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2 H. Baum and T. Leistner

Abstract This review is based on lectures given by the authors during the Summer
School Geometric Flows and the Geometry of Space-Time at the University of
Hamburg, September 19-23, 2016. In the first part we describe the algebraic
classification of connected Lorentzian holonomy groups. In particular, we specify
the holonomy groups of locally indecomposable Lorentzian spin manifolds with a
parallel spinor field. In the second part we explain new methods for the construction
of globally hyperbolic Lorentzian manifolds with special holonomy based on the
solution of certain Cauchy problems for PDEs that are imposed by the existence of a
parallel lightlike vector field or a parallel lightlike spinor field with initial conditions
on a spacelike hypersurface. Thereby, we derive a second order evolution equation
of Cauchy-Kowalevski type that can be solved in the analytic setting as well as an
appropriate first order quasilinear hyperbolic system that yields a solution in the
smooth case.

1 Introduction

This review is based on lectures given by the authors during the Summer School
Geometric Flows and the Geometry of Space-Time at the University of Hamburg,
September 19-23, 2016. In these lectures we described at one hand the algebraic
classification of connected Lorentzian holonomy groups and explained at the other
hand new methods for the construction of Lorentzian manifolds with special
holonomy based on the solution of appropriate Cauchy problems with initial
conditions on a spacelike hypersurface.

The holonomy group of a semi-Riemannian manifold (M, g) is the group of
parallel transports along all curves that are closed at a fixed point x € M. Itis a Lie
subgroup of the group of all orthogonal transformations of (T, M, g,), its connected
component is isomorphic to the holonomy group of the universal semi-Riemannian
covering of (M, g).

The concept of holonomy was probably first successfully applied in differential
geometry by E. Cartan [31-33], who used it to classify symmetric spaces. Since
then, it has proved to be a very important concept. In particular, it allows to describe
parallel sections in geometric vector bundles over (M, g)—such as tangent, tensor
or spinor bundles—as holonomy invariant objects and therefore by purely algebraic
tools. Moreover, geometric properties like curvature properties can be read off if the
holonomy group is special, i.e., a proper subgroup of O(7x M, g ). One of the impor-
tant consequences of the holonomy notion is its application to the ‘classification’
of special geometries that are compatible with Riemannian geometry. For each of
these geometries an own branch of differential geometry has developed, for example
Kihler geometry (holonomy U(m)), geometry of Calabi-Yau manifolds (SU(m)),
hyper-Kéhler geometry (Sp(k)), quaternionic Kihler geometry (Sp(k) - Sp(1)), or
the exceptional geometry of G>-manifolds or of Spin(7)-manifolds. In physics there
is much interest in semi-Riemannian manifolds with special holonomy, since they
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often allow to construct spaces with additional supersymmetries (Killing spinors).
The development of holonomy theory has a long history. We refer for details to
[22, 25, 26, 51].

The irreducible holonomy representations of simply connected semi-Riemannian
manifolds were classified by M. Berger in the 1950s [19, 20]. Since any holonomy
representation of a Riemannian manifold splits into irreducible subrepresentations,
Berger’s results yield the classification of the connected holonomy groups of
Riemannian manifolds. The situation in Lorentzian geometry is more difficult. The
only connected irreducible Lorentzian holonomy group is the group SO°(1, n — 1).
Hence, if a connected Lorentzian holonomy group is a proper subgroup of
SOO(l, n — 1), then it acts decomposable or it acts indecomposable but non-
irreducible, i.e., it admits an invariant degenerate subspace.

The holonomy groups of 4-dimensional Lorentzian manifolds were classified by
physicists working in General Relativity [49, 72, 73]. The general dimension was
long time ignored. Due to the development of supergravity and string theory in
the last decades physicists as well as mathematicians became more interested in
higher dimensional Lorentzian geometry. The search for special supersymmetries
required the classification of holonomy groups in higher dimension. In the beginning
of the 1990s, L. Berard-Bergery and his students began a systematic study of
Lorentzian holonomy groups. They discovered many special features of Lorentzian
holonomy. Their groundbreaking paper [18] on the algebraic structure of subgroups
H c SO°(1,n — 1) acting with a degenerate invariant subspace was the starting
point for the classification. The second author [60, 61] completed the classification
of the connected Lorentzian holonomy groups by the full description of the structure
of such H C SO(1,n — 1) which can appear as holonomy groups. It remained to
show that any of the groups in this holonomy list can be realised by a Lorentzian
metric. Many realisations were known before but some cases were still open until
A. Galaev [44] finally found a realisation for all of the groups.

In the first part of this review we describe these results in more detail. In Sect. 2
we first recall some basic notions of Lorentzian geometry in order to clarify the
conventions. For all fundamental differential geometric concepts such as Levi-Civita
connection, Lie derivative, etc. we refer to [68]. In Sect. 3 we give a short introduc-
tion to holonomy theory of semi-Riemannian manifolds and recall the classification
of connected holonomy groups of Riemannian manifolds. Afterwards we explain
the classification of connected holonomy groups of Lorentzian manifolds. Special
holonomy groups always appear if the manifold is spin and admits a non-trivial
parallel spinor field. For this reason we consider in Sect. 4 the relation between
holonomy groups and parallel spinor fields. In particular, we discuss the properties
of the Ricci curvature of Lorentzian spin manifolds with a parallel spinor field
and describe the indecomposable Lorentzian holonomy groups which allow parallel
spinors.

In the second part of the review we explain new approaches to construct globally
hyperbolic Lorentzian manifolds with special holonomy by solving appropriate
Cauchy problems with initial conditions along a spacelike hypersurface based on
recent results in [16, 65] and [62], see also [17] for related results. We focus on
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the case of Lorentzian manifolds which admit non-trivial lightlike parallel vector
fields or non-trivial lightlike parallel spinor fields. In both cases the holonomy
representation is of special form, it admits an invariant degenerate subspace. At
first, in Sect. 5 we derive the necessary constraint conditions, which lightlike
parallel vector and spinor fields impose on spacelike hypersurfaces. In the vector
field case, the local geometry of Riemannian manifolds satisfying these constraint
conditions is completely described. In the spinor field case, the constraint conditions
can be expressed as the existence of an so-called imaginary W-Killing spinor of
a special algebraic type, where W is the Weingarten operator of the spacelike
hypersurface. As an application of the solutions of the Cauchy problem described
in Sect. 7 we obtain a local classification of Riemannian manifolds with imaginary
W-Killing spinors of this algebraic type (Sect. 8). It is natural to ask whether the
constraint conditions for Riemannian manifolds (X', ) described in Sect. 5 are
not only necessary but also sufficient for (X, h) being a Cauchy hypersurface in
a Lorentzian manifold with a lightlike parallel vector or spinor field. By studying
certain Cauchy problems for PDEs that are induced by the existence of lightlike
parallel vector and spinor fields, we show in Sect. 7 that this is indeed the case. Since
the methods for the existence of a solution are in part analogous to the approach for
the vacuum Einstein equation, we give in Sect. 6 a short review of the approaches
for the Einstein equation. After deriving the constraint equations we first describe
the vacuum Einstein equation as a second order evolution equation for a family
of Riemannian metrics that is of Cauchy-Kowalevski form, that can be solved in
the real-analytic setting. Afterwards we explain the method of hyperbolic reduction
which allows to consider the vacuum Einstein equation as symmetric hyperbolic
system and solve it in the smooth setting. In Sect. 7 we derive in a similar way an
evolution equation of Cauchy-Kowalevski type for a parallel lightlike vector field
in the analytic setting as well as an appropriate symmetric hyperbolic system which
can be solved in the smooth case. Finally we show, that in both cases the solution
admits a parallel lightlike spinor field if, in addition, the contraint conditions for
parallel spinors on the initial hypersurface are satisfied.

2 Basic Notions

Let (M", g) be an n-dimensional manifold! with a metric g of signature (p, q),
where p denotes the number of —1 and g the number of +1 in the normal form of
the metric g. We call (M, g) Riemannian manifold if p = 0, Lorentzian manifold if
p = 1 < n and pseudo-Riemannian manifold if 1 < p < n . If we do not want to
specify the signature we use the term semi-Riemannian manifold.

Contrary to the Riemannian case, not every manifold admits a Lorentzian metric.
There is a topological obstruction (see [68, Chapter 5, Proposition 37] for a proof):

1We assume all manifolds to be smooth, connected and without boundary.
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Theorem 1 Let M be a manifold of dimensionn > 2. Then there exists a Lorentzian
metric on M if and only if M is non-compact or M is compact with vanishing Euler
characteristic.

Now, let (M, g) be a Lorentzian manifold.
Definition 1 A tangent vector v € T, M is called

* timelike, if g, (v, v) <O,

* spacelike, if g, (v,v) > Oorv =0,
* lightlike, if g (v, v) = 0and v # 0,
» causal, if v is timelike or lightlike.

Correspondingly, a vector field X is called timelike, spacelike, etc., if X (x) is
timelike, spacelike, etc., for all x € M. A a smooth curve y : I — M is called
timelike, spacelike, etc., if all its tangent vectors y'(r) are timelike, spacelike, etc.,
forallt e I.

Definition 2 Let (M, g) be a Lorentzian manifold. A vector field £ on M is called
time-orientation if g(&€,&) = —1. If there exists a time-orientation £ on (M, g),
(M, g) is called time-orientable.

A time-oriented Lorentzian manifold is also called spacetime. A time-orientation
& on a Lorentzian manifold (M, g) singles out one of the two time-cones 7¥(x) in
any point x € M in a smooth way, where 7+ (x) and T~ (x) denote the connected
components of {v € TxyM | gx(v,v) < 0}. A causal vector field X on M is called
future-directed, if g(X, &) < 0,1i.e. X(x) and &(x) belong to the same time-cone.

In the following we will denote by V& the Levi-Civita connection of (M, g), i.e.
the unique metric and torsion free covariant derivative on (M, g). Our convention
for the curvature tensor R8 € I'(A’T*M ® End(TM)), and R¢ € I'(A’T*M ®
A2T*M) is the following:

R4(X,Y)Z :=VE§VyZ —ViVYZ — VE 1 Z

[X, Y]
R8(X,Y,Z, W) :=g(RE(X,Y)Z, W).
The curvature tensor satisfies the first and second Bianchi-identities,

R8(X,Y)Z + RS(Y,Z)X + R%(Z,X)Y =0,
VSRS(Y,Z,U,V)+ V3RS(Z,X,U, V) + V5R4(X, Y, U, V) = 0.

Then the Ricci tensor Ric8 and the scalar curvature scal® of (M, g) are given by
Ric’(X,Y) :=trg R%(X,-,-,Y), scal® :=trgRic%.
The second Bianchi identity for RS implies

d scal® = 2div8 (Ric®), (1
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where divé(B) = trfl’z)Vg B denotes the divergence of a bilinear form tensor
field B.

For Lorentzian manifolds many classical Theorems of Riemannian geometry,
like the Hopf-Rinow Theorem, do not longer hold. For example, there are compact
Lorentzian manifolds that are not geodesically complete. An important class of
Lorentzian manifolds are the globally hyperbolic spacetimes.

Definition 3 A time-oriented Lorentzian manifold (M, g) is called globally hyper-
bolic, if there exists a Cauchy surface S in M, i.e., a subset S C M which is
intersected exactly once by any inextendible timelike curve.

Each Cauchy surface S C M is an embedded topological hypersurface of M and
the topological splitting theorem of R. Geroch [48] states, that M is homeomorphic
to R x S for any Cauchy surface S. Moreover, there is an important smooth
splitting theorem for globally hyperbolic manifolds, proven in [21], see also [66,
Theorem 3.78].

Theorem 2 A spacetime (M, g) is globally hyperbolic if and only if it admits
a (smooth) spacelike Cauchy hypersurface. In the globally hyperbolic case, for
each spacelike Cauchy hypersurface ¥ C M, (M, g) is isometric to a Lorentzian
manifold of the form

Rx X, §:=-22di* + hy),

where . : R x X — R is a smooth function, called laps function, (h;);cR is
a smooth family of Riemannian metrics on X and X; := {t} x X are spacelike
Cauchy hypersurfaces for any t € R.

In some sense, global hyperbolicity is a local property (see for example [6, Lemma
A.5.6]).

Lemma 1 Let (M, g) be a time oriented Lorentzian manifold and ¥ C M a
spacelike hypersurface. Then each point on X has an open neighbourhood U in M
such that ¥ NU is a Cauchy hypersurface in U and hence U is globally hyperbolic.

Example 1 (Warped Products) Let I C R be an open interval, f : I — RT
a smooth function and (X, #) a Riemannian manifold. We consider the warped
product

I xp %= x X, —dt* + f(t)*h).

Then I x s X' is globally hyperbolic if and only if (¥, i) is complete (for a proof
see for example [6, Lemma A.5.14]).

Example 2 (deSitter and Anti-deSitter Spacetime) The Minkowski space is obvi-
ously globally hyperbolic. The deSitter spacetime S7, i.e. the simply connected
geodesically complete spacetime of constant sectional curvature 1, is globally
hyperbolic as well, since it can be described in the form of Example 1 with I = R,
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¥ = 5" the Riemannian sphere of radius 1, and f(¢#) = cosh(z). Contrary to this,
the Anti-deSitter spacetime H”, ie. the simply connected geodesically complete
spacetime of constant sectional curvature -1, is not globally hyperbolic (see [68,
Chapter 14, Example 41]).

Globally hyperbolic manifolds have important analytical properties. For exam-
ple, let E be a vector bundle over a manifold M, and P : I'(E) — I'(E) anormally
hyperbolic operator, i.e., an operator which in local coordinates x* on M and a
trivialisation of E can be written as

P =g ” + AH 0 + B
=8 AxHaxVy IxH ’
where g = g,vdx"dx" is a Lorentzian metric, A* and B are matrix-valued

coefficients depending smoothly on the coordinates x*, and where we use Einstein’s
summation convention. For such operators the Cauchy problem is well-posed:

Theorem 3 If (M, g) is a globally hyperbolic Lorentzian manifold and P
I'(E) — I'(E) a normally hyperbolic operator, then the Cauchy problem for P is
well-posed: if ¥ C M is a spacelike Cauchy hypersurface with the future-directed
timelike unit normal field T, then the initial value problem

Pyo =1, ¢y = @0, VEols = ¢,

has a unique smooth solution ¢ € I'(E) for given sections ¢o, 91 € I9(E|x) and
Y € Io(E). Here V? denotes the P-compatible connection on E and I'h(E) the
smooth sections in E with compact support.

For a proof and further details see the books [6, 40].

3 Lorentzian Holonomy Groups

In this section we will explain the classification of the connected holonomy
groups of Lorentzian manifolds. In Sect. 3.1 we first give a short introduction to
holonomy theory and recall the classification of the connected holonomy groups of
Riemannian manifolds. The proofs of the basic Theorems stated in this subsection
can be found in [12, 51, 71]. Then, in Sect. 3.2, we describe the classification of
connected Lorentzian holonomy groups.

3.1 Basics on Holonomy Groups

Let (M, g) be a semi-Riemannian manifold of signature (p, g¢).If y : [a, b] — M is
a piecewise smooth curve connecting two points x and y of M, then for any tangent
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vector v € T, M there is a uniquely determined parallel vector field X, along y with
initial value v:

\%D'¢
dt”(t):O Viela,bl, Xya)=nv.

Since the Levi-Civita connection is compatible with the metric, the parallel transport

P8 TM — TyM
v > Xy(b)

defined by X, is a linear isometry between (7y M, g,) and (T, M, gy). In particular,
if y is closed, i.e. a loop at x, 95 is an orthogonal linear map on (7T, M, g,). The
holonomy group of (M, g) with respect to x € M is the Lie group

Hol, (M, g) := {3”5 :ThM — TyM | yisaloopatx} C O(TyM, gy).

Exercise 1 Calculate the holonomy groups for the flat Euclidean space R? and for
the round sphere S? C R3.

Hint for §?: Consider the following loops at the north pole: go from the north pole
along a great circle to the equator, then go a piece along the equator and finally go
back to the north pole along a great circle.

If we restrict ourself to null homotopic curves, we obtain the reduced holonomy
group of (M, g) with respect to x € M:

Holg(M, g) = {ﬂﬁ :TyM — TyM | y is a null homotopic loop at x } C Hol, (M, g).

Holg(M ,g) is the connected component of the identity in the Lie group
Hol, (M, g). Indeed, contracting a loop y to one of its points x, gives a curve
in Holg(M , &) that joins 3”5 with the identity. Hence, the holonomy group of a
simply connected manifold is connected.

The holonomy groups of two different points are conjugated: If o is a smooth
curve connecting x with y, then

Holy(M, g) = P% o Hol, (M. g) o P%_,.

Therefore, we often omit the reference point and consider the holonomy groups of
(M, g) as class of conjugated subgroups of the (pseudo-)orthogonal group O(p, q).
This requires fixing an orthonormal basis in (T, M, g, ), changing the basis however
does not change this conjugacy class.

Ifr: (1\71 ,8) — (M, g) is the universal semi-Riemannian covering, then

Hol}(M, 3) = Holz(M, ) ~ Hol? 3 (M. g).
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For a semi-Riemannian product (M, g) = (M1, g1) x (M2, g2) and (x1, x2) € M x
M, the holonomy group is the product of its factors

Hol(yx,,x,)(M, g) = Holy, (M1, g1) x Holy, (M2, g2).

Exercise 2 Prove the last two statements.

Next, let us describe three general results that relate the holonomy group
of (M, g) to geometric properties of (M, g). The first one is the relation to
the curvature, described by the Ambrose Singer Holonomy Theorem. Due to the
symmetry properties of the curvature tensor, for all x € M and v, w € T, M the
endomorphism Ré(w,w) : M — Ty M is skew-symmetric with respect to gy,
hence an element of the Lie algebra so(7T, M, g.) of O(Tx M, g,). The Lie algebra
of the holonomy group is generated by the curvature operators of (M, g), more
precisely:

Theorem 4 (Ambrose Singer Holonomy Theorem) The Lie algebra of the holo-
nomy group Hol, (M, g) is given by

— eTyM
(M, g) = spanf ()" o R (v, w) 0 225 | 12 € 0 I
hol. (M, g) = span| (F;) " y(vw)o Y| yisacurvefromxtoy

This theorem has many important consequences. For example, it tells us that the
curvature endomorphisms R§ at a point x € M give a lower bound for the
holonomy algebra. On the other hand the holonomy algebra restricts the curvature.
In particular, if (M, g) is a locally symmetric space, i.e. VS RS = 0, then (95 )*1 o
RY* (2§ (v), 2§ (w)) o 2§ = R (v, w), hence

hol, (M, g) = span{RF (v, w) | v, w € TxM}.

Finally, the first Bianchi identity is inherited by the operators that span the holonomy
algebra and hence poses strong algebraic conditions on the holonomy algebra that
are used to derive classification results we will describe below.

Exercise 3 Use the Ambrose-Singer Theorem to calculate the holonomy algebra of
the sphere S” and the hyperbolic space H".

If the manifold (M, g) is real analytic, parallel transport is not longer needed to
describe the holonomy algebra. It is enough to look at the curvature and at all of its
derivatives in one point x.

