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Preface

This volume contains the proceedings of the meeting «Geometria de Lorentz,
Murcia 2003 on Lorentzian Geometry and its Applications. It was held on
November 12th, 13th and 14th, at the University of Murcia.

This is the second meeting of a series to which we wish a long life. We take
this opportunity to recognize the success of the idea which yielded to organize
the meeting of Benalmddena (Malaga). There it was born a very nice atmo-
sphere of friendship and good purposes which we have intended to continue
and, as far as we could, to increase. We have done our best to encourage young
researchers that year after year joint to the Lorentz adventure. We trust on
them as depositaries of a splendid future of the Spanish Lorentzian Geometry.

The local organizing committee of this second meeting accepted the chal-
lenge with the aim of pulling up the bar. To do that we have received a
generous collaboration from all participants, who helped us to simplify the
daily difficulties.

The next meeting will be organized by the Department of Geometry and
Topology of the University of Valencia, to whom we yield up the baton wishing
them the best.

The organizers would like to thank all participants, specially the invited
speakers, for their great efforts in teaching us. We also would like to thank to
the referees which have contributed to increase the quality of this volume.

We would like to thank Department of Mathematics of the University of
Murcia for all facilities and help given to the organizers. We also would like
to thank the financial support of the University of Murcia, Fundacion Séneca-
Agencia Regional de Ciencia y Tecnologia, Ministerio de Ciencia y Tecnologia,
Fundacion Cajamurcia and Caja de Ahorros del Mediterraneo-Obra Social.

We really appreciate the financial support of the Royal Spanish Mathe-
matical Society, which was employed for grants to young researchers attending
the meeting as well as for the publication of these proceedings in the series
Publicaciones de la Real Sociedad Matemdtica Espanola.

Luis J. Alias Linares

Angel Ferrandez Izquierdo
Maria Angeles Herndndez Cifre
Pascual Lucas Saorin

José Antonio Pastor Gonzélez

Organizers of the meeting
and editors of the proceedings
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Smooth globally hyperbolic splittings and
temporal functions

ANTONIO N. BERNAL AND MIGUEL SANCHEZ

Depto. Geometria y Topologia, Universidad de Granada,
Facultad de Ciencias, Avda. Fuentenueva s/n, E-18071 Granada, Spain

Abstract

Geroch’s theorem about the splitting of globally hyperbolic spacetimes is a central
result in global Lorentzian Geometry. Nevertheless, this result was obtained at
a topological level, and the possibility to obtain a metric (or, at least, smooth)
version has been controversial since its publication in 1970. In fact, this prob-
lem has remained open until a definitive proof, recently provided by the authors.
Our purpose is to summarize the history of the problem, explain the smooth and
metric splitting results (including smoothability of time functions in stably causal
spacetimes), and sketch the ideas of the solution.

Keywords: Lorentzian manifold, globally hyperbolic, Cauchy hypersur-
face, smooth splitting, Geroch’s theorem, stably causal spacetime, time func-
tion

2000 Mathematics Subject Classification: 53C50, 83C05

1. Introduction

Geroch’s theorem [13] is a cut result in Lorentzian Geometry which, essen-
tially, establishes the equivalence for a spacetime (M, g) between: (A) global
hyperbolicity, i.e., strong causality plus the compactness of J(p) N J~(q) for
all p,q € M, and (B) the existence of a Cauchy hypersurface S, i.e. S is
an achronal subset which is crossed exactly once by any inextendible timelike
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curve'. Even more, the proof is carried out by finding two elements with in-
terest in its own right: (1) an onto (global) time function ¢ : M — R (i.e.
the onto function ¢ is continuous and increases strictly on any causal curve)
such that each level t~1(ty), to € R, is a Cauchy hypersurface and, then, (2) a
global topological splitting M = R x S such that each slice {to} x S is a Cauchy
hypersurface. Recall also that the existence of a time function ¢ characterizes
stably causal spacetimes (those causal spacetimes which remain causal under
CY perturbations of the metric).

The possibility to smooth these topological results or continuous elements,
have remained as an open folk question since its publication. In fact, Sachs
and Wu claimed in their survey on General Relativity in 1977 [20, p. 1155]:

This is one of the folk theorems of the subject. It is not difficult
to prove that every Cauchy surface is in fact a Lipschitzian hyper-
surface in M [19]. However, to our knowledge, an elegant proof
that his Lipschitzian submanifold can be smoothed out [to such an
smooth Cauchy hypersurface] is still missing.

Recall that here only the necessity to prove the smoothness of some Cauchy
hypersurface S is claimed but, obviously, this would be regarded as a first
step towards a fully satisfactory solution of the problem, among the following
three:

(i) To ensure the existence of a (smooth) spacelike S (necessarily, such an
S will be crossed exactly once by any inextendible causal curve).

(ii) To find not only a time function but also a “temporal” one, i.e., smooth
with timelike gradient (even for any stably causal spacetime).

(iii) To prove that any globally hyperbolic spacetime admits a smooth split-
ting M = R x S with Cauchy hypersurfaces slices {to} x S orthogonal
to Vt (and, thus, with a metric without cross terms between R and 5).

Among the concrete applications of (i), recall, for example: (a) Cauchy hy-
persurfaces are the natural regions to pose (smooth!) initial conditions for
hyperbolic equations, as Einstein’s ones, or (b) differentiable achronal hyper-
surfaces (as those with prescribed mean curvature [9]) can be regarded as
differentiable graphs on any smooth Cauchy hypersurface. The smoothness of
a time function ¢ claimed in (ii), would yield the possibility to use its gradient,
which can be used to split any stably causal spacetime, as in [12]. The ap-
plications of the full smooth splitting result (iii) include topics such as Morse

n particular, S is a topological hypersurface (without boundary), and it is also crossed
at some point -perhaps even along a segment- by any lightlike curve.
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Theory for lightlike geodesics [22], quantization [10] or the possibility to use
variational methods [15, Chapter 8]; it also opens the possibility to strengthen
other topological splitting results [16] into smooth ones.

Recently, we have given a full solution to these three questions (i)—(iii)
[3, 4]. Our purpose in this talk is, first, to summarize the history of the
problem and previous attemps (Section 2) as well as the background results
(Section 3). In the two following sections, our main results are stated and
the ideas of the proofs sketched?. Concretely, Section 4 is devoted to the
construction of a smooth and spacelike S, following [3], and Section 5 to the
full splitting of globally hyperbolic spacetimes, plus the existence of temporal
functions in stably causal ones, following [4]. The reader is referred to the
original references [3, 4] for detailed proofs and further discussions.

2. A brief history of time functions

As far as we know, the history of the smoothing splitting theorem can be
summarized as follows.

1. Geroch published his result in 1970 [13], stating clearly all the results
at a topological level. Penrose cites directly Geroch’s paper in his book
(1972), and regards explicitly the result as topological [19, Theorems
5.25, 5.26]. A subtle detail about his statement of the splitting result
[19, Theorem 5.26] is the following. It is said there that, fixed = €
S, the curve t — ~(t) = (t,x) € R x S is timelike. Recall that this
curve does satisfy t < ¢ = ~(t) << 7(t'), but it is not necessarily
smooth (its parameter is only continuous). In Penrose’s definition [19,
pp. 2, 3] timelike curves are assumed smooth, but later on [19, p. 17]
the definition of causal curves is extended; in general, they will be just
Lipschitzian, as previous curve .

2. Seifert’s thesis (1968) develops a smoothing regularization procedure for
time functions, which would yield the global splitting (Theorem 5.1 be-
low). His smoothing results were published in 1977, [21], but the paper
contains major gaps which could not be filled later.

3. In Hawking, Ellis’ book (1973), the equivalence between stable causality
and the existence of a (continuous) time function is achieved, by follow-
ing a modification of Geroch’s technique. Nevertheless, they assert [14,

2The results of Section 5 has been obtained just some weeks ago, and they were not
known at the time of the meeting in November 2003, but they are sketched here because of
their obvious interest for our problem.
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Proposition 6.4.9] that stable causality holds if and only if a (smooth)
function with timelike gradient exists. Unfortunately, they refer for the
details of the smoothing result to Seifert’s thesis. Even more, in [14,
Proposition 6.6.8], Geroch’s result is stated at a topological level, but
they refer to the possibility to smooth the result at the end of the proof.
Nevertheless, again, the cited technique is the same for time functions.

4. In 1976, Budic and Sachs carried out a smoothing for deterministic space-
times. One year later Sachs and Wu [20] posed the smoothing problem
as a folk topic in General Relativity, in the above quoted paragraph.

5. The prestige and fast propagation of some of the previous references,
made even the strongest splitting result be cited as proved in many
references, including new influential references or books (for example,
[10, 15, 22, 23]). But this is not the case for most references in pure
Lorentzian Geometry, as O’Neill’s book [18] (or, for example, [5, 9, 11,
16]). Even more, in Beem, Ehrlich’s book (1981) Sachs and Wu’s claim
is referred explicitly [1, p. 31].

6. In 1988, Dieckmann claimed to prove the “folk question”; nevertheless,
he cited Seifert’s at the crucial step [7, Proof of Theorem 1]. More pre-
cisely, his study (see [8]) clarified other point in Geroch’s proof, concern-
ing the existence of an appropiate finite measure on the manifold. Even
though the straightforward way to construct this measure in Hawking-
Ellis” book [14, proof of Proposition 6.4.9] is correct, neither these au-
thors nor Geroch considered the necessary abstract properties that such a
measure must fulfill (in particular, the measure of the boundaries I (p)
must be 0). Under this approach, on one hand, the admissible measures
for the proof of Geroch’s theorem are characterized and, on the other, a
striking relationship between continuity of volume functions and reflec-
tivity is obtained.

In the 2nd edition of Beem-Ehrlich’s book, in collaboration with Easley
(1996), these improvements by Dieckmann are stressed, but Geroch’s
result is regarded as topological, and the reference to Sachs and Wu’s
claim is maintained [2, p. 65].

In general, continuous functions can be approximated by smooth functions.
Thus, a natural way to proceed would be to approximate the continuous time
function provided in Geroch’s result, by a smooth one. Nevertheless, this
intuitive idea has difficulties to be formalized. Thus, our approach has been
different. First, we managed to smooth a Cauchy hypersurface [3] and, then,
we constructed the full time function with the required properties [4].
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3. Setup and previous results

Detailed proofs of the fact that the existence of a Cauchy hypersurface implies
global hyperbolicity can be found, for example, in [13, 14, 18]. We will be
interested in the converse, and then Geroch’s results can be summarized in
Theorem 3.2, plus Lemma 3.1 and Corollary 3.3.

Lemma 3.1 Let M be a (C*-)spacetime which admits a C-Cauchy hyper-
surface S, r € {0,1,...k}. Then M is C"-diffeomorphic to R x S and all the
C"-Cauchy hypersurfaces are C" diffeomorphic. ~ This lemma is proven by
moving S with the flow ®; of any complete timelike vector field. Thus, the
(differentiable) hypersurfaces at constant ¢ € R are not necessarily Cauchy nor
even spacelike, except for t = 0.

Theorem 3.2 Assume that the spacetime M is globally hyperbolic. Then
there exists a continuous and onto map t : M — R satisfying:

(1) Sy :=t"Ya) is a Cauchy hypersurface, for all a € R.

(2) t is strictly increasing on any causal curve. Function ¢ is constructed
as

t(z) = In (vol(J~(2))/vol(J*(2)))

for a (suitable) finite measure on M and, thus, global hyperbolicity implies
just its continuity. Finally, combining both previous results,

Corollary 3.3 Let M be a globally hyperbolic spacetime. Then there exists a
homeomorphism

U:M—-RxSy, z—(tz),p(2)), (1)

which satisfies:

(a) Each level hypersurface Sy = {z € M : t(z) =t} is a Cauchy hyper-
surface.

(b) Let v, : R — M be the curve in M characterized by:

U(v,(t)) = (t, ), vt € R.
Then the continuous curve v, s timelike in the following sense:
t <t =) << ).

Remark 3.4 If function ¢ in Corollary 3.3 were smooth with timelike gradi-
ent, then the spacetime (M, g) would be isometric to Rx S, (-, -) = —3dt* + g,
where g is a (positive definite) Riemannian metric on each slice ¢ = constant.
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The splitting is then obtained projecting M to a fixed level hypersurface by
means of the flow of Vt. In what follows, a smooth function 7 with past-
pointing timelike gradient V7 will be called temporal (and it is necessarily
a time function). For the smoothing procedure, some properties of Cauchy
hypersurfaces will be needed. Concretely, by using a result on intersection
theory, the following one can be proven [3, Section 3], [11, Corollary 2J:

Proposition 3.5 Let 51,53 be two Cauchy hypersurfaces of a globally hyper-
bolic spacetime with S; << Sy (i.e., So C IT(S1)), and S be a connected closed
spacelike hypersurface (without boundary):

(A) If S1 << S then S is achronal, and a graph on all Sy for the descom-
positions in Corollaries 3.1, 3.3.

(B) If S1 << S << So then S is a Cauchy hypersurface.

4. Smooth spacelike Cauchy hypersurfaces

In this section, we sketch the proof of:

Theorem 4.1 Any globally hyperbolic spacetime admits a smooth spacelike
Cauchy hypersurface S. (In what follows, “smooth” will mean with the same
order of differentiability of the spacetime).

From Proposition 3.5, given two Cauchy hypersurfaces S; << S5 as in
Theorem 3.2 (with S, = S;; t1 < t2), it is enough to contruct a connected
closed spacelike hypersurface S with S; << S << S3. And, in order to prove
this, it suffices:

Proposition 4.2 Let M be a globally hyperbolic spacetime with topological
splitting R x S as in Corollary 3.3, and fix S1 << So. Then there exists a
smooth function

h: M —[0,00)

which satisfies:
1. h(t,z)=0ift <t.
2. h(t,x) >1/2 if t =ta.

3. The gradient of h is timelike and past-pointing on the open subset V =
h=1((0,1/2)) N I (Sa).

In fact, recall that, given such a function h, each s € (0,1/2) is a regular
value of the restriction of h to J~(S3). Thus, S? := h71(s) N J(Ss) is a
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closed smooth spacelike hypersurface with S; << S" << Sy and, then, a
Cauchy hypersurface (in principle, Proposition 3.5(B) can be applied to any
connected component of Sg, but one can check that, indeed, S;‘ is connected).

The construction of function A is carried out in two closely related steps.
The first one is a local step: to construct, around each p (€ S2), a function
hy, with the suitable properties, stated in Lemma 4.3. The second step is to
construct (global) function h from the hy’s. This function will be constructed
directly as a sum® h = >~ h; for suitable h; = hp,. This fact must be taken
into account for the properties of the h,’s in the first step:

Lemma 4.3 Fiz p € Sy, and a convex neighborhood of p, C, C IT(S1) (that
is, Cp s a normal starshaped neighborhood of any of its points).
Then there exists a smooth function

hy : M — [0, 00)

which satisfies:

(i) hy(p) = 1.

(i1) The support of hy (i.e., the closure of h;l(O,oo)) is compact and
included in C, N IT(SY).

(i11) If ¢ € J(S2) and hy(q) # 0 then Vhy(q) is timelike and past-
pointing. Sketch of proof. Function h, is taken in a neighbourhood of
CpNJ~(S2) as:

hy(q) = @D . omd'a)™?

I

where d is the time-separation (Lorentzian distance) on Cp, and p’ is a fixed
suitably chosen point in the past of p. m

Now, the second step is carried out by taking advantage directly of the
paracompactness of the manifold. Concretely, function h = ) . h; is ob-
tained by choosing the h;’s from the following lemma, with the W,’s equal
to h,1(1/2,00), and p € Sy (see [3] for details):

Lemma 4.4 Let dg be the distance on M associated to any auxiliary complete
Riemannian metric gr. Let Sy be a closed subset of M and W = {W,,a € T}
a collection of open subsets of M which cover Sy. Assume that each Wy is
included in an open subset C,, and the dr-diameter of each Co is smaller than
1. Then there exist a subcollection W' = {W; : j € N} € W which covers

3In Riemannian Geometry, global objects are constructed frequently from local ones by
using partitions of the unity. Nevertheless, the causal character of the gradient of functions
in the partition are, in principle, uncontrolled. Then, the underlying idea to construct h
is to use the paracompactness of M (which is implied by the existence of a Lorentzian —or
semi-Riemannian— metric) avoiding to use a partition of the unity.
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Sy and is locally finite (i.e., for each p € UjW; there exists a neighborhood
V' such that VN W; =0 for all j but a finite set of indexes). Moreover, the
collection {C; : j € N} (where each W; € W' is included in the corresponding
C;) is locally finite too.

5. Temporal functions and the full splitting

Now, our aim is to sketch the proof of the following theorem.

Theorem 5.1 Let (M, g) be a globally hyperbolic spacetime. Then, it is iso-
metric to the smooth product manifold

RxS, (,)=-BdT>+g

where S is a smooth spacelike Cauchy hypersurface, T : R x § — R is the
natural projection, f: R xS — (0,00) a smooth function, and g a 2-covariant
symmetric tensor field on R x S, satisfying:

1. VT 1is timelike and past-pointing on all M, that is, function T is tem-
poral.

2. Each hypersurface St at constant T is a Cauchy hypersurface, and the
restriction gr of g to such a St is a Riemannian metric (i.e. St is
spacelike).

