assertion (1) of theo-
rem 1.1, rigid, which would finish the discussion. Thus, we may assume that (IV, gn)
is Lorentzian, so grad{ X (f)} is spacelike and the factor (R, ge) is positive definite.
We proceed inductively to decompose (M, g, f) = (N x R*¥ gn @ g, fn + fo) (at
least locally) so that (N, gn, fi) is a locally homogeneous Lorentzian Ricci soliton
with grad{X (f)} null or zero for all Killing vector fields X. Now two possibilities
may occur. If N is indecomposable, assertion (3) follows with trivial N7. If N is
decomposable, then either NV is Einstein and assertion (2) holds (this is the case if
grad{X (f)} = 0 for all Killing vector fields in N) or N decomposes as N = Ny x N,
where Ny is Lorentzian and indecomposable (the latter happens if there exists a
Killing vector field X so that grad{X(f)} is null). (N1,¢1, f1) is a Riemannian
locally homogeneous gradient Ricci soliton that, as a consequence of theorem 1.1,
is Einstein. This establishes theorem 1.3. O

3.2. The proof of theorem 1.4

We establish assertions (1)—(5) of theorem 1.4 seriatim. We suppose that (M, g)
is not decomposable and is not Einstein.

The proof of theorem 1.4(1). We must show that there exists an X such that U =
grad{X (f)} is a parallel null vector field. Let Z be any Killing vector field. Since
(M, g) is not decomposable and since grad{Z(f)} is parallel, grad{Z(f)} must be
isotropic. If grad{Z(f)} vanishes for all such Z, then f is constant and hence (M, g)
is Einstein, which is contrary to our assumption. Thus, U := grad{Z(f)} has the
desired properties for some Killing vector field Z. O

The proof of theorem 1.4(2). We must show that U is unique up to scale, that U €
ker{Ric}, and that grad{U(f)} = AU. Suppose that there are two Killing vector
fields Z; and Zs on (M, g) such that grad{Z;(f)} and grad{Z(f)} are linearly
independent. Since the signature is Lorentzian, Span{grad{Z;(f)}, erad{Zs(f)}}
cannot be a null distribution. Consequently, there exists a linear combination Z =
a1Z1 + axZs such that grad{Z(f)} is either timelike or spacelike. This implies that
(M, g) is decomposable, which is false. Thus, the vector field U = grad{Z(f)} is
unique up to scale.

Since U is parallel, it is Killing and hence grad{U(f)} = aU for some o € R. We
must now show that Ric(U) = 0. Let {Z1, Za, ..., Z, 12} be a local basis of Killing
vector fields. Choose the notation so Z = Z;. We then have grad{Z;(f)} = u;U for
© > 2. Since grad{Z;(f)} is parallel, necessarily y; is constant. By replacing Z; by
Z; — 1iZ1, we may assume therefore that grad{Z;(f)} = 0 for i > 2. Since A # 0,
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lemma 1.2 implies that Z;(f) = 0 for ¢ > 2. We use (1.1) and (1.2) to see that

9(U,V f) = g(grad{Z:(f)}, Vf) = g(grad{g(Z1,V )}, V[)
=Vf9(Z1,Vf) = 9(VvyZ0,V[)+ 9(Z1,Vv;V )
= Hessf(Z1,Vf) = Xg(Z1,V[)
= \Zi(f) #0, (3.1)

where, by (1.3), g(VvsZ1,Vf) = 0 since Z; is Killing. As g(U,Vf) # 0 and as
U is a null vector, V := Span{U, Vf} has Lorentzian signature. We have that
grad{U(f)} # 0 due to lemma 1.2, so « # 0.