Theorem 5 Let (M, g) be a real analytic manifold. Then the holonomy algebra of
(M, g) is spanned by all skew-symmetric endomorphisms

(VS ... VER®) (v,w): ThM — T M,

where v, w, vy, ..., v € TyM and 0 < k < o0.
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A second important property of holonomy groups is stated in the following
holonomy principle, which relates parallel tensor fields on M to fixed elements
under the action of the holonomy group of one point.

Theorem 6 (Holonomy Principle) Let 7 be a tensor bundle on (M, g) and let
V& be the covariant derivative on 7 induced by the Levi-Civita connection. Then
there is a vector space isomorphism between parallel tensor fields € I'(T) and
holonomy invariant tensors v € Iy in one point x € M, i.e,

{ e (7) I V8 =0} = {ve T | Holx(M, g)v =}

Proof If v € I'(J) is a tensor field with V8 = 0, then Hol, (M, g) ¥ (x) =
¥ (x), where Hol, (M, g) acts in the canonical way on the tensors .7,. Contrary, if
v € J; is a tensor with Hol, (M, g) v = v, then there is an uniquely determined
tensor field ¢ € I'(7) with V8¢ = 0 and vy (x) = v. The tensor field v is given by
parallel transport of v, i.e., Y (y) := Wyvg (v), where y € M and y is a curve from
x to y. By the holonomy invariance, ¥ (y) does not depend on the chosen curve y.
Moreover, v is parallel on M, in particular parallel along any smooth curve in M.
Hence standard ODE-arguments show, that v is smooth. O

Due to this property many intersting special geometric structures can be
described by the properties of the holonomy group.

Example 3 Let (M, g) be a Lorentzian manifold. There exists a lightlike (resp.
timelike) parallel vector field V on (M, g) if and only if there is a lightlike (resp.
timelike) vector v € Tx M such that Hol, (M, g)v = v.

Example 4 (M Zm g) is a Kéhler manifold if and only if Hol, (M, g) C U (m).
To see this, remember that U(m) is embedded in the group SO(2m) by

A —-B

A—l—lBeU(m)r—)(B A

) € SOQ2m).

Using this embedding, U(m) is described as the stabilizer of the standard almost
IO _é'") € End(R>"), where SO(2m) acts by conjuga-
tion on End(R?"). Therefore, the holonomy group satisfies Hol, (M, g) C U(m) C
SO(2m) if and only if Hol,(M, g)Jo = Jo. By the holonomy principle this is
equivalent to the existence of a parallel, orthogonal, almost complex structure J
on (M, g), given by the parallel transport of Jy, i.e. (M, g) is a Kdhler manifold.

complex structure Jy = (

Exercise 4 Prove that a semi-Riemannian manifold (M, g) of signature (p, g) is
orientable if and only if Hol, (M, g) C SO(p, q).

The third important relation between holonomy and geometry are local spitting
properties. For a subspace E C T, M we denote by

Et={veT M| g:(v,E)=0} C TxM
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its orthogonal complement. If E is holonomy invariant, i.e. Hol, (M, g)E C E,
then E- is holonomy invariant as well. If E is in addition non-degenerate, then E =+
is non-degenerate as well and 7, M is the direct sum of these holonomy invariant
subspaces:

.M =E®E™ .

Theorem 7 (Local and Global Splitting Theorem) Let E C T, M" be a proper,
non-degenerate, holonomy invariant subspace of Tx M of dimension k. Then (M, g)
is locally a metric product, i.e. for each point y € M there exists an open
neighborhood U (y) such that (U(y), glu(y)) is isometric to a product of two semi-
Riemannian manifolds of dimension k and n — k respectively

isometric

W), glvyy) = U, 81) x (U2, g2).

Moreover, Holg (M, g) is isomorphic to the product of two groups H1 x Hp, where
H; C O(E) and H, C O(E"L).

Ifin addition, (M, g) is simply connected and geodesicalls complete, then (M, g)
is globally isometric to a product of two semi-Riemannian manifolds

isometric

M,g) =~ (My,g1) x (M, g)
with
Hol, (M, g) ~ Holy, (M1, g1) x Holy, (M2, g2).

The local decomposition of (M, g) follows from the Frobenius Theorem. If £ C
T M is a non-degenerate, holonomy invariant subspace, then

E:yeM — & = PYE) C T,M,

where o is a piecewise smooth curve from x to y, is an involutive distribution
on M, the holonomy distribution defined by E. The maximal connected integral
manifolds of & are totally geodesic submanifolds of M, which are geodesically
complete if (M, g) is so. The manifolds (U1, g1) and (U3, g2) in Theorem 7 can
be chosen as small open neighborhood of y in the integral manifold M;(y) of
the holonomy distribution & defined by E and the integral manifold M5 (y) of the
holonomy distribution & defined by E-L, respectively, with the metrics induced by
g. If (M, g) is simply connected and geodesically complete, (M, g) is even globally
isometric to the product of the two integral manifolds (M (x), g1) and (M2 (x), g2).

The holonomy group Hol, (M, g) acts as group of orthogonal linear mappings on
the tangent space (Tx M, g, ). This representation is called the holonomy represen-
tation of (M, g), we denote it in the following by p. The holonomy representation
p :Hol, (M, g) = O(T: M, gy) is called irreducible if there is no proper holonomy
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invariant subspace E C TxM, and indecomposable, if there is no proper non-
degenerate holonomy invariant subspace E C T, M. To be short, we say that
the holonomy group or its Lie algebra acts irreducibly (indecomposably), if the
holonomy representation has this property. If (M, g) is a Riemannian manifold,
irreducible is the same as indecomposable. In the pseudo-Riemannian case there
are indecomposable holonomy representations which admit degenerate holonomy
invariant subspaces, i.e., which are not irreducible. This causes the problems in the
classification of the holonomy groups of pseudo-Riemannian manifolds.

In view of Theorem 7 we call a semi-Riemannian manifold (M, g) irreducible,
if the holonomy representation of Hol’(M, g) is irreducible, and (locally) indecom-
posable, if it is indecomposable.

Now, we decompose the tangent space T M into a direct sum of non-degenerate,
orthogonal and holonomy invariant subspaces

T\M=Ey®E1&®..9E,,

where Holy (M, g) acts indecomposable on Efq, ..., E, and Ep is a maximal non-
degenerate subspace (possibly 0-dimensional), on which the holonomy group acts
trivial. Applying Theorem 7 to this decomposition we obtain the Decomposition
Theorem of de Rham and Wu [35, 77].

Theorem 8 (De Rham-Wu Decomposition Theorem) Ler (M, g) be a simply
connected, geodesically complete semi-Riemannian manifold. Then (M, g) is iso-
metric to a product of simply connected, geodesically complete semi-Riemannian
manifolds

(M, g) = (Mo, go) x (M1, g1) x ... x (M, g),

where (Mo, go) is a (possibly 0-dimensional) (pseudo-)Euclidian space and the
factors (M1, g1), ..., (M, g-) are indecomposable and non-flat.

Theorem 8 reduces the classification of connected holonomy groups of geodesi-
cally complete semi-Riemannian manifolds to the study of indecomposable holon-
omy representations. This classification is widely open, only the case of irreducible
holonomy representations is completely solved for every signature.

First of all, let us mention that the holonomy group of a symmetric space is given
by its isotropy representation, a result that goes back to Cartan.

Theorem 9 Let (M, g) be a symmetric space, and let G(M) C Isom(M, g) be its
transvection group. Furthermore, let . : H(M) — GL(Ty,M) be the isotropy
representation of the stabiliser H(M) = G(M)y, of a point xo € M. Then,

A(H(M)) = Holy, (M, g).
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In particular, the holonomy group Holy, (M, g) is isomorphic to the stabilizer H(M)
and, using this isomorphism, the holonomy representation p is given by the isotropy
representation A.

Therefore, the holonomy groups of symmetric spaces can be read off from the
classification lists of symmetric spaces, which describe the pair (G(M), H(M))
and the isotropy representation A. For irreducible symmetric spaces these lists can
be found in [22, Chapter 10], in [50] and in [20]. In order to classify the irreducible
holonomy representations, the classification of the non-symmetric case remains.
This was done by M. Berger in 1955 [19]. He proved that there is only a short list of
groups which can appear as holonomy groups of irreducible non-locally symmetric
simply connected semi-Riemannian manifolds. This list is now called the Berger
list. The Berger list of Riemannian manifolds is well-known. There appear only
six special holonomy groups and due to the holonomy principle (Theorem 6) each
of these groups is related to a special, rich and interesting geometry, described by
the corresponding parallel geometric object. For more details on the corresponding
geometries, see [22] or [52].

Theorem 10 (Riemannian Berger List) Let (M", g) be an n-dimensional, irre-
ducible Riemannian manifold. Then the connected holonomy group Hol’(M, g)
is up to conjugation in O(n) one of the following groups with its standard
representation,

n Holonomy group Special geometry

n SO(n) —

2m >4 U(m) Kdhler manifold

2m >4 SU(m) Ricci-flat Kéihler manifold
4m > 8 Sp(m) Hyperkdhler manifold

4m > 8 Sp(m) - Sp(1) quaternionic Kdhler manifold
7 Gy Gy -manifold

8 Spin(7) Spin(7)-manifold

or (Hol°(M, g), p) is the isotropy representation of a simply connected irreducible
Riemannian symmetric space.

M. Berger also classified the connected holonomy groups of irreducible pseudo-
Riemannian manifolds. In the Lorentzian case, this list does not contain a proper
subgroup of SO°(1,n — 1). This reflects a special algebraic fact concerning
irreducibly acting connected subgroups of the Lorentzian group O(1,n — 1) (see
for example [36]).

Theorem 11 I[f H C O(1, n—1) is a connected Lie subgroup acting irreducibly on
R then H = SO%(1,n — 1).



14 H. Baum and T. Leistner
3.2 Holonomy Groups of Lorentzian Manifolds

In this section we will describe the algebraic classification of the connected
holonomy groups of Lorentzian manifolds.

In dimension 4 there are 14 types of Lorentzian holonomy groups which were
first listed by J.F. Schell [72] and R. Shaw [73], see also [22, Chapter 10]. We will
not recall this list here, instead, in the following we will consider arbitrary dimension
and take a more systematic approach (for other surveys of the following results,
see [45, 46)).

Due to Theorems 8 and 11 the decomposition theorem for Lorentzian manifolds
can be formulated as follows:

Theorem 12 Let (N, h) be a simply connected, geodesically complete Lorentzian
manifold. Then (N, h) is isometric to the product

(Nﬂh):(Mvg) X (Mlﬂgl) X ... X (Mi’agi’)a

where (M;, gi) are either flat or irreducible Riemannian manifolds and (M, g) is
either

1. (R, —dt?),

2. an n-dimensional irreducible Lorentzian manifold with holonomy group
Hol®(M, g) ~ SO%1,n — 1), or

3. an indecomposable, non-irreducible Lorentzian manifold.

Since the holonomy groups of the Riemannian factors are known, it remains to
classify the indecomposable, non-irreducible Lorentzian holonomy representations.

Corollary 1 Let (M", g) be an indecomposable, non-irreducible Lorentzian man-
ifold. Then the holonomy representation p : Holg M, g) > O(TyM, gy) admits a
degenerate invariant subspace W C Ty M. The intersection L :== W N W+ c T, M
is a lightlike line, which is also invariant under the full holonomy group Hol,, (M, g).
In particular, the holonomy group Hol, (M, g) lies in the stabilizer O(T:y M, gx) 1 of
LinO(TyM, gx):

Hol, (M, g) C O(TyM, gx)L.
For the proof that the invariance of L under Holg (M, g) implies its invariance under
the full Holy (M, g) and for interesting examples with Holg (M, g) # Holy(M, g),
see [15]. Geometrically, this means that (M", g) admits an lightlike parallel line
bundle V C T M, defined by

Vy := RPS(L),
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where y is a smooth curve from x to y. Moreover, V. C V.. Since V and
V1 are integrable distributions, (M, g) is foliated into totally geodesic lightlike
hypersurfaces, each itself foliated by lightlike pregeodesics.

Let us describe the stabilizer O(Tx M, g, )1, in detail. For that we fix a Witt basis

(s—,81,...,8,-2,84+)in (TxyM, gy) such thats_ € L and
00 1
(:wsp) =020, wherea pe(—1....n-24 @
100

identify (TyM, g,) with the Minkowski space and and write the elements of
O(TyM, g,) as matrices with respect to this basis. The stabilizer of the lightlike
line L = Rs_ c R'"~!is a semidirect product and given by the matrices

O(l,n— 1) = (R* x O(n — 2)) x R"?

al x! —éa||x||2 a € R*
= 0 A —aAx x e R"2

0 0 a AeOmn-2)
The Lie algebra of O(1,n — 1)1 is
so(l,n— 1), = (R@®so(n —2)) x R"?
0 relR

yl‘
X —y y e R"2
0 —r X € so(n —2)

Il
S O N

If we describe a matrix in the Lie algebra so(1,n — 1)1 by (r, X, y) (in the obvious
way), the commutator is given by

[(r, X, y),(s,Y,2)] = (0, [X,Y], X +rIdz— (Y +sId)y).

In particular, R, R"~2 and so(n — 2) are subalgebras of so(1,n — 1);. Let h be a
subalgebra of so(1, n — 1),. We call the subalgebra

g 1= Projso(,—2)(h) C s0(n —2)

the orthogonal part of . It is reductive, i.e., its Levi decomposition is given by
g = 3(g) @ [g, gl, where 3(g) is the center of g and the commutator [g, g] is semi-
simple.

The first step in the classification of indecomposable, non-irreducible holonomy
representations is a result due to L. Berard-Bergery and A. Ikemakhen [18],
who described the possible algebraic types of indecomposable, non-irreducible



16 H. Baum and T. Leistner

subalgebras b of the stabilizer so(1,n—1); = (R@so(n — 2)) xR 2. A geometric
proof of this result was later given by A. Galaev in [43].

Theorem 13 Ler L C R~ be a lightlike line in the Minkowski space, let
hcso(l,n—1); =R@son —2)) x R" 2

be an indecomposable subalgebra and let § = projgq,—2)(h) = 3(g) @ lg, gl be its
orthogonal part. Then Yy is of one of the following four types:

1. bli(g) ;== R® g) x R*2.

2. h2(g) ;=g x R* 2.

3.0%0.9) = {(p(X). X +Y.2) | X€53(0). Y €lg.g]. ze R"?},
where ¢ : 3(g) — R is a linear and surjective map.

4. 0%e. v) = {(0.X + Y. ¥(X) +2) | X €5(0). Y €[g.9], z € RY},
where R"™2=R"®R¥, 0 <m <n —3,
g C so(RF),
¥ i 3(g) = R™ is linear and surjective.

In the following we will refer to theses cases as the Lie algebras  of type 1 to type
4. The types 1 and 2 are called uncoupled types, the types 3 and 4 coupled types,
since the so(n — 2)-part is coupled by ¢ and ¥ with the R- and the R"~2-part,
respectively. If the holonomy algebra h = hol, (M, g) is of type type 2 or 4 (in
this case projg (h) = 0), the universal covering of (M, g) admits a parallel lightlike
vector field V. If the holonomy algebra is of type 1 or 3 (i.e., with proji (h) # 0), the
universal covering admits a recurrent lightlike vector field V, i.e. Vey = n®V with
a 1-form 5 such that dn # 0. The orthogonal part g of hol(M, g) has the following
geometric meaning. The Levi-Civita connection V& induces a covariant derivative
VS on the vector bundle S := V1 /V over M by

VR[Y1:=[V§Y], whereY e I'(V!) and X € X(M).

S is the so-called screen bundle and we will come back to it in Sect. 8. It is not
difficult to show, that the holonomy algebra of (S, V°) coincides with g.

Moreover, the different types of holonomy algebras translate into special cur-
vature properties of the lightlike hypersurface of M, defined by the involutive
distribution ¥ . For details we refer to [23].

For a classification of the holonomy algebras hol(M, g) one has to give a
description of its orthogonal parts g. This was done by the second author who
obtained the following result [S9-61].

Theorem 14 Let (M", g) be an indecomposable, non-irreducible Lorentzian man-
ifold. Then the orthogonal part § = projs,(,_2)(hol(M, g)) of the holonomy
algebra is the holonomy algebra of a Riemannian manifold (with its holonomy
representation).
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The proof of this theorem is based on the observation, that the orthogonal part of a
Lorentzian holonomy algebra has a special algebraic property. It is a so-called weak
Berger algebra—a notion, which was introduced and studied by the second author
in [59] (see also [44, 61]). We will explain this notion here shortly.

Let g C gl(V) be a subalgebra of the linear maps of a finite dimensional real or
complex vector space V with scalar product (-, -). Then we consider the following
spaces

H(g) =R e A*(V)®g | R(x,y)z+ R(y, 2)x + R(z, x)y = 0},
B(g) :={BeV*®g| (B(X)y,z)+ (B()z,x) + (B(2)x,y) = 0}.

The space J# (g) is called the space of algebraic curvature tensors of g. This name
is motivated by the fact, that the condition which defines . (g) is just the Bianchi
identity for the curvature tensor RY of a torsion free covariant derivative V. The
space Z(g) is called space of weak algebraic curvature tensors of g. A Lie algebra
g C gl(V) is called Berger algebra if there are enough algebraic curvature tensors
to generate g, i.e., if

g =span{R(x,y) | x,y € V, R € Z (g)}.

An orthogonal Lie algebra g C so(V, (-, -)) is called weak Berger algebra if there
are enough weak algebraic curvature tensors to generate g, i.e., if

g=span{B(x) | x € V, B € A(g)}.

Obviously, every orthogonal Berger algebra g C so(V, (-, -)) is a weak Berger
algebra. If (V, (-, -)) is an Euclidian space and g C so(V) a weak Berger algebra,
then V decomposes into orthogonal g-invariant subspaces

V=WeVie.. .oV, 3

where g acts trivial on Vj (possibly O-dimensional) and irreducible on V;, j =
1,...,s. Moreover, g is the direct sum of ideals

g=01D...Dgs,

where g; acts irreducible on V; and trivial on V; if i # j. g; C s0(V;) is a weak
Berger algebra and Z(g) = #(g1) ® ... © B(gs)-

Now, let (M, g) be an indecomposable, non-irreducible Lorentzian manifold
with holonomy group Hol, (M, g). From the Ambrose-Singer Theorem 4 and the
first Bianchi identity it follows that the holonomy algebra hol, (M, g) is a Berger
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algebra.” Moreover, the orthogonal part g of hol, (M, g) is a weak Berger algebra
of an Euclidian space, hence it decomposes into a direct sum of irreducibly acting
weak Berger algebras. Using representation theory of semi-simple Lie algebras,
the second author classified all irreducible weak Berger algebras and consequently
showed that any irreducible weak Berger algebra on an Euclidian space is the
holonomy algebra of an irreducible Riemannian manifold. This implies Theorem 14.