3. The radical of g at each w € R x S is SpanV7T (=Span 0r) at w.

Essentially, it is enough for the proof to obtain a temporal function 7 : M — R
such that each level hypersurface is Cauchy, see Remark 3.4. The existence of
such a 7 is carried out in three steps.

Step 1: temporal step functions would solve the problem. Let t = t(z) be a
continuous time function as in Geroch’s Theorem 3.2. Fixed t_ <t € R, we
have proven in Section 4 the existence of a smooth Cauchy hypersurface S
contained in t~1(¢_,t); this hypersurface is obtained as the regular value of
certain function h = hy with timelike gradient on t~1(¢_,#]. Ast_ approaches
t, S can be seen as a smoothing of S;; nevertheless S always lies in 17 (.S;).
Now, we claim that the required splitting of the spacetime would be obtained
if we could strengthen the requirements on this function h;, ensuring the exis-
tence of a temporal step function 7, around each S;. Essentially such a 7 is a
function with timelike gradient on a neighborhood of S; (and 0 outside) with
level Cauchy hypersurfaces which cover a rectangular neighbourhood of S;:
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Lemma 5.2 All the conclusions of Theorem 5.1 will hold if the globally hy-
perbolic spacetime M admits, around each Cauchy hypersurface S, t € R, a
(temporal step) function 1, : M — R which satisfies:

1. V7 is timelike and past-pointing where it does not vanish, that is, in the
interior of its support Vi := Int(Supp(V1)).

2. —1 S Tt S 1.
3. Tt(J+(St+2)) =1, Tt(J_(St_Q)) =—1.

4. Sy C Vi, forallt' € (t—1,t+1); that is, the gradient of Ty does not vanish
in the rectangular neighborhood of S, t 1 (t—1,t+1) = (t—1,t+1) x S.

Sketch of proof. Consider such a function 7 for k& € Z, and define the
(locally finite) sum 7 = 79 4+ >z, (7—k + 7). One can check that 7 fulfills
the required properties in Remark 3.4, in fact: (a) 7 is temporal because
subsets Vi—i, k € Z cover all M (and the timelike cones are convex), and (b)
the level hypersurfaces of 7 are Cauchy because, for each inextendible timelike
curve v : R — M parameterized with 7, lim,_1oo(7 ((s))) = £o0. m

Step 2: constructing a weakening of a temporal step function. Lemma 5.2
reduces the problem to the construction of a temporal step function 7 for
each t. We will start by constructing a function 7; which satisfies all the
conditions in that lemma but the last one, which is replaced by:

4. S C Vi

The idea for the construction of such a 7; is the following. Consider function
h in Lemma 4.2 for ¢ty =t — 1,15 = t. From its explicit construction, it is
straightforward to check that h can be also assumed to satisfy: Vh is timelike
and past-pointing on a neighborhood U’ C I~ (S¢4+1) of S;. Thus, putting
U=U"UI(S) (U satisfies J~(S;—1) C U C I (St+1)), we find a function
h* : M — R which satisfies:

(it) At >0 on U, with ™ =0 on I~ (S¢—1).

(ii*) If p € U with AT (p) > 0 then VAT (p) is timelike and past-pointing.

(iiit) AT > 1/2 (and, thus, its gradient is timelike past-pointing) on
JT(Sy)NU.
Even more, a similar reasoning yields a function h~ : M — R for this same U
which satisfies:

(i7) h~ <0, with h~ =0 on M\U.

(ii7) If VA~ (p) # 0 at p(€ U) then Vh™(p) is timelike past-pointing.

(iii7) A~ = —1 on J(S).
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Now, as h™ — h™ > 0 on all U, we can define:

ht
=2 -
ht —h—

N

Tt 1

on U, and constantly equal to 1 on M\U. A simple computation shows that
V7 does not vanish wherever either h~VhT or hTVh™ does not vanish (in
particular, on S;) and, then, it fulfills all the required conditions.

Step 3: construction of a true temporal step function. Now, our aim is to
obtain a function 7(= 1) which satisfies not only the requirements of previous
7 = 73 but also the stronger condition 4 in Lemma 5.2. Fix any compact
subset K C t~!([t — 1,¢+ 1]). From the construction of 7, it is easy to check
that 7 can be chosen with V7 non-vanishing on K. Now, choose a sequence
{G; : j € N} of open subsets such that:

G, is compact, G; C Gj41 M = U352, Gy,

and let 7[j] be the corresponding sequence of functions type 7 with gradients
non-vanishing on:
K; =G;nt ' (jt —1,t +1)).

Essentially, the required temporal step function is:

[o.¢] 1 .
=3 o7l

J=1

where each A; is chosen to make 7 smooth (fixed a locally finite atlas on M,
each A; bounds on G; each function #[;j] and its partial derivatives up to order
J in the charts of the atlas which intersect Gj). Then, the gradient of 7 is
timelike wherever one of the gradients V7[j] does not vanish (in particular, on
t=Y([t — 1, + 1])). Moreover, T is equal to constants (which can be rescaled
to 1) on t~1((—o0,t — 2]),t ([t + 2,00)), as required. m

Finally, it is worth pointing out that similar arguments work to find a smooth
time function on any spacetime (even non-globally hyperbolic) which admits
a continuous time function ¢.

Theorem 5.3 Any spacetime M which admits a (continuous) time function
(i.e., is stably causal) also admits a temporal function T .

Sketch of proof. Notice that each level continuous hypersurface S; is a
Cauchy hypersurface in its Cauchy development D(S;). Moreover, any tem-
poral step function 7 around S; in D(.S;) can be extended to all M (making 7
equal to 1 on I'(S;) N (M\D(S)), and to —1 on I (S;) N (M\D(S))). Then,
sum suitable temporal step functions as in Step 3 above. m
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Volume comparison results in Lorentzian geometry are reviewed, with special at-
tention to the behavior of geodesic celestial spheres.
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1. Introduction

In the study of geometric properties of a semi-Riemannian manifold (M, g)
it is often useful to consider geometric objects naturally associated to (M, g).
These can be special hypersurfaces like small geodesic spheres and tubes in
Riemannian geometry, bundles with (M, g) as base manifold, families of trans-
formations reflecting symmetry properties of (M, g), or natural operators de-
fined by the curvature tensor of (M, g). The existence of a relation between
the curvature of the manifold and the properties of those objects led to the
following question.

9Work partially supported by project BFM2003-02949, Spain.
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To what extent is the curvature (or the geometry) of a given semi-
Riemannian manifold (M, g) influenced, or even determined, by
the properties of certain naturally defined families of geometric
objects in M?

This problem seems very difficult to handle in such a generality. However,
when one looks at manifolds with a high degree of symmetry (e.g., two-point
homogeneous spaces), these geometric objects have nice properties and one
may expect to obtain characterizations of those spaces by means of such
properties. For instance, the Riemannian two-point homogeneous spaces may
be characterized by using the spectrum of their geodesic spheres [6] or in
most cases by the L2-norm of the curvature tensor of geodesic spheres [7].
Lorentzian manifolds of constant sectional curvature are characterized by the
Osserman property on their Jacobi operators [13], [14].

The purpose of this paper is twofold. Firstly to review some contributions
to the study of the general problem above in the framework of Riemannian and
Lorentzian geometry by focusing on volume comparison properties of geodesic
spheres and some special subsets of a Lorentzian manifold. Secondly we con-
sider a new family of objects in Lorentzian geometry, namely geodesic celestial
spheres associated to an observer field and state some comparison results for
the volume of such objects.

2. Some remarks on the Riemannian framework

Any Riemannian manifold (M"*! g) carries a Riemannian distance function
which has a very nice behavior with respect to the underlying structure of the
manifold. Therefore, a natural family of subregions of a Riemannian manifold
to be considered is that defined by the level sets of the Riemannian distance
function with respect to a basepoint (i.e., geodesic spheres centered at the
basepoint) or with respect to some topologically embedded submanifolds (i.e.,
tubes around the submanifold).

For sufficiently small radii » > 0, geodesic spheres S,,(r) are obtained by
projecting the Euclidean spheres S (r) centered at 0 € 7, M in the tangent
space T,,M of the manifold via the exponential map. Therefore, they are a
nice family of hypersurfaces and moreover their volume can be calculated as

vol (S, (1)) = 1" /S”(l) O (expp, (Tu))du, (1)

where u varies along Si (1) C T;, M and 6,, denotes the volume density func-
tion of exp,, with respect to normal coordinates; 6,,, = (det(g))*/?. A funda-
mental observation for the purposes of volume comparison is that the volume
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density function satisfies

— (; +1rS(r) ) 2)

where S(r) represents the shape operator of the hypersurface Sy, (r) and fur-
thermore, the operators S(r) and S’(r) are symmetric and satisfy a matrix
Riccati differential equation

S'(r) = S(r)* + R(r) (3)

where R(r) is the Jacobi operator associated to the vector field defined by
the gradient of the distance function with respect to the center m. Now,
the basic idea behind the Bishop-Giinter and Gromov comparison theorems
(see for example [15]) is that under suitable curvature conditions the Riccati
differential equation (3) becomes an inequality and its solutions give upper or
lower bounds for the volume density function 8, in terms of the corresponding
function in the model space via (2). Finally, an integration process from (1)
leads to

Theorem 2.1 [3], [17] Let (M™"!, g) be a complete Riemannian manifold and
assume that r is not greater than the distance between m and its cut locus. Let
KM denote the sectional curvature of (M, g).

(i) If KM > X, then vol™ (S,,(r)) < volM(’\)(Sm(r))

(i) If KM < X, then vol™ (S,, (1)) > vol MM (Si(r))

where M () is a model space of constant sectional curvature \.
Moreover, equalities hold for (i) or (ii) and some radii if and only if Sy, (1)
s isometric to the corresponding geodesic sphere in the model space.

A sharper result involving the Ricci curvature instead of the sectional
curvature was proved by Bishop as:

Theorem 2.2 [3] Let (M™! g) be a complete Riemannian manifold. Assume
that r is not greater than the distance between m and its cut locus and the Ricci
curvature pM of (M, g) satisfies p™ (v,v) > n for all vectors v.

Then vol™ (S, (r)) < volMWN (S (1)), where M(X) is a model space of
constant sectional curvature \, and equality holds if and only if Sy, (r) is iso-
metric to the corresponding geodesic sphere in the model space.

A further generalization of Theorem 2.2 was obtained by Gromov as fol-
lows.
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Theorem 2.3 [16] Let (M"* g) be a complete Riemannian manifold. As-
sume that v is not greater than the distance between m and its cut locus and
the Ricci curvature pM of (M,g) satisfies p™ (v,v) > nX for all vectors v.
Then

volM (S, (1))
0ol (S (r))

is nonincreasing, where M (X) is a space of constant sectional curvature X.

3. Moving to the Lorentzian framework

When the attention is turned from Riemannian manifolds to spacetimes, var-
ious difficulties emerge. For example, conditions on bounds for the sectional
curvature (resp., the Ricci tensor) easily produce manifolds of constant sec-
tional curvature (resp., Einstein) [2], [19]. This demands a revision of such
conditions [1] (see §4). However, a more difficult task is related to the con-
sideration of the regions under investigation. This is mainly due to the fact
that when dealing with general semi-Riemannian manifolds there is no “semi-
Riemannian distance function”. In fact, a distance-like function is only defined
for spacetimes, but even in this case its properties are completely different
from those in the Riemannian setting (cf. [2]). For instance, level sets of
the Lorentzian distance function with respect to a given point are not com-
pact and they do not seem to be adequate for the investigation of volume
properties. Therefore, different families of objects have been considered in
Lorentzian geometry for the purpose of investigating their volume properties.
Among those, truncated light cones, compact distance wedges in the chrono-
logical future of some point, and more generally some neighborhoods covered
by timelike geodesics emanating from a given point have been investigated.
Next we will review some known results on the geometry of those families.

3.1. Truncated light cones

Truncated light cones were defined in [11], [12] were the authors studied the
link between the volume of the light cones and the curvature of a Lorentzian
manifold.

Definition 3.1 [11], [12] Let £ be an instantaneous observer. The truncated
light cone of (sufficiently small) height T and azis & is the set

Le(T) = {expm(u) / (u,u) <0, 0< —(u,&) <T}
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It is easy to see that the volume of a truncated light cone in the four-
dimensional Minkowski spacetime is given by vol(L¢(T)) = +7T*. The inves-
tigation of whether this volume property is characteristic of the Minkowskian
space motivated further work by R. Schimming [20], [21], who proved the
following

Theorem 3.2 [12], [20] Let (M, g) be a Lorentzian manifold such that every
truncated light cone has the same volume as in the Minkowskian spacetime.
Then (M, g) is locally flat.

Truncated light cones in R? of height 7' = 3 and axis & = (0,1) and & = (1,/2).

3.2. Compact distance wedges

Let E denote the set of future pointing timelike unit vectors in T, M such
that the exponential map is well defined. Let K be a compact subset of E
and put & = exp,, (toK), which is a compact subset of the level set d, (o) of
the Lorentzian distance function with respect to m € M, and is well defined
for sufficiently small ¢g.

Definition 3.3 [9] The R-distance wedge
Bf(to) is defined by

By (to) = {expm(tv) /v € K, 0 <t <to}

In order to study volume comparison results with model spaces, one needs
a method to relate distance wedges on M and the model space. One proceeds
as follows. Choose a point 77 in the model space of constant sectional curvature
M(—)) and define a differentiable map ¥ by ¥ = e:vp%(_k) o1 o (expM)~1,
where ¢ : T, M — TmM (=) is a linear isometry. Then given a distance
wedge B (to) and using the timelike vectors ¥(K) in T3 M (—\) to construct
the corresponding wedge B%(R) (to) in M (—)), we have B;(R) (to) = W(B2(tp))
for sufficiently small ¢g.
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By making use of the Riccati equation and comparison of the Jacobi equa-
tions, the following volume comparison results for compact distance wedges
have been obtained by P. Ehrlich, Y.-T. Jung and S.-B. Kim as an analogous
of Giinter-Bishop and Gromov in §2.

Theorem 3.4 [9] Let (M™! g) be a globally hyperbolic spacetime satisfying
pM(v,v) >nA >0 (4)
for all timelike unit vectors v. Then for all 0 < 1o < injg(m),

vol™ (B (1)) < UOZM(_/\)(Bj((T?)(To))

and equality holds at some 0 < ro if and only if BX(r) and Bj((:?)(r) are
isometric for all 0 < r < rg.

Theorem 3.5 [9] Let (M™,g) be a globally hyperbolic spacetime satisfying
oM (v,0) >n\ >0 (5)

for all timelike unit vectors v. Then for all 0 <rg <r; < inj?(m),

vol™ (B (rg)) S vol™ (B (r1))

volMCN By (r)) — wolMEN (B (1))

Moreover, equality holds for some 0 < rg < r; < injf(m) if and only if B (r)
and Bj((i)) (r)) are isometric for all 0 < r < rj.

Note that, when comparing with the corresponding results in §2, inequal-
ities in the previous theorems are with respect to a space of constant sectional
curvature —\. This is due to the fact that the assumption on the Ricci ten-
sor in theorems 3.4 and 3.5 gives reversed inequalities when considering the
equations (2) and (3).

3.3. SCLV sets

A further generalization of the distance wedges is obtained in [10], where the
authors considered a more general family of subsets of a Lorentzian manifold
as follows. Let m € M and take U C T,,M an open subset in the causal
future of the origin, U C J*(0) such that U is starshaped from the origin and
the exponential map expy, |y is a diffeomorphism onto its image 4 = exp,,U.
Further assume that the closure of U is compact. Then one has
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Definition 3.6 [10] A subset 4 as above
is called standard for comparison of
Lorentzian wvolumes (SCLV-set) at the
basepoint m € M.

In order to state some comparison results with spaces of constant sec-
tional curvature M (\) as model spaces, a transplantation process is needed
as previously pointed out in §3.2. Let ¢ : T, M — T7M (\) be a linear isom-
etry, and define the transplantation map W on a sufficiently small open set
as ¥ = exp]\m/[(’\) oo (expM)~!. Further, for any U C T,,M put Uy = ¥(U)
and Uy = exp]\m/[()‘)(U n) = U(U) which makes possible a volume comparison
between SCLV-sets in M and M ().

Theorem 3.7 [10] Let (M, g) be a (n + 1)-dimensional Lorentzian manifold
and assume that

pM (v,v) 2 nAg(v,v) (6)

for all timelike vector fields v = %e:cpm(tvm) lt=t, tangent to 4 at m € M. If
U is a SCLV-set at m, then

volM (1) < vol M) (41,)
and the equality holds if and only if ¥ : U — Uy is an isometry.

A comparison result in the spirit of Bishop-Gromov Theorem can also
be stated for SCLV-sets, but it requires some previous conventions. For each
r>0put Ulr) =r-U = {ru/u € U}, Ux(r) = r- Uy, U(r) = expM (U(r)),
Uy (r) = exp%(/\)(U,\ (r)). Note that the starshaped form of SCLV-sets ensures
the possibility of constructing the above sets for r > 0 sufficiently small.