If X is an arbitrary vector field, we study H¢(U) by computing as follows:

Hess; (X, U) = g(U, Vx V) = Xg(U,Vf) = g(X, grad{U(f)}) = ag(X,U).
This shows that H;(U) = aU. Since H(Vf) = AV f, we also have
ag(Vf,U) =Hessy(Vf,U) = Xg(Vf,U),

so a = A. By (1.1), Ric(U) = 0. Since VyU = 0 and VyVf = AU, Vy preserves
V C ker{Ric}. This proves assertion (2). O

The proof of theorem 1.4(3). We have shown that V := Span{U, V'} C ker{Ric} is a
U-parallel Lorentzian distribution. Consequently, V' is a Ric invariant distribution
with a positive definite signature. Since Ric is self-adjoint, there exists an orthonor-
mal basis {E1, ..., E,} of V1 so Ric(E;) = a;E;; the o are constant since (M, g)
is locally homogeneous. This proves in particular that Ric and H; = AId — Ric are
diagonalizable. We now show that Vi preserves the eigenspaces in V*. For i # j,
since U is parallel, R(U, E;, E;,Vf) = 0. By lemma 1.2(1),

0= R(U,E;,E;,Vf) = (Vup)(Ei, Ej) — (VE,p) (U, Ej)
=Up(E;, E;) — p(VuE;, E;) — p(E;, Vu Ej)
— Eip(U, Ej) + p(Vg,U, Ej) + p(U,VE, Ej)
= —a;9(VuEi, Ej) — aig(Ei, Vu Ej)
= (i — aj)g(Vu Ei, Ej).

We conclude that if £; and F; belong to different eigenspaces, Vi E; is orthogonal
to Ej. Hence, Vy commutes with Ric and, as a consequence of the Ricci soliton
equation (1.1), it also commutes with H;. Consequently, as desired, Vi Ric = 0
and VUHf =0.

We must show that 0 and X are the only eigenvalues of Ric. Normalize V' to be a
multiple of Vf so that g(V,V) = e = £1. Let S be any level set of f. The integral
curves of U are transversal to S because g(U,Vf) # 0. Use parallel transport
along the integral curves of U to extend the local frame {Fy,...,E,} from S to
a neighbourhood of S to define a local frame field {F}, ..., F,} for V* such that
VuF; = 0. Since Vy Ric = 0, the vector fields F; are still eigenvectors of the
Ricci operator Ric. We shall use this local frame field to see that Ric has only two
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eigenvalues {0, A}. First note that

(Vrp)(Fi, Fi) =V fp(Fi, ;) — 2p(Vyp Fi, Fr)
= a;Vf9(Fi, F;) — 20,9(Vv s Fi, Fy)
= a;(Vvyrg)(Fi, F;)
=0.

We use lemma 1.2 to compute as follows:
p(F,,F;) = eR(F;,V,F;,V) + Y R(F,, F;, F;,V)g(F;,V) + Y R(F, F;, F,, Fj)
i i
€
= W((Vﬂﬂ)(vﬂ F;) = (Vvysp)(Fi, Fy))

J#i i

= o Bp(V ) = (Ve S F) = p(V1. Y F)

Jj#i J#i
HyFy, Fr) +ZR<Fi7FjaFi7v)g(FjaV)
i#i
+ ) R(F, Fj, F, Fy).
J#i
Since we have shown that Vi p = 0, we have that Up(F;, F;) = 2p(Vy F;, F;), which

vanishes. We now differentiate the three summands in the previous expression with
respect to U:

1
U<||vf|2P(HfFi,Fi)>

& (
iR

_ Wﬂ(ﬂfﬂ,ﬂ) - ”v—lfHUp(’HfFuFi)

- Wﬂ(’)’{fﬂ,ﬂ) ~ o PVt L B) + p(VEV S, Ve E))
= A b ) — o 0y (Vo F). ) + (T £, V0 )
= a0 - o),

U(R(F;, Fy, F;,V f)g(F}, Vf))
= {(VuR)(F}, F;, F;,V[) + R(Vu F;, Fj, F;, V)
+ R(F;,VuF;,F;,Vf)+ R(F;, F;,VuyF;,Vf)
+ R(F;, Fy, Fi, VoV f)}g(Fy, V)
+ R(F;, Fy, Fi, V) (g(VU F}, V) + g(F;, VoV f))
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={- (Ve R)(F},U,F;,Vf) = (Vi R)(U, F;, F;,Vf)