It remains the question whether there are further restrictions for the holonomy
algebra of an indecomposable, non-irreducible Lorentzian manifold. A. Galaev
proved that this is not the case. In fact, any of the algebras in the list of Theorem 13,
where g is the holonomy algebra of a Riemannian manifold, can be realised as
holonomy algebra of a Lorentzian manifold. To show this, A. Galaev constructed a
real analytic Lorentzian metric g on R”, such that holy(R”", g) is of the form b (g),
b2(g), b (g, @) or h*(g, ), as described in Theorem 13, with g a holonomy algebra
of a Riemannian manifold. To describe these metrics, let us fix some notations. As
we know, R"~2 has a decomposition into orthogonal subspaces

R =R x R" x ... x R™, 4)

where g acts trivial on R"0 and irreducible on R"!, ... R". Now, let (e, ..., e,—2)
be an orthonormal basis of R”~2 adapted to the decomposition (4). We choose weak
algebraic curvature endomorphisms Q, € #A(g), « = 1,..., N, which generate
B(9).

In case of 3(g) # 0, we extend the surjective linear maps ¢ : 3(g) — R and
¥ o:3(g) — R™ C R™ to g by setting ¢lg,q1 = 0, ¥l(g,q] = 0 and define the
numbers:

1
Gui = ), #(Qule))
1
Vais =, (V@ate) e
wherea =1,...,N, i =no+1,...,n—2, j=1,..., m. Using the description

of the holonomy algebra of an real analytic manifold in Theorem 5, A. Galaev
proved in [44] the following theorem (see also [45]).

Theorem 15 Let b C so(1, n— 1) be one of the Lie algebras b (g), h2(g), b3 (g, @),
b*(g, ¥) in the list of Theorem 13, where g = PrOjsom—2)h C s0(n — 2) is the
holonomy algebra of a Riemannian manifold. We consider the following metric g

2In fact, the holonomy algebra of every torsionfree connection is a Berger algebra.
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on R" with coordinates (v, u, x1, ..., Xp—2):

n—2 n—2
g =2dvdu+2Y  Aidxidu+ fdu®+ ) dx},
i=1 i=1

where the functions A; are given by

N n-2
Al (I/l, xla LRI ) xn—2) = Z Z 3(0(171)!(Q(X(ek)el + QO[ (el)eka ei)Rn—Zxk-xluaa
a=1k,l=1
and the function f (v, u, x1, ..., Xp—2) is defined in the following list, corresponding
to the type of b:
) f
no
Type 1: hl(g) = R @ g) x R"~2 v +Zx
no
Type 2: h*(g) = g x R" 2 >ox?
i=
Type 3: h3(9s‘ﬂ) 2v Z Z @i Xiu*~ '+ Z xk
a= 11—n0+1
N no
Type 4: h* (g, ¥) 2y z Z Vaijrixju® "+ Y
a=1i=np+1 j= k=m+1

Then, Y is the holonomy algebra of (R", g) with respect to the point 0 € R".

Finally, we describe further examples of Lorentzian manifolds with special
holonomy.

Example 5 Let (M", g) be a simply connected indecomposable Lorentzian sym-
metric space. The classification of these spaces was obtained by Cahen and Wallach
in [29].

a) If (M", g) is irreducible, then (M", g) is isometric to a simply connected space
form of constant non-zero sectional curvature and Hol(M", g) = SO%(1,n—1).

b) If (M, g) is non-irreducible, then (M", g) is isometric to a Cahen-Wallach space
CW" (L) of dimension n > 3, which is the R” with the metric

n—2 n—2
g = 2dvdu + Z)»,-xizduz + deiz,
i=1 i=1
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where A = (A1, ..., Ay—2) is a tuple of non-zero real parameters. In this case,
the holonomy group is abelian, Hol(M", g) = R"*~2.

Example 6 Let (N, h) be an (n — 2)-dimensional Riemannian manifold, and let
f € C®(R%x N) be a smooth function such that the Hessian of £(0, 0, -) € C>°(N)
is non-degenerate in pg € N. Then the holonomy group of the Lorentzian manifold
(M, g/

M:=R*>x N , g/":=2dvdu+ fdu®+h,
where v, u denote the coordinates of R?, is given by

Hol,, (N, h) x R"~2 if ¥ =0

Hol(o,0, py) (M, gf’h) = .
po (R* x Holy, (N, b)) x R*™2 if 1 =,

This can be proved by direct calculation of the group of parallel transports (cf. for

example [12], chap. 5).

Example 7 Let (B, hp) be a Riemannian manifold and 7 : M — B an S'-principal
bundle over B. Choose a connection form A on M, a smooth real function f on M
and a closed nowhere vanishing 1-form 1 on B. Then

g:=2iAon*n+ f(x*n)? +n*hp

is a Lorentzian metric. The fundamental vertical vector field V, induced by i in the
Lie algebra if S s lightlike and recurrent,

ViV = =V(Hndr(X) V.

One can choose the topological type of the S'-bundle, A, f and 7 in such a way, that
(M, g) is indecomposable and non-irreducible with holonomy group of type 1 and
2 (cf. K. Lérz in [57]). Lérz used this construction to derive geodesically complete
examples, compact examples and totally twisted examples (i.e. examples without
topological splitting of a 1-dimensional factor as in the previous examples).

An important source for Lorentzian manifolds with special holonomy group are
spin manifolds admitting parallel spinor fields. In the next section we will explain
this in detail.

4 Lorentzian Spin Geometry: Curvature and Holonomy

In this section we will give a short introduction to Lorentzian spin manifolds
and discuss consequences of the existence of parallel spinor fields on Lorentzian
manifolds for curvature properties and the shape of the holonomy group.
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4.1 Spin Structures and Spinor Fields

We start with an introduction of spin structures and spinor fields on semi-
Riemannian manifolds.

Definition 4 Let (M, g) be a semi-Riemannian manifold of signature (p, q).
Then (M, g) is called space- and time-orientable, if the bundle of all adapted’
orthonormal frames of (M, g) can be reduced to the connected subgroup
SO%(p, q) € O(p, q). Such a reduction will be denoted by .# (M, g) and called
space- and time-orientation.

For a Riemannian manifold space- and time-orientability is the same as ori-
entability.

Exercise 5 Prove, that a Lorentzian manifold (M, g) is space- and time-orientable
if and only if M is orientable and (M, g) admits a time-orientation &. In this case,
the fibre of .# (M, g) in x € M is given by

F(M, gy = {sx = (51,...,8)

sy positively oriented orthonormal basis in (T, M, gy), }
s1 timelike and future directed, s», . . ., s, spacelike.

Now let (-, -) , 4 be the bilinear form on R", n = p + ¢, given by

(V, W)pg = —VIW| — ... = VpWp + Vpyp(Wpt] + ...+ Uy,
where v = (vi,...,v), w = (Wi,...,w,) € R". We denote by Cliff,, ; the
Clifford algebra of the space (R", —(-, -)4). Cliff;, ; is a real associative algebra
with 1 generated by R” with the relations

vewtw-v=-=2(v,w)p 41

As vector space it is isomorphic to the exterior algebra A*R”. There is an important
group Spin(p, q) C Cliff,, 4, the spin group, defined by

Spin(p, g) :={vi ... vk | (vj,vj)pg=%1, j=1,...,2k, k e N}.
Spin(p, q) is a Lie group, the connected component of the identity, Spin’(p, ¢), is
given by the products vy - ... - vox with even number of timelike vectors v;. In the

positive definite case, the Spin group Spin(n) := Spin(0, n) is connected. The Lie
algebra spin(p, q) of Spin(p, q) can be described as subspace of Cliff, ,

spin(p, q) = span{e; -e; | 1 <i < j <n} =~ A*R" C Cliff, ,,

3We call an orthonormal basis (si, . . ., sp) of (Ty M, g,) adapted, if g, (sj,s;) = —1forl < j <
pand gx(sj,s;) =1forp+1<j=<n.
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where (eq, ..., e,) denotes the canonical basis of R”, with the Lie bracket
[X, Y] =X -Y-Y- X, X, Y € spin(p, q).
There is a twofold covering A : Spin(p, g) — SO(p, q), defined by
Avr - vk) =8y 0.0 Syy,

where the map S, for v € R", (v,v), 4 = %1, denotes the reflection across the
hypersurface v+ c R”,

v, W)y,
{ >pqv, w e R".
v

Sy(w) =w—2
(w) =w (0 W pg

For index p = 0, the twofold covering A is universal iff » > 3, for index p = 1, A
is the universal iff n > 4.

The complexified Clifford algebra Cliff ; , has exactly one equivalence class of
irreducible representations if n = p 4 g is even. If n is odd, there are exactly two
such equivalence classes. Restricting this irreducible representation to Spin(p, g) C
Cliff(g’q one obtains the fundamental representation of the spin group, the spin

representation®
k 2 Spin(p, q) —> GL(A4, 4).

The representation space A, 4 is a complex vector space of dimension 201721 A p.q
is an irreducible Spin(p, g)-module, if n is odd, and splits into two irreducible
submodules A, ; = A;q ® A;’q, if n is even (for proofs see [58, Ch.1.5]). Since
R" c Cliff, 4, we can multiply vectors from R" with elements of A ;. This
multiplication, called Clifford multiplication, is Spin(p, q)-equivariant. Moreover,
there is a Spin®(p, ¢)-invariant hermitian form (-, -) o g O Ap g, Which is positive
definite, if p = 0, n, and indefinite of split signature, if 1 < p < n. An explicit
realisation of the spin representation, the Clifford multiplication and the form
(-, -)AM can be found for example in [8, 11] or [41].

Definition 5 Let (M, g) be a time- and space-oriented semi-Riemannian manifold.
A spin structure of (M, g) is a pair (¥ (M, g), A) of a principal fibre bundle
F (M, g) over M with structure group Spin’(p, ¢) and a smooth and surjective
map A 1 F(M,g) - F(M,g) which respects the bundle projections as well as
the group actions, i.e.

nﬁ:rrgzoA,

Ag -a) = A(q) - Ma), forall g € Jg(M, g)anda € Spino(p, q).

4Ifn = p + q is odd, the two possible restrictions are equivalent as Spin(p, q)-representations.
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Definition 6 A semi-Riemannian manifold is called spin manifold, if it is space-
and time-oriented and if it admits a spin structure.

Not every space- and time-oriented semi-Riemannian manifold admits a spin
structure. There is a topological obstruction that ensure the existence of spin
structures, namely wa(M) = 0, where w is the second Stiefel-Whitney class,
see [8, 55]. If wy (M) = 0, the number of non-equivalent spin structures coincides
with the number of elements in H 1(M , Z3). On spin manifolds, besides of tensor
bundles, there exists a special complex vector bundle, the spinor bundle and special
differential operators acting on its smooth sections, the spinor fields, which are of
interests in Mathematics as well as in Physics, like the Dirac operator or the twistor
operator. We shortly recall the basic properties of the differential calculus for spinor
fields.

Let (M, g) be a semi-Riemannian spin manifold of dimension n and signature
(p, q) with spin structure (# (M, g), f). Using the spin representation A, ;, we
can define the spinor bundle, i.e. the associated complex vector bundle

S = F (M, 8) Xgind(p.q) Apoa-

The Clifford multiplication and the scalar product (-, -}, , on A, 4 are Spino (p, q)-
invariant. Hence, we can extend these fibre-wise algebraic objects to the bundles
over M and obtain:

1. the Clifford multiplication at the bundle level

nw:TM®S— S and u*:T*MQ®S—§,
XQ@eo+— X-¢ a)®(p|—>a)-q):=wﬁ~(p

2. the non-degenerate hermitian bundle metric (- -)s on S,
3. the spinor derivative VS I(S) - I'(T*M Q S), i.e. the covariant derivative
on S induced by the Levi-Civita connection V&, locally given by

1
Vig=X@)+, D e(Vis ot ol g, )
k<l
where (s1, ..., s,) is a local orthonormal frame and (ol, ..., 0" the dual frame.

Thereby, the following rules are satisfied for all vector fields X, ¥ on M and all
spinor fields ¢, ¢ € I'(S):

X -Y+Y - X)-¢o=-2g(X,Y) o, (6)
(X -9, ¥)s = (=DP o, X - y)s, (7)
VX @) =VE(X) -9+ X -V, (8)

XU{p, ¥)s) = (Vyo, ¥)s + (@, V3)s. 9)
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The Dirac operator D : I'(S) — I'(S) on a semi-Riemannian spin manifold is
given by D := pu* o V5, locally,

n
Do = Zof -Vssj(p, p € I'(S).
j=1

A spinor field ¢ € I'(S) is called harmonic, if Dg = 0, and parallel, if VS¢ = 0.
To each spinor field ¢ belongs a special vector field, the Dirac current of ¢.
Definition 7 Let ¢ € I'(S) be a spinor field on a semi-Riemannian spin manifold
(M, g) of index p. Then the vector field V,, on M, given by
g(Vp, X) = iP g, X - @)s  forall X € X(M),

is called Dirac current of ¢.

The Dirac current V,, is a real vector field, since by relation (7) we have

iPH e, X - @)s = ()P THX -9, 0)s = iPTHp, X - 9)s.

Proposition 1 If ¢ € I'(S) is harmonic, the Dirac current V,, is divergence free. If
@ € I'(S) is parallel, the Dirac current V,, is parallel as well.

Proof We use the rules (7)—(9) for the spinor calculus and obtain for the derivative
of the Dirac current V:

8(ViVy, X) = Y (8(Vy, X)) — g(Vyp, V5 X)
=i’y ((p, X - 9)s) —i" o, Vi X - )5
o . . .
= PNV, X - @)s +iP e, VE(X - @))s —iPTH e, VEX - 9)s

Qi1 (vSe. X - g)s +iPT g, X - Vig)s

(7 . .
2 ()X - Vi, p)s + P (0, X - Vig)s

= 2 Re((—)" (X - Vig, 9)s).

It immediately follows that the Dirac current of a parallel spinor field is parallel as
well. For the divergence of V,, we obtain

n n
divd(Vy) = > erg(V§ Vy.s1) = 2Re((—=)" (D " ewsi - V3. 0);)
k=1 k=1

= 2Re((=)"T (D, p)s).
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where (s, ..., sy) denotes a local orthonormal frame and & := g(sk, sp) = *1.
Hence, the Dirac current of a harmonic spinor field is divergence free. O

4.2 Curvature and Holonomy of Lorentzian Manifolds with
Parallel Spinors

Now, let us focus on Lorentzian spin manifolds (M, g). Whereas for Riemannian
spin manifolds, the bundle metric (-, -)s is positive definite and the Clifford
multiplication X- : § — § is a skew symmetric map, in case of Lorentzian spin
manifolds, (-, -) s is indefinite of split signature and X- : § — S is symmetric. Using
a time-orientation & of (M, g), we obtain a positive definite hermitian bundle metric
(-, )¢ on S by

(QD, vf)f = <$ - @, I/I>Sa

but the price one has to pay is that the Clifford multiplication does not behaves so
nicely, namely,

(X -9, 9)e = (9, 0(X) - ¥)s,

where 6 : TM — T M is the reflection across SL (cf. [8] or [11]).
The Dirac current of a spinor field on a Lorentzian spin manifold has special
properties.

Proposition 2 The Dirac current of a spinor field ¢ on a Lorentzian spin manifold
satisfies

1. zero(p) = zero(Vy).
2. g(Vy, Vy) <0.
3. Vy is future directed on M \ zero(V,).

Proof Let & be a time-orientation of (M, g). Then

8y, 8) = —(§-9.0)s = —(9,9)s < 0. (10)

Since (-, -)¢ is positive definite, this shows, that V,(x) = 0 implies ¢(x) = 0. On
the other hand, by the very definition of V,, ¢(x) = 0 implies V,,(x) = 0. Hence,
the zero sets of V,, and ¢ coincide. Equation (10) shows in addition, that V,, is
future-directed on M \ zero(Vj,).

We now decompose V,, in a timelike and a spacelike part:

Vo =1 —g(Vy, )6 + Z.
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Then Z € &1 is spacelike and Z(x) = 0 implies gx(Vy(x), Vy(x)) < 0. It remains
to show, that g(V,, Vy) < 0 on the open submanifold M := M \ (zero(Z) U
zero(Vy)) of M. On M we consider the spacelike unit vector field

— Z EEJ_
 Vez.z)y
Then on M
Vo=a& —BN, (11

where o 1= —g(V,, &) >0 and B:=/g(Z,Z) > 0.
The bundle map & - N- : S5z — )7 is an involution, since

E-N)-(E-N)»=—(-8 (N-N)=lds;.
—~— -~
1 -1

Let S4+1 be the eigenspaces of £ - N- to the eigenvalues £1. Then
S‘ a=S1® 85
is an orthogonal decomposition with respect to (-, )¢ and
pel(S+1) <= §-9==£N-9¢. 12)

Now, consider the decomposition of ¢ € I” (S| ji) with respect of these eigenspaces,
o =¢1+¢_1 €I'(S1® S-1). Then

(10)
o =—g(Vy. &) = (0.0 = l@1llz + lo-1l. (13)
B=—8Vy, N)=(N-9,0)s=(E N 90,0 = (01 — -1, 01 + ¢-1)¢
= llgillz = llo-1llz- (14)
Hence on 1\71,

8V, V) = =& + B> = =41 o117 < 0.

O

Remark I The Dirac current Vy, of a spinor field ¥ € I'(S) on a Riemannian spin
manifold satisfies zero(yr) C zero(Vy,). Contrary to the Lorentzian case, in general
equality does not hold, Vi, = 0 can happen for a non-zero spinor field .
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Definition 8 We call a spinor field on a Lorentzian spin manifold lightlike, if the
Dirac current Vj, is lightlike.

Proposition 3 Let ¢ € I'(S) be a nowhere vanishing spinors field on a Lorentzian
spin manifold. Then ¢ is lightlike if and only if V, - ¢ = 0.

Proof Let ¢ = @1 + ¢_1 € I'(S1 @ S_1) as in the proof of Proposition 2. We use

the decomposition V, @ a& — BN on M and obtain

gV, V) =0 &= —a’>+p>=0
— a=8>0
(13),(14)
&S il + llo-1llF = lleill — o112

<— ¢_1=01e. ¢ e '(S)

(12)
= §9=N-9p

= Vy-p=a( —N)-¢=0.
O

Applying the holonomy principle (Theorem 6) and the local splitting theorem
(Theorem 7), we obtain for the holonomy group Hol, (M, g):

Corollary 2 Let ¢ € I'(S) be a parallel spinor field, ¢ # 0. Then the parallel
vector field V, is either lightlike or timelike with g(Vy, V,) = const < 0. In
particular, Hol, (M, g) is contained in the stabilizer of V,(x) in O(TxM, gy),

Hol, (M, g) C O(Tx M, gx)V(p(x) C O(Ty M, gy).
a) If V,, is timelike, then
TeM =R V,(x) ® V,(x)*
is a holonomy-invariant decomposition into non-degenerate subspaces, hence,
(M, g) is locally isometric to a metric product (R x F, —dt*> + gr), where
(F, gr) is a Riemannian spin manifold with a parallel spinor field.
b) IfV, is lightlike, then Hol, (M, g) lies in the stabilizer of a lightlike vector, hence
Hol, (M, g) C SO(n —2) x R" 2 c SO°(1,n — 1).
A Riemannian spin manifold with parallel spinors is Ricci-flat (see Remark 2

below). In contrast, for Lorentzian spin manifolds with parallel spinor fields the
Ricci tensor may be non-zero. Here is an example where this happens.
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Exercise 6 We consider the Cahen-Wallach spaces CW" (1) = (R", g,), with

n—2 n—2
gr = 2dvdu + ijsz du® + dejz,
j=1 j=1

from Example 5. Prove:

1. v = islightlike and parallel.
n—2

2. RicS(X,Y) = —( Y )\,) ¢(X, V)g(Y, V) forall vector fields X and Y.
=

3. CW"™(A) is a spin manifold and the dimension of the space of parallel spinors is
half of the rank of the spinor bundle, i.e. 21"/21-1,

4. If ¢ is a parallel spinor field on CW"(A), then V,, = ||<p||§ V for an appropriate
chosen time-orientation &.

In general, for Lorentzian spin manifolds we have:
Proposition4 Let ¢ € I'(S) be a parallel, lightlike spinor field on a Lorentzian
spin manifold (M, g). Then there exists a smooth function f on M such that

RicS = fV,®V,) and  Vy(f)=0. (15)

Moreover, the scalar curvature of (M, g) vanishes, scal8 = 0.