Theorem 3.8 [10] Let (M™*1, g) be a Lorentz manifold such that
Ric(v,v) > nAg(v,v) (7)

for all timelike vector fields v = %e:rpm(tvm) lt=t, tangent to a SCLV-set U
based at m € M. If one of the following two conditions hold:

(i) c=0;

(i) The cut function cg of YU is constant;
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then the function r +— vol™ (U(r)) /volM PN (8 (r)) is non-increasing. Moreover
if there exists r1 < ro such that

vol™ (4(r1)) Jvol™M N (U (r1)) = vol™ (84(r3)) Jvol MM (81 (r2))

then U(r) and Uy(r) are isometric.

4. Boundedness conditions on the curvature tensor

It is well known that the sectional curvature of a semi-Riemannian manifold
is bounded from above or from below if and only if it is constant [2], [19].
Therefore it seemed natural to impose such curvature bounds on the curvature
tensor itself rather than on the sectional curvature. Following [1], we will say
that R > A or R < ) if and only if for all X, Y,

R(X,Y,X.Y) > A ((X,X)(Y,Y) — (X,Y)?), (8)

or

RX,Y,X,Y) <A ((X, X)(Y,Y) — (X,Y)?), (9)

respectively. Note that condition (8) (resp., (9)) is equivalent to the sectional
curvature be bounded from below (resp., from above) on planes of signature
(++) and from above (resp., from below) on planes of signature (+—).

Examples of semi-Riemannian manifolds whose curvature tensor is boun-
ded as in (8), (9) can easily be produced as follows:

o Let (M1,91), (Ma,g2) be two Riemannian manifolds with nonnegative
KM > 0 and nonpositive KM2 < 0 sectional curvature respectively.
Then the product manifold (M; x Ms, g1 — g2) is a semi-Riemannian
manifold whose curvature tensor satisfies (8) for A = 0. (See [1] for
related examples).

e A more general construction of Lorentzian manifolds with bounded cur-
vature is as follows. Let (M,g) be a conformally flat Lorentz mani-
fold whose Ricci tensor is diagonalizable, p = diag[uo, pt1, - - - , ftn), where
the distinguished eigenvalue g corresponds to a timelike eigenspace. If

po > max{pi, ..., pn} (vesp., po < min{u1,. .., un}) then R < A (resp.,
R > )\) for some constant A.

Note that the previous construction applies to Robertson-Walker space-
times as well as to locally conformally flat static spacetimes whose rest-
spaces are of constant sectional curvature [4].
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Finally note that, although it is not possible to obtain direct information
of the Ricci tensor from conditions (8) and (9), an important observation for
the purpose of studying volume properties of celestial geodesic spheres in §5 is
the following. Let £ be an instantaneous observer at m € M and complete it to
an orthonormal basis {{, e1,...,e,} of T, M. Then 7™ + Qpé‘g = EZj:l Rijij
where 7M is the scalar curvature of (M, g) at m. Hence by assuming (8) (resp.,
(9)) holds, we have 7 4 2/’% >n(n — 1) (resp., ™ + 2pé\g[ <n(n—1)N).

5. Geodesic celestial spheres

Next we consider a family of geometric objects different than those in §3,
namely the geodesic celestial spheres. Roughly speaking, they are the set of
points reached after a fixed time travelling along radial geodesics emanating
from a point m which are orthogonal to a given timelike direction. In Relativ-
ity, a unit timelike vector & € T, M is called an instantaneous observer, and &+
is called the infinitesimal restspace of £, that is, the infinitesimal Newtonian
universe where the observer perceives particles as Newtonian particles relative
to his rest position.

The celestial sphere of radius r of € is defined by S¢(r) = {x € &*+; ||z|| = r}
(c.f. [22]). If U is a sufficiently small neighborhood of the origin in 7,,M,

M = exp,, (44N &L) is an embedded Riemannian submanifold of M. We define
the geodesic celestial sphere of radius r associated to § as [8]:

$5,(r) = eapm ({w € €5 llo| =7} ) = capm(SE(r)). (10)

Geodesic celestial spheres in R} centered at
the origin and associated to different instan-

taneous observers

For r sufficiently small, S5 (r) is a compact submanifold of M. Therefore,
by studying the volumes of geodesic celestial spheres in comparison to the
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volumes of the corresponding celestial spheres one obtains a measure of how
the exponential map distorts volumes on spacelike directions.

Geodesic celestial spheres in the warped product (R \ {0}) X1 R? centered at (1,1,1) and

associated to the instantaneous observers & = (1,0,0) and & = (%, 0).

1
ﬁ7
As an immediate observation, note that for a given radius, the volume of
geodesic celestial spheres depends both on the observer field £ € T,,,M and the
center point m € M. However, if (M, g) is assumed to be of constant sectional

curvature, then the volumes depend only on the radii, since Lorentzian space
forms are locally isotropic. Conversely

Theorem 5.1 [8] Let (M”+1,g) be a Lorentzian manifold. If the volume of

the geodesic celestial spheres Sgl(r) s independent of the observer field £ €
TM, then M has constant sectional curvature.

Comparison results in the spirit of Bishop-Giinther-Gromov theorems can
be obtained for the volumes of geodesic celestial spheres as follows.

Theorem 5.2 [8] Let (M™"!, g) be a n + 1-dimensional Lorentzian manifold
and M1 (X\) a Lorentzian manifold of constant sectional curvature X. If
S(r) denotes a geodesic celestial sphere of radius r centered at any point m €
M"TY(X\) and associated to any instantaneous observer £y € T, M 1(\) then
the following statements hold:

(i) If RM > X then
vollLy (85,() < volt’Y (S(r))
for all sufficiently small r and all instantaneous observer & € T,, M .

(ii) If RM < X then
volhLy (85,()) = voly Y (S(r))

for all sufficiently small r and all instantaneous observer £ € T,, M.



J. C. Diaz-Ramos, E. GArRcia-Rfo AND L. HERVELLA 25

Moreover, the equality holds at (i) or (ii) for all & € T, M if and only if M
has constant sectional curvature A at m.

Sketch of the proof.

Note that geodesic celestial spheres are level sets of the Riemannian distance
function on M = exp,,, (4N &L). Since the submanifold M may fail to be Rie-
mannian when moving far from the basepoint m, geodesic celestial spheres are
locally defined objects in M. This fact, together with the difficulties in under-
standing the geometry of M motivated an approach to theorems 5.2 and 5.3
different from the one discussed in Section 2 based on the use of Riccati equa-
tion. Therefore, one studies the deviation of the volume of geodesic celestial
spheres from the Euclidean spheres by looking at the power series expansion of

the function r — vol,,—1 (S%(r)) Then, after some calculations, one obtains
the first terms in such expansion as

V0l _1 (an(r)) =cp_r™ ! <1—

M M

7(7- ;;jp&)r?—l—O(r‘l))
where ¢,—1 denotes the volume of the (n — 1)-dimensional Euclidean sphere
of radius one. Now, considering the coefficient of degree two in the previ-
ous expansion the result is obtained just comparing with the corresponding
expansion in the model space. O

Proceeding in an analogous way, one has the following Gromov type com-
parison result.

Theorem 5.3 [8] Let (M™"1, g) be a n+ 1-dimensional Lorentzian manifold,
M"TY(X) a Lorentzian manifold of constant sectional curvature X and S(r) a
geodesic celestial sphere of radius r centered at any point m € M"TY(\) and

associated to any instantaneous observer £y € Ty M L(N).
If RM > X (resp., RM < \) then

volf\l/f_l (Sgl(r))
vola' Y (S(r))

n

is nonincreasing (resp., nondecreasing) for sufficiently small r and all instan-
taneous observer & € T, M.
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We describe the method of Bunting and Masood-ul-Alam to prove uniqueness
of static black holes. The method is applied to restrict the possible conformal
factors when the field equations correspond to a coupled harmonic map. Finally
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1. Introduction

In General Relativity the gravitational field is described as a four dimensional
manifold M endowed with a Lorentzian metric g. Among the most relevant
spacetimes are the so-called black holes, which roughly speaking are spacetimes
containing regions (the so-called black hole regions) from which no observer
or light ray can escape to infinity. Obviously this needs a concept of infinity,
which is taken in most cases to mean a region where the gravitational field
becomes asymptotically weak and the metric approaches Minkowski in a pre-
cise way, (the so-called asymptotically flat spacetimes). Black hole physics is
a vast discipline within gravitational physics which cannot be summarized in
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a few lines. The reader is advised to look at [1] for a comprehensive introduc-
tion to this topic. Stationary black holes (i.e. those which are in equilibrium
and therefore do not evolve in time) play a specially relevant role. This is be-
cause they are believed to be the end-states of any configuration with enough
concentration of matter-energy so that gravitational collapse, and therefore
singularity formation [2], is unavoidable. Although there is no proof of this
fact, there are good physical reasons to believe that a collapsing configuration
will reach an equilibrium state. The so-called cosmic censorship conjecture
[3] states that all singularities formed in a collapse will be hidden behind an
event horizon (i.e. a black hole will form). We are not yet even close to proving
the cosmic censorship conjecture, which is probably the most important open
issue in classical gravitational theory. Nevertheless, it seems likely that many
end-states of gravitational collapse will be described by black holes in equi-
librium. It is, therefore, important to classify those spacetimes. In General
Relativity the theory dealing with these issues has been generically called black
hole uniqueness theorems. Again, this is a large area of research, see [4] for an
account. Equilibrium situations may be divided into stationary and static, the
latter being not only time invariant but also time symmetric, so that future
and past are indistinguishable. In geometrical terms, (M, g) admits a Killing
vector { which is timelike sufficiently close to infinity. Moreover, in the static
case € is integrable, i.e. € Ad€ =0 (& stands for g(g, *)). So far, the methods
for proving uniqueness are very different for static or merely stationary black
holes (the static case being much more developed than the stationary one).

Black holes in equilibrium are also organized depending on the geometry
of its Killing horizon. Let us recall that a Killing horizon is a null hyper-
surface ‘H where a Killing vector 77 is null, nowhere zero and tangent to H.
In stationary black holes, the boundary of the black hole region is always a
Killing horizon [5] and, in the static case, the horizon Killing vector 7 coincides
with the static Killing E A connected component H,, of the Killing horizon
is called degenerate or non-degenerate depending on whether the acceleration
of 77, V1], is zero or non-zero on H, (it may be proven that this property is
independent of the point = € H, so that it becomes a property of H, itself).
Degenerate horizons turn out to be much more difficult to analyze and few
results are known so far (see, however, [6] for the vacuum, static case).

Besides the stationary/static and degenerate/non-degenerate distinction,
black holes also depend, obviously, on the energy-momentum tensor 71" of the
gravitating fields present outside the black hole. In General Relativity this
imposes conditions on the Ricci tensor of g via the field equations Ric(g) =
T— % gTr(T), where physical units have been chosen appropriately. Uniqueness
theorems for static non-degenerate black holes have been obtained for vacuum
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(T = 0), for electrovacuum (7 is generated by an electromagnetic field without
sources) and for the so-called Einstein-Maxwell-dilaton case. The latter was
first analyzed by Masood-ul-Alam [7] for a particular value o = 1 of the so-
called coupling constant, and for vanishing magnetic field. Walter Simon and
myself [8] generalized this result to the case of arbitrary coupling constant
(still for vanishing electric or magnetic field) and for general electromagnetic
field in the case o = 1.

In this contribution I shall review some of these results. The emphasis
will be rather on explaining the method than showing the most general results
(which are discussed in [8]). I will also present a different argument to find
the appropriate conformal factor, which complements the one used in [8].

2. Assumptions on the spacetime.

In this contribution, spacetimes (M, g) are assumed to be smooth. We are in-
terested in studying static non-degenerate black holes. The precise conditions
we shall impose are

A1 (M,g) admits an integrable Killing vector 5 with a non-degenerate
Killing horizon H.

A.2 The horizon H is of bifurcate type, i.e. the closure H of H contains
points where the Killing vector £ vanishes.

A.3 (M, g) admits a spacelike asymptotically flat hypersurface ¥ which is
orthogonal to the Killing vector & and such that 0% C H.

Condition A.2 can be shown to follow from A.1 under rather mild global
requirements [9]. However, we prefer to include it and relax our global require-
ments as much as possible. In fact, our only global condition is contained in
A.3, and more concretely, on the definition of asymptotic flatness.

Definition 2.1 A spacelike hypersurface (X, ) of (M, g), g being the induced
metric, is called asymptotically flat iff

(1) The “end” ¥*° = X\ {a compact set} is diffeomorphic to R?\ B, where
B is a ball.

(2) On ¥*° the metric satisfies (in the flat coordinates defined by the diffeo-

morphism above and with r = /> (2%)?)

Gij — 0ij = O*(r~%) for some & > 0.
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(A function f(x%) is said to be OF(r®), k € N, if f(a%) = O(r®), 9;f () =

O(r*=Y) and so on for all derivatives up to and including the kth ones).

Remark In this definition 3 is the topological closure of ¥. Notice that our
definition implies, in particular, that (%, 9) is complete in the metric sense.

Let ¢ be a fixed point of € on H (i.e. ¢ € H and £(q) = 0), which exists
by assumption A.2. Then, the connected component of the set {p; 5 (p) =0}
containing ¢ is a smooth, embedded, spacelike, two-dimensional submanifold
of M (see Boyer [10]). Each one of these connected components is called
a bifurcation surface. Let us consider any connected component (9%), of
the topological boundary of ¥. By assumption A.3 (0X), is contained in
the closure of the Killing horizon. Thus, (section 5 in [9]), (0X), must be
completely contained in one of the bifurcation surfaces of 5 Furthermore the
induced metric g on the hypersurface ¥ can be smoothly extended to XU (90X),,
(see Proposition 3.3 in [6]). Hence (3, §) is a smooth Riemannian manifold
with boundary. We finish the section with the following definition

Definition 2.2 A smooth spacetime (M, g) is called a static non-degenerate
black hole iff conditions A.1, A.2 and A.3 are satisfied.

3. Method of Bunting and Masood-ul-Alam.

The key idea introduced by Bunting and Masood-ul-Alam [11] to prove unique-
ness of static black holes is as follows. The aim is to show that the only possible
static black holes are spherically symmetric. These spacetimes have the prop-
erty that the hypersurface (3, g) orthogonal to the static Killing vector E is
conformally flat. So, there exists a suitable, spherically symmetric, conformal
factor which brings this 3-metric into the flat metric. Furthermore, all matter
fields and the norm of the static Killing vector are also spherically symmetric.
Thus, the conformal factor can be considered as a function of these fields.
Conversely, if a static black hole is such that the hypersurface orthogonal to
the static Killing vector is conformally flat with a conformal factor depending
only on the matter fields and the norm of the Killing, then spherical symmetry
is usually easy to imply. The problem is then how to prove that some metric
is conformally flat. A powerful method to show that an asymptotically flat
Riemannian space is in fact flat is the rigidity part of the positive mass theo-
rem [12]. This requires dealing with asymptotically flat Riemannian manifolds
which are (i) complete and without boundary, (ii) with a non-negative Ricci
scalar and (iii) with vanishing total mass. The strategy is to choose carefully
a conformal factor Z, so that 22§ has zero mass and non-negative Ricci scalar,
R(Z%§) > 0. However, in general this still gives a manifold with boundary
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and the positive mass theorem cannot be applied yet. This is solved with a
remarkably elegant idea: choose two different conformal factors Z1 so that (i)
(%, Ei §) has vanishing mass, (ii) (X, 22 §) admits a one-point compactification
of infinity (thus giving a complete Riemannian manifold with boundary) and
(iii) such that both spaces can be glued together to produce a manifold with
continuous metric across the common boundary 9%. The resulting manifold
is complete and the positive mass theorem can be applied. Thus, the key idea
is to glue together two copies of the same space with two conformally related
metrics and then apply the rigidity part of the positive mass theorem to the
total space.

It is clear that finding the appropriate conformal factors is the crucial
technical part of the proof. Indeed, Z+ must be not only positive definite,
but also transform the mass of (X, §) as required, provide Riemannian metrics
with non-negative Ricci scalar, and have a suitable behaviour on 0% in order
to allow for a C'' matching. By far, the most difficult conditions to fulfill are
positivity of the conformal factors and non-negativity of the Ricci scalars.

On the hypersurface ¥ we can define the scalar field V' > 0 as the norm
of the static Killing vector V2 = —(E, E ). Moreover, the energy-momentum
contents of the spacetime defines further fields on . In order to have some
control on the conformal factors, it is natural to assume that = (z) depends on
the space point = € ¥ through the values of V' and the rest of matter fields on
z. In vacuum or for Einstein-Maxwell black holes, the number of fields is small
and finding a suitable conformal factor is not-too-hard. For Einstein-Maxwell-
dilaton, there are already four fields present and the problem becomes more
involved. It is clear that the higher the number of fields, the more difficult
is to find a suitable conformal factor. In the following section we will find
necessary restrictions on the conformal factors whenever the matter model is
a so-called coupled harmonic map.