+ R(VuF;, Fj, F;,Vf)+ R(F;,VuF;,F;,Vf)

+ R(F;, F;,VuF;,V )+ R(F;, Fj, F;, \U)}g(F;,V f)

+ R(F;, Fy, Fi, V)(9(VuFy, V) + Ag(F;, U))

={R(VuF,, F;, F;,Vf)+ R(F;,VuF;,F;,Vf)
+ R(F;, F;,VuF;,Vf)}g(F;, V)

+ R(Fi, Fy, Fi,Vf)g(VuF;, V)

=0.

Consequently, along the slice S we have

U(R(F;, Fy, F;,V)g(F;, V) = UV |72 R(E;, Fy, F;, V f)g(Fy, V)
HIVAIT2U(R(E;, Fy, Fi, V g(F, V)
= ()7
UR(F;, Fy, Fy, Fy) = (VuR)(Fy, Fy, Fy, Fy) + 2R(Vu F, F, B, Fy)
+2R(F;,Vu F;, Fy, F;)
= —(Vg,R)(F;,U,F;, F) — (Vg R)(U, Fy, F;, F})
+2R(VyF;, Fy, F;, F}) + 2R(F;,Vu F;, F;, F;)
=2R(VuF,, F;, F;, F;) + 2R(F;,,Vu F}, F;, F;)
=0.
Hence, the following equation holds:
0= 20g(U, VAV A0 (A — a).

Since A and ¢g(U, V f) are different from 0, either c; =0 or o; = A fori=1,...,n.
Since the level set S of f that was chosen was arbitrary, this is true on all of M.
By (1.1) we have H + Ric = AId. The remaining conclusions of assertion (3) are
now immediate from the discussion above. O

The proof of theorem 1.4(4). Recall that (M, g) has a harmonic Weyl tensor if its
Schouten tensor S = p— (7/2(n+1))g is Codazzi, i.e. VxSyz = Vy Sxz (see [3]).
If the Weyl tensor is harmonic, then (Vxp)(Y,Z) — (Vyp)(X,Z) = 0 since the
scalar curvature is constant. Choose Eq, Fy € Image{H} and F' € Image{Ric}.
We use assertion (3) to compute

0= (VEg,p)(F, E2) — (Vrp)(Er, E2) = p(F,VE, Es) = Ag(F, Vg, E»).

Choose E € Image{H,} and Fy,F, € Image{Ric}. We show that the two eigen-
spaces are parallel and that the soliton is rigid by computing as follows:

0= (Vpp)(E,F2) = (Vep) (1, F2)
=p(Vp B, Fy) — Ep(F1, F) + p(VEFL, F2) + p(F1, VEE))
=XV E,F) — AEg(Fy, F>) + A\g(VgF1, Fy) + Ag(F1,VEF,)
=X(VRE, F). O
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The proof of theorem 1.4(5). We apply theorem 1.3. If dim(ker{Ric}) = 2, then
V = ker{Ric}. Since U is parallel, we have that H;(X) = VxVf=AXif X eV
and that H;(X) = VxVf =0 if X € ker{#H} = Image{Ric}. Consequently, the
distribution V is parallel. Since the metric is not degenerate on V), this implies that
the manifold locally decomposes as a product B x F' so that B is Ricci flat and
hence flat. On the other hand, F is Einstein satisfying p = Ag". Therefore, the
soliton is rigid. This completes the proof of theorem 1.4. O