Proof Using the local formula (5) for the spinor derivative one can calculate for the
curvature of V*

RS(X, Y)p = ([V§, vg]—V[SX,Y]) o=1 Y REX. Vosiospotalp.  (16)
k<l

The symmetry properties of the curvature tensor RS yield the following formulas
for the Ricci tensor and the scalar curvature:

Zo R (X,Sj)¢=—2thg(X)~(p, (17)
j=1
n
Zoj -Ric8(sj) - ¢ = scal® g. (18)
j=1

In particular, if ¢ is parallel and non-zero, (17) and (18) imply

Ric%(X) -9 =0 for all vector fields X, (19)
scal® = 0. (20)
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Now, let ¢ be parallel and lightlike. Then, in addition to (19), V,, - ¢ = 0. Hence,
using (6) we obtain

Ric8(X) - Ric®(X) -9 = —g(Ric?¥(X), Ric%(X)) ¢ =0,
(Ric®(X) - Vy + Vy - Ric®(X)) - ¢ = —2g(Ric?(X), V) ¢ = 0.
Therefore,
0=g(Vy, Vp) = g(Ric*(X), Ric® (X)) = g(Vyp, Ric*(X)).
Since g is a Lorentzian metric, V, and Ric#(X) have to be linearly dependent, i.e.
there exists a 1-form w on M such that Ric8(X) = w(X) - V,, or for the (2, 0)-Ricci
tensor,

Ric!(X,Y) = w(X) - g(V,, Y). 1)

Now, let us consider the timelike vector field T :=
and the function f := w(T). Then,

g(;Vq,)’ satisfying g(T', V) =1,

w(X)=w(X)g(Vy, T) =Ric® (X, T) = Ric® (T, X) = o(T) g(Vy, X) = f g(Vy, X).
Hence,
Ric®(X,Y) = fg(V,,X)g(V,,Y) forall vector fields X, Y,

which proves the first part of (15). Now, since the scalar curvature of (M, g)
vanishes, (1) implies

0 = divé(Ric®) = divé(f V, @ V,)) = Vo (f) + fdivEV, - V) + f V¥, V).

Since V,, is parallel, this shows the second part of (15). O

Remark 2 In the Riemannian case, formula (19) implies, that a Riemannian spin
manifold with a non-trivial parallel spinor field is Ricci-flat. Hence, by the local
splitting result in Corollary 2a), if a Lorentzian spin manifold admits a parallel
spinor field with timelike Dirac current, it is Ricci flat as well.

Next, we adress the question how the holonomy groups of Lorentzian spin
manifolds with parallel spinor fields look like.

The relation between parallel spinor fields and holonomy groups is based on the
following observation [67, 75]:

Proposition 5 Let (M, g) be a space- and time-oriented semi-Riemannian man-
ifold of signature (p,q). Then, there exists a spin structure on (M, g) with a
non-vanishing parallel spinor field if and only if there exists a homomorphism
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£ :Hol(M, g) — Spino(p, q) with A o £ = Idnol(m,g) and a non-vanishing spinor
v e Ay, fixedunder Hol(M, g), i.e.,

£(Hol(M, g))v = v.

Moreover, the dimension of the space of parallel spinor fields on (M, g) and the
dimension of the space of fixed spinors under Hol(M, g) coincide.

It was shown by M.Y. Wang [75] that the connected holonomy group Hol’(M, g)
of an irreducible Riemannian spin manifold with parallel spinor fields is one of the
groups SU(n/2), Sp(n/4), G2 or Spin(7). Since Riemannian spin manifolds with
parallel spinor fields are Ricci-flat and Ricci-flat homogeneous Riemannian spaces
are flat (see [1]), one only has to check the criteria of Proposition 5 for the six proper
subgroups of SO(n) in the Riemannian Berger list (Theorem 10 above). Wang also
determined the possible full holonomy groups Hol(M, g) of irreducible Riemannian
spin manifolds with parallel spinor fields [76], which are the groups G described in
the following algebraic lemma (see also [15]).

Lemma 2 Let G C SO(n) be a Lie group with connected component G° equal to
SU(n/2), Sp(n/4), Gy (n=7) or Spin(7) (n=8) and with a non-zero fixed spinor in
Ay. Then G is equal to one of the groups in the following table, in which N is the
dimension of the space of spinors fixed under G:

G° n G N Conditions

SU@m) 2m SU(®m) 2
SU(m) x Z,p 1 m divisible by 4

Sp(k) 4k Sp(k) k+1
Spk) x Zg (k+1)/d d > 1,d odd and divides k + 1
Sp(k) - Zog 21 5] +1 keven,1 <d <2d
Sp(k) - Qaa | 5, | if & odd keven,1 <d < 2d,

UZJ +1if ’5 even

Sp(k) - Bag see Ref. [76] k even and conditions in [76]
Spk) - I” 1 k even

Spin, 8 Spiny 1

Gy 7 Gy 1

Here

1. Quq is the double cover of the dihedral group Dy4 of order 2d,

2. Sp(k) - Bag for d = 6,12,30, and Bag is the double cover in Sp(l) of the
polyhedral groups P>q in SO(3), i.e. the tetrahedral group P12, the octahedral
group Pa4, and the icosahedral group Pep, and

3. I is an infinite subgroup of U(1) X Zs.
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In order to describe the holonomy groups of Lorentzian spin manifolds with
parallel spinor fields the following algebraic fact is useful.

Lemma3 Let H =G x R"2 c SO°%1,n — 1) with G C SO(n — 2). Then the
following spaces have the same dimension

1. spinorsin A,—» fixed under G.
2. spinors in Ay p—1 fixed under H.

Proof If £ : H = GxR"% — Spin’(1, n—1) is a homomorphism with 1of = Idy,
the restriction of £ to G maps into A1 (S0(m—2)) = Spin(n—2) C SpinO(l, n—1),
hence we can define £g := ¢|g and obtain A o £y = Idg. R"2 ¢ H is a connected
closed Abelian subgroup. When realizing Spin’(1, n — 1) in the Clifford algebra
Cliff; ,,—1 , the image of R"=2 under ¢ is given by

LR ={l4e_ -x|xeR" 2} cSpin(l,n — 1) C Cliffy ,_1,

where (e_, eq,...,e,—2,e4+) is a Witt basis of the Minkowski space RUn=1 ag
in (2). Then, if £y : G — Spin(n — 2) is a homomorphism with X o £y = Idg,
we define £ : H = G x R"%2 — Spin®(1,n — 1) by

(g -x) :=40o(g) - (1 +e_-x), g€G, x e R"2,

It remains to check the conditions for the fixed spinors. We proceed as in the proof
of Proposition 2. Let eg, e,—1 be the orthonormal basis in span(e_, e4) given by
ey = \}2 (e— —eq)and e, 1= «/12 (e— + e4). Then eg - e,—1- is an involution
on the spinor modul Ay ,—1.Let Ay ,—1 = A4 @& A_ be the decomposition into its
the eigenspaces to the eigenvalues &=1. Then AL |spin(:—2) is isomorphic to the spin
representation A, o, w € Ay iff eg - w = *e,_1 -wande,_; - A+ = As. Hence
forv:=vy +v_ € AL + A_ we obtain

(g-x)v = Lo(g)-(1+e—-x) (v +v-) = Lo(g)vi+Lo(8)v——v2lo(g) X en1 vy
Comparing the components we see that £(g - x)v = v is equivalent to

Co(g)vy = vy and Lo(g)v— — vV200(g) - X - en_1 - V4 = V_.
Since the second condition holds for all g € G, setting g = 1 we obtain x - e, -

vy = O for all x € R"2, which implies v; = 0 and £o(g)v_ = v_. Hence
L(H)v = visequivalent to v = v_ and £o(G)v_ = v_. |

These preparations allow us to prove the following result about the holonomy
groups of Lorentzian spin manifolds with parallel spinor fields.
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Theorem 16 Let (M, g) be an oriented and time-oriented, indecomposable Lorent-
zian manifold of dimension n. Then (M, g) admits a spin structure with a non-zero
parallel spinor field if and only if

Hol(M, g) ~ G x R"2,

where G C SO(n — 2) is a subgroup such that there is a non-zero fixed spinor in
Ayu—2 under G. Moreover, the number N of linearly independent parallel spinor
fields coincides with the dimension of the space of fixed spinors of A,_> under G.
If N > 0, the connected component G° of G is a product of groups of the form
{1}, SU@m), Sp(k), G2 or Spin(7) (with their standard representations). IfG0 acts
irreducible on R" =2, then G is one of the groups in the table of Lemma 2.

Proof Since (M, g) is indecomposable, by Corollary 2 each non-vanishing parallel
spinor field has to be lightlike. Hence the full holonomy group is contained in the
stabilizer of a lightlike vector, i.e. Hol(M, g) C SO(n — 2) x R" 2. In particular,
the holonomy algebra is of type 2 or 4 in Theorem 13. But, in case of type
4, the orthogonal part g of hol(M, g) is a holonomy algebra of a Riemannian
manifold with a non-trivial center which excludes the existence of a fixed spinor
in A,_» under g (cf. [60, 61]). Hence, the holonomy algebra hol(M, g) is of type
2. In [15, Proposition 1] the possible structure of the full holonomy group for
each of the holonomy algebra types is described. In particular, if the holonomy
algebra hol(M, g) is of type 2 then the full holonomy group Hol(M, g) has the
form G x R""2 where G C R* x O(n — 2) with connected component equal
to the connected component of projo(nfz)(H ol(M,g)) C O — 2). Since, in
addition, projg«(Hol(M, g)) = {1}, it follows that Hol(M, g) = G x R"~2, where
G C SO(n — 2). Hence, we can apply Proposition 5 and Lemma 3 and obtain the
first part of the Theorem. The second part follows from Lemma 2. O

It remains to discuss whether there exist Lorentzian manifolds with the holonomy
groups described in Theorem 16, where we are also interested to obtain manifolds
with special causality properties.

Let us first consider again the construction in Example 6 and choose the function
f there as independent on v. As we know, the Lorentzian manifold M := R2x N
with the metric g/ := 2dvdu 4 fdu® + h has full holonomy group Hol(N, k) x
R"~2. For Lorentzian manifolds of type (M, g/") various causality properties
are known (see for example [30] and [37]). Let us quote here the following two
results.

1) If (N, h) is a complete Riemannian manifold and if the function f does not
depend on u and is at most quadratic at spacial infinity, i.e., there exist xop € N
and real constants r, ¢ > 0 such that

fx)<c- dN(xo,x)2 forall x € N with dy(xg, x) > r,

then (M, g/*) is geodesically complete. Here dy is the distance function of
(N, h).
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2) If (N, h) is a complete Riemannian manifold and if the function — f is spacial
subquadratic, i.e., there exist xp € N and continious functions p,c1,c2 €
C(R, [0, 00)) with p(u#) < 2 such that

—fu,x) < c1(u) dy(xg, X)W + cy(u)  forall (u,x) e R x N,

then (M, g/"") is globally hyperbolic.

Of course, both conditions for f can be realised in addition to det(HessN f (uo, xo))
# 0. Hence, each of the groups in Theorem 16 can be realised as holonomy group
of a geodesically complete as well as by a globally hyperbolic Lorentzian manifold,
if the group G in this Theorem is the holonomy group of a complete Riemannian
manifold.

Another construction of globally hyperbolic examples in the form of Theorem 2
with complete Cauchy surface can be found in [13] and [15]. We consider the
following warped product (F, gr) over an irreducible Riemannian spin manifold
(N2, h) with parallel spinor fields:

F:=RxN, gF = ds®> + e h.

Let C : TF — TF be a Codazzi tensor on (F, gr), i.e. a symmetric homomor-
phism field such that

dV'ex,y) = (Vi)Y —(vEo)x =0 forall X, Y € X(F),

with only positive eigenvalues and let @ € R be a positive number. Then the
Lorentzian manifold (M, gh’C),

M :=(—a,00) x F, g"C:=—di®> +g = —di*+ (C+2( +a)ldrp)*gr,

has full holonomy Hol(N,h) x R"2, hence it admits parallel spinor fields.
If, in addition, (N, &) is complete, then the Lorentzian manifold (M, gh’C) is
globally hyperbolic and the space-like slices ({t} x F, g;) are complete Cauchy
hypersurfaces. Codazzi tensors on warped products are described in [13].

These two constructions reduce the problem of finding, for each G in Theo-
rem 16, a Lorentzian manifold with holonomy G x R"2 to the Riemannian case.
First, one has to ensure the existence of Riemannian manifolds with holonomy
group G. Then, for geodesically complete or globally hyperbolic Lorentzian
metrics, one needs complete Riemannian manifolds with holonomy group G. For
connected holonomy groups G = G there are deep existence results for complete
and even compact Riemannian manifolds with special holonomy obtained by several
authors (for an overview see [52]). Based on the examples with connected holonomy
groups, Moroianu and Semmelmann in [67] constructed irreducible Riemannian
manifolds with parallel spinor for each of the non-connected groups G in the table of
Lemma 2. For SU(m) xZ; they construct a compact manifold, and for the remaining
groups the metrics are obtained by removing points from compact spaces or by
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cone constructions, thus these metrics are not complete. This yields the following
conclusion.

Corollary 3 For every group G in Theorem 16, which is connected or for which
GO acts irreducible on R"~2, there exist a Lorentzian spin manifold with holonomy
G xR"2 and a non-zero parallel spinor field. Moreover, for the connected groups G
and for SU(m) X Zy, there exist geodesically complete as well as globally hyperbolic
Lorentzian manifolds with complete spacelike Cauchy hypersurfaces and holonomy
G x R*2,

To our knowledge, it remains an open question whether the groups Sp(m) x Zg4, and
Sp(m) - I" in the table of Lemma 2 can be realised as holonomy groups of complete
Riemannian manifolds.

5 Constraint Equations for Special Lorentzian Holonomy

In the remaining half of this article, we will describe how one can construct (globally
hyperbolic) Lorentzian manifolds with special holonomy by solving a Cauchy
problem with initial conditions along a space-like hypersurface (see Sect. 7). As
a starting point, in this section we will derive the constraint conditions special
holonomy induces on spacelike hypersurfaces. We will mainly restrict to the case
that the Lorentzian manifold admits a lightlike parallel vector field or a lightlike
parallel spinor field.

5.1 Constraint Equations for Recurrent and Parallel Vector
Fields

Let (M, g) be a time-oriented Lorentzian manifold and i : ¥ < M a spacelike
hypersurface with the induced Riemannian metric 4 := i*g. Forany x € ¥

M =T,XY & RT (x),
where T : ¥ — T M|y is the future-directed unit normal vector field on X'. Then
for all vector fields X, Y on X', we can decompose the covariant derivative ViY in
a tangent and a normal part and obtain

VEY = projpsV§Y —g(VSY, T)T =Viy —TI(X,Y) - T, (22)

where II is the second fundamental form of the hypersurface ¥ C M. If we denote
by W : TX — T X the Weingarten operator of X' C M,

W(X) := —V§T,
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then the second fundamental form is given as
(X, Y) =gW(X),Y) =h(W(X),Y).

Now we derive the constraint equations which a recurrent and lightlike vector field
on a Lorentzian manifold imposes on a spacelike hypersurface.

Proposition 6 Let (M, g) be a time-oriented Lorentzian manifold with a recurrent,
lightlike, future-directed vector field V and let ¥ C M be a spacelike hypersurface
with the induced Riemannian metric h and the future-directed unit normal vector
field T. Then the function u and the vector field U on X, defined by

u:=-—g(T, V), U:=uT —-V|yg =-prys(Vl]x),
satisfy
VU =-uW + (wlrs)® U, (23)
u> = h(U,U), (24)

where w is the 1-form on M defined by V8V = w® V. In particular, dU" = o AU
and hence the distribution U+ on X is integrable.
In particular, if 'V is parallel, U satisfies the constraints (24) and

ViU = —uw, (25)

and U’ is a nowhere vanishing closed 1-form on X.

Proof By definition we have
h(U,U) = guT — V|g,uT — V|s) = —2ug(V|s, T) + u’g(T,T) = u*.
Moreover, since V is recurrent, for all vector fields X on X holds

w(X)V =V§V = V5T —U)
=Xw)T +uV5T — VU
= Xw)T — uW(X) — VU + h(W{U), X)T,

which is equivalent to

Xu) = —h(WU), X) +uw(X)  and
VRU = —uW(X) + 0(X)U,
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where the first condition follows from the second by differentiating the equation
u? = h(U, U). Then, since the Weingarten operator is symmetric, we obtain

dU (X, Y) = L (@(X)h(U, Y) — o(X)h(U, Y)).

This implies that the distribution U~ is integrable. Moreover, the result for V
parallel follows from setting w = 0. O

We will now describe the local geometry of Riemannian manifold (X, /) satisfying
the constraint equations. We will restrict to the case where V is parallel. Here
admitting a closed non-vanishing 1-form has strong implication for the local form
of h as well as on the global geometry of X. For a proof see [62].

Theorem 17 Any Riemannian manifold (X, h) that solves the constraints (24)
and (25) with nowhere vanishing vector field U is locally isometric to

(1 X N, h = u~2ds* + gs) : (26)

where I C R is an interval, g is a family of Riemannian metrics on some manifold
N parametrised by s € I, and u? = h(U, U). Under this isometry, we have Ug =
u?&s and in the decomposition T X = Rdg & TN the endomorphism W is given by

27)

1 d(! dss( !
W=— hVU,)= ( () s (“(“)),
u

d(u(;“)) —Lﬁfaxgs

where £, denotes the Lie derivative in s-direction, grad®s the gradient with respect
to gs, and d the differential in N-directions.

Moreover; if the vector field ule is complete, then the universal cover of X
is globally isometric to a manifold of the form (26) with I = R and N simply
connected.