4. Restrictions on the conformal factor in the cou-
pled harmonic map case.

In many cases of interest (including vacuum, Einstein-Maxwell, Einstein-Max-
well-dilaton, and many others [13]) the Einstein field equations in the static
case can be rewritten on X as follows: First of all, the matter fields together
with V' organize themselves into a (pseudo)-Riemannian manifold (V, ) called
the target space. Moreover, after defining a conformal metric h = V2§ on X,
the map defining these fields, ¥ : (X,h) — (V,7) must be a harmonic map,
i.e. a C? map satisfying the field equations

D;D*W(z) 4 T¢. (¥ (z)) D;¥b () D'We(z) = 0, (1)
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where D is the covariant derivative of (3,h), ¥® is the expression of ¥ in
local coordinates of V and I'{,, are the Christoffel symbols of (V, ). The space
(3, h) is called domain space. Finally, the metric h itself satisfies Einstein-like
equations with sources involving . Explicitly,

Ric(h)ij(z) = 'yab(\lf(x))Di\I’a(az)Dj‘llb(m). (2)

A pair (h,¥), with h positive definite, satisfying the field equations (1) and
(2) is called a coupled harmonic map.

For static black holes such that the Einstein field equations become a
coupled harmonic map on X, the set of conditions on the conformal factor
required for the method of Bunting and Masood-ul-Alam to work are strong
enough so that the possible conformal factor are fixed uniquely and explicitly
on a certain subset Vpy C V (which sometimes coincides with the whole
target space). In other words, there are unique candidates on Vpp for which
the method has a chance to work. This does not mean, of course, that those
explicit conformal factor will in fact work (extra conditions like positivity and
others still need to be satisfied), but it does restrict strongly the set of functions
for which the conditions need to be analyzed. This is a great advantage because
the most difficult part of the Bunting and Masood-ul-Alam method is, in fact,
to guess the appropriate conformal factors.

Let us now define the subset Vpr and describe briefly why the possible
conformal factors are restricted on this set. The uniqueness results for static
black holes assert, in general, that spherically symmetric static black holes
are the only possible static non-degenerate black holes. So, coupled harmonic
maps where both (X,h) and ¥ are spherically symmetric play a privileged
role in the black hole case. Any coupled harmonic map with these properties
must be (see e.g. [13]) of the form ¥ = (o A, where ( : ] C R — V is
an affinely parametrized geodesic of (V,7) and A : ¥ — R is a spherically
symmetric harmonic function on . Thus, spherically symmetric solutions
are described by geodesics in the target space. However, not all geodesics of
the target space correspond to a spherically symmetric, non-degenerate black
hole solution. Let us define Vg C V as follows: a point x belongs to Vpp
if and only if there exists a spherically symmetric, non-degenerate black hole
spacetime such that the affinely parametrized geodesic (, in V defining this
solution passes through z. This geodesic will be assumed, without loss of
generality, to satisfy (,(0) = p, (»(1) = z, where p is the value of ¥ at infinity
in X*°. Notice that this condition restricts the harmonic function A\ appearing
in ¥ = (, oA to satisfy A\ = 0 at infinity in 3. It is clear that any conformal
factor 2 for which the Bunting and Masood-ul-Alam method has a chance to
work, must have the following property: For any spherically symmetric black
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static black hole, the conformal rescaling with € of the domain space metric
h must be locally flat. This allows us to prove the following result [8].

Lemma 4.1 Let U : ¥*° — V be a coupled harmonic map between (3°°,h)
and (V,v). Assume that (£°°,h) has vanishing mass. Let QF be positive, C?
functions QF : YV — R with the following properties

(1) For any spherically symmetric static black hole (Xgpp, hspn) the metric
(QF)2hgpp, is locally flat.

2) (X (QT)2hspn) is asymptotically flat and (Egons (Q7)hspr) admits a
one-point compactification of infinity.

Then, QF must take the following form on x € Vpy.

Q+(l‘) — cosh2 éa(x)éa(x) O () = sinh2 CQ(Z‘)QL&(:L‘)

8 )

8 )

where E(x) is the tangent vector at x of the geodesic (;(s) in (V,7) defining
the spherically symmetric black hole (Xsph, hsph)-

Remark. In order to simplify notation we shall use the same symbol for
a scalar function on the target space and for its pull-back on ¥ via W. The
meaning should become clear from the context.

5. Uniqueness theorem for static Einstein-Maxwell-
Dilaton black holes.

Einstein-Maxwell-Dilaton (EMD) spacetimes are spacetimes (M, g) with a
scalar function 7 (the dilaton), a closed two-form Fis (the electromagnetic
field) and a coupling constant o between these two fields, which we take to
be non-zero. We shall describe the field equations only in the static case and,
for simplicity we shall assume that the magnetic field vanishes (the arbitrary
case is discussed in [8] although it must be remarked that the uniqueness
result has not been obtained in full generality yet). Assuming further that
the spacetime (M, g) is simply connected, the EMD field equations take the
form of a coupled harmonic map between (X,h) and the target space V =
{(V,k,$) € RT x RT x R} endowed with the metric

2dV?  2dk?  2d¢?

2 _ A .. B _
ds® = yapdx’dx® = V2 22 T 2 (3)
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where k = ¢®” and the electric field is E = ﬁ(b. Asymptotic flatness of (3, g)
implies the following behaviour of the fields near infinity [§]

M 1 aD 1 Q 1
1
hij = i + O(ﬁ)a (5)

where M, D, @ are constants (called charges) satisfying the inequalities

V1+a?|Q <M —aD, aM +D >0 (6)

In order to show uniqueness for EMD static black holes, we shall need to im-
pose additionally that these inequalities are strict. In the spherically symmet-
ric case, the black holes with charges satisfying equality correspond precisely
to the degenerate horizon case. It seems therefore plausible that the condition
of being non-degenerate should imply, in general, that the inequalities above
are necessarily strict. We have been able to prove this fact whenever 3> ad-
mits an analytic compactification near spatial infinity, but not in the general
case. It would be of interest to settle this issue.

Having discussed the behaviour at infinity we turn to the conditions on the
horizon 9%. In order to do that the induced metric ¢ (and its corresponding
covariant derivative @) must be used because g admits a smooth extension to
0%, while h degenerates there.

Lemma 5.1 [8] For static Einstein-Mazwell-dilaton non-degenerate black ho-
les, the following relations on the boundary 0% hold,

GIVVVV| = W0, IVVVK| =0, §IViVVel =0 (7)

ox

In order to apply Lemma 4.1 we must find the explicit form of the geodesics
starting at the point p = {V = 1,¢ = 0,k = 1}, corresponding to the values
of the fields at infinity. In general this is not a trivial task even for spaces
admitting Killing vectors. In our case, however, the target space turns out to
be a symmetric space, as it may be easily proven. This fact, and, in particular
the existence of an isotropy group at p, simplifies greatly the calculations,
as we describe next. The isotropy algebra of (V,~) is easily seen to be one-
dimensional and generated by the Killing vector

H__i}_22_2 22_22
7= <;5Vav+2(1 KV (a —i—l)¢)8q5 aqﬁﬁaﬁ.
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Isotropies are useful because geodesics passing through p project into geodesics
in the quotient space defined by the isotropy orbits (whenever this is a man-
ifold), the latter being lower dimensional and hence simpler to deal with. In
order to determine the structure of the set of orbits of 7, we solve 77(f) = 0.
Only two functionally independent solutions are needed. One of them is ob-
vious and reads Fj = V—1k1/9 The other one follows from the fact that the
norm of a Killing vector is constant along the Killing vector. Thus,

—ntna = (1= rV) = (@2 + )] [(1+ V) = (@2 +1)¢?|  (8)

1
2k2V2
solves 7j(f) = 0, as desired. This expression shows that 77 changes causal
character in different regions of V. It follows that the canonical metric of
the orbit space cannot be well-defined everywhere (because it changes signa-
ture). However, for any static EMD non-degenerate black hole, 77 turns out
to be timelike everywhere on the relevant subset W(X). This is proven in the
following lemma.

Lemma 5.2 U(X) is contained in the open subset U = {(1 — kV)? — (a® +
1)¢? >0} C V.

Proof. We only need to show that |1 — Vk| > va?+1|¢| on ¥(X). Let us
define K4+ = 1 — Vk & Va2 +1¢. A simple calculation yields VAVpKi =
V1 WK+ VpKy. Then, the coupled harmonic map equations and the
conformal rescaling § = V~2h imply

@Z’Ii @ﬁf)
+ 2+1—1]=0.
o+ v )

K

@iﬁiKi + @iKi <

The maximum principle applied to this elliptic equation tells us that the min-
imum is attained at infinity provided n’V;Ki|gx > 0, where n' is an outer

normal to 9¥. Lemma (5.1) shows that n; = —V;V is such an outer normal
and that niviKﬂag = W2k > 0. Since K4 vanish at infinity, the lemma
follows 0.

Let us define the two scalar functions on V,

kl/o? v — (1- /<;V)2 — (a? 4+ 1)¢?
v N AkV ’

9)

which satisfy X > 0 and Y > 0 on U. Since —n4ns = 8Y (Y + 1) we see that
Y is constant along 7. Furthermore, a simple calculation shows that dyY < 0
wherever Y > 0. This implies that dY # 0 in this region. Similarly dX # 0 on
the whole of V. Furthermore, a direct calculation implies that dX AdY # 0
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on U. Hence, {X,Y} is a global coordinate system on U/7, i.e. the set of
orbits of 7 in U. In particular, this space is a differentiable manifold. Thus,
we can consider the induced metric on this quotient, which turns out to be

2 dXx? dy?
2 _ 2
ds ‘(U/ﬁ) T 1402 <a X2 T Y(Y + 1)) : (10)

This is a flat metric and its geodesics are trivial to solve. We are interested in
the geodesics passing through p, i.e. geodesics in the quotient space starting at
the boundary point X (p) = 1,Y(p) = 0. They are easily found to be X(s) =
exp(B1s) and Y (s) = sinh?(Bss), s € RY, 31,32 € R and (B > 0 without loss
of generality. Each one of these geodesics gives rise to a spherically symmetric
solution of the harmonic map equations. However, not all of them correspond
to black holes. Only those reaching V' = 0 with the rest of fields remaining
finite have this property. This implies that Y/X must also remain finite at
0Y and this is only achieved whenever 31 = 203,. Hence the subset Vpy of
V corresponding to the black holes solutions is defined by 4XY — (X —1)? =
0. We can now apply Lemma 4.1 easily. The function N(z) = (*(z)((z)
appearing there is the squared geodesic distance from (X,Y = (X —1)2/(4X))
to X = 1,Y = 0. Its explicit expression is N(X) = 2(In X)? and hence Lemma
4.1 forces the conformal factors to satisfy

1+ X)?
Qi(X’Y)‘Y:(X—1)2/4X - (4X)’ (11)
Since Vpp does not cover the whole target space we still need to extend these
expressions off Vgg. This involves some guesswork. Perhaps the simplest
try is to impose that the conformal factor depends only on X or only on
Y. This would give us two pairs of conformal factors instead of one pair,
as we would need. Let us nevertheless analyze the outcome (we shall see
that an appropriate combination of both pairs gives us the desired pair of
conformal factors). According to (11) we define QF = Y +1/2 4 1/2 and
QF = (14 X)?/(4X), or in terms of the coordinates of V,

</<;1/°‘2 + V) ’

T (2

1
Qf:azvﬂ1ivw2—@£+¢)&L 05 =

Let us next check whether the conditions required to prove uniqueness are
satisfied by either of the conformal factors Qﬁ (A = 1,2). First of all, we
check positivity on ¥. From the definition, Qi" > . Furthermore Q] |x >0
directly from Lemma 5.2 and Q3 is manifestly positive. So, only Qe >0, 0r

equivalently F = !/ oy -1 1, remains to be proven. The Killing equations
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of (V,~) show that £ = F~1dF is, after rising its indices, a Killing vector of the
target space. This implies, from general properties of coupled harmonic maps,
that D'(F~'D;F) = 0 on ¥. Applying the maximum principle to this elliptic
equation and noticing that F' diverges to +o0o on 931, we find that F takes up
its minimum at infinity where F' = 1, this proves the desired inequality.

Next we need to check that (X, (92})2h) has vanishing mass and that
(3, (924)?h) admits a one-point compactification of infinity. The first claim
follows from the fact that (X, h) has vanishing mass (see Lemma 5.1) and that
Q=1+ O(r™?), which follows directly from (5). The second claim follows
because the asymptotic behaviour of Q) is, after using (5)

(M —aD)* - (1+a?)
4r2

(oM + D)?

Q? 3
+O(T )7 Q2: Aa2r2

Q = +0(r7?).

from which the existence of a one-point compactification of (X, (Q5 )?h) follows
from a standard argument, provided the strict inequalities in (6) hold (here
is where this condition is used). The third step is to glue together the two
copies of ¥ with conformal factors Qi First of all, the explicit expressions
for these functions show that VQi are C? up to and including 9%, and the
same is true for § = V2h, as discussed in Section 2. It only remains to check
that the usual matching conditions (see e.g. [14]) are satisfied. This follows
easily from the fact that 9% is defined by V = 0 and that 0¥ is a totally
geodesic submanifold of (X, §). Thus, after the gluing, we have two pairs of
Riemannian manifolds (A, h,) which are C!'!, complete and with vanishing
mass. Before using the rigidity part of the positive mass theorem we need
to check whether the Ricci scalar of any of these metrics is non-negative. A
straightforward, if somewhat long, calculation shows that none has a sign.
Nevertheless, a suitable combination of them is non-negative everywhere on
N, namely Q2R(h1) + o?Q3R(hs) > 0. From the transformation law of Ricci

scalars under conformal rescalings (see [8]) for details) it follows that the
2 202

metric h = Q17 Q1" h) has non-negative Ricci scalar, while still keeping
the property of being complete, C"! and with vanishing mass. Hence, the
positive mass theorem can be applied to conclude that h is flat. Consequently,
the induced metric § on X is conformally flat. Showing spherical symmetry
from conformal flatness is then straightforward. This argument shows, after
filling in all the details, the following uniqueness theorem

Theorem 5.3 (Mars & Simon, 02) Let (M, g) be a simply connected, sta-
tic, non-degenerate Finstein-Mazwell-dilaton black hole with non-zero coupling
constant o and vanishing magnetic field. Assume that the charges M, D, Q)
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satisfy the strict inequalities in (6). Then (M, g) must be spherically symmet-

ric.
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Abstract

In [3] the authors have introduced the concept of s—formality as a weaker version
of formality. In this note, we use a double iteration of symplectic blow-ups of
the complex projective space CP™ along symplectic submanifolds M C CP™ to
construct examples of compact symplectic manifolds which are s—formal but not
(s + 1)—formal for some values of s.
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1. Introduction

A symplectic manifold is a pair (M,w) where M is an even-dimensional differ-
entiable manifold and w is a closed non-degenerate 2—form on M. The form
w is called a symplectic form. The simplest examples of such manifolds are
Kaéahler manifolds. Topological properties of Kéhler manifolds allow to con-
struct examples of symplectic manifolds not admitting Kéhler metrics. One
of the most interesting topological properties of Kéhler manifolds is the for-
mality. If M is simply connected (or if M is nilpotent, i.e., w1 (M) is nilpotent
and acts nilpotently on m;(M) for i > 2) then formality is equivalent to saying
that its real homotopy type is completely determined by its real cohomology
algebra. Kéhler manifolds are always formal [2], whereas there are symplectic
manifolds which are not [12].
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In [3] the authors have weakened the condition of formality to that of s—
formality (see Definition 2.2). As an obvious fact, whenever M is a non-formal
manifold, there is some s > 0 such that M is s—formal but not (s+ 1)—formal.

Also in [3] examples of (non-symplectic) manifolds which are s—formal but
not (s + 1)—formal for any s > 0 are shown. However the question of the
existence of symplectic examples was left open.

In [4] the authors have studied how the s—formality property behaves un-
der symplectic blow-ups of the complex projective space along a symplectic
submanifold. Doing iterated blow-ups, there were produced symplectic mani-
folds which are s—formal but not (s + 1)—formal, for arbitrarily large values of
s. However, the examples of [4] do not cover all the values of s.

The purpose of this note is to study in detail two examples of a double
iteration of the symplectic blow-up construction treated in [4]. This allows to
find symplectic manifolds which are s—formal but not (s + 1)—formal, for the
cases s = 7,8. We must note that examples for the cases s = 0, 1, 3, 4 are given
in [3, 4]. The ideas behind the examples studied here may be useful to cover
the general case with s > 5. However the problem of finding a symplectic
manifold which is 2—formal but not 3—formal is much harder and it is likely
that there are no such examples.