3.3. The proof of theorem 1.5

If dim(M) = 3, the result follows from the discussion above since dim(ker{Ric}) =
2. Assume that dim(M) = 4 henceforth. Using the previous discussion, we need only
examine the case in which dim(ker{Ric}) = 3. We are going to use theorem 1.4 to
show that Image{Ric} is a non-null parallel distribution. We consider the adapted
basis {U,V f, E, F'}, where {U, V f, E'} is a basis of ker{Ric} and FR = Image{Ric}.
We show that the Weyl tensor is harmonic and (M, g, f) is rigid by examining the
components of the curvature tensor that have V f as an argument:

R(E,Vf,E,Vf) = (Vep)(V[,E) = (Vysp)(E, E) =0,
R(E NV, F V) = (Vep)(V F) = (Vo) (F F) =0,
R(F,Vf,E,N[) = (F, E)\\Vf||2 =0,
R(F,E,F,Vf) =
R(E,F,BE,Vf) =

4. Steady locally homogeneous Lorentzian gradient Ricci solitons:
the proof of theorems 1.8 and 1.9

Again, we shall use lemma 1.2 throughout the section without further mention. Let
(M, g, f) be a steady locally homogeneous Lorentzian gradient Ricci soliton. Then
|Hessz||> = 0 and |[Vf||*> = u is constant. In what follows we will consider the
possibilities p < 0 and p = 0 separately.

4.1. The proof of theorem 1.8

Assume that o < 0. As H(V f) = 0, we may restrict H to VfL. As Vf+ inherits
a positive definite metric and since ||Hess¢||? = 0, H; = 0. This shows that Vf is a
parallel vector field, and thus (M, g) is locally a product (R x N, —dt?+ gy ), where
(N,gn) is a locally homogeneous Riemannian manifold (see, for example, [17]).
Additionally, (N,gn) is a steady gradient Ricci soliton, and therefore Ricci flat.
Following [26], locally homogeneous Ricci flat Riemannian manifolds are locally
isometric to Euclidean space. This completes the proof of theorem 1.8. O

4.2. The proof of theorem 1.9(1)

Assume that ||[Vf|*> = 0, so Vf is a null vector. Choose an orthonormal basis
{F1,...,FEnia} for the tangent space at a point so that Fj is timelike, so that
{Es,...,Enq2} are spacelike, and so that Vf = c¢(E; + E3) for some ¢ # 0. We
further normalize the basis so that H;E, € Span{E\, E2, E3}. Let HsE; = H] E;.
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Since Ey + E € ker{H}, Hi + H’ = 0 for all i. Furthermore, Hi = H’ = 0 for
i > 4 since HEy € Span{FE1, Es, E3}. Finally, since H; is self-adjoint, Hi = —H}
for 2 <7 and ’Hf = H; for 2 < 4, j. We summarize these relations as follows:

HI = —H! fori>2, H] =H: for 2 <i,j, 1)
Hi=H,=0 fori>4, Hi+H,=0 foralli. '
Since H; = H/E' ® E; and |[Hess(||> = A((n + 2)A — 7) = 0, we have
0= [[Hessy||* = s> = (H1)> =2 (HD)* + Y (H))™ (4.2)

i>2 2<5,k
The relations of (4.1) then permit us to rewrite (4.2) in the form
- ¥ our
3<),k

This implies that #% = 0 for 3 < j, k and thus, by (4.1), H;E; = 0 for i > 4. Thus,
the relevant portion of the matrix H becomes

HE My H H - M
H=|H? H3 H:|=| HI -HI #H]i
H} H3 H3 —HY  HL 0
We compute that
-1 1 0
HZ=(HH?|-1 1 0| and H3=0.
0 0 0

This shows that H is either two- or three-step nilpotent, which proves assertion (1).
O

4.3. The proof of theorem 1.9(2)

Let Hy be two-step nilpotent. The analysis above shows that V f € Image{? [}
Since Hy has rank 1, Image{H;} = Vf - R. We use the Fredholm alternative and
the fact that #Hy is self-adjoint to establish assertion (2)(a) using the following
equivalencies:

HiZ =0 < g(HfZ,Y) =0VY
— g(ZHY)=0VY
<= Z 1 Range{H}
— Z1Vf

Choose a vector field U such that g(U, V f) = 1. Since Range{H s} = V f and since
g(U,V f) =1, the fact that Vf is recurrent follows from

Vx(Vf) = Hp(X) =0(X)-Vf, where 0(X)=g(UHs(X)).  (4.3)
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Let X and Y be smooth vector fields in V f+. We show that [X, Y] belongs to V f+

and thus Vf* is an integrable distribution by computing that

g([(X, Y], Vf) = g(VxY = Vy X, V)

=Xg(Y,Vf) = g(Y,VxV[f) = Yg(X,Vf) + g(X,Vy V)
= X{0} — Hess;(Y, X) — Y{0} + Hess;(X,Y)

=0.
Let ¥(t) be a geodesic with 4(0) L Vf. We compute

Since g(§, Vf)(0) = 0, the fundamental theorem of ordinary differential equations
implies that g(%, V f) vanishes identically, and thus ¥ € V f+. Since g(¥, Vf) = 0, f,

the geodesic lies entirely in the level set of f. Assertion (2)(b) follows.

We proceed by induction on the dimension to establish assertion (2)(c). Fix a
point P € M. Let V := Span{U,Vf}. The metric on V is non-degenerate and
contains a null vector; consequently, V has Lorentzian signature. We can choose

complementary Killing vector fields {Fi,..., F,} so that {U,Vf, F,..

local frame field near P and so that

g(U, Fi)lp = g(Vf,Fi)|lp =0.

LF}is a

(4.4)

Consequently, Span{F, ..., F,} is spacelike near P. Let &; := grad{F;(f)}; these

are parallel vector fields by lemma 1.2. Let W := Span{¢, ...

,&n}. Since the &; are

parallel, r(x) := Rank{W(x)} is locally constant. Suppose that r > 0. By reordering

the collection {F1,..., F,} if necessary, we may assume that {&,...

,&-} 1s a local

frame field for W. Let €;; := ¢(&;, &;) describe the induced metric on WW. Again we
use the fact that the & are parallel; this implies that the €;; are constant. We can
diagonalize € or equivalently renormalize the choice of the Killing vector fields F;
to assume that € is in fact diagonal. If det(e) = 0, then &; is a parallel null vector
field for some 4 and assertion (2)(c)(i) holds. Thus, we may assume that the inner
product restricted to WV is non-degenerate. We may use theorem 1.1 to decompose,
at least locally, M = N2t"=" x R”_ If the metric on N is Riemannian, we may apply
theorem 1.1 to see that the soliton is trivial. Thus, N is Lorentzian. If dim(N) = 2,
then theorem 1.7 shows that IV is flat and H; = 0, which is false. This shows that
dim(N) > 3 and we may use our induction hypothesis on N. Thus, we may assume
without loss of generality that » = 0, so W = {0}, and assume henceforth that

grad{F;(f)} =0 for all 3.
By (4.5), k; := F;(f) is constant for all i. By (4.4),
ki = Fi(f)lp = g(F;, Vf)lp = 0.

Consequently, g(F;, Vf) vanishes identically and we have

F; € ker{H} = ker{Ric} = Vf*.

We may thus further normalize the choice of U so that

g(U,F;))=0 forl<i<n.
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We may use (4.3) and (4.6) to see that

VviVf = Hf(Vf) =0, VgVf= /Hf(Fz) =0 for all 4, (@.7)
VuVf=Hs;U)=EVf, where Z:=g(HsU),U)=—pU,V0).
We use (4.7) to see that
VyVf=0 ifY LVf. (4.8)

Thus, the only covariant derivative at issue is ViV f. We shall let ¥ := ¢ - Vf.
This is a null vector field. By (4.8), ¥ will be parallel if and only if ¢ satisfies the
equations

Y@)=0ifY LVf and U(W)+y¢==0. (4.9)