Conversely, given (X, h) as in (26) with I = Ror I = S a circle, the vector
field U = u?d; solves (25) for W as in (27). If in addition N is compact and u
bounded, then (X, h) is complete.

The proof in [62] proceeds as follows:

Since U" is closed, locally, U is the gradient of some function z and the leaves
of U™ are given by its level sets N. = {z = c}. For the vector field Z = h(Ul,U) U
we have

Z,U" =dU"(Z,.) =0,

and hence, the flow ¢ of Z sends level sets of z to level sets, i.e., ¢5(p) € Ny(py+s-
Then the map

w1 x Ng> (s, p) — ¢s(p),
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is a local diffeomorphism with d¥(d;) = Z and which, since its differential
preserves U, pulls back the metric to

Urh = u2ds? + g;.

The statement about the universal covering space is based on the following fact, for
a proof see for example [63, Proposition §].

Lemma 4 Let ¥ be a smooth manifold with a closed 1-form n and a complete
vector field Z such that n(Z) = 1. Then all leaves N of ker(n) are diffeomorphic to
each other and the universal cover X of X is diffeomorphic to R x N, where N is
the universal cover of N.

The above Theorem 17 also give us a way to construct complete Riemannian
manifolds satisfying the constraint conditions.

5.2 Constraint Equations for Parallel Spinor Fields

Next, let us suppose in addition, thaL (M, g) is a Lorentzian spin manifold of dimen-
sion (n 4 1), with spin structure (% (M, g), A). Then each spacelike hypersurface
X is oriented by a timelike future directed unit normal T and (% (M, g), A) induces
a spin structure on (X, h) as follows. The embedding of the frame-bundle

F(X,h)y — F(M, Qs
51,y 8p) — (T, 51,...,8,)

is_a reduction of .7 (M, g)|x to the subgroup SO(n) C S0%(1, n). Hence
J(Z’ h)y = A~ 1(J(Z‘ h)) C J(M g)|x is a principal fibre bundle with
structure group Spin(n) and gives together with the map Ay = Al (=
a spin structure of (X, h). If we restrict the spin representation A;, to the
subgroup Spin(n) C Spin’(1, n), we obtain the following isomorphisms of Spin(z)-
representations:

A1 nlspin(m), if n is even,
A, ¥ o
AV Ispingny, if n is odd.

Hence, the spinor bundle § 2 of (X, h) and the spinor bundle S of (M, g) are related
by

~ Z M, X A1, ifniseven,
SE =F (2, h) X Spin(n) Ay = ( 915> Spin’(1,n) S L.n
F (M, 9)lx X pind (1) AT, ifnis odd.

_ { NP> if n is even 28)

| Sty ifnisodd.
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Let ¢ € I'(S™) be a spinor field on (M, g) and ¢ = ¢|x € I'(S¥) the
corresponding spinor field on (X, k) given by the identification (28). Then the
Clifford multiplication in the two spinor bundles is related by

X 9o=iT-X-9¢|x forall X € X(X) (29)
and the positive definite scalar products on both bundles satisfy

{01, 92)5x = (P113, b2 2)7- (30)

The next proposition describes the constraint conditions which a lightlike parallel
spinor field on a Lorentzian spin manifold imposes on a spacelike hypersurface.

Proposition 7 Let (M, g) be a Lorentzian spin manifold, ¥ C M a spacelike
hypersurface with a future directed timelike unit normal field T and ¢ € I'(SP) a
lightlike parallel spinor field on (M, g). Then the induced spinor field ¢ := ¢|x on
(X, h) satisfies
vty = ;W(X) o forall X € X(%), 31)
Uy -0 =iuyp, (32)

where W denotes the Weingarten operator of the hypersurface ¥ C M, U, is the
Dirac current of ¢ and u,, is the positive function given by

up = 1Uylln = ol
Moreover, Uy, = projr s (— V| x).

Proof Let (sq, ..., sy) be alocal orthonormal frame on X and X € X(X'). From (5)
we obtain for the spinor derivative of ¢:

1< 1
Vb =X@) = ) D (VKT ST -sj ¢+ ) 3 (Vs sk sj ¢
j=1 k<j

= X(¢) + ’zgg(vin ST -5/ ¢+ I;g(visk,sj)(ﬁ -50) (T +5)) - .

The identification of the spinor bundles and formula (29) for the Clifford multipli-
cation imply
i« 1
Vidls = X) = Y hWX).57)s7 ¢+ 5 3 h(Visk 505k -5 -
j=1 k<j

= I
=Vy ¢— 2W(X)~<p.
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This shows (31). To derive the algebraic condition (32), we decompose the Dirac
current V,, of ¢ on X into Vy|x = uT — U, where U = projy 5 (—Vyp|x), and use
the condition Vy - ¢ = 0 (cf. Proposition 3). Multiplying 0 = uT — U) - ¢)| x with
T yields

O0=T -T-$)|s+i(iT-U)-¢ls = up+iU - .
It remains to prove that U is the Dirac current U, of ¢ and u = ||¢ |%. By definition,
h(Uy, X) = —i{X - ¢, @)s5.
On the other hand, for all X € X(X),

hU,X) = —gWVylz, X) = (X-90,9)lx=(T-X-¢,.9)r

(29),(30) .
= —i(X 9,05z = h(Uy, X).

Hence U, = U = proj(— V| x). Moreover, by Proposition 6,

h(Ug, Up) = u* = —i(Uy - ¢, @) g5 = —i*ulp, )ss = ulpl?,

which finishes the proof. O

Definition 9 Let (X, h) be a Riemannian spin manifold and W : TY — TX
a symmetric endomorphism field. A spinor field ¢ € I'(S¥) is called imaginary
W-Killing spinor or imaginary generalised Killing spinor, if it satisfies

Vite = ;W(X) Lo forall X € X(X).
This definition relates to the constraint conditions for a parallel lightlike vector

field as follows.

Lemma 5 Let (X, h) be a Riemannian manifold with an imaginary W-Killing
spinor @. Then the Dirac current Uy, satisfies the following conditions

1. VU, = —|lp|*> - W.

2. The function qy = lol* — h(Uy, Uy) is non-negative and constant. Moreover

ap = gl - distip, Ey)?,
where dist(i@, Ey) is the pointwise distance of the spinor i@ to the subspace
Ey, :={X-¢ | X € TM} C Sx with respect to the real scalar product Re(-, ) s5..

Ifgy =0, thenuy := lell? = Uylln and Uy - ¢ = iug @. In particular, in this case
U, satisfies the the constraint conditions (24) and (25) with respect to W.
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Proof Differentiating h(Uy,, X) = i{p, X - ¢) yields

h(VEUg, X) = =5 (W) -0, X - 9) + L, X - W(Y) - )
= o, (WX) - X+ X W) - ¢)
~l@ll* - h(W(Y), X).

This shows the first equation. Furthermore,

Y(llel®) = 2llel? - ((Vye, @) + (@, Vyo))
= llplI*> - (W) - @, 9) —ilp, W) - @)
—2l@l? - h(Uy, W(Y)).

Hence,
Y(qy) = —2llg|? - h(Uy, W(Y)) + 2|lg|1% - R(Uy,, W(Y)) =0,

i.e., the function g, is constant. In order to show, that g, is non-negative, we
calculate for the distance dist(i¢, Ey):

dist(ip, Ey)> = lligl* — llprojg, (o) 1> = lel® — lloll ™ - 1Y (ig.s; - @) s; - olI”
J

= llol* = el ™% h(Uy, Uy) = gy - ol

In the case of g, = 0 there exists a vector field £ on X' such that & - ¢ = ig. Using
the definition of U, shows that § = loll =2 - U, and therefore, Uy, - ¢ = iugpp. 0O

Definition 10 We say that an imaginary W-Killing spinor is of type I if g, = 0,
and of type Il if g, > 0.

Remark 3 The restriction of a parallel spinor field ¢ of a Lorentzian manifold to a
spacelike hypersurface is always an imaginary W-Killing spinor. By Proposition 7
¢ = ¢|x is of type I, if Vj is lightlike. The same arguments as in proof of this
proposition shows that ¢ is of type I, if V it timelike.

Remark 4 (Killing Spinors) As the name suggests, imaginary generalised Killing
spinors are a generalisation of imaginary Killing spinors for which W = 2u1d for
w € R\ {0}. These are, in turn, a special case of Riemannian manifolds (X, &)
with Killing spinors, i.e., with Vig = AX - ¢ with A € C \ {0}. The existence
of a Killing spinor on (X, h) of dimension n implies that 4 is an Einstein metric
with scalar curvature 4n(n — 1)A2, which in particular implies that X is either real
or imaginary. By Myer’s Theorem, it implies that complete Riemannian manifolds
with real Killing spinor (A € R\ {0}) are compact. On the other hand if (X, h)
admits an imaginary Killing spinor (A = i € iR\ {0}), X' cannot be compact, as
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otherwise the inequality

0< / (D, Dp)d T = / (D%, 9)dE = —np> / (0. 0)dE <0,
) ) )

would hold, in which D is the Dirac operator. In contrast, Riemannian manifolds
with imaginary generalised Killing spinors can be compact, see [16, Section 6] for
a 2-dimensional example.

Moreover, for a Riemannian manifold with a Killing spinor, the (Riemannian or
Lorentzian) cone

M=R.ox X, g=2x%dr*+r’h,

admits a parallel spinor.” This, together with Berger’s classification, Wang’s result
([75], as described in our Proposition 5) and a result by Gallot that a cone over a
complete Riemannian manifold is either flat or irreducible [47], was used by C. Bir
in [4] when classifying complete Riemannian manifolds with real Killing spinors.
Generalised real Killing spinors have been considered in [3].

The first author obtained the following classification of complete Riemannian
manifolds with imaginary Killing spinor ¢ in [9]: if ¢ is of type II, then (X, k) is
isometric to the hyperbolic space with sectional curvature —4 2, and if ¢ is of type
I, then (X, h) is isometric to a warped product of the form

(R x N, ds* +e g,

where (N, g) is a complete Riemannian spin manifold with parallel spinor field.
This result can also be deduced using a generalisation of Gallot’s result in [2].

Since for a Riemannian manifold (X, h) with imaginary generalised W-Killing
spinor ¢ of type I the vector field U, satisfies the constraint conditions (25),
Theorem 17 applies to (X, h) and consequently leads to Theorem 28 in Sect. 8.2,
which can be seen as a (local) analogue of the classification for imaginary Killing
spinors in [9].

For the moment, let us present classification results for Riemannian manifolds
with imaginary generalised W-Killing spinors for two special cases of W.

Example 8 W := f -Idry with f € C®(X,R™).
Then (X, h) is a complete Riemannian spin manifold with imaginary W-Killing
spinor of type I if and only if (X, &) is isometric to a warped product

5 —4Afvf(r)dr
RxF,ds®>+e 0 gr),

SThis is in fact true in any signature.
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where (F, gr) is a complete Riemannian spin manifold with a non-vanishing
parallel spinor field (for a proof see [14, chap.7.2] or [69]).

In this example, F is a level set of the function u, = ll@ll? and the splitting
diffeomorphism is given by the flow of the vector field u, ! Uy . In this spitting, the
function f only depends on the s-coordinate.

Example 9 Let W be a Codazzi tensor on (X, h), i.e.
dV'W(X,Y) = (VEW)(¥) — (VEW)(X) =0  forall X, Y e X(X),

and suppose that W is invertible and all of its eigenvalues A are positive and
uniformally bounded by positive constants, 0 < c; < A < 3.

In this case, (X, h) is a complete Riemannian spin manifold with imaginary W-
Killing spinor of type I if and only if (X, /) is isometric to

(Rx F, (W )*ds® +e¥gp)),

where (F, gr) is a complete Riemannian spin manifold with a non-vanishing
parallel spinor field and W~! is a Codazzi tensor for the warped product (R x
F,ds* +e % gr)- In [13] Codazzi tensors on such warped products are described.

6 The Cauchy Problem for the Vacuum Einstein Equations

The results in the previous section suggest the question whether the constraint
conditions for a Riemannian manifold (X, ) are not only necessary but also
sufficient for (X, h) being a Cauchy hypersurface in a Lorentzian manifolds with
parallel lightlike vector field (or spinor field). In Sect. 7 we will see that this is indeed
the case by showing how a globally hyperbolic Lorentzian manifold with special
holonomy can be constructed from a given Riemannian manifold (X, /) satisfying
the constraint equations in Sect. 5. We will achieve this by studying certain Cauchy
problems for PDEs that are induced by the existence of parallel lightlike vector fields
or spinor fields. Since our approach for establishing the existence of a solution is in
parts analogous to the approach for the Einstein equations, in this section we will
review this approach in detail. We will however focus on local aspects of the proofs,
i.e., on constructing a neighbourhood of a given Riemannian manifold, and not on
much more difficult aspects such as maximality or stability of solutions.
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6.1 The Constraint Conditions for the Vacuum Einstein
Equations

The vacuum Einstein equations for a Lorentzian manifold (M, g) are equivalent to
the condition that g is Ricci-flat,

Ric® = 0. (33)

In this equation the Lorentzian metric g is considered to be the unknown and the
equation for g is usually treated as a Cauchy problem: given a Riemannian manifold
(X, h), is there a Lorentzian manifold (M, g) satisfying equation (33) such that
(X, h) is a spacelike hypersurface in (M, g) and g|x = h? Of course, for this to
be possible, (X, k) has to satisfy certain constraint equations, which we will now
derive.

Let (M, g) be a time oriented Lorentzian manifold and (X, 7 = g|x) be a
spacelike hypersurface with Weingarten tensor W and second fundamental form
II. Then the curvature tensors of g and # satisfy the Gauss equation,

R8(X,Y,Z,V)=RNX,Y, Z, V)+1I(Y, 2)II(X, V) —1L(Y, VII(X, Z), (34)
and the Codazzi equation,
RE(X,Y, Z,T)|rs = (VEI(Y, Z) — (VID(X, Z), (35)

where X, Y, Z, V vectors tangent to X' and T is the positive timelike unit normal
along X'. They follow from the formula (22) and imply for the Ricci tensor of g that

Ric4(T, X) = tr(VEW) — div! (W) (X) = dtr(W)(X) — div" (I1)(X), (36)
and

Ric®(X,Y) = —RS(T, X, Y, T) + Ric"(X,Y) + «(W)I(X, ¥) — (W (X), Y),
37

again with X, Y € T X. In addition we have that

n
Ric*(T,T) =) RS(T,E;, E;, T),
i=1

where T, Eq, ... E, is an orthonormal basis for g. This implies for the scalar
curvature that

scal® = —2Ric8(T, T) + scal + tr(W)* — w(W?). (38)
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Now one tries to express Ric® = 0 along X' in terms of geometric quantities in
(X, h). The resulting equations, that are implied by the above formulae, are called
the constraint equations for the vacuum Einstein equations (see for example [7]):

Lemma 6 (Constraint Equations for the Vacuum Einstein Equations) Let
(M, g) be a time oriented Lorentzian manifold with Ric® = 0 and (X, h = g|x)
be a spacelike hypersurface with unit normal T and Weingarten tensor W. Then
Ric8(T, )|rx = 0is equivalent to

dir (W) — div*(W) = 0. (39)
and Ric8(T, T)|x = 0 is equivalent to
scal®|s = scal + t(W)? — w(W?).
In particular, if Ric® = 0 along X, then the constraint equations (39) and
scal" + tr(W)? — we(W?) = 0, (40)

are satisfied.

6.2 Results from PDE Theory

We will now state the results from the theory of PDEs that are needed in order
to show the existence of solutions for the considered Cauchy problems. We will
formulate them for functions on R"*! with values in some R". We fix coordinates
(xo, ..., x")on R"*+! and use the index convention that Greek indices WU, V,...1Tun
from O to n and Latin indices 7, j, ... only from 1 to n. The initial data will be given
on a hypersurface ¥ which we assume to be an open set in the hyperplane {x* = 0}
containing the origin.

The first result is the Cauchy-Kowalevski Theorem and we will formulate it
for PDEs of second order. It gives an existence and uniqueness statement for a
Cauchy problem of the following form: find an R¥ -valued function w, defined on a
neighbourhood in R"*! of the origin such that

ng = F(x"*, w,d,w, 9w, 8;0;w), wly=f, odwlx=g, 41
where f and g are functions on ¥ and F is an R" -valued function on a vector space

of the appropriate dimension.

Theorem 18 (Cauchy-Kowalevski) If F, f and g are real analytic, then the
Cauchy problem (41) has a unique analytic solution w defined in a neighbourhood
of the origin in R"*1,
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For a proof see for example [38] or [74, Section 16].

Of course, real analyticity is a strong assumption, but since Lewy’s example it is
well known that it cannot be removed. Hence, we will give another result from the
theory of first order quasilinear symmetric hyperbolic systems which applies in the
smooth setting.

Definition 11 A first order, quasilinear PDE of the form (in which we use Einstein’s
summation convention),

AV (x*, w)d,w = b(x*, w), (42)

for an RY -valued function w on R"*!, is called symmetric hyperbolic, if

¢ the AY’s and b are functions of the n + 1 coordinates and the N unknowns,
e the AY have values in the symmetric N x N-matrices,

* b has values in RV, and

+ A% > cId for a positive constant c.

For first order, quasilinear symmetric hyperbolic PDEs there is the following result.

Theorem 19 (Existence and Uniqueness for Symmetric Hyperbolic PDEs)
Consider a symmetric hyperbolic system (42) with A* and b smooth functions and
f € C*®(X). Then there is a smooth solution w : M — RN 10 (42) on an open
neighbourhood M of X in R x X with w|x = f. Such a solution is unique in
the sense that if w; : M; — RN, i = 1,2, are two smooth solutions on open
neighbourhoods M; in R x X with wi|y = w3|x, then w1 = wy on M1 N M.

For more details and proofs we refer to [74, Sections 16.1 and 16.2] or [42] and
references therein.

The bad news is that neither of the two results can be applied directly to the
PDE that arises when (33) is written in arbitrary coordinates. Indeed, in coordinates
(xo, ..., x™) on a Lorentzian manifold (M, g) with g = g,,dx"dx"”, the Ricci
tensor Ric® = Ricl,dx*dx" is given by

Ricﬁv = —égaﬂaaaﬁgp,u + a(urv) + G,LLl)a 43)

where I, = g"‘/S Iyop and Iy = é (aagﬁﬂ + 088 — aﬂgaﬂ) denote the
Christoffel symbols of g, the round brackets denote the symmetrisation of indices,
and G,y = Gpy(x%, gap, 9y 8ap) are lower order terms depending on the coordi-
nates x%, the functions gyp and its first derivatives dy, gog. The term that in general
prevents us from applying the Cauchy-Kowalevski Theorem or (when rewriting this
as a first order PDE) Theorem 19 is the term

3Ty = 287 (849agus + 90ugup — 3u0vgap) + LOTs. (44)

The fundamental reason that the above results cannot be applied directly to
Eq. (33) is its diffeomorphism invariance. Indeed, let g be a Ricci-flat Lorentzian
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metric on R"T! and ¢ a diffeomorphism of R"*! that restricts to the identity in
a small neighbourhood of ¥ = {x% = 0}. Then the metric ¢*g, which is the
pull-back of g by ¢, is isometric to g and thus also Ricci-flat. Hence, its metric
coefficients (¢*g)uy = 8ﬂ¢°‘8v¢ﬁ 8ap are also solutions to the PDE (33) but,
because of the assumption we have ¢|x = Id and d¢|s = Id and thus the same
initial condition along X. This however contradicts the uniqueness statements in
the above results. Hence, in order to apply the PDE theory to Eq. (33), one has to
break this diffeomorphism invariance. We will show two ways how this can be done.