2. s—formal manifolds and Massey products

We recall some definitions and results about minimal models and s—formal
manifolds [2, 3, 6, 9]. Let (A, d) be a differential algebra, that is, A is a graded
commutative algebra over the real numbers, with a differential d which is a
derivation, i.e. d(a-b) = (da)-b+(—1)3°8@q.(db), where deg(a) is the degree of
a. Given a differential algebra (A, d), we denote by H*(A) its cohomology. A is
connected if H°(A) = R. Morphisms between differential algebras are required
to be degree preserving algebra maps which commute with the differentials.
A morphism of differential algebras inducing an isomorphism on cohomology
is called a quasi-isomorphism.
A differential algebra (A, d) is said to be minimal if:

1. Ais a free algebra A V over a graded vector space V = @V* and

2. there exists a collection of generators {a,,7 € I'}, for some well ordered
index set I, such that deg(a,) < deg(a,) if p < 7 and each da, is
expressed in terms of preceding a,, p < 7. This implies that da, does
not have a linear part, i.e., it lives in A V>Y- AV>0 C A V.

A minimal model for the differential algebra (A, d) is a minimal differential
algebra (M, d) and a quasi-isomorphism p: (M,d) — (A,d). Halperin [6]
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proved that any connected differential algebra (A,d) has a minimal model
unique up to isomorphism.

A minimal model (M,d) is said to be formal if there is a morphism of
differential algebras ¢: (M,d) — (H*(M),d = 0) that induces the identity
on cohomology. The formality of a minimal model can be detected as follows.

Theorem 2.1 [2]. A minimal model (M, d) is formal if and only if we can
write M = AV and the space V' decomposes as a direct sum V = C & N with

d(C) =0, d is injective on N and such that every closed element in the ideal
I(N) generated by N in \'V is exact.

A minimal model of a connected differentiable manifold M is a minimal
model (A V,d) for the de Rham complex (2M, d) of differential forms on M.
If M is a simply connected manifold, then the dual of the real homotopy
vector space 7;(M) ® R is isomorphic to V* for any i. (This relation also
happens when ¢ > 1 and M is nilpotent.) We shall say that M is formal if
its minimal model is formal or, equivalently, the differential algebras (Q2M, d)
and (H*(M),d = 0) have the same minimal model. (For details see [2] for
example.)

To detect non-formality, we have Massey products. Let us recall its def-
inition. Let M be a (not necessarily simply connected) manifold and let
a; € HPi(M), 1 < i < 3, be three cohomology classes such that a; Uas = 0
and ag U az = 0. Take forms «; in M with a; = [o;] and write oy A ag = dE,
as A as = dn. The Massey product of the classes a; is defined as

(a1,a2,a3) = Jon A+ (=1 THEN as)
Hp1+P2+p3—1(M)
< ap U Hpr2Fps=1 (M) + HPrtP2—1(M) U as’

If M has a non-trivial Massey product then M is non-formal [2, 12].
In [3] we weaken the condition of formal manifold to s—formal manifold
as follows.

Definition 2.2 Let (M,d) be a minimal model of a differentiable manifold
M. We say that (M, d) is s—formal, or M is an s—formal manifold (s > 0) if
we can write M = \'V such that for each i < s the space V' of generators of
degree i decomposes as a direct sum V' = C* @ N*, where the spaces C* and
N satisfy the three following conditions:

1. d(CH) =0

2. the differential map d: N* — NV is injective,
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3. any closed element in the ideal [(D N*?), generated by @ N® in \(P V?),
i<s 1<s 1<s
is exact in \V.

Lemma 2.3 [3]. Let M be a manifold with minimal model (\V,d). Then
M is s—formal if and only if there is a map of differential algebras

p: (\V=:,d) — (H*(M),d =0),

such that the map o* : H(A\V) — H'(M) induced on cohomology is an s—
quasi-isomorphism, that is, ©* is an isomorphism for i < s, and a monomor-
phism for i = s+ 1. Equivalently, if (\W,d) is the minimal model of
(H*(M),d =0), then Vi =W?" fori < s.

The relationship between s—formality and Massey products is given by

Lemma 2.4 [3]. Let M be an s—formal manifold. Suppose that there are
cohomology classes a; € HPI(M), 1 < i < 3, such that the Massey product
(a1,a9,as3) is defined. If p1 + p2 < s+ 1 and pa + p3 < s+ 1, then (a1, az,as)
vanishes.

To study in Section 4 the s—formality of our examples, we shall need the
following result.

Proposition 2.5 Let M be a differentiable manifold. Suppose that, for i <
s+ 1, there exists a map ¢ : H' (M) — QU(M) satisfying the two following
conditions:

1. for any cohomology class a € H (M), ¢(a) is closed and represents the
class a in cohomology;

2. ¢ is multiplicative, in the sense that ¢(a U b) = ¢(a) A ¢(b) whenever
deg(a) + deg(b) < s+ 1.

Then M is s—formal.

Proof : Let ¢ : (AW,d) — (H*(M),d = 0) be the minimal model of
(H*(M),0). By definition, 1 is a quasi-isomorphism of differential graded al-
gebras. Composing with ¢, we have maps W' — H'(M) — QY(M) fori < s+1.
These maps, together with the zero maps W — Q¢(M) for i > s + 1, define
uniquely a differential graded algebra morphism v : (A W,d) — (2*(M), d).
Restricting to the elements of degree < (s + 1), ¢ : (A W)=G+TD — Qs+1(M)
coincides with ¢ ot : (A W)=+t - Qs+H1(M), by the multiplicativity prop-
erty for ¢. Hence 9 is an s—quasi-isomorphism.
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So the minimal model (A V,d) of (Q*(M),d) coincides with (A W,d) up
to degree s, i.e., (A\V=:,d) = (AW=°,d). In particular, this implies the
existence of an s—quasi-isomorphism (A V<% d) — (H*(M),d = 0). By
Lemma 2.3, M is s—formal.

3. Symplectic blow-ups

In this section we recollect some results on Massey products for the symplectic
blow-up of the complex projective space along a symplectic submanifold.

Let (M,w) be a compact symplectic manifold of dimension 2n. Without
loss of generality we can assume that the symplectic form w is integral (by
perturbing it to make it rational and then rescaling). A theorem of Gromov
and Tischler [5, 11] states that there is a symplectic embedding i: (M,w) —
(CP™ wy), with m > 2n 4+ 1, where wy is the standard Kahler form on CP™
defined by its natural complex structure and the Fubini-Study metric. We
take the symplectic blow-up C'P™ of CP™ along the embedding i (see [7]).
Then CP™ is a simply connected compact symplectic manifold.

In [4] the authors studied the s—formality and the formality of CP™ for
an arbitrary compact symplectic manifold (M,w) and m > 2n + 1, proving
that if (M,w) is s—formal then CP™ is at least (s + 2)—formal. Moreover, if
M is formal then CP™ is formal.

Recall that *wg = w. We will denote also by wp the pull back of wg to opm
under the natural projection CP™ — CP™. Let M be the projectivization
of the normal bundle of the embedding M — CP™. Then w: M — M is
a locally trivial bundle with fiber CP™ "1 We will denote by v the Thom
form of the submanifold M C CP™. The class [v] is called the Thom class of
the blow-up. Then CP™ has a symplectic form €2 whose cohomology class is
[Q] = [wo] + €[] for € > 0 small enough.

Let us consider a closed tubular neighborhood W of M in CA’IETJ” By the
tubular neighborhood theorem we know that the normal bundle of M — CP™
contains a disk subbundle which is diffeomorphic to W. Denote by p: W —s
M the natural al map. There is a map ¢ : QM) — Q*+2(CPm) given by pull-
back by 7 : M — M, followed by extending to a neighborhood of M using
p: W — M and then wedging by v, i.e., g(o) = p*7*(a) A v. We shall denote
¢(a) = a A v for short. Note that

(aANV)AN(BAV)=(aANBAV)AV, (1)

for a, 3 € Q*(M). This makes notations of the type a A 3 A v? unambiguous.
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Also remark that [wg A v] = [w A v] although wp A v # w A v as forms.
To circumvent this problem, we work as follows. Extend the projection map
P W — M to a map

p:CP™ — CP™ (2)
by pasting p with the identity. The map p induces the identity on cohomology.
The form wy = p*(wp) is no longer a symplectic form, but [wy] = [wo] and

W Av=¢qw)=wAwr.
The cohomology of CP™ was studied by McDuff [7]. There she proved
that there is a short exact sequence

0 — H*(CP™) — H*(CP™) — A* — 0, (3)
where A* is a free module over H*(M) generated by {[v], [v?], -, [v™ " 1]}.
Regarding to the s—formality of C'P™, we have the following results.

Lemma 3.1 [}]. Let M be a compact symplectic manifold of dimension
2n > 2. Then the symplectic blow-up CP™ of CP™ along M C CP™ 1is
3—formal for any m > 2n + 1.

Lemma 3.2 [//. Let M be a compact symplectic manifold of dimension
2n. Suppose that m —n > 4 and that M has a non-trivial Massey product
(a1,a2,a3), aj = o] € HPi(M), with py +p2 = s+ 1 and po+p3 < s+ 1.
Then {Jo1 AV, [aa AV, [asAV)) is a non-trivial Massey product in CP™. Hence
CP™ is not (s + 4)—formal.

Lemma 3.3 [8]. Let (M,w) be a compact symplectic manifold of dimension
2n. Suppose that m —n > 3 and that M has a non-trivial Massey product
(a1,w,a3), a; = [aj] € HPI(M), withpr +2 =541 and 2+ p3 < s+ 1. Then
([aq A V], [wol, [z Av]) is a non-trivial Massey product in CP™. Hence CP™
is not (s + 2)-formal.

4. Double iteration of symplectic blow-ups

To show examples of compact symplectic manifolds which are s—formal but
not (s 4+ 1)—formal for s = 7 and 8, we do a double iteration of symplectic
blow-ups.

We begin with the Heisenberg group H, that is, the connected nilpotent
Lie group of dimension 3 consisting of matrices of the form

1

a =

o = 8

z
0 Y ,
0 1
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where z,y,z € R. A global system of coordinates {z,y, z} for H is given by
z(a) = z, y(a) =y, z(a) = 2z, and a standard calculation shows that a basis
for the left invariant 1-forms on H consists of {dx,dy,dz — xdy}. Let I" be
the discrete subgroup of H consisting of matrices whose entries are integer
numbers. Then the quotient space N = I'\ H is compact. Hence the forms dz,
dy, dz — xdy descend to 1-forms «, (3, v on N such that

da=d8=0, dy=—-aAp.

The manifold KT = N x S is called Kodaira—Thurston manifold (cf. [10]). Tt
is symplectic with the symplectic form w = aAv+BAJ, where § is the standard
invariant 1-form on S'. Then KT is 0-formal (all connected manifolds are 0—
formal) but it is not 1-formal. For instance ([a], [@], [8]) = [y A o] is non-zero
in H*(KT)/(HY(KT) U [8] + [a] U HY(KT)).

By Gromov—Tischler theorem [5, 11] there exists a symplectic embedding
of (KT, w) in the complex projective space (C'P%,wy), where wy is the standard
symplectic form. Now perform the symplectic blow up CP5 of CP5 along
KT'. This is a symplectic manifold with symplectic form 2 = wo + € v, where
v denotes the Thom form of the blow-up CP>.

By Lemma 3.1, CP5 is 3—formal. On the other hand, there is a non-zero
Massey product given as ([a], [w], [a]) = 2[y Aa Ad] in KT. Hence by Lemma
3.3, there is a Massey product of the form ([ Av], [wo), [0 Av]) # 0 in CP?, so
it is not 4—formal. (This example already appears in [3, 4] as a non 4—formal
manifold, and in [1, 8] as a non-formal simply connected symplectic manifold.)

Consider the compact symplectic manifold (Y, Q) where Y = CP® and  is
the symplectic form Q = wg+ev for € > 0 small. Embed symplectically (Y, )
in (CP, ), where ( is the standard symplectic form. Let CP be the
symplectic blow-up of C P! along Y. It has symplectic form Q; = Qg + € v,
where v is the Thom form of the blow-up CP!,

In order to show that CP'! is 7-formal and not 8 formal, we describe the
cohomology groups H(Y) with ¢ < 6. Using (3) and the notation fixed in
Section 3, we have

= (1),

0,

(lwol, [v]),

HY(KT) - V] = (ja Av], [BAV] 6 AV]),

(wil) ® H(KT) - V] & ([v°]) =

([wp], [wo A V], V2], [ Ay Aw] [a AS AV]L B AY AV,
H®(Y) = HYKT) [V}]® H}KT)- [v] =

0

1

T omom T
2EE=E
Il
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= ([@AV?,[BAVL AV [aABAYAV]L[a Ay AS AL,
[BAYAS AV,

HO(Y) = ([wp) ® H*(KT) - [v*)® HY(KT) - [v] =
(

], [wE AV, [wo AV [ Ay AP [a AS A VR [B Ay AV?)).

%

W,

QOw OoOw

[
[

Proposition 4.1 The symplectic blow-up cpi of CP along Y is T-formal
but not 8—formal.

Proof : By Lemma 3.2, CPY is not 8-formal, since the non-trivial Massey
product {[a A V], [wol, [@ Av]) # 0 in Y = CP® defines a non-trivial Massey
product ([ A v A vy, [wo Avi], [ Av Avg) in CP'. Let us see that CP!
is 7—formal. For this, we compute its cohomology. Taking into account the
cohomology groups of Y, from (3) we get

H(CPY) = (1),

H\(CPY) 0,

HYCPY) = ([, 1)),

H3(CP™) 0,

HYCPY) = {[9F], [wo Aw]. v Aw]. 1],

H5(CP™) ([aAv AW, [BAV AW, [0 Av A,

HS(CP™) = (18], w3 A ], [wo Av Av], [ Ay Av Av], [ AS Av A,
8y AV Am], 2 A, lwio A v [ A 73], ),

H'(CPY = (JaABAyYAvAn][aAYASAv AL [BAYASAY A,

[ A2 AU [BAVEA]L[6AVE AV [ Av AvE,
[BAvAVE]L 8 AV A,

H8(6’\13H) = ([, [wd A, [wE AvAv], [wo AVE AL Ja Ay AVE AL,
[ ASAVE AV [BAYAVE A, [wWE AVE, [wo Av AV,
AV [a Ay AV AV [a NS AV AVE]L[BAY AV AVE,
[

wo A Y], [v A vl 1)),

Now since {2 = wo+e v we have that [QoAvi] = [QAV1] = [woAvi]+€ [VAr].
This implies that ([w) A 1], [wi P Av A, [ An]) = (A, [Q5 1 A
vAvl,..., [V Aw]), for any i > 0. Also we have that

[a/\u2/\V1]:%([Qo/\a/\u/\m]—[(wo/\a)/\l//\ul]).
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Using these two facts, we can rewrite

H*(CPY) = ([, 1)),

H*(CP") (98], [20 A 1], V7], [v A ),

H?(CP™) (lanvAan] [BAvAn],[6Av AL,

HS(CPY) = (93,192 A, [Q0 A V2], 3], [Q0 Av A, v A V2], [V A,

[aAyYyAvAn][aNSAvAULIBAY AV A,

H'(CPYY = [QoAarvAn],[QABAvAn][QASAY AN,
[aABAYAVAV] [ AYANSAV AL [BAYAO AV AV,
[aAvAVE), [BAVAVEL S AvAVE)),

HS(CPY) = ([0, 198 A ], [0 A 73], [0 A 3, 4], 93 A A,
Qo A2 AL, [Qo Av AV, [P AV v Av]] la Ay Av AvE,
[ ASAVAVEL[BAYAV AV [Qo A Ay Av Ay,
QoAaANSAVAL]L[QoABAY AV AVL)).

Once that we have written the cohomology in this way, we define a map
¢ : H(CPY) — QY(CPY), i <8, by sending each cohomology class [z] to its
representative inside the brackets z. More specifically,

(1% Ax A v* ALY = QA (2 A V™) AL)),

where x is an invariant form on KT

It is easy to prove that ¢ satisfies ¢(z1 U 22) = ¢(21) A ¢(22) whenever
deg(z1) + deg(z2) < 8. For this one uses (1) and note that the possibilities for
(deg(z1),deg(z2)) are (2,2),(2,4),(2,5),(2,6) and (4,4). Therefore by Propo-
sition 2.5, CP is 7-formal.

Remark 4.2 [t is possible to prove that CP1 s T—formal by computing the 7—
stage of its minimal model. This is the differential graded algebra (M, d) given
by M = A(a1,a2) ® \(b1) ® N(e1, c2,¢3) @ N(er, e2, €3, €4) @ N(f1, f2, f3, f4) @
A V=8 where the degree of the generators is deg(a;) = 2, deg(b1) = 4, deg(c;) =
5, deg(ex) = 6, deg(fx) =7, and all the generators are closed except for dfy =
b2—ey-az. The morphism p: M — Q*(C/’\f’ll), mnducing a 7T—quasi-isomorphism
is defined by p(a1) = wo, plaz) = vi, p(b1) = v Avi, plar) = aAv A,
plc2) = BAVAYL, p(es) = AVAYL, pler) = aNSAVAYL, plea) = aAYAV AL,
ples) = BAYAvV A, ples) = V2 Ay, p(fi) = aANBAY AV A,
p(fa) =aANyNIAv AV p(fs) =BAYAOAvAvy and p(fa) =0.
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According to Definition 2.2, the minimal model of cpi satisfies V' = C*
and N* = 0 for i < 6, thus CP' is 6-formal. Moreover N7 = (f;). The
only closed element in the ideal N=7 - (A V§7) 1s zero. Indeed, suppose that
z=f1-y € NST-(ANVST) is closed, then fy-dy — dfy -y = 0. This implies
that dy = 0 and so dfy -y = 0. Hence y = 0. Therefore CPY is 7—formal.