Since F; is a Killing vector field, Vg, p = 0. Since F; € ker{Ric}, p(Fj;, -) vanishes
identically. Consequently, lemma 1.2 yields
R(F, U, F;,Vf) = (Vrp)(U, Fj) = (Vup)(F, Fj)
= —Up(F;, Fi) + p(VuFy, Fy) + p(Vu Fy, F)
=0. (4.10)

Let g;; = g(F;, Fj). Since U € ker{Ric} and {U, V f} span a hyperbolic pair, (4.10)
implies that

0=p(U,V)p=RUVLVLU)p+ > ¢7R(UF;,Vf F)lp
i,j=1

= R<U7 vfa Vf, U)'P

Since P was arbitrary and the only condition on U was that g(U,Vf) = 1, this
holds for arbitrary P and we have

0=R(UNfVFU) if g(UVS) = 1. (4.11)

Also, in general, if X is a Killing vector field, then for arbitrary vector fields, we
have (see, for example, [20,22]) that

R(X,Y)Z =—-VyVzX +Vy,zX.
Let = be as defined in (4.7). We use (4.6) to see that
9g(VulF;, V) =Ug(F;, V)= g(F;, VoV f) = —g(Fi,EVf) = 0.
Since the F; are Killing vector fields, since g(F;, Vf) = 0, and since V f is recurrent,

R(F;,U,UNf) =—-9(VuVuF;,Vf)+ 9(Vv,uF;, V)
=-Ug(VuF;,Vf)+g(VuF;,VuVf)+ (VuU)g(F;, V)
—9(F;, Vv,u{VI}
= —U{Ug(F;,Vf)—=g(Fi,VuVf)} +9(VuF;, ZVf)
=Ug(F;,EVf)+ EZ9(VuF;, V)
=0.
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By lemma 1.2, if {X,Y, Z} are vector fields on a gradient Ricci soliton, then

R(X,Y,Z,Vf) = (Vxp)(Y,Z) — (Vyp)(X, 2).
Consequently, we have that

0= R(U’ Vf, Ua Vf) = (VUp)(Vf7 U) - (vap)(U’ U))
0=R(F;,UUVf)=(Vrp)(UU) - (Vup)(F;,U).

By (4.7), £ = —p(U,U). Thus, we may compute as follows:

~V(Z) = V(U U) = (Vo) (U,U) + 2p(Vw U, U)
= (Vup)(Vf,U) =29(Vv ;U EV)
= Up(Vf, U) - p(vva7 U) - p(vfa VUUY)
—22(Vfg(U,Vf)—g(UVyvsVf))
=0
and

—Fi(5) = Ep(U.U) = (Vr,p)(U,U) + 2p(VEU,U)
= (Vup)(F;,U) = 29(VR,U,EV )
=Up(F;,,U) — p(VuF;,U) — p(F;, VyU)
—22(Fg(UVf)—9UVEV[))
=g(VuF;,ZVf)
=ZUg(F, Vf) - Z9(F;, EV )
=0.
This shows that X (=) = 0if X € Vf*. Since the distribution V f= is integrable, the
Frobenius theorem means that we can introduce local coordinates (u, x2,...,z"*?)

so that U = 8, and Vf* = Span{0,,,...,0,,,,}. Thus, (4.9) becomes an ordinary
differential equation that can be solved. This completes the proof of theorem 1.9. O

EXAMPLE 4.1. We follow the discussion in [1]. A Cahen—-Wallach space has the
following metric, given locally by (1.4):
n n
g=2dtdy + <Z/§1x5> dy? + Z dz? for 0 # k; € R.
i=1 i=1

The Levi-Civita connection is determined by the non-zero Christoffel symbols

Vo, 0y = — Y kiwiOs, and Vo 0r, = Vo, 0y = kixi0y.