6.3 The Vacuum Einstein Equations as Evolution Equations

Let (X, h) be a Riemannian manifold satisfying the constraint conditions in
Lemma 6. The aim is to construct a globally hyperbolic Lorentzian manifold (M, g)
that is Ricci-flat and contains (X, h) as a Cauchy hypersurface. Motivated by the
Splitting Theorem 2, we will make an anstaz that M is an open neighbourhood of
{0} x ¥ in R x X and the metric g is of the form

g =—\*di* + hy, (45)

where /; is a family of Riemannian metrics with A9 = h and XA a positive function
on R x X. We are now going to derive the Ricci-flatness equation as an evolution
equation for the family of Riemannian metrics %;. In regards to the remarks in
Sect. 6.2, in this setting the diffeomorphism invariance is broken by only allowing
coordinate transformations of X, i.e., diffeomorphism that are independent of 7.

In M we consider the hypersurfaces X; = {¢t}x X' equipped with the metrics b, =
glrz,x7x,. Their timelike unit normal is given by T = 2719, their Weingarten
tensor by W, = —VET|rx,, and their second fundamental forms II; by

(X, V) =) (&%eX,Y) forallX,Y e TX,, (46)

where .7, denotes the Lie derivative with respect to 9;. In this setting we introduce
some notation. If A is an endomorphism and B a symmetric bilinear form on M
with A(T) =T B = 0, then it holds that

(L, ANT)=T (£,B)=0,
where .Z denotes the Lie derivative. Hence, we introduce the notation
A = LA, B = 25 B.

Furthermore, if A and B are metric duals of each other, B = g(A.,.) = h;(A.,.),
we get

B'(X,Y) — g(A'X,Y) = =21, (AX, Y),
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which by Eq. (46) becomes the familiar Leibniz formula
B'(X,Y)=h(A'X,Y)+h,(AX,Y). 47)
In case of the second fundamental form and the Weingarten operator, this implies
I(X,Y) =h (W/(X),Y) =2\ ht(Wtz(X), Y).

In addition to the Gaull and Codazzi equations, in this situation we can also express
the curvature term RE (T, X, Y, T) in terms of (derivatives of) I, and get an equation
that is sometimes called Mainardi equation,

REX,T,T,Y) = I,(X, W,(Y) + | (I[(X, V) +Hess" W) (X, V). (48)
On the one hand, we can insert this into Eq. (37) and get

Ric8|rx, x5, = Rich + (W) 1T, — 21,(., W;.) — ; (II; + Hess" (1)) ,
(49)

where Hess (L) = V’dx denotes the Hessian of A with respect to the metric A;.
On the other hand, we get the equation

Ric8(T, T) = (W2 + | (' (1) + Ap, (1)), (50)

where Ay, (1) = tr' (Hess" (1)) denotes the Laplacian of A with respect to /;. Note
the subtle notional difference here that the trace of the bilinear form is taken with
respect to h; while the trace for an endomorphism is independent of the metric. This
yields the expression for the scalar curvature

scal® = scal + (tr(W))? — 3tw(W2) — 7 (trh (1) + Ap, (1)) . (51)

Then we observe:

Lemma 7 The Lorentzian metric g in (45) is Ricci flat if and only if the equation
I = A (Rich’ T (W) T, — 210, (., W,.)) — Hess" (1), (52)

as well as the constraint equations (39) and (40) are satisfied for each Riemannian
metric hy.

Proof The ‘only-if’ direction of this statement clearly follows from Lemma 6 and
formula (49).

On the other hand, by formula (49), Eq. (52) implies that Ric®|rx,x7x, = 0.
By formula (36), the constraint equation (39) implies that Ric8(T, X) = 0 for all
X € T X, and it remains to show that Ric(T, T) = 0. For this, we take the trace of
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Eq. (52) and the constraint (40) to get

0=t + Ap, () — A (scalh’ + (tr(Wp))? — 2tr(Wt2))
= "I, + Ap, (1) + Mr(W2).

By (50) this implies that Ricé(T, T) = 0 and hence Ricé = 0. |

The key observation now is that Eq. (52) is a second order evolution equation for the
family %, of Riemannian metrics that it is of Cauchy-Kowalevski form as in (41).
This becomes evident when spelling out the left-hand-side of (52) as

;= 1, (Mh) — ARy,
and noting that the right-hand-side of (52) contains no double derivatives of %; in
t-direction. Then the Cauchy-Kowalevski Theorem applies:

Theorem 20 Let (X, h) be a real analytic Riemannian manifold satisfying the
constraint equations (40) and (39) with a real analytic symmetric endomorphism W
and corresponding symmetric bilinear form 11, and let A be a real analytic function
on R x X. Then there is a unique real analytic Ricci-flat Lorentzian metric g of the
form (45) with hg = h and h(, = 1l defined on a neighbourhood M of {0} x X in
R x X, such that (M, g) is globally hyperbolic with Cauchy hypersurface X.

Proof We proceed in three steps:

Step 1: Let p € X. We fix coordinates charts of X' around p and apply the
Cauchy-Kowalevski Theorem to the evolution equation (37) written in these
coordinates. On each coordinate patch, this will give a unique real analytic
solution £, defined on a neighbourhood of U, in R x X. By Lemma 1 this
neighbourhood U, can be chosen to be globally hyperbolic. By the uniqueness,
the solutions on such globally hyperbolic neighbourhoods for different p and
g coincide on their overlaps U, N U, and hence define a unique real analytic
solution /4, on neighbourhood M :=Up,ecxUp, of {0} x ¥ inR x X.

Step 2:  We show that (M, g) is globally hyperbolic. Let y = (yp, vx) : (a, b) —
M be an inextendible timelike geodesic. Then y intersect one of the globally
hyperbolic neighbourhoods from Step 1 and hence intersects X, i.e., there is a
¢ € (a,b) such that yg(c) = 0. Since y is timelike, it is yé(s) # 0 for all
s € (a, b) which implies that yp cannot return to 0, and hence y (c) is the only
intersection of y with X.

Step 3: It remains to show that the resulting Lorentzian manifold (M, g) is
actually Ricci-flat. The evolution equation ensures that Ricé|r 5, x7x, = 0. We
define a function and a 1-form on M by

f =Ric85(T, T) = —scal’, w= Rics(T, ),
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and show that they are zero. The key is the second Bianchi-identity and its
consequence (1). Using Ric8|rx,xrs, = O, it provides us with evolution
equations for f and w,

1 =2t(W) f + 2div" (w) + 4o (grad™ (log(h))
o =tu(Ww+ df.

Obviously, the right-hand-side is R-linear in f and w. To these equations we can
again apply the Cauchy-Kowalevski Theorem. The constraint equations along ¥
imply that f|x = 0 and w|x = 0, so that the unique solutions for f and w vanish
on all of M. This concludes the proof. O

This result goes back to Darmois [34], see also [64]. It is independent of the
signature of g and in particular holds for Riemannian metrics ¢ = A*dt®> + hy,
see [3, 56].

6.4 The Vacuum Einstein Equations as Symmetric Hyperbolic
System

The generalisation of Theorem 20 to the smooth setting goes back to Y. Choquet-
Bruhat [39]. In order to apply the theory of symmetric hyperbolic PDEs to the
vacuum Einstein equation, one approach is to break the diffeomorphism invariance.
This can be done done by fixing certain coordinates, Choquet-Bruhat used harmonic
coordinates, [39], another approach is to fix a background metric. This is known as
hyperbolic reduction, and goes back to Friedrich and Renadall [42], see also [70].

For a Lorentzian manifold (M, g), recall from Sect. 6.2 that the term that prevents
Eq. (33) from being symmetric hyperbolic when written in coordinates was 9, 1),
see Eq. (43). This term cannot be expressed invariantly, so just subtracting this
term from the Ricci tensor would not give an invariant PDE, it suggest however
a modification of Ric# by the symmetric derivative of a 1-form 7,

Ric® + Sym(Vén),

where the symbol Sym denotes the symmetrisation of a bilinear form
Sym(B)(X,Y) = é(B(X, Y) + B(Y, X)). The idea to find n in [42], known as
hyperbolic reduction, is to fix a background metric g with Levi-Civita connection v
and define n by taking its trace with respect its two covariant entries and dualising
with the metric g give a 1-form

n#f(X) = ) €u8(C(Eu, Ep), X), (53)
n=0
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for X € TIl/I , E,, an orthonormal basis for g, and where C is the difference tensor
of V& and V,

C(X,Y) =VxY — VY.
Then we define
Ric® := Ric% + Sym(Vgng’g), (54)

In the following, we use again Einstein’s summation convention and the conven-
tion that Greek indices run from O, . . ., n and Latin indices from 1, ..., n.

Lemma 8 Let (M,g) be a Lorentzian manifold and g Lorentzian metric on M
satisfying the equation

Ric® =0, (55)
where Ric® is defined in (54). Then in local coordinates x", with x9 a timelike
coordinate, the metric coefficients g, and its first derivatives K,,, := 008, and
Lyv,i := 0; guyv satisfy a symmetric hyperbolic system of the following form

30g,w = K,ul)s
gooaOK/w +2gOi3in +gijaiL,u.v,j = F/,Ll)s (56)

—8 0Ly, j + &’ 9jKuw =0,

with suitable functions Fy, = F;,(x%, 8ap, Ko, Lag,k) depending on the coordi-
nates (x%), the metric coefficients and ist first derivatives.

Proof In local coordinates (x#) the term Sym(V#n) in (54) is
Vfﬂnu) = égaﬁ (0.0v8ap — A&y — Opdp8av) + LOTs,
and hence, because of Eq. (44), the functions
Juwv =0Ty + Vf,ﬂl))

are of lower order in gug, i.e., fuv = fuv(x*, gap, 9y 8up). Hence, because of
Eq. (43), we get

(Ric®) i = — L 8% 300p8y0 + Fuv, (57)

where F,, = f» + G, and the G,’s are of lower order in g4 and defined in
Eq. (43).
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Then Eq. (55) and the definition of the K,;,’s and L, ;’s imply the system (56).
It remains to show that (56) is symmetric hyperbolic.

To this end, on the appropriate vector spaces we define linear maps A =
A%(x%, gap, Kap, Lapi) and A1 = Al(x*, gup, Kup, Lap k), depending on the
coordinates, the metric coefficients and its derivatives, as

0 Upy Uy Uy . 0 .
- 00 i R i i
A v | = 8 vy , A (I =] 28" v _—i— 8" Wy k
. J . . i
Wp,i —&;" Wy, j Wy, j 8 jVnv

Writing these linear maps schematically as matrices shows that they are symmetric,

10 0 00 0
A=10g% 0 |, A =[02g% gV
00 —g/ 0g7 0

Moreover, since g is Lorentzian metric and the xY coordinate is timelike, the matrix
—gij is negative definite and hence AV is positive definite. It is easily checked that
the system (56) can be written as

8Og/w ) 8ig,u.v
A% 8K, | +A| K, | =0
0Ly, j 0Ly, j

as in (42) with

K
b=b(x", gup. Kap, Lap.i) = | Fuv(x*, gap, Kap, Lap k) | -
0

where F),, is determined by the LOTs in Eq. (57). O

A few remarks are in place. First, it is clear that the system (56) consist of less
equations than the original system (57), which was equivalent to Eq. (55) and hence
is weaker. We will however see later that Eq. (56) together with the appropriate
initial conditions implies Eq. (55).

Secondly, clearly a solution g to equation (55) is not necessarily Ricci-flat. The
key observation then is that if g satisfies condition (55) then the 1-form 7 satisfies a
linear wave equation.

Lemma 9 Let (M, g) be a Lorentzian manifold with Ricci tensor Ric8 and n be a
solution to equation

Ric® + Sym(Vén) = 0. (58)
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The n satisfies the wave equation
Agn — Rict(n*, ) =0,
where Ay denotes the Bochner-Laplacian on 1-forms, Agn = trflsz)(VVn), orin

abstract index notation (Agn), = Vy,V'n,.

Proof Taking the trace of Eq. (58) gives
0 = scal® + divé (n).

Taking the divergence of (58), the identity (1) and the definition of the curvature
yield the simple computation

0= —Vyscal® +V,V'n, + V, V¥’
=-V,Vun" +V,V¥n, + V,V#p"
=VuVinu + R, 0"

= Agny — Ricﬁano‘,

which proves the lemma. O

By Theorem 3, this implies that 7 is uniquely determined by its values and
derivatives on an initial Cauchy hypersurface. This means that one has to choose
the initial values such that n|y = 0 and Vpn|x = 0 for X. The following will
facilitate this:

Lemma 10 Let (M, g) be a Lorentzian manifold with Ricci tensor Ric8 and n be a
solution to Eq. (58). Moreover, let (X, h) be a spacelike hypersurface satisfying the
constraint equations (39) and (40). If n|x = 0, then also V8n|x = 0.

Proof Because of n|x = 0, we also have that V§n|2 = Oforall X € TX. For the
other terms, the constraint conditions come into play: by Lemma 6, the constraint
condition (39) gives that

0= Ric (3. X) = — (V5 n)(X),

where we also use Eq. (55). Equation (55) and what we know about 7 so far also
give

Ric!(T, T)|z = —(Vin(D)|z = divé ()] z = —scal®|x.

But then Eq. (38) and the constraint condition (40) show that scalf and hence V&p
vanish along X. O

We will now specify the correct initial conditions that enable us to put Lem-
mas 8—10 into action.
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Theorem 21 Let (X, h) be a Riemannian manifold equipped with a symmetric
bilinear form 11, a smooth function f € C*°(X) and a smooth 1-form o. Moreover,
let A be a smooth positive functionon R x X. On R x X fix the background metric

T =—2%di*> + h. (59)

Then on a neighbourhood M of {0} x X in R x X there is a unique Lorentzian
metric g that satisfies Eq. (55) and the initial conditions

gl =%z, §lrsxrs = —2x|=1, g0 s=f &0, )z =o0,

and such that (M, g) contains (X, h) as Cauchy hypersurface.

Proof The proof proceeds similarly to the proof of Theorem 20. At p € X we
fix coordinates x’ on an open set W in X and denote by x? := 7 the canonical #-
coordinate on R x X. Since the system (56) turned out to be symmetric hyperbolic,
it has a unique solution (g,v, Kyv, L,v,i) on a neighbourhood U of W in R x W
satisfying the initial conditions

guwlw =gwlw, Kijlw = =2AIL;;, Koolw = f, Koilw = oi,
aswell as Ly klw = 0k8uvlw, i.e.,
Lijilw = Orhij,  Lioxlw =0, Loo,ilw = 9;iA|lw. (60)
This first equation in (56) is just that K, = dog., which turns the third into
0 =030 (Lyuv,i — diguv) -

This, together with the first initial condition in (60) implies that L, ; = 9; g;,» on all
of U. With this, the second equation in the system (56) just becomes the the second
order equation (57) and hence implies Eq. (55). Hence for each p € ¥ we obtain
a Lorentzian metric on an open neighbourhood U, in R x W satisfying Eq. (55).
As before, we can chose U, to be globally hyperbolic, but in addition we chose it
so small that U, N X, is spacelike, where X, = {r} x X. This requirement will
be needed in the next step to ensure that the -component of a timelike geodesic is
nonzero.

Having such U, for each p € X, we define now M := Up,cxUp. As before,
the uniqueness of the solution implies that two solutions on different U, coincide
on overlaps and hence constitute a solution on a neighbourhood M = U,ep U, of
Y in R x X. As before in Step 2 in the proof of Theorem 20 one can now show
that M is globally hyperbolic, using that the U, are globally hyperbolic and the
additional requirement that X; N U, is spacelike. The latter ensures that each curve
Y = (o, vx) satisfies g(y5(s), 5 (s) > 0, which implies for a timelike curve that
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Yy(s) # 0 for all s. Hence the argument in Step 2 in the proof of Theorem 20 can be
applied to show that (M, g) is globally hyperbolic. O

In order to specify the remaining initial conditions f and ¢ in Theorem 21 in a
way that the 1-form 1% ¢ vanishes, we will make use of the following observation:

Lemma 11 Ifg is the background metric (59) on R x X and g another Lorentzian
metric on a neighbourhood of X in R x X such that g|y = g|x, thenn = 18§
satisfies

1

n@)|x = 1,8 (0. ) s + 50" 12) + 5 |5,

nlrs = 28’ G lrs.

Proof We use coordinates x9 = ¢ and x! coordinates on X. Then, because of the
initial conditions g|y = g|x, we have along X

~i i =0 -0 8y ~0 0 _ A 8o Sk k g kjs
Ig=Ty =0, Ig—lg=—3%. Too—To="5+52 Too—Too=—h"gy;-

Hence, still along X' we get
nolz = 8" 80w (I, — I%,) |5 = Tgy — Iy — A2hM (1:;2 - F;g) Iz,
which proves the first equation, and
nilz = 8" gia (T — %) |5 = 8" hik (F,Ifu - 1",';) |z =2"gyls,

proving the second one. O
Now have all we need in order to prove:

Theorem 22 Let (X, h) be a Riemannian manifold satisfying the constraint con-
ditions (40) and (39) for a symmetric bilinear form 11 and let A be a smooth
positive function on R x X and g the associated background metric (59). Then
on a neighbourhood M of {0} x X in R x X there is a unique Ricci-flat Lorentzian
metric g with n8 & = 0and satisfying the initial conditions

gly =%z, gl = —2MI1+222 (m’f(n) _ x’) dr.

Moreover (M, g) contains (X, h) as Cauchy hypersurface.

Proof The initial conditions are as in Theorem 21 with

fi=222 (mh(n) - )\’) Y
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By Theorem 21 we get a unique globally hyperbolic Lorentzian manifold (M, g)
with Ric® = 0. By Lemma 11 the initial conditions ensure that 78 gy = 0. By
Lemma 10 this also implies that V&p$ 8|5 = 0. Now we can apply Lemma 9 and
Theorem 3 to conclude that n$ & = 0 on all of M and hence that gisRicciflat. 0O

Remark 5 In contrast to the result in Theorem 20, the Ricci-flat metric found in
Theorem 22 is not necessarily of the form —A%dt> + h,. We can however arrange
with a simple trick that the hypersurfaces X; remain orthogonal to 9;, see [62,
Section 5]:

If ¢ denotes the global r-coordinate on M C R x X, its gradient with respect to g
is by construction timelike and the leaves of the integrable distribution grads () are
givenby X; = {t} x X. Then the vector field F = (dt (grad® (t))f1 grad® () satisfies
dt(F) = 1 and its flow ¢; sends level sets X; to X; . Indeed, the derivative of the
function f(s) := t(¢s(p)) satisfies

d
= di]g,py (F) = 1,

and hence f(s) = t(¢s(p)) = s+1(p). The flow ¢; defines a diffeomorphism i on
a neighbourhood of X' in M by ¥ (¢, p) = ¢:t(p) that satisfies dy/(9;) = F. Hence
the pulled back metric is of the form

Vg = —)2di* + by,

with a smooth function . Along X it satisfies 3:|2 = g(grad® (¢), grad® (1))~ /2|y =
Alx, 1.e., along X', A coincides with the prescribed function A. Off ¥, it might
however differ from A.