To produce an example of a symplectic manifold which is 8—formal but not
9-formal, let us consider the 6-dimensional manifold M = KT x T?, where
T? is a 2-torus. Then {a, 3,7, 8,71, 72} is a basis for the 1-forms on M, where
{n1,m2} is a basis of the 1-forms on 72. The 2-form w = aAy+BAS+n1 An2
is a symplectic form on M.

Take a symplectic embedding of (M,w) in the complex projective space
(CP7,wp). By Proposition 4.3 in [4], the symplectic blow-up CP7 of CP7
along M is 4—formal but not 5—formal. In fact, the non-zero Massey product
([a], [a], [B]) of KT defines a non-zero Massey product ([«], [a],[5]) for M =
KT x T?. This gives a non-zero Massey product for CcP7 by using Lemma
3.2. Hence CP7 is not 5formal. -

Now consider the manifold Z = CP7 with the symplectic form = wo+ev
for € > 0 small, where wy denotes the pull back to CP7 of the Kéhler form
of CP7, and v is the Thom form of the blow-up C'P”. Using (3), we get the
cohomology groups H'(Z), i < 7,

0

H(Z) = ),
HY(Z) = o,
#(2) = (. 1),
H(z) = H'(M)- )
HY(Z) = ([wo?];[wo A v, [v?]) & HQ[LJ]W) [V,
m(z) = H'(M)- W6 HY) - ]
2 4
H2) = ('l arlon e D02 pe S50 )

H'(Z) = H'M)-[’]& H (M) - [v*] & H*(M) - [v].

Embed symplectically (Z,2) in (C P, Qg), where ) is the standard sym-
plectic form. Let CP' be the symplectic blow-up of C P along Z. It has
symplectic form Qg + € v, where v is the Thom form of the blow-up C P
and € > 0 is small enough.
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Proposition 4.3 The symplectic blow-up Ccpls of CPY along Z is 8formal
but not 9—formal.

Proof : By Lemma 3.3, CPY is not 9-formal, using the non-zero Massey
product ([a A v],[a A v],[8Av]) of CPT. Let us see that it is 8formal. For
this, we compute the cohomology groups H(C'P') for i < 9,

H(CPY) = (1),
H1((71515) 0,
H*(CP™) = ([, 1)),
H3(C/«\ﬁ15) 0,
HYCP™) = (93], [Q0 Al [1]], [v A ),
HY(CP®) = HYM)-[v A,
H(CPY) = ([, [95 A wl, [Q0 A7) 7], V2 A, [v AV, [0 Av Aw])
H*(M)
@ ] v A,
H7(611515) = H3M)-lvAwv]@®HY (M) (QAvAwv],[vAv?),
H¥CPY) = ([, [ A wl, 25 A vE], [Q0 A7), (1], [Q0 A VP A,
[Qo/\V/\V%],[QO/\V/\I/l],[Vg/\l/l],[V /\1/1] [V/\VID
4 2
H[ (]\]4) vAn]® H[(E)]]\J) -<[Qo/\u/\1/1],[1//\1/%]),
Hg(CA'ﬁm) = ( ) - [1//\1/1]69H3(M)-<[QO/\1//\1/1],[1//\1/%]>

QHY M) - ([Q2 AvAwv], [QAvAVE], v AV)).

Consider the maps p; : CP” — CP7 and Po CPY — CP'Y defined in
(2). Define the 2—form @y on Y by wp = pj(wp). As [wo] = [@o], there is a
I-form & on Y such that &o —wp = d€. Extend § to cpm by pulling it back
to }N/, then to a tubular neighborhood W and finally multiplying by a cut-off
function with value 1 in the support of ;. Call é to this extension. Define

Qo = ps(Q + dE).

Then we have the following equality of forms: Qo AvAv, = (Q+dE)AvAv, =
(wo+ey+@0—w0)/\l//\l/1 =wAVAV + eV AL

Define ¢ : H(C P15) — Qi(é\ﬁw), i < 9 in the following way. We start
by defining a map ¢o : H{(M) — Q¢(M), i < 5 which sends each class [z] to
an invariant closed representative z, ¢o([z]) = z, in such a way that it satisfies
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the condition that ¢o([z]U[w]) = 2z Aw, for [2] € H(M). This is possible since

[w] :

H' (M) — H3(M) is injective. Now set
SN2 AVEALE)) = QE A go([2]) AvE ALY,

Then ¢ is a multiplicative map. The only non-obvious product is

d(lxAv AU An]) =o([z AvEAvl]) = %gf)([a: A(Qo —wo) AvAVY)) =

:%(QO/\(Z)O(LT])/\I//\I/%—gﬁo([(l)/\w])/\V/\V%) :%(w/\x/\u/\yf—i—

+ex AVPAV] — (T Aw)AVALYY) =z AVEAY] =
=¢([x AvAr]) Ad([v A i),

for [z] € H'(M). Finally, Proposition 2.5 implies that CP' is 8—formal.
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Abstract

In this work we study the Bjorling problem for linear Weingarten spacelike surfaces
of maximal type in the 3-dimensional Lorentz-Minkowski space, i.e. spacelike
surfaces whose mean and Gaussian curvature are related by H = cK for some
ceR.

Keywords: Bjorling problem, linear Weingarten surfaces, maximal sur-
faces, Lorentz-Minkowski space
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1. Introduction

A linear Weingarten spacelike surface of maximal type (in short, an LWM-
spacelike surface) in the 3-dimensional Lorentz-Minkowski space L? is a space-
like surface whose mean curvature is proportional to its Gaussian curvature.
In the previous paper [1], the first two authors described a conformal
representation for LWM-spacelike surfaces, and used it in order to prove the
existence of complete examples and to study its geometric behaviour. The
representation actually extends the one for maximal surfaces in L3, i.e. for the
spacelike surfaces with H = 0 in L3 | obtained by McNertney and Kobayashi.
In this work we consider an initial value problem for LWM-spacelike sur-
faces, which consists on the following: given a regular analytic spacelike curve
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B in L3 together with a unit timelike analytic vector field V parallel along £,
can one find all LWM-spacelike surfaces in L3 that span this configuration?

This problem has been motivated by the Bjorling problem for maximal
surfaces in L? studied in [2]. Some other research regarding the Bjérling
problem for maximal surfaces can be found in [3, 4]

The goal of the present paper is to characterize when the initial data G,V
of the above problem can actually span an LWDM-spacelike surface, and to
construct in such case the only solution to the Bjorling problem in terms of
the initial data.

2. Preliminaries

Let L3 be the 3-dimensional Lorentz-Minkowski space, that is, the real vec-
tor space R? endowed with the Lorentzian metric tensor (,) = d? + da3 —
dm%, where (11, 22,23) are the canonical coordinates of R®. An immersion
1 : M? — L3 of a 2-dimensional connected manifold M is said to be a space-
like surface if the induced metric via 1 is a Riemannian metric on M, which,
as usual, is also denoted by (, ).

It is well-known that such a surface is orientable. Thus, we can choose a
unit timelike normal vector field N globally defined on M. Observe that, up
to a symmetry of L3, we can suppose that the image of N lies on Hi ={z e
H? : 23 > 0}. We shall call N the unit normal of 1. Let us introduce complex
coordinates in Hi using the usual stereographic projection 7 : Hi —D from
the hyperbolic plane Hi onto the unit disk D given by

Tr1 — il‘Q

7T($1,332,.’L’3) = 1+£L‘3 )

with inverse map

w_l(z)—<z+z 2=z 1+|z[2>.

=P 1= 22 1= |2

We will refer to g = mo N as the Gauss map of the surface.

Let H = —trace(A)/2 and K = —det(A) denote the mean and Gaussian
curvatures of M respectively, where A : X(M)—X(M) stands for the shape
operator of M in L3 associated to N, given by A = —dN. Then, we will say
that ¢ : M? — L3 is a linear Weingarten spacelike surface of mazimal type,
in short, an LWM-spacelike surface, if there exist ¢ € R such that H = ¢K.
This condition is equivalent to the existence of a,b € R, a # 0, satisfying
—2aH + bK = 0. We will adopt this last notation to follow the one in [1].
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As it can be seen in [1], on such a surface the Gaussian curvature is either
always negative or always non negative. Moreover, the symmetric tensor o on
M for the immersion

o(X,Y)=a(X,Y) - bAX,Y), XY €X(M),

is positive definite (reversing orientation if necessary). Hence, we will choose
N so that ¢ is a Riemannian metric.

If we consider M as a Riemann surface with the conformal structure in-
duced by o, then g = m o N is a conformal map from M into D, and

A% (2ah + bN) = 0.

These two facts are the basis of a conformal representation for LWM-spacelike
surfaces, obtained in [1]:

Theorem 2.1 ([1]) Letv : M? — L3 be an LWM-spacelike surface such that
—2aH +bK =0, a # 0, and let us consider on M the conformal structure in-
duced by o. Then there exists a function ¢ : M——C3 such that the immersion
can be recovered as

b

v=—pum 9)+ Re [ GO (1)

Here g : M—D is its Gauss map and:

- If K >0 then
¢ = (2ay) +bN). (2)

and both g and ¢ are holomorphic;

- If K <0 then
¢ = (2ay) +bN)z

and both g and ¢ are anti-holomorphic,

being z a conformal parameter on M and N the unit normal of 1. We refer
the readers to [1] for the details.

3. Bjorling Representation

Let 1 : Q € R?>—L3 be an LWM-spacelike surface and z = s + it be a local
conformal parameter on ) with respect to o. First, we will study the case
K >0.
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Since (ay + bNy,1bs) = o(¢y,10s) = 0, it can be easily obtained that
ay + bNy = —aN X 5. Using this equality and (2), we get that ¢ + bN, =
as + bNg 4+ ialN X ¢4 and so

6 = 5 (0 (20 + (N X s = ) +BN) g

On the other hand, as (ats + bNs,¥y) = o(¢s,¢) = 0 it follows from a
straightforward computation that 1y = 15 x N + (b/a)Ns x N, which jointly
with (3) allow us to obtain

¢ = % <a <2ws + (2N X s — SNS X N)) - sz> : (4)

Let us define ((s) = 9(s,0), V(s) = N(s,0) on a real interval I C Q. Observe
that G(s) and V (s) are real analytic functions, because so is 1. Let us choose
any simply connected open set A containing I over which we can define holo-
morphic extensions 3(z), V(z) of 3, V. Then, formula (4) can be written on
the curve (3(s) as

b

6(5:0) = 5 (o (296 + 12V (6) x 1) = V() < V) ) + 079

and by analytic extension one has

o(z)=a (ﬁ’(z) +1iV(z) x ﬁ’(z)) + g (V’(z) +iV(z) x V’(z)) .

Finally, since
1 (Vi(z) —iVa(2)
N(z) =t [ 222 12)
= (e
we get from (1) that

U(z) = Ref(z)+— <R6V<> <W)>

—Im/ < @)+ b V() % V’(w)) do. (5)

As it can be checked, this formula agrees with the one for maximal surfaces
in [2] when we take a =1, b = 0.
The case K < 0 is analogous, resulting

P(z) = Ref(z) + % (ReV(z) — 7t (W))

z

Im <V(w) « B'(w) + %V(w) « V’(@) . (6)
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The following lemma, whose proof is a simple exercise, shows that the
geometry of the surface along the curve ((s) can be expressed in terms of

B(s), V(s)-

Lemma 3.1 Let ¢ : Q ¢ R?>——L3 be an LWM-spacelike surface and let us
consider on § the conformal structure induced by o. Let us define B(s) =
¥(s,0), V(s) = N(s,0) on a real interval I C Q. Then

i) aD(s)+b{(B', V') #0 for all s € I.

a <det(5', V, V)2 + (8, V’>2>

i) Klos) = Dy aD(s) + b(3, V')

/ N2 / N2
iii) H|go) = — (det(ﬁaWV)+<B,V>>

2D(s) aD(s) + b3, V")
where

D(8)2 = det <, >|ﬁ(s)
2

_ </6/7/8/>2 + i(ﬂ/ % V/,ﬂ/ % V') + %b<ﬂl,ﬁ/></3/,vl>.

a2

A pair made up of a regular analytic spacelike curve 3(s) : [—L3 and an
analytic unit vector field V(s) : I—H?2 such that (3, V) = 0 will be called a
pair of Bjérling data. The previous Lemma shows that one cannot expect in
general for prescribed Bjorling data the existence of an LWM-spacelike surface
spanning such configuration.

Taking this into account, we can now formulate the Bjorling problem for
LWM-spacelike surfaces in L3.

Let B : I—L? and V : I—L? be a pair of Bjorling data such
that for some a # 0, b € R the condition aD(s) + b(8', V') # 0
holds for all s € I. Determine all LWM-spacelike surfaces with
—2aH 4+ bK = 0 that contain (s), and whose unit normal along

B(s) is given by V(s).

Any pair of Bjorling data in the above conditions will be called admissible.

Our main result is the following, where we assure the existence and unique-
ness of the solution to Bjorling problem. Observe that the sign of the Gaussian
curvature of the solution is given by the pair of curves 3, V' and the sign of a,
as follows from Lemma 3.1.
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Theorem 3.2 Let (3(s),V(s) be admissible Bjorling data. There exists a
unique solution to Bjorling problem for LWM-spacelike surfaces in L3 with
the initial data B(s),V(s). This unique solution can be constructed in a neigh-
bourhood of the curve as follows:

- ifa(aD(s) +b{(B, V")) > 0, the map 1 : Q@—L3 given by (5) is the only
solution to Bjorling problem, and has non-negative Gaussian curvature;

- ifa(aD(s) +b{(p, V")) < 0, the map 1 : Q—L3 given by (6) is the only
solution to Bjorling problem, and has negative Gaussian curvature.

Here Q C C is a sufficiently small simply connected open set containing I over
which B, V' admit holomorphic extensions (3(z), V(z). Proof: The uniqueness
result follows from the computations used to derive the formulas (5) and (6).
The existence is a straightforward computation.
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Abstract

Since the beginning of Calculus of Variations the classical Bolza problem has been
widely studied not only in an Euclidean space but also in a Riemannian manifold.
Recently, it has been completely solved if the Lagrangian is L(s,z,v) = (v,v)/2 —
V(x, s), with potential V' which grows at most quadratically at infinity with respect
to x, and its solutions have been related to geodesics in gravitational waves.

Keywords: Bolza problem, quadratic behavior, gravitational waves, gen-
eral plane waves.
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1. Old Bolza problem

Since the beginning of Calculus of Variations it has been studied the existence
of a curve in RV with fixed endpoints xg, 1 € RY which minimizes a given

integral
T
/ L(s,x,a)ds
0

over all suitable paths x = z(s) joining zy to 1 in a time T > 0.

Such a problem was studied since the end of the 17th century (for example,
in 1686 Newton found the shape of a shell which would minimize the air
resistance, while in 1696 Jakob Bernoulli found the curve which would bring a
heavy body from a higher point A to a lower one B ‘sliding’ with zero initial
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velocity in the least time) but it is named Bolza problem as, at the beginning
of the last century, Bolza wrote a book on the fixed endpoints problem which
became very popular (see [3]). Since then, many people studied Bolza problem
and countless references can be cited, but here we just remark that it was
solved in full generality by Tonelli, who invented lower semi-continuity for
that purpose (see, e.g., [11]), and was reformulated in a Riemannian manifold
only in 1962 by Hermann (cf. [8]).

In this paper we want to point out some results on Bolza problem when
the Lagrangian £ : [0,7] x Mo x TMy — R is

L(s,x,v) == (v,v) — V(x,s), (s,z,v) € [0,T] x Mg x T Mo,

DN | =

where (Mo, (-,-)) is a Riemannian manifold with tangent bundle T M, and
V : Mg x [0,T] — R is a given C! function. Thus, fixed zg, £1 € Mo, in this
case Bolza problem is minimizing the functional

T T
JT(Q;):;/O <:'U,:'c>ds/0 V(z, s)ds (1.1)

on a suitable space of curves joining xg to z1 in time 7', more precisely
QO (xg, 1) = {z € H([0,T], M) : 2(0) = zg, z(T) = x1}.

Standard arguments allow one to prove that Jr is a C! functional and its
critical points are solutions of the corresponding Euler equation

{ Dyi + V.V (z,s) =0 12)

z(0) = xg, z(T) = x1

(here, Dy is the covariant derivative of the tangent field & along x induced by
the Levi-Civita connection of (-,-), while V;V (z,s) is the partial derivative
of V with respect to x).

In order to prove the existence of a minimum point for functional Jr in
0T (29, 21), we recall the following abstract minimization theorem.