Thus, the only non-zero entries in the curvature tensor are given by
R(a’ya 8:67;7 ay» 8:67_) = —Kq,
and thus (possibly) non-zero entries in the Ricci tensor are

p(0y,0y) = —k, where k=K1 + -+ Ky.
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Assuming that x # 0, we then have Ric (9,) = —k0, and Ric (9;) = 0. Thus, the
Ricci tensor is two-step nilpotent. The f defines a gradient Ricci soliton if and only
if f(t,y,21,...,2,) = f(y), where f(y) = ao + a1y + 1xy* A = 0 in this instance.
Note that df = (a1 + %Iiy) dy, and hence Vf = (a1 + %/iy)at is a null parallel vector
field.

5. Symmetric gradient Ricci solitons: the proof of theorem 1.12

Let (M, g) be a locally symmetric Lorentzian manifold. If (M, g, f) is a non-steady
gradient Ricci soliton, then, by theorem 1.3, M splits, at least locally, as a product
M = Ny x Ny x R¥, where (Ny, go) is indecomposable but reducible and (Ny, g)
is Einstein. If Ny does not appear in the decomposition, then the soliton is rigid.
Otherwise, (Ng, go) is an indecomposable but not irreducible Lorentzian symmetric
space, and hence a Cahen—Wallach symmetric space [7] (see also [2]). Theorem 1.11
rules out this latter possibility since if (N, gy, fn) is a Cahen—Wallach gradient
Ricci soliton, then it is steady.

Next suppose that (M, g, f) is a locally symmetric Lorentzian steady gradient
Ricci soliton. We can use the de Rham—Wu decomposition of the manifold to split
(M, g) locally as a product M = N x My x - - x M; x RE where (N, gx) is a Cahen—
Wallach symmetric space, where the M; are irreducible symmetric spaces, and where
R is either Euclidean or Minkowskian space. Since irreducible symmetric spaces
are Einstein, the induced soliton is either trivial or the scalar curvature vanishes,
which implies that M; is Ricci flat. If M; is Riemannian, then it is flat since Ricci
flat locally symmetric spaces are flat in the Riemannian setting [3,19]. Moreover,
if M; is Lorentzian, then it is flat since irreducible Lorentzian locally symmetric
spaces are of constant sectional curvature [8]. Hence, if the gradient Ricci soliton is
steady, then the decomposition above reduces to M = N x R* where (N, gy) is a
Cahen—Wallach symmetric space. Theorem 1.12 now follows. O

6. Three-dimensional locally homogeneous gradient Ricci solitons

6.1. The proof of theorem 1.13

Let (M, g) be a three-dimensional Lorentzian strict Walker metric. There exist local
coordinates such that the metric is given by (1.5):

g =2dtdy + da® + ¢(x,y) dy?.

Let f(t,z,y) be a smooth real-valued function. To simplify the notation, set f; =
Of /0t, fro = 0% f/0tOx, and so forth. One computes easily that the soliton equation
Hessy + p = Ag is equivalent to the following relations:

O:ftt:fta:v O:fajaj_)\:fty_)\, } (61)

0:2fmy_¢xft7 0:2)\¢+¢xx_2fyy_¢xfz+¢yft
We use the first identities in (6.1) to see that

fltz,y) =ty + k) + 302” + a(y)z +(y) for x € R,
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Hence, the equations of (6.1) simplify to become

0 =2 (y) — (\y + K)ba, (6.2)
0=2X\p —27¢"(y) — 22" (y) + Ay + K)dy — Az + (y)) bz + dua-

We differentiate (6.2) with respect to z to conclude that
0=(A\y + K) Pz (6.4)

Since the Ricci operator is given by

Ric =

o O O

0

o o oo
w

the metric is flat if and only if ¢, = ince we assume that the Walker metric is
not flat, we may use (6.4) to see that A = x = 0 and conclude that the gradient Ricci
soliton is steady. Consequently, (6.2) and (6.4) imply that f(t,z,y) = az + v(y),
0 (6.3) becomes

29"(y) + ady — ¢z = 0. (6.5)

We take the derivative with respect to x to see that ag,, = ¢rr. We examine the
two cases seriatim.