7 Cauchy Problems for Lorentzian Special Holonomy

In this section we will see that the constraint conditions in Sect. 5 for a Riemannian
manifold (X, h) are not only necessary but also sufficient for (X, h) being a
Cauchy hypersurface in a Lorentzian manifold with parallel lightlike vector field
(spinor field). Following the strategy we have described in the previous section for
the vacuum Einstein equations, we will achieve this by studying certain Cauchy
problems for PDEs that are induced by the existence of parallel lightlike vector
fields or spinor fields. This will involve finding the right evolution equations for a
time-dependent family of Riemannian metrics as well as ensure that these equations
have a solution. As before we will study this in the analytic setting where we derive
evolution equations [16] and in the smooth setting where we study a symmetric
hyperbolic PDE system [62].
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7.1 Evolution Equations for a Parallel Lightlike Vector Field in
the Analytic Setting

As in Sect. 6.3 in this section we again make the ansatz to construct a Lorentzian
metric g = —A2dt*> + h, of the form (45) on an open neighbourhood M in R x ¥
of a Riemannian manifolds (X, /) satisfying the constraint condition (25) and (24).

We assume that M = R x X and g = —A2dt> + h;. If we write a lightlike vector
field V as V = u, T — U, with ¢t-dependent function and vector field on ¥, then the
constraints for each ¢,

Vh’U;~|-I/ltWt =0, du; +11;(U;, ) =0

are equivalent to V8V |y, = 0, whereas VS; V = 0is equivalent to
U = W) + u, grad™ (1), u' = drUy), (61)

where the prime denotes the r-derivative, i.e., U’ = [d;, U]. Equation (61),
considered as an equation for U, u and g however cannot be brought into Cauchy-
Kowalevski form. Instead we will find a second order equation for U, u and g
resulting from V. R8 = 0 and show that we can apply the Cauchy-Kowalevski
Theorem to it. The key to find the evolution equations is the following observation:

Lemma 12 A vector field V is parallel on (M, g) if and only if the following
equations are satisifed

R(3,, X)V =0, forallX €dt=TX, (62)
Vi ViV =0, (63)
ViV|s =0, forallXeTX (64)
ViVis =0. (65)

Proof If V is parallel, all the conditions follow immediately. On the other hand,
Eq. (63) shows that the vector field Vgr V is parallel transported along the curves

t — (t, x). Hence, with the initial condition (65), we have Vgr V = 0 everywhere
on M. Using this, Eq. (62) for vector fields X € F(a}) with [9;, X] = O gives that
0 = R&(3, X)V = Vi V{V, which shows that V§ V is parallel transported along
all t — (¢, x). Since we have assumed that V§( V = 0 along the initial manifold X,
it also shows that V is parallel on M. O

In these equations, (64) just is the constraint condition (61) for t = 0, Eq. (65)
gives initial conditions for U|;~p, and Egs. (62) and (63) provide us with evo-
lution equations for h;, U; and u,. For this we have to rewrite (62) using the
Codazzi-Mainardi equations and obtain that Eq. (62) is equivalent to

w Il (X, Y) = Md" ) (U, Y, X) — upd (X, Wy (V) — uHess™ Q) (X, 1),
(66)
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forall X, Y € 8} and where d’”HI is defined by
h 1 hy hy
@)X, ¥, 2) = L (VYT 2) = (VT (X, 2)).

When spelling out the IT'-terms, Eq. (66) becomes a second order evolution equation
for the metric i; which is of Cauchy-Kowalevski form. Moreover, the right-hand-
side does not contain any time derivatives of U, or u;. There is however an obvious
problem with this equation: the term (dV*1I,)(U;, Y, X) is not necessarily symmetric
in X and Y. In fact, its skew-symmetrisation is equal to dhi (X, Y, U;) which in
general is not zero. Hence, when considered as an evolution equation for g, it
might yield a solution that is not symmetric. We can resolve this problem under
the assumption that all data are real analytic.

Lemma 13 Let (M, g) be real analytic and let V be an analytic lightlike vector
field on M. Then V8V = 0, if and only if Egs. (63)—(65) together with
RS(X,V,V,Y)=0, forallX,Y ed’, (67)

are satisfied.

Proof (Sketch of the Proof) Having Eqgs. (63)—(65), but not Eq. (62) it remains to
show that V)g(V = 0 on all of M. The idea is to use Eq. (67) to derive a linear
system of the form

A A
V;‘;B:QB,
C C

for A, B € (3")* ® TM and C € A%(3;")* ® T M defined by
AX)=V§V, B(X)=R$T,X)V, C(X,Y)=RS(X,Y)V.

and where Q is a linear operator on an appropriate vector space. Moreover, the
initial conditions (64) and (65) imply that A, B, and C vanish along X'. Hence,
being subject to the linear system above, they vanish everywhere. O

Now it is a matter of determining the explicit forms of the evolution equations. For
Eq. (67) one uses again the Codazzi-Mainardi equations and obtains an equation
similar to (66). Equation (63) on the other hand, when written in terms of U, and u,
is equivalent to the equations

Ul = (100, WeUT+ Wi U)) = AWAWUD) + 4 Wi ()

g ([0, grad 2] = 2.W, (grad3) ) + (2u] — dM(Uy)) grad™

uy = hy([3;, grad" A1, Up) + 2dA(U)) — 3rdA(W;(Up)) — uylgrad™ W) |17, .
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The crucial observation is that the right-hand-sides do not contain any second ¢-
derivatives, so that we can apply the Cauchy-Kowalevski Theorem.

Theorem 23 Let (X, h, W, U) be an analytic Riemannian manifold together with
a field of h-symmetric, analytic endomorphisms W, with corresponding symmetric
bilinear form Il := h(W., .), and an analytic vector field U satisfying the following
constraint equation

ViU +uW =0, (68)

where u> = h(U, U). Then, for any positive analytic function > on R x X there
exists an open neighbourhood M of {0} x X in R x X and an unique analytic
Lorentzian metric

g = —22di* + by

on M which admits an analytic lightlike parallel vector field V = ';\’ 0y — U; and
satisfies the initial conditions

ho = h, Uyp=U, uo = u,

69
hy = —2x0ll, Uj = u grad”" (ho) + oW (U), ufy = dro(U). (69)

Moreover, M can be chosen such that ¥ C M is a spacelike Cauchy hypersurface.
The t-dependent families of metrics h;, vector fields U, and smooth functions u; on
X are solutions to the following PDE system

R"(X, U, Up, Y)

7 )‘2 h h; h
Xy =" <d '(A)(Ut,x,Yde ). . X)>+ R,(X, (h)A(Y))
t
2
+(log A)'h,(X, Y) 4 2)Hess" (1) (X, Y) 4ot -
I

1
o (B VR WL U = B X U Y, UD),

2u?
" _ )‘2 h; h; 1 1./ hy

h(U/, X) = T ou, d (A YU, X, Up) — 2(10g>») hy(Ur, X) — AHess™ (1) (U, X)
— WU/, X) + ush, (3, grad™ A, X) + h '(grad™ A, X)

+ (2u; — d\(Uy)) dM(X),

3
u! = hy([8;, grad" 1], U;) + 2d0(U)) + 2h;(gradhf (A).Up) — || grad™ A5 .
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The proof is analogous to the proof of Theorem 20 for the Einstein equations and
follows from using the Cauchy-Kowalevsky theorem locally and then obtaining a
globally hyperbolic manifold by the uniqueness of the solutions.

Finally, we give an example which was first given in [13] and for which the above
system can be solved explicitly.

Example 10 Let (M,h, W, U, u) be a Riemannian manifold with a symmetric
endomorphism field W, a vector field U and a function # on M satisfying the
constraint equations

ViU = —uw, h(U,U) =u’>> 0.

If, in addition, W is a Codazzi tensor, i.e., d v W = 0, and A = 1, then the following
are solutions to the PDE system in Theorem 23

he i=h—2th(W (), -) + 2h(W2(), ) = h((1 — tW)2(), ),

R 1 _ - k k
Ul(t, x) = (- th)U(x) = ];)Wx (U (x))tk,

u(t,x) :=u(x).
They are defined on

M:={(t,x) €Rx X | t|Weln, <1}.

7.2 The Cauchy Problem for a Parallel Lightlike Vector Field
as a Symmetric Hyperbolic System

Now we want to present recent results in [62] that generalise Theorem 23 to the
smooth setting. We want to take the same approach as for the Cauchy problem
for the Einstein equations in Sect. 6.4, and moreover we would like to partially
reduce the Cauchy problem for parallel lightlike vector fields to the vacuum Einstein
equations. But, whereas the integrability conditions for parallel lightlike spinor
fields in Proposition 4 are formulated in terms of the Ricci tensor and lead to obvious
evolution equations for the metric in the Cauchy problem for parallel lightlike spinor
fields (in [65], see also Remark 7 below), the existence of a parallel lightlike vector
field yields hardly any nontrivial information about the Ricci tensor. Thus, it is not
obvious at all that the methods that work for the Cauchy problem for the Einstein
equations or a parallel lightlike spinor field also work for a parallel lightlike vector
field and that Theorem 23 can be generalised to the smooth setting. The idea here
is to simply introduce the Ricci tensor as new unknown, i.e. set Ric® = Z. We
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consider this as an evolution equation for the metric g and close the system by
deriving a first order equation for Z by further differentiation.

To find the PDE that will form the correct quasilinear first order hyperbolic
system, we assume that (X, 4) is a Riemannian manifold and that M is an open
neighbourhood of ¥ in R x X with a Lorentzian metric g, a function A =
~/—g(®, 3;), and such that along X, which we identify within M with Xy =
{0} x X, itis

gls = —A|sdt* +h,

i.e., such that the initial hypersurface X' is g-orthogonal to 9;. In contrast to Sect. 7.1,
however we will not assume that ¥, = {t} x X is g-orthogonal to 9, away from
Yo = Y. Wedenotebyw : M > (t, p) — p € X the projection onto the second
component and by pry 5, = d its differential, i.e., the g-independent projection

prrys : TM=R3,®TY - TX

onto the second factor.

Now we assume that (M, g) admits a parallel lightlike vector field V. We set
U := —pry (V) € I'(@w*T X). Hence, using the timelike unit vector field 7 = )I\BI,
V decomposes into

V =T — U, (70)

with v € C*°(M). Note that V # 0 and g(V, V) = 0 imply that v, U and hence
u = 4/g(U, U) have no zeros. Along the initial hypersurface X we have that
g(T,U) g, =0, as T was assumed to be the unit normal vector field along X', and
hence that v|xy = u|y. Moreover we have seen that in this situation (X, h, U|x)
satisfies the constraints (25) and (24).

We will now derive and analyse several PDEs that follow from V8V = 0 and
which will constitute a symmetric hyperbolic system. First note that the 1-form V"
satisfies the PDE

(d+div¥)w = 0, (71)

Here d +divé : 2*(M) — £2*(M) is the de Rham operator on the algebra of forms.
It is also given by

d+divs =coV,
wherec: TM ® A*M — A*M denotes Clifford multiplication by forms, i.e.,

cX) w=X"Aw—ixo, forall X e TM, (72)
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where tyw = w (X, . ..) denotes the interior product. The advantage of this equation
is that d + div® is of Dirac type which suggest that equation (71) is symmetric
hyperbolic. The disadvantage is that the solution might not be a 1-form. But this can
be resoved by appropriate initial conditions.

Lemma 14 Let (M, g) be a globally hyperbolic manifold and X a Cauchy
hypersurface. If @ € $2*(M) is a solution of Eq. (71) with w|ys € T*M, then
w € T*M everywhere on M.

Proof Because of (d + div¥)w = 0 we get that w is in the kernel of the Hodge
Laplacian A7l = (d 4 div8)%. Writing w = w1 + ... + w,1 in components with
k-forms wy, this implies that all wy satisfy the wave equation

AHLa)k =0.

With |y € T*M all w; except w; vanish along X' and hence, by Theorem 3, this
wave equation implies that the w;’s for i > 1 vanish everywhere. O

Next, as V is parallel, it annihilates the curvature tensor R8,i.e., V. R8 =0.In
particular,

V Ric®=0. (73)

To evaluate this further, note that the vector field metric V defines a (non-
orthogonal) splitting

TM =TX &RV (74)
of bundles over M. We introduce the g- and V-dependent projection
prgT’g TM—->TX
onto the first factor in the splitting (74). Writing this explicitly as
priy = Idry + ) (8(T,) — g(T, prrs () V,

where v is the function defined in Eq. (70), show that this projection is indeed g-
dependent. Then Eq. (73) is equivalent to

. v
Ric4 =Zo pr‘%x, (75)

where Z is a symmetric bilinear formon 7 X, i.e. Z € I'(7*(T* X ® T* X)), which
is trivially extended to a symmetric bilinear formon TM =T X @ RV.
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Finally, in order to find the first order equation for Z, we observe that the second
Bianchi identity implies that (Vé Ric®) = 0 and hence

(V8Z)(X,Y)=0 forallX,Y e n*T%. (76)

Of course, for reasons described in Sect. 6.2, Eq. (75) cannot be symmetric
hyperbolic as it contains the Ricci tensor. Hence we have to perform the hyperbolic
reduction described in Sect. 6.4: for a positive function . € C®(R x X), we fix
a background metric g on R x X as in (59), which defines a 1-form n = ng*g as
in (53) and, instead of Eq. (71), consider the equation

Ric® = Ric® + Sym(V¥y) = Z o pr¥y, + Sym(V¥n). (77)

For Eqgs. (71), (76) and (77) we obtain the analogon of Theorem 21.

Theorem 24 Let (X, h) be a Riemannian manifold equipped with a vector field U
such that u := h(U,U) > 0 and satisfying the constraint (25) for a symmetric
bilinear form 11, a smooth function f € C*(X), a smooth 1-form o and a smooth
bilinear form Q. Moreover, let ). be a smooth positive functionon R x X. OnR x ¥
fix the background metric § = —A%dt* + h as in (59). Then on a neighbourhood M
of {0} x X in R x X there is a unique Lorentzian metric g with a unique lightlike
vector field V and a unique bilinear form Z that satisfy equation (71) for o = V°,
Egs. (76) and (77), and the initial conditions

gl =2ls, glrzxrs = =2x 11, Vig=58-U (78)
as well as

§@, s =, §@, )z =0, Zlz = Q. (79)

Moreover, (M, g) contains (X, h) as Cauchy hypersurface.

Proof As in the proof of Theorem 21, at each point in ¥ we fix coordinates
x% = #,x!,...,x") and show that in such coordinates Egs. (71), (76) and (77)
are equivalent to a symmetric hyperbolic system for a form w, a metric g and a
bilinear form Z.

We start with Eq. (75): as in the proof of Theorem 21 the initial conditions in (78)
ensure that Eq. (76) is equivalent to the symmetric hyperbolic system

ang,v = K,LLI)’
gooaOK/w + 2g0iaiK/w + gijaiL,u.v,j = H,u,vs (80)
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which is the same as the system (56), with the difference that the function Fj,
in (56) has to be replaced by

v
Hy =Fu + (Zopr‘%z) ,
Ay

where V is defined by g(V,.) = w; for o = w1 + ...wy4+1 With w; a k-form.
Hence H,,, depends only algebraically on the unknowns g8, 9y gag, Zyuy and o =
(@) +...+ (a)n+1)a...ﬂ~

Next, we consider Eq. (71) in coordinates and identify w with a smooth map
to R2"" depending on the coordinates. The key here is that de Rham operator d +
divé = co V& in (71), where ¢ denotes the Clifford multiplication in (72), is of Dirac
type. Hence, one can use the Clifford identity c¢(X)-c(Y)+c(Y)-c(X) = —2g(X,Y)
to show that equation (71) is of the form

AM(‘xO‘, gaﬂs w)a/},w:b(-xas gaﬂaaygaﬁvw)7 (81)

where the matrices A* are symmetric. Along X, where ¢ = 2, A? is a positive
multiple of the identity, and hence A is positive definite in a neighbourhood of X.
Finally, it is easy to see that Eq. (76), when written in local coordinates as

d0Zi — LU Zn = 2T Znyi — 2ﬁUl'r/(kz,)j,
is equivalent to an equation of the form

0Zi + a' (X%, gup, Iy gaps (@1)a)di Zkt = bri(x%, gaps By 8aps (@1)as Zap)-
(82)

We conclude that the system comprising Egs. (80)—(82) is a quasilinear first order
symmetric hyperbolic system in the unknowns g, K, Z and w, which has a unique
solution for given initial conditions. Patching these together to a globally hyperbolic
Lorentzian manifold (M, g) satisfying Eqgs. (71), (75) and (76) for V = a)g works
as before. Moreover, for w we fix the initial condition

oy =88 ~U,)eT*M.

By Lemma 14, this initial condition implies that w is in fact a 1-form on M and we
have V = ¥, which concludes the proof. m]

After this result it remains to show that we can choose the remaining initial
conditions (79) in a way that the associated solutions satisfy n$ £ =0and V8V = 0.
In particular to conclude V¥V = 0 from (d + div®)V* = 0 seems a long shot, but
as before, the right wave equation will help with this. This is the statement of the
following proposition. Its proof in [62, Section 4] is substantially more involved
than the proofs of Lemmas 9—11 above, and we do not attempt to present it here.
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Proposition 8 Ler (X, h) be a Riemannian manifold and g be the background
metric (59) on R x X. Moreover, let (M, g) be a Lorentzian manifold where M is
an open neighbourhood of X, n = ng’g be the I-form defined in (53), V a lightlike
vector field and Z a t-dependent bilinear form on X satisfying the equations

Z = Ric® + Sym(Vén), (d+divé)V’ =0, V‘g,Z|T2Xr2 =0, V Z=0.
(i) Then the tensor fields
@ = (VEV, 0, VEn, (VE(V)), W :=div¥(Zz — " Py),
satisfy a wave equation of the following form
Ag® = F(P,VED, ¥), V‘g,lll = H(®, Vi), (83)

where Ag is the Laplacian on tensor fields and F and H are suitable tensor
fields. Moreover, when written in coordinates, the system (83) is equivalent to a
linear first order symmetric hyperbolic system.

(ii) Assume that (X, h) and U satisfy the constraint conditions (24) and (25) and
g, 'V, and Z satisfy the initial conditions along X,

gls =35, gy = —2AI+ 222 (Mrh(n) —A’) di®, Vig="8-U,
(34)

as well as

U Zl|x = duw(W) — divi (W),
Zlyigyr = Ric" — 1% + (W)L + (85)
+ 5 (U I —1U, I - R"(,U,U, ),

Then ®|y =V¥|x =0.