Theorem 1.1 Let Q be a complete Riemannian manifold and J : @ — R
a C! functional which satisfies Palais-Smale condition, i.e., if (x,)n C € is
such that (J(xy))n is bounded and J'(xy,) — O then it converges in Q up to
subsequences. So, if J is bounded from below, it attains its infimum.

With no special assumption on the growth of potential V', some useful
propositions can be stated.
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Proposition 1.2 If (Mo, (-,-)) is a C3 complete Riemannian manifold then

e My is a submanifold of an Euclidean space RN and (-,-) is the restriction
to Mg of the Euclidean metric of RN ;

o O (xg,71) is a complete Riemannian submanifold of H([0,T],RY).

(For the proof, see [9, 10]).

Proposition 1.3 Let (Mg, (-,-)) be a C complete Riemannian manifold and
let potential V =V (x,s) be C* on Mg x [0,T]. If (x,)n is a bounded sequence
in QT (zg,21) such that Jh(x,) — 0 then it converges in QT (xo,21) up to
subsequences.

(The proof follows from [2, Lemma 2.1] reasoning as in [4, Lemma 3.5]).

Remark 1.4 Obviously, if functional Jr is coercive in Q7 (zg, 1), i.e., two
constants ay, as > 0 exist such that

T

Jr(x) > al/ (T, 2)ds — ag for all x € QT (zq, 1),
0

then it is bounded from below and a sequence (x,), has to be bounded if

(Jr(zp))n is bounded.

Thus, by Propositions 1.2, 1.3 and Remark 1.4, previous abstract Theorem
1.1 can apply to functional J once its coerciveness on Q7 (xq, 1) has been
proved.

Clearly, it is quite simple to prove it if potential V' = V' (z, s) grows sub-
quadratically at infinity with respect to x, while it cannot hold if it grows
more than quadratically.

Hence, the “critical” growth is the quadratic one, i.e.,

V(z,s) < Ad*(x,z) +k for all (z,8) € M x [0,T], (1.3)

for some £ € M and A >0, k > 0.

In assumption (1.3) the existence of at least a solution of Euler equation
(1.2) has been proved by Clarke and Ekeland in [7] if Mo = RY and, up to
further hypotheses, the “arrival time” T is smaller than 1/ V.

On the other hand, if T = 7/v/2X the simple example of harmonic oscil-
lator may not have a solution (see [4, Example 3.6]).

So, there is a gap which needs to be overcome if 1/\f)\ <T< W/\/ﬁ and
it has been done in [4, Theorem 1.1]. In fact, the following lemma holds (it is
essentially proved in [4, Lemma 3.4] but in this form it has been stated in [1]).
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Lemma 1.5 Let (M, (-,-)) be a C? complete Riemannian manifold and V a
C' potential such that (1.8) holds. Then, if T < m/v/2X, functional Jr is
coercive on QT (xg, z1).

Whence, Theorem 1.1 implies:

Theorem 1.6 Let (M, (-,-)) be a C* complete Riemannian manifold. Let

V € CH(Mx[0,T],R) be such that (1.8) holds. Then if T < w/v/2), functional
Jr is bounded from below and attains its infimum in QT (xg,x1).

2. New links to General Relativity

In General Relativity widely studied spacetimes are exact gravitational waves,
i.e., Lorentzian manifolds (R*, ds?) endowed with the metric

ds® = dz* + 2 du dv + A(u)zx - = du?, with A(u) = ( f((u)) g(;:() ) ) ’
glu)  —Ju

where x = (71, 2) € R%, do? is the Euclidean metric in R? and f, g € C?(R,R)
such that f2? + g2 # 0 (for more details, see [5] and references therein).

A generalization of such models can be introduced as follows.

Definition 2.1 A semi—Riemannian manifold (M, (-,-).) is a general plane
wave, briefly GPW, if there exists a connected finite dimensional Riemannian
manifold (Mo, {-,-)) such that M = My x R? and

()=, +2du dv+ H(z,u) du?,

where x € My, the variables (v,u) are the natural coordinates of R? and the
smooth scalar field H : Mgy X R — R is such that H # 0.

In order to investigate the geodesic connectedness on a GPW we are able
to introduce a suitable variational principle which links geodesics joining two
given points in a GPW to the critical points of a functional which looks like Jr
defined in (1.1) (see [5, Proposition 3.1] or [6, Proposition 2.2] for a variational
proof).

Proposition 2.2 Let z*: [0,1] — M, z* = (z*,v*,u*), be a curve on a GPW
M = Mg x R? with constant energy (¢*,%*), = E,«. Fized 29 = (x0,v0, o)
and z1 = (x1,v1,u1) € M then z* is a geodesic on M joining zy to z1 if and
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only if u* = u*(s) is affine, i.e., u*(s) = up + s(u1 — ug) for all s € [0,1],
x* = x*(s) is a critical point of

1 A 1
Ju(z) = 3 / <:t',:'n)ds—/ Vi(zx, s)ds on QY (zo, 11),
0 0
where )
Vi(z,s) = — (u1_2u0) H(x,up+ s(u1 — up)), (2.1)

while if ug = uy it is v*(s) = vo + s(v1 —wvo) for all s € [0,1], otherwise for all
s €10,1] at is

o (5) = g ) /OS<EZ*<¢*<0),ﬂf*<a>>+2V*<x*(a>,a>)da.

2(u1 — Up
Thus, Proposition 2.2 and arguments in Section 1 allow one to prove the
following result.

Theorem 2.3 Let (M, (-,-),), M = My xR?, be a GPW and fix ug,u; € R?,
with ug < uy. Suppose that (M, (-,-)) is a C3 complete Riemannian manifold
and there exist & € Mgy and Ry, R > 0 such that for all (x,u) € Mo X [ug, u1]
1t 18

H(z,u) > —(Ro d*(z,Z) + Ry).
If Ro(u1 — uo)? < w2, then for all xo, x1 € Mg and vy, v1 € R there erists at
least a geodesic joining zy = (xo,vo,up) to z1 = (x1,v1,u1) in M.

Let us point out that in the physical model of an exact gravitational wave,
potential V in (2.1) becomes
2
~ Uy — U
2
which has quadratic growth with respect to z, of course.

Hence, Theorem 2.3 in this special setting gives the following result (for
more details, see [5, Subsection 4.3]).

A(ug + s(up —up))z - x

Proposition 2.4 Let (R*, ds?) be an ezact gravitational plane wave, fir ug,
u1 € R and assume

Ro[ug, u1] := max{(f% + ¢*)"?(u) : u € [ug, u1] U [u1, ug]}.
If it is
Rolug, u1] (uy — ug)? < 72,

then for all xg, x1 € Mg and vy, v1 € R the corresponding two points zg =
(o, v0,u9) and z1 = (x1,v1,u1) are geodesically connected in M.
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Abstract

World-lines of classical particles, moving in an electromagnetic field can be ob-
tained as projections, on the space-time M, of null geodesics in the one higher
dimensional manifold M X IR, endowed with a Kaluza-Klein metric. We use this
fact to prove the existence of a world-line, connecting two chronologically related
events on a globally hyperbolic space-time, for any particle whose charge-to-mass
ratio is in a suitable neighborhood of 0 in IR.

Keywords: Lorentz force equation, charge-to-mass ratio, Kaluza-Klein metric, null
geodesics.

2000 Mathematics Subject Classification: 53C50; 83C10; 83C50; 83E15.

1. Introduction

Let (M, g) be a space-time and pp,p; two causally related points on M. Let
C(po, p1) be the set of continuous one-parameterized causal curves from pg to
p1 and C’(pg, p1) C C(po, p1) be the subset of piecewise C'! timelike curves. It
is well known that the Lorentzian length functional

Li 2 € C'lonpn) — [ V=gl 2lds

it is upper semicontinuous on C’(pg,p1) endowed with the C° topology (cf.
[2]). L can be extended to C(po,p1) remaining upper semicontinuous and,
whenever M is globally hyperbolic, the following result holds:
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Theorem (Avez and Seifert) Let (M, g) be a globally hyperbolic Lorentzian
manifold, po € M and J*(pg) C M the subset of points which can be reached
from po by future-pointing causal curves. If p1 € J*(po), there is a causal
future-pointing geodesic connecting pg to p1 and mazximizing L.

Proof. If there is no timelike future pointing curve on C(pg, p1) then there is a
future pointing null geodesic connecting pg and p;. In either case, there exists
a timelike curve z € C(pg,p1) and L(z) > 0. Now in a globally hyperbolic
space-time C'(pg, p1) is compact, so being L upper semicontinuous on C(pg, p1),
L has a maximum point 7 such that L(y) > 0. v is a timelike geodesic because
timelike geodesics locally maximize length. O

We would like to extend the above result to the action functional of a
classical charged particle moving in the gravitational field g and in an electro-
magnetic field F":

I:2eCpopr) — / V9B, s + & / o,

where ¢ is the electric charge of the particle, m its rest mass and w a 1-form
on M such that dw = F' (we have set the speed of light ¢ = 1).
If 2z is a C' timelike curve and a critical point of I then, after reparame-

terizing with respect to proper time 7, (i.e., g(z(7))[2(7), 2(7)] = —1), we get
a timelike solution of the Lorentz force equation
D /dz q -~ dz
— =) =—F — 1
dr <d7’> m (2) |:d7':| ’ (1)

i.e., a world-line for a charged particle moving in the field F and connecting
the points py and p;. In Eq. (1), % is the covariant derivative along z induced

by the Levi-Civita connection and the map F:TM — TM is defined as

N

9()[v, F(p)[w]] = F(p)[v, w],
Y(p,v), (p,w) € TM.

Eq. (1) is the relativistic version, on a curved space-time, of the classical
equation of motion of a charged particle in an electric field E and a magnetic
field B
dv ¢
dt m(
For ¢ =0 or F =0, Eq. (1) reduces to the geodesic equation.
It can be proved that timelike solutions of (1) locally maximize I (cf.
also [4]). On the other hand, it is not clear for us if the functional I is upper

semicontinuous. Moreover we are not able to avoid the case that the maximum

E+7AB).
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of I is achieved by a null curve in C(pg, p1), actually a future-pointing lightlike
geodesic, without conjugate points, which is not in the closure of C’(pg,p1)
in C(po,p1). For these reasons, we are not able to prove directly a result a
la Avez and Seifert for Eq. (1). In the next section we will show how such a
result can be obtained by using Kaluza-Klein theory.

2. The Kaluza-Klein metric and the main result

Consider the trivial bundle W = M xR, 7: W — M endowed with the metric
i =g + P (Tpdy + 7°w) © (Tjpdy + Tw),

where p is a positive constant, y the coordinate in IR and 7 is the canonical
projection on IR.

The metric gxx on W is Lorentzian. Moreover if V is a timelike vector
field on M, then Y = (V, —w[V]) gives a time orientation to (W, gkk).

It is well known that the projection on M of any timelike future-pointing
geodesic with respect to gk corresponds to a trajectory of a charged particle
moving in the field F' = dw (see for instance [3]). Namely, assume that w(s) =
(2(s),y(s)) is a geodesic on (W, gkk), then w satisfies the system:

{d';z = p*(§ +w(2)[E]) F(2)[4]
4Py +w(=)[E]) =0

From the second equation in (1), we see that the constant of motion q,: =
0%(y + w(%)) plays the role of the electric charge of the particle moving along
the trajectory z = z(s).

Clearly if w = (z,y) is a timelike future-pointing curve on W then

(1)

0> g (w) i, ] = g(2)[2, 2]+ p*(§ + w(2)[2])* > g(2)[2, 2],

0> grx(w)[w, Y (w)] = g(2)[2,V(2)],
that is also z is timelike and future-pointing. Contracting both hand-sides of
the first equation in (1) by g(z)[-, 2] and using anti-symmetry of F', we see that

g(2)[2, 2] is constant along z. We can parameterize z with respect to proper
time: the reparameterized curve z = z(7) satisfies the equation

D /dz Qu » dz

Bl (ad N T & = 2

dr (d7'> m, (2) |:d7':| ’ 2)
where m, = \/—g[%,2]. Assume that z is causal (with respect to g). If

w = (z,y) is a geodesic for ggk, then also gxx(w)[w,w] is conserved and

2
Gicrc (w) [, ] = —m? + f)—z.
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Figure 1: Future-pointing null geodesics with non vanishing charges

Thus the geodesic w on W is null iff

2 _
z pQ

m

In such a case z is timelike iff g,, # 0. Therefore we can state that a future-
pointing null geodesic w for the Kaluza-Klein metric, starting from a point
wo = (po,Yo), arriving to a point wy; = (p1,y1) and having constant g, # 0,
provides a future-pointing timelike solution to (1), connecting py and p; and
having charge-to-mass ratio

m = mfz = *p,
with the plus sign if ¢,, > 0 and the minus sign if ¢, < 0.

In other words, we can fix the charge-to-mass ratio according to the value
of the parameter p. Our goal then becomes to prove the existence of a future
pointing null geodesic w on (W, gxx) having “charge” ¢, # 0. Actually, we
will prove that, if ‘%} is in a suitable neighborhood of 0 € IR, there exist at
least two future-pointing null geodesics w; and ws having charges ¢,,, > 0 and
quw, < 0 (see Fig. 1)

Theorem 2.1 Let (M, g) be a time-oriented Lorentzian manifold. Let F' be
an electromagnetic field on M and w be a one-form on M such that F = dw.
Assume that (M, g) is a globally hyperbolic manifold and let po and p; be
two points on M with p1 in the chronological future of pg. Then there exists
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a positive constant R = R(g, F,po,p1), such that (1) has a future-pointing
timelike solution connecting pg and p1, for any charge-to-mass ratio such that

4| <R.

|

Our proof is based on some properties of globally hyperbolic space-times.
Namely we can state that:

Proposition 2.2 If (M, g) is globally hyperbolic, then the manifold W = M x
R endowed with the metric gk is globally hyperbolic as well.

Proof. Show that the projection on M of any inextendible future-pointing
causal curve in W is inextendible. Then, if S is a Cauchy surface for M,
S = 8 x IR is a Cauchy surface for W. Indeed w(s) meets S as many times
as z(s) meets S, and in correspondence of the same value of the parameter.
As S is a Cauchy surface for M, z(s) meets S exactly once and w(s) meets S
exactly once. O

We can express R in terms of g, F', pp and p1: let 7, p, and N, ,, be the
sets, respectively, of all the C!, future-pointing timelike curves and of all the
C1, future-pointing causal curves connecting py and py; then (cf. [1])

R \/—g,é Z]ds )
= w‘ .

sup
2€Tpy,p1 Supze/\/po p1 ‘f w =

Notice that R is gauge invariant, that is, it is invariant under the replacement
w — w+df, where f is any C? function on M.

From a physical point of view, the above formula shows that, for suf-
ficiently weak fields F', there exists at least one connecting future-pointing
timelike solution to (1) for any charge-to-mass ratio. In fact, under the re-
placement w — kw, R scales as R — %. Moreover the electron is the free
particle with the maximum value of the charge-to-mass ratio, and for suffi-
ciently small k, = < R

We have to prove that R > 0. To this end, let v be a future-pointing
timelike geodesic connecting pg and p; whose length is

= sup /\/ (2, Z]ds.

ZGNpO Py
For the Avez-Seifert theorem, such a geodesic exists. Choose a gauge such

that fvw = 0, and define
/ w' .

N = sup
zE/\/po,pl
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It can be proved, by using strong causality and compactness of C(pg,p1) that
N is finite. Therefore, recalling the definition of R, we get R > % > 0.
Finally we give a sketch of the proof of Theorem 1.

Proof of Theorem 1. Choose p < R. By definition of R, there exists a timelike
curve o connecting pg and p; such that

[ fef I &

Consider its horizontal lift o*, with initial point wy = (po,yo). As o* is time-
like, its final point w; = (p1,%1) = (p1, %0 — [, w) belongs to the chronological
future of wg. Let U be the open subset of IR containing all the values y; such
that w; = (p1,y1) is in the chronological future of wy. Moreover let V' be the
connected component of U containing y;. Assume that V' is given by |y, 91[.

It can be proved that 7; > —oco and §; < +00. Then consider the points
w = (p1,y;) and w = (p1,91). They belong to the boundary of the chrono-
logical future of wg. It is well known that in a globally hyperbolic space-time
M, for any p € M, the boundary of the chronological future of p is made up
of points which can be connected to p by null geodesics. Thus there exist two
null geodesics 7 = (Z,7) and 1) = (£, ¢) connecting wy to W and w, respectively.
Now, it is easy to see that

= _9[272]
e [o]
z

and analogously for Z e ¢; (otherwise w and w would belong to the chrono-
logical future of wp). Then, from (3), we get
— Yo+ /
g

fo= [l <o
€T
and analogously for ;. In particular

[ <[p-m+ [ 4] ()
and analogously for Z and ;. Recalling that 3 = yg — fgw and {1 > 71 and
Y, < Y1, from (4) we get

sup
zeNpo,pl

sup
zE€Npg.p1

w —

Qn—Pz(y1—yo+/w)<0
z
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and analogously for ¢y

qﬁ=p2(y1—yo+/w)>0.

z

Therefore we have obtained two timelike future pointing connecting solutions

of (1) having charge-to-mass ratios = = —p and L = +p. Since p < R is
arbitrary, we get the thesis. O
References

[1] E. CapoNIO AND E. MINGUZZI, Solutions to the Lorentz force equa-
tion with fixed charge-to-mass ratio in globally hyperbolic spacetimes, J.
Geometry Physics 49 (2004), 176.