CASE I (suppose that a # 0). We then have

B,y) = —3aly)e™ +ab(y) + c{y)

for some arbitrary functions a(y) # 0, b(y) and c(y). Moreover, the potential func-
tion of the soliton is given by f(t,z,y) = az + y(y), where v"(y) = —3ab(y). In
this case Vf = v/(y)d; + ad, is spacelike. This gives rise to the first possibility in
theorem 1.13.

CaAsE II (suppose that o = 0). We then have

oz, y) = 2aly) + zb(y) + c(y)

for some arbitrary functions a(y) # 0, b(y) and ¢(y). Moreover, the potential func-
tion of the soliton is given by f(t,x,y) = y(y), where v”(y) = ja(y). In this case
Vf = ~'(y)0: is a null and recurrent vector field. This gives rise to the second

possibility in theorem 1.13. O

6.2. The proof of theorem 1.16

Let (M, g, f) be a locally homogeneous Lorentzian gradient Ricci soliton of dimen-
sion 3.

CaAsE I (suppose that (M, g, f) is non-steady). By theorem 1.5 the soliton is rigid.

CAsE II (suppose that (M, g, f) is steady). Consequently, by lemma 1.2, the poten-
tial function is a solution of the Eikonal equation ||V f||? = u. We distinguish three
subcases.
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Cask II(a) ((M,g) is steady and p < 0). We apply theorem 1.8 to see that (M, g)
splits locally as a product and hence the soliton is rigid.

Casg II(b) ((M,g) is steady and g = 0). We use theorem 1.9 to see that the
Ricci operator is either two- or three-step nilpotent. It follows from work of [11]
that there do not exist locally homogeneous three-dimensional manifolds with three-
step nilpotent Ricci operator. Consequently, the Ricci operator is two-step nilpotent
and (M, g) admits a locally defined parallel null vector field by theorem 1.9. Con-
sequently, (M, g) is locally a strict Walker manifold. Consequently, the underlying
geometry of (M, g) is given by theorem 1.15; the function f is now determined by
theorem 1.13.

Cask II(c) ((M,g) is steady and p > 0). Since the scalar curvature is constant,
the Ricci operator satisfies Ric(V f) = 0, which shows that either f is constant, or
otherwise the Ricci operator has a zero eigenvalue. We now consider the different
possibilities for the kernel of Ric.

Assume that dim(ker{Ric}) = 1. It follows from [9] that (M, g) is either a sym-
metric space or a Lie group. If (M, g) is symmetric, then it is one of the following: a
manifold of constant sectional curvature, a product R x N, where (N, gn) is of con-
stant curvature, or a three-dimensional Cahen—Wallach symmetric space. Hence,
in all the cases, any gradient Ricci soliton is trivial, rigid or the underlying mani-
fold admits a null parallel vector field (and we have already examined that case).
Now we concentrate on Lie groups. Since the eigenspaces of the Ricci operator are
left-invariant, since V f has constant norm g > 0, and since dim(ker{Ric}) = 1, we
have that V f is a left-invariant vector field. Left-invariant Ricci solitons on three-
dimensional Lorentzian Lie groups were considered in [5], showing that they exist
if and only if the Ricci operator has exactly one single eigenvalue, which must be
zero since Ric(V f) = 0. This shows that the Ricci operator is three-step nilpotent,
but that is not possible due to the analysis carried out in [11].

Finally, assume that dim(ker{Ric}) = 2. In this case the Ricci operator is either
diagonalizable or two-step nilpotent. The latter implies that the manifold admits
locally a null parallel vector field [12], and again this case has been treated. If the

Ricci operator is diagonalizable, then ||Ric||* = £7% = ||Hessf||* and lemma 1.2(3)
shows that 7 = 0, from where it follows that (M, g) is flat and the soliton is trivial.
This completes the proof of theorem 1.16. O
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