The importance of the initial conditions (85) for Z becomes clear when comparing
them to the constraint conditions for the Einstein equations in Lemma 6. This
proposition is the key for the proof of the main result.

Theorem 25 Let (X, h) be a Riemannian manifold equipped with a vector field U
such that u := h(U,U) > 0 and satisfying the constraint (25) for a symmetric
bilinear form 1. Moreover, let A be a smooth positive functionon R x X. On R x ¥
fix the background metric § = —A%dt* + h as in (59). Then on a neighbourhood M
of {0} x X in R x X there is a unique Lorentzian metric g with a unique lightlike
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parallel vector field V such that ng’g = 0 and initial conditions
gls =¢ls, glrexrs = =211, Vig=750-U

are satisfied. Moreover, (M, g) is globally hyperbolic and contains (X, h) as
Cauchy hypersurface.

Proof We apply Theorem 24 in which we specify the initial conditions for f, o and
0 by Eqgs. (84) and (85) as in (ii) of Proposition 8. Then (i) and (ii) in Proposition 8
imply @ = ¥ = 0 on all of M which in turn gives that n$ & = 0 as well as
V8V = 0. In particular this implies that V' is lightlike. As we have specified a full
set of initial conditions for a symmetric hyperbolic system, g and V are unique. 0O

Remark 6 As explained in Remark 5, we can find a transformation fixing X" such
that the metric in Theorem 25 is of the form g = —A? 4 h, with a positive function
AsuchthatA|y = A|y.

7.3 Cauchy Problem for Parallel Lightlike Spinors

Now we will show that a Riemannian manifold (X, 4) with imaginary W-Killing
spinor of type I as defined in Definition 9 can always be extended to a Lorentzian
manifold with parallel lightlike spinor. Since such a manifold satisfies the constraint
conditions (24) and (25) for a parallel lightlike vector field (see Lemma 5), we can
apply the results in the previous section and obtain a Lorentzian manifold (M, g)
with parallel lightlike vector field. If (M, g) then admits a parallel spinor, it must
be parallel translated along any direction that is transversal to X' in M, e.g., parallel
translated along the flow of V or of 9;.

Theorem 26 Let (X, h) be a Riemannian manifold with imaginary W-Killing
spinor .

1. If (¥, h), W and ¢ are real analytic, then the real analytic globally hyperbolic
Lorentzian manifold (M, g) obtained in Theorem 23 admits a unique real
analytic parallel lightlike spinor field ¢ with ¢|x = @ and V = V.

2. If (¥, h), W and ¢ are smooth, then the smooth globally hyperbolic Lorentzian
manifold (M, g) obtained in Theorem 25 admits a unique smooth parallel
lightlike spinor field ¢ with ¢|s = @ and V = V.

Proof Let (M, g) be the globally hyperbolic Lorentzian manifold obtained from
Theorem 23 or Theorem 25 and V be the parallel lightlike vector field on (M, g).
Then we extend the spinor ¢ to a spinor on M by parallel transporting ¢ along
the flow lines of V. This yields a real analytic (or smooth, depending on the
assumptions) spinor field ¢ with V“iqﬁ = 0. In order to show that also Vgcj) =0
for X € T X,, we consider the following section in 7*X ® S, where S is the spinor
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bundle of (M, g),
A(X) == Vig.

Then, using the fact that V is parallel, that V‘S,d) = 0, and the relation between the
curvature RS and R® in Eq. (16), we compute

(Vi A)(X) = RS (V. X)p + ViV + Vi x16 — Vééxqﬁ =RS(V,X)-¢ =0.
This however is a linear first order PDE for A in Cauchy-Kowalevski form and
in particular symmetric hyperbolic, so A is unique. The constraint equations and
V‘S,qﬁ = 0 however yield that A|x = 0, which implies that A = 0 on all of M. The
proof that V is the Dirac current of ¢ is straightforward and the details can be found
in [16, Section 5]. O

Remark 7 This Theorem in the analytic setting was proven in [16] by the same
method as presented here.

The result in the smooth setting was first proven by Lischewski [65], but without
using the solution for the Cauchy problem for a parallel lightlike vector field
presented in Sect. 7. Instead, Lischewski considers a Cauchy problem directly
for the spinor and the metric by finding a PDE that corresponds to a first order
symmetric hyperbolic system. Since the equation V3¢ = 0 does not have this
property, the following system of equations is considered in [65],

Ric® = f (Vy)%, D%¢ =0, df (V) =0, (86)

where D¢ is the Dirac operator of g. Then the the proof follows the one for the
Einstein equations: first it is shown that these equations for the unknowns g and ¢
are first order quasilinear symmetric hyperbolic and hence have a unique solution,
which then is shown to satisfy a wave equation that involves the square D? of the
Dirac operator and the connection Laplacian A, and then the initial conditions are
fixed so that the vanishing along the initial surface X' is ensured.

8 Geometric Applications

In this section we will apply the results from the previous section to study Lorentzian
holonomy reductions further. In Theorem 28 we also give an application our result
has for Riemannian manifolds with imaginary W-Killing spinors, and in Remark 1
we formulate an open problem about flows of special Riemannian structures.
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8.1 Applications to Lorentzian Holonomy

In this section we will use the results from Sect. 7 in order to construct globally
hyperbolic Lorentzian manifolds with prescribed screen holonomy from Rieman-
nian manifolds. On the one hand, from Theorem 17 we know how the Riemaniann
manifolds satisfying the constraint conditions are constructed from families of
Riemannian metrics, on the other hand we can use Theorem 25 to construct
Lorentzian manifolds with special holonomy from them. We will now study the
consequence for the family of Riemannian metrics that are implied by certain special
holonomies.
The key concepts are the following:

Definition 12 Let (M, g) be a Lorentzian manifold of dimension (n + 2) with a
subbundle V of parallel lightlike lines in the tangent bundle that is invariant under
parallel transport. Then the bundle

S:=Vt/v
is called the screen bundle of (M, g). The connection on S defined by
Va1 =[ViY],

for X € TM and Y € I'(V*)) is called screen connection and its holonomy group
is called screen holonomy group. In the following we are only interested in the
connected component of the screen holonomy group (or its Lie algebra), which we
will simply call screen holonomy.

A subbundle S C T M is called screen distribution if V- =V @ S.

This is well defined as I" (V1) and I" (V) are invariant under V4. Since V is lightlike,
we can also define a metric on S,

SUX1, [Y)) = g(X, Y),

for X,Y e VL. This metric is parallel with respect to V5. As we mentioned in
Sect. 3.2, the orthogonal component of the holonomy algebra of (M, g) is equal to
the screen holonomy.

Exercise 7 Prove the last statement, i.e.,

hol(S, V) = projsom) (hol(M, g)).

According to Theorem 14 the screen holonomy is always the holonomy algebra
of a Riemannian manifold. We will now establish a relation between the screen
holonomy and the holonomy of the Riemannian metric in the families g; in
Theorem 17.
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In general, the screen bundle is just a vector bundle over M, however in some
situations it can be realised as a screen distribution. This is in particular the case
when (M, g) admits a timelike unit vector field 7. Then the screen bundle is realised
as screen distribution

S=T1tnvt.

Moreover, if (X, h) is a Riemannian manifold satisfying the constraint condi-
tions (24) and (25) with a vector field U and (M, g) the Lorentzian manifold arising
from it by Theorem 25, then by Remark 6 it is TJ-|2 = aﬁ; = T X and we can
identify the screen distribution along X with

S|y = U+t
For the screen connection along X' we have
ViY|s = Vi, forY e S|s) =T U, XeTx, (87)

where V+ = pr;;1 o V” is the induced connection. Moreover if
2
(2. = XN, ,ds*+gs)

is given as in Theorem 17, we can interpret Y € I'(U J-) as family {Y}scs. Then we
can compare the following vector bundles of the same rank

(TN, V&) (UL, vhH) (S, V5

- = -
N C X c M.

Next, recall that Lorentzian holonomy reductions from so(1, n) to g x R"1 with
g C so(n — 1) are given by a parallel lightlike vector field V and parallel sections
of

®“’bS;:?*@...@Sﬁ@@@...@%a M
a times b times

such as a complex structure, a stable 3-form, etc. In this situation we have:

Proposition9 Let (X,h) = (I x N, ulz ds® + gs) be a Riemannian manifold
satisfying the constraints for a vector field U and (M, g) the Lorenzian manifold
with parallel lightlike vector field V arising as solution of the Cauchy problem in
Theorem 25. Then there is a 1-1 correspondence between

(a) sections & of the bundle S** — M with Vie =0,
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(b) sections o of the bundle @YU+ — X with V+o = 0, and
(c) families (o5)sey Of sections 0f®“’bTN — N with V8 o3 = 0 and

= 1(g) e oy, (88)

where the prime denotes the Lie derivative with respect to s, the * is
the dualisation with respect to gs and e denotes the natural action of an
endomorphism on tensors.

Hence, hol(VS) = PrsomD0ol(M, g) lies in the stabiliser of a tensor on S if and only
if on N there is an induced s-dependent family of gs-parallel tensors o satisfying
Eq. (88).

Proof The equivalence of (b) and (c) is proved by just writing out the definition
of VJ‘U and Vla for X € TN. The implication from (a) to (b) follows from the
formula (87), so it remains to show the implication from (b) to (a). Then we extend
o e IN@“PUL - Y)toé € I'(®@PS — M) by parallel transport along the flow
of V. Then the proof is similar to the one of Theorem 26: we define A := V¢ €
r(r+ @ ®*+*S), show that V‘S,a = 0, and observe that the equation V‘S,A =0is
a linear symmetric hyperbolic system for A with initial condition A|x = 0. Hence,
not only V‘S,6 = 0 but also V)S(& =0forX eTX. O

This result allows to describe the possible reductions of the (connected) screen
holonomy geometrically in terms of the family g; of Riemannian metrics on N.
Later we will be interested in Lorentzian manifolds with parallel spinors, and from
Theorem 16 we know that the screen holonomy has to admit a parallel spinor,
i.e., has to be a product of SU(m), Sp(k), G2, or Spin(7). As we have seen in
Theorem 10, the corresponding geometric structures are special Kihler, hyper-
Kihler, which are defined by (three) parallel complex structures J, as well as Gp
and Spin(7)-structures. A Gy-structure in dimension 7 is given by a parallel stable
3-form ¢, i.e., a 3-form which has an open orbit in the 3-forms under the action
of GL7R, whereas a Spin(7)-structure in dimension 8 is given by a certain generic
4-form . In both cases the forms define the metric, so in the next Theorem we will
write we write gs = gs(¢s) and gs = g5 (¥) to indicate that for families of G, and
Spin(7) structures, the metric g, is defined algebraically in terms of a distinguished
stable 3-form ¢, or a generic 4-form y, respectively. The explicit formulae can be
found for example in [24, 52].

Theorem 27 Let (X, h, W, U) be given as in (26) and (27) and let (M, g) be the
Lorentzian manifold arising from this choice of initial data via Theorem 25 (for
arbitrary choice for 1). Then G = prgo,)Hol(M, g) C SO(n) lies in the stabiliser
of some tensor in T*'R" if and only if there is an s-dependent and V% -parallel
Sfamily of tensor fields o5 on N, of the same type and subject to the flow equation

1
o, = —Z(g;)11 ° 0.
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Here, the prime denotes the Lie derivative of a tensor with respect to s, e.g., o] =
Ly.05, (g')*e denotes the natural action of the endomorphism (g")? € End(TN) on
tensors in T®!' N, and # indicates the dualisation with respect to gs. Moreover:

1. There are proper subgroups Hy and Hy of SO(n) such that G C Hy x Hj if and
only if there is a local metric splitting

(N, gs) = (N1 x N2, gl + &%) (89)

with Hol(N;, g') C H;.
2. if G is contained in one of SU(m), Sp(k), Ga, Spin(7) or trivial, this translates
into the conditions for Riemannian special holonomy metrics from Table 1.

For most of the cases proof of this Theorem follows easily from Proposition 9 with
the exception of SU(m). Here a lengthy computation in [62, Section 7] shows how
the condition Hol(M, g) C SU(m) translates into div®* (g;) = 0.

Theorems 25 and 27 provide a construction principle for Lorentzian manifolds
with reduced screen holonomy as seen in the following simple example.

Example 11 Consider the following warped product manifold (¥ = I x N, h :=
h = ds>+ f(s)go) with (N, go) a Ricci-flat simply connected Riemannian manifold
with irreducible special holonomy, i.e., Hol(N, ko) € {SU(m), Sp(k), G2, Spin(7)}
or trivial. Then(X, h) satisfies the constraint and Theorem 25 can be applied
to it, obtaining a Lorentzian manifold with the corresponding screen holonomy
Hol(N, ho) by Theorem 27.

Problem 1 (Open Problems About Flows of Special Riemannain Structures)
We do not know whether the flow equation (88) on the parallel tensors and the
metric in Table 1 defining the holonomy reductions is an extra condition or if it

Table 1 Equivalent characterisation of special screen holonomy for (M, g) in terms of flow
equations for tensors on N

dim(N) Geometric structures on N Hol(M, g) C
2m (N, wy, Js, g5 = ws(Jy-, -)) Ricci-flat Kahler, SU(m) x R
= =38 e Uy, dive(g)) = 0

4k (N, o, Ji, gg = @l (Ji-,))i=1.2.3 hyper-Kaehler, Sp(k) x R¥*
Dy =380 e Ji

7 (N, ¢s € 23(N)), gs = gs(¢5) G2 metrics, Gy x R7

B, ==} (8" o oy

8 (N, ¥y € 2*4(N), g5 = g5 () Spin(7) metrics, Spin(7) x RS
Yl =—5(8) ey

n R"

g5 flat
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is automatically satisfied. This question is suggested by the following observation:
when proving the first point (1) in Theorem 27 one shows that a parallel volume
form, i.e., the parallel object that defines the splitting, always satisfies the flow
equation (88).

The question can be formulated, for example, in the case of Gj-structures as
follows: given a family of holonomy G,-metrics kg, does there exist a family of
stable 3-forms ¢, such that iy = hg(¢s) and such that ¢ satisfies

1
¢+2@N-@=0? (90)

Since the tangent space at a stable three form ¢ splits under G; into three irreducible
components

R & Symd(R") @ R7 ~ A3
r,S,X)>ro+Step+X (x¢),

where * is the Hodge star operator, it follows that
¢ =5ep+X (x).

for a family of symmetric bilinear forms, whereas the associated metric satisfies
g =28, see [28, 53, 54]. Hence, for the curve ¢, the equation (90) is equivalent to
the condition

¢ € R Symo(R7),

i.e., that ¢’ has no R’-component in the decomposition. We do not know if this can
always be achieved for any curve i, of holonomy G;-metrics, and we leave this as
an open problem.

In the case of Kéhler structures the situation is similar. It can be shown [62,
Section 7] that the flow equation (88) for a Kéhler form w is equivalent to

w, € AV(N, Jy), 1)

where Al’l(N , Js) denotes the 2-forms that are holomorphic with respect to the
parallel complex structure J;. Again we leave it as an open question whether or not
for a given family of Kédhler metrics there are compatible parallel complex structures
Js and Kihler forms w; such that the relation (91) is satisfied.

The answers to these questions will have consequences for the results we will
give now.
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8.2 Applications to Spinor Field Equations

In this last section we want to apply the previous results, in particular the one in
Theorem 26 to spinor field equations: to the equation for a parallel spinor on a
Lorentzian manifold and that for an imaginary W-Killing spinor on a Riemannian
manifold.

We start with the problem of a (local) classification of Riemannian manifolds
with imaginary W-Killing spinor. This means that we change our perspective
slightly from focussing on the Lorentzian manifold—which will now appear as
a tool—to focussing on the Riemannian manifold, which so far appeared only as
initial condition. Clearly, condition (31) for an imaginary W-Killing spinor arises as
a generalisation of the equation for imaginary Killing spinors, for which W = é Id,
see [14]. Moreover, solutions to equation (31) are the counterpart to real generalised
Killing spinors which have been in the focus of recent research, for example in
[3, 5]. A Riemannian manifold (X, #) with imaginary W-Killing spinor of type I
(see Definition 10) satisfies the constraint conditions (24) and (25) for a vector
field (Lemma 5). Hence, applying Theorem 17 gives a generalisation of results
from [9, 10], see also [14], where it is shown that in the complete case and for
W = f 1d, (¥, h) is necessarily isometric to a warped product (see Example 8).
Using the Lorentzian manifold (M, g) obtained by the Cauchy problem as a tool,
with the results from the previous sections we can even say more.

Theorem 28 Let (X, h) be a Riemannian spin manifold admitting an imaginary
W-Killing spinor ¢ of type I. Then:

1. (X, h) is locally isometric to
1
(2,h):<IxN1x...xNk,hzuzds2+gsl+...+gf) (92)

for Riemannian manifolds (Nj;, gé) of dimension n;, u = ||¢||? I an interval,
and under this isometry W is given by (27). Moreover, for eachi = 1,...,k,
each hi is a family of special holonomy metrics to which exactly one of the cases
of Table 1 applies.
2. If (X, h) is simply connected and the vector field ulz Uy is complete, the isometry
12

in (92) is global with I = R.

3. Conversely, every Riemannian manifold (X2, h) of the form (92) with I € {S', R},
where u is any positive function and (N;, gé) are families of special holonomy
metrics subject to the flow equations in Table 1, is spin and admits an imaginary
W-Killing spinor ¢ of type I.

The proof follows from several results above: if (¥, k) admits an imaginary W-
Killing spinor of type I, byTheorem 26 there is a Lorentzian manifold (M, g) which
admits a lightlike parallel spinor field (and hence a lightlike parallel vector field). By
Theorem 16, the connected screen holonomy of (M, g) is a product of the groups
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listed in Table 1. Then the results in Theorem 27 then imply the existence of the local
isometry to a metric (92). The statements in (2) and (3) also follow from results in
Theorem 17 and using the Lorentzian manifold arising from the Cauchy problem.

Finally, we give a local normal form for Lorentzian metrics admitting a parallel
lightlike spinor fields.

Theorem 29 Let (M, g) be a Lorentzian manifold admitting a parallel lightlike
spinor field. Then (M, g) is locally isometric to

(M,8) = (RXR XNy X...x Ny, 2dvdw + gL +...+¢™), (93)

for some integer m, manifolds Nj fori =1, ..., m where each gfu is a w-dependent
family of Riemannian metrics on N; to which exactly one of the cases in Table 1
applies. Conversely, every manifold as in (93) satisfying these conditions admits a
parallel lightlike spinor.

Again, this theorem follows from the previous results and by introducing new
coordinates v = —t 4+ s and w = t + s in which the metric in (93) is of the form

g = —dt> +ds* + gi1s = —di> + hy. (94)

Note that the normal forms in Theorem 29 need not be the most general ones.
For example, for signature (1, 10), in [27] it is shown that a term H,,d w?, where
H,, is an arbitrary function not depending on v can be added to (93). However, the
analysis of normal forms for metrics with parallel spinor in [27] rests on the known
orbit structure of the action of Spin(1, n) in low dimensions whereas Theorem 29
covers all dimensions.
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