[2] S.W. HAWKING AND G.F.R. ErLIS, The Large Scale Structure of Space-
Time, Cambridge Univesity Press, London, (1993).

[3] A. LICHNEROWICZ, Théorie Relativistes de la Gravitation et de
I’Electromagnetisme, Masson Ed., Paris, (1955).

[4] E. MiNcuzzi, On the existence of maximizing curves for the charged
particle action, Class. Quantum Grav. 20 (2003), 4169.



PROCEEDINGS OF THE II INTERNATIONAL
MEETING ON LORENTZIAN GEOMETRY
MurciA, NOVEMBER 12-14, 2003

PusL. DE LA RSME, VoL. 8 (2004), 76-82

Complete embedded maximal surfaces with
isolated singularities in L?

ISABEL FERNANDEZ!, FRANCISCO J. LOPEZ! AND RABAH SOUAM?

! Departamento de Geometria y Topologia. Universidad de Granada.
e-mail: (first author) isafer@ugr.es (second author) fjlopez@Qugr.es

2Institut de Mathématiques de Jussieu-CNRS UMR 7586. Université
Paris 7. e-mail: souam@math.jussieu. fr

Abstract

We study maximal surfaces in L> with isolated (conelike type) singularities, and
endow the space of complete maximal surfaces with a fixed number of singularities
with a natural structure of real analytical manifold in terms of the position of the
singularities and the asymptotic behaviour. The underlying topology is the one of
the uniform convergence on compact subsets.

Keywords: spacelike immersions, maximal surfaces, conelike singularities.
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1. Introduction

By definition, the Lorentz-Minkowski space L2 is the space R3 endowed with
the indefinite metric ds? = dz? + dy? — dz>.

Let M be a differentiable surface. An immersion X : M — L2 is said
to be spacelike provided the induced metric on M is a Riemannian metric.
Such an immersion is said to be mazimal provided X is spacelike and its mean
curvature vanishes.

Maximal surfaces represent local maxima for the area functional associ-
ated to variations of the surface by spacelike surfaces. Furthermore, maximal
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surfaces can be written locally as the graph of a function u defined on a domain
of R? and verifing the following elliptic differential equation:

(1 — u2)uyy + 2uptytzy, + (1 — ug)um =0 provided w2+ “32; <1

As in the case of minimal surfaces in R3, maximal surfaces admit a Weier-
strass type representation in terms of meromorphic data on a Riemann surface,
which represents a powerful tool to describe the geometry of the surface (see
[3]). Indeed, let M be a differentiable surface and X : M — L3 a maximal
immersion. Consider the conformal structure on M associated to the Rie-
mannian metric induced by the immersion. Then, there exist a meromorphic
function g and a holomorphic 1-form ¢3 such that, if we define

¢1=;<1—9>¢3 and ¢2=_1<1+9)¢3,
g 2 \yg

we obtain three holomorphic 1-forms ¢1, ¢2 and ¢3 on M having no common
zeroes. Moreover, up to a translation, the immersion X can be recovered as
the real part of the integral of these three 1-forms, X = Re [(®1, @2, ®3).

Either (g, ¢3) or (¢1,¢2,¢3) are called the Weierstrass data for the im-
mersion X.

In fact, the map g coincides with the hyperbolic stereographic projection
of the Gauss map of the immersion to C — {|w| = 1}. The induced metric on
M is given by the expression

2
= 01 + 6o ~ 6 = 1 (2~ bl )l
4\l

The first global result in the theory of maximal surfaces was stated by Cal-
abi in [1], who showed that spacelike planes are the unique complete embedded
mazximal surfaces.

However, if we allow the existence of a certain kind of singularities, there
exist non-trivial examples, as it is shown in the following pictures.

Figure 2: Classical maximal surfaces with isolated singularities: the Lorentzian
catenoid and a Riemann type example.
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2. Embedded singularities in a maximal surface: lo-
cal and global behaviour

Throughout this paper, we study (complete) embedded maximal surfaces with
isolated singularities in the following sense:

Definition 2.1 Let M be a differentiable surface and X : M — 1> a topolog-
ical embedding. We say that X is a maximal embedding with an isolated set
of singularities Fy C M if

o X : M — Fy— L3 is a mazimal embedding,
e X cannot be extended to a maximal immersion at any point in Fy.

We also say that S = X (M) is a maximal embedded surface with singu-
larities at F' = X (Fp).

The local behaviour of the surface around a singularity is described in this
proposition.

Proposition 2.2 Let X : D — L3 be a mazimal embedding from an open disk
D with singularity at a point ¢ € D. Then,

1. D —{q}, endowed with the conformal structure associated to the metric
induced by X, is biholomorphic to an annulus A ={z € C;r < |z| < 1}
and X : A — 13 extends analytically to v = {|z| = 1} with X (v) = X(q),

2. the Weierstrass data of X : A — L3, (g, ¢3), extend analitically to the
mirror of A, A* = {2 € C;1 < 2] < %}, satisfying the symmetries goJ =
1/g and J*(¢3) = —¢3, where J(z) := 1/Z is the mirror involution,

3. ¢3 never vanishes on 7y, |g| =1 on v and g : v — S is injective,

4. X (D) 1is asymptotic to the light cone of X(q). In particular, locally
around the singularity the surface is a graph over any spacelike plane.

Remark 2.3 The previous proposition is actually a necessary and sufficient
condition to construct mazximal disks with one singularity. Indeed, take a con-
formal annulus A = {z € C; r < |z| < 1}, a meromorphic map g and a holo-
morphic 1-form ¢s on A satisfying the conditions 2. and 3. in the proposition
and such that ¢1, pa and ¢z are holomorphic 1-forms having no common zeroes.
Then, the map X = Re [(¢1,¢2,¢3) : AU {|z| = 1} — L3 gives a mazimal
surface with an embedded singularity at the point p = X({z € C : |z| = 1})
(observe that the symmetry of (g,¢s) guarantees that the period problem is
solved).
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{lz|=1}
D
@ .\ ‘

Figure 3: A conelike singularity.

Let X : M — L3 be a maximal embedding with (isolated) singularities,
then M is a metric space. We say that a maximal surface X (M) is complete
if M is a complete metric space.

Proposition 2.4 Let S be a complete embedded maximal surface in L3 with
isolated singularities. Then S is an entire graph over any spacelike plane.
That is to say, the Lorentzian orthogonal projection over any spacelike plane
in L3 is a homeomorphism.

3. Structure of the space of complete maximal sur-
faces with a fixed number of singularities

In what follows we will consider complete embedded maximal surfaces with
finitely many (isolated) singularities, that is to say, complete mazimal graphs
with a finite number of singularities. Our aim is to show that the space of
these surfaces having a fixed number of singularities has a natural structure
of real analytical manifold and the underlying topology coincides with the one
of the uniform convergence of graphs on compact subsets of {z3 = 0}.

Theorem 3.1 Let S be a complete mazimal graph with a finite set of singu-
larities F' C S. Then,

e S — F s biholomorphic to 2 = C — U"Jrl D;, where D; C C are closed

pairwise disjoint disks, 7 = 1,...,n+ 1. The point co €  is called the
end of the surface,

o the Weierstrass data for the mazimal immersion X : Q — L3 extend to
the end with |g(c0)| # 1,

e S is asymptotic to either half catenoid or a plane. Moreover, if we
apply a Lorentzian isometry of L2 so that the tangent plane at the end
is horizontal (that is to say, g(co) = 0, 0o) then the function u such that
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S = {(x1,22,u(z1,72)) : (z1,72) € R?} has the following asymptotic
exrpansion

a121 + a2
RQ

for suitable constant a1, a2, b, ¢ € R

u(zy,22) =clog R+ b+ +O(R_2), R = |(z1,x2)]

The real number ¢ that appears in the above theorem is called the log-
arithmic growth of S at infinity. It plays an important role in the definition
of the coordinates of the space of complete maximal graphs having the same
number of singularities.

In what follows, we denote by &,, the space of all the complete mazximal
graphs with n+1 singularities and with vertical limit normal vector at the end.

The following theorem is a consequence of the maximum principle for
elliptic differential equations and provides a natural way to define coordinates
in the space G,,.

Theorem 3.2 (Uniqueness, [4]) Two complete maximal graphs with the sa-
me set of singularities, the same limit normal vector at the end and the same
logarithmic growth at infinity must coincide.

In order to give a real analytic structure to &,, the following notation is
required.

Definition 3.3 A marked mazimal graph is a pair (S,m) such that S € &,
and m is an ordering of the set F of singular points of the surface S, m =
(q1,---,qn+1). We denote by M,, = {(S,m) : S € &,} the space of all the
marked graphs with n+ 1 singularities and having vertical limit normal vector
at the end.

The space &, can be regarded as the quotient of 9, under the action of
the group of permutations of order n + 1, B,,, given by

AB, x M, — M,
A(T, (S, m)) = (5, 7(m))

In [2] it is shown that &,, is non empty for any n € N and new examples
of maximal surfaces with singularities are given.

Theorem 3.4 (Analytic structure for the space of marked maximal
graphs IM,,) M,, is a differentiable manifold of dimension 3n+ 4 with under-
lying topology of the uniform convergence on compact subsets of {x3 = 0}.
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Figure 4: New examples of maximal surfaces with singularities.

Moreover, the map
M, — RT3 xR
P(S,m) = (m,c)

where ¢ =logarithmic growth of S at the infinity, is a homeomorphism from
M, onto an open subset of R3"3 x R and provides analytic coordinates for
the space M,,.

Sketch of the proof:

Uniqueness Theorem (3.2) gives that 1 is injective. Endow 9, with the
topology of the uniform convergence on compact subsets. The continuity of
1 follows from the maximum principle and classical Schauder estimates for
elliptic differential equations.

To prove the remainder of the theorem we endow 9, with a structure of
differentiable manifold of dimension 3n+4 (with the topology of uniform con-
vergence of marked graphs on compact subsets as associated topology). This
structure is given in terms of an appropiate bundle of the divisors associated
to the Weierstrass data. We prove that 1 is a diffeomorphism when we con-
sider this structure on 9, (see [2] for more details). The domain invariance
theorem gives that 1)(9M,,) C R¥*3 x R is open and finishes the proof.

Theorem 3.5 (Analytic structure for the space of maximal graphs
Sy,) The action X\ : P, x M, — M, es discontinuous and therefore the
projection map 7 : M, — S, is a covering of (n + 1)! sheets which induces
in &, a structure of real analytic manifold of dimension 3n + 4.

Moreover, the underlying topology coincides with the one of the uniform
convergence of graphs on compact subsets of {x3 = 0}.

Acknowledgments

This work has been partially supported by MCYT-FEDER grant number
BFM2001-3489



82 EMBEDDED MAXIMAL SURFACES WITH ISOLATED SINGULARITIES IN L3

References

[1] E. CaLABI, Examples of the Bernstein problem for some nonlinear equa-
tions, Proc. Symp. Pure Math., vol. 15 (1970), 223-230.

[2] I. FERNANDEzZ, F. J. LOPEZ AND RABAH SouaM, The space of
complete embedded maximal surfaces with isolated singularities in the
3-dimensional Lorentz-Minkowski space L2, preprint, ArXiV e-print
archive math.DG /0311330 v1.

[3] O. KoBAyasHI, Maximal surfaces with conelike singularities, J. Math.
Soc. Japan 36 (1984), no. 4, 609-617

[4] A. A. KLYACHIN, Description of the set of singular entire solutions of the
maximal surface equation, Math. Sb. 194 (2003), no. 7, 83-104



PROCEEDINGS OF THE II INTERNATIONAL
MEETING ON LORENTZIAN GEOMETRY
MurciA, NOVEMBER 12-14, 2003

PUBL. DE LA RSME, VoL. 8 (2004), 83-88

Isometric decomposition of a manifold

MANUEL GUTIERREZ! AND BENJAMIN OLEA?

Ymgl@agt.cie.uma.es
2benji@agt.cie.uma.es

Departamento de Algebra, Geometria y Topologia.
Universidad de Malaga.

Abstract

Given a semi-Riemannian manifold, we give some decomposition results using an
irrotational and conformal vector field. We have not assumed that the vector field
is globally a gradient, in particular we do not use simply connectedness hypothesis.

Keywords: Irrotational vector field, warped product.
2000 Mathematics Subject Classification: 53C50, 53C12 and 53C20.

1. Introduction

As a corollary of the well known decomposition Theorem of De Rham we can
conclude that a simply connected semi-Riemannian manifold with a parallel
and complete vector field with non null norm is isometric to a direct product
R x L. This result does not hold if the manifold is not simply connected (Ex-
ample 2.3 and 3.1) because the integral curves of the vector field can intersect
the orthogonal leaves at different points. There are decomposition on a non
necessarily simply connected manifold using a gradient of a function without
critical point [2, 3, 9], because it assures that the integral curves intersect the
orthogonal leaves at only one value of its parameter. This results are easily
obtained from Proposition 2.2. In this work we obtain a decomposition of a
manifold as a warped product using an irrotational and conformal vector field
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with some additional hypothesis on the orthogonal leaves or on the vector field
itself.

2. Irrotational vector fields

Let (M,g) be an n-dimensional semi-Riemannian manifold (we suppose it
connected without explicit mention) and E an unit, complete and irrotational
vector field. We call ® : R x M — M the flow of E, ¢ = g(E, E) and L,, the
leaf of E+ through p € M. It is easy to check that E is a foliate vector field
for the orthogonal foliation [6], and therefore ®;(L,) = Lg,(,) for all p € M
and t € R. Now, we can construct the local diffeomorphism

U:RxL,— M
(t, ) — Py(x)

which identifies the canonical foliations of R x L, with the integral curves of
E and the foliation E-.

Lemma 2.1 Let M be a semi-Riemannian manifold and E an unit, complete
and irrotational vector field. Then the above local diffeomorphism W is onto.
Proof. Since ImW¥ is open, it is enough to see that it is closed. Take = ¢
Im¥ = UteRq)t(Lp)7 then z € UtER(bt(Lx) C (UteRq)t(Lp))C, but UtERq)t<Lz)
is also an open set, so ImW is closed. O

If we take the pull-back metric h = ¥*(g) on R x L,, then h = edt? + g,
where g; is a metric tensor on L, for each ¢t € R, and ¥ becomes a local isome-
try. The following proposition gives a global decomposition of the manifold as
a direct, warped or twisted product depending on the properties of the vector
field E. We say that E is orthogonally conformal if there is p € C°°(M) such
that g(VxE,Y) + g(X,VyFE) = pg(X,Y) for all vector fields X,Y € E+.

Proposition 2.2 Let M be a semi-Riemannian manifold and E an unit, com-
plete and irrotational vector field. Take p € M such that the integral curves
with initial values on Ly, intersect L, at only one value of its parameter. Then
M is isometric to a product (R x Lp,esalt2 + g¢). Moreover,

1. If E is parallel then M is isometric to a direct product (R x L, edt’+go).

2. If E is orthogonally conformal and grad divE is proportional to E then

M is isometric to a warped product (R x Ly, edt® + f2go) where f(t) =

exp( J 751@‘@2(?{,(5)) ds).
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3. If E is orthogonally conformal then M is isometric to a twisted product

(R x Ly, edt® + f2go) where f(t,x) = exp( g%ds).

In any case, go = g |L,-

Proof. If the integral curves of F with initial values on L, intersect L, at
only one value of its parameter then ¥ : R x L,, — M is injective, and therefore
a diffeomorphism. Then M is isometric to (R x Ly, h = edt? + g¢). Suppose
now that E is orthogonally conformal. Then the foliation E- is umbilic and
therefore h = edt? + f2go where f : R x L, — (0,00) is certain C* function
with f(0,L,) = 1 [8]. Since E is irrotational and orthogonally conformal,
for all v € T, Ly, calling w = Wy, (0,v) € Ty, )M, we get Vy, B = %w.
On the other hand, using the connection formula of a twisted product [8], we
obtain VU% = h(%,gradln f)v. Applying ‘I/*(m) to both members we get

%lnf = ‘ff%ﬁj and then f(t,x) = exp( g%ds).

If moreover grad divFE is proportional to E then div E is constant through
the orthogonal leaves and therefore divE(®,(s)) = divE(P®y(s)) for all z € Ly,

and all s € R. So, in this case, f(t) = exp( g%ds).
If F is parallel then div E = 0 and we get a direct product. O

If a gradient has never null norm, it is immediate that the integral curves
meet the orthogonal leaves at only one value of its parameter. We can assume
directly that the vector field is a gradient and state the following: let M be
a semi-Riemannian manifold and f : M — R a function which gradient has

never null norm and F = é:‘;%' complete. If

o Hf =0, then M is isometric to a direct product R x L [2].

e H/ =a-g then E verifies case two of proposition 2.2 and therefore M
is isometric to a warped product R x L [3, 9].

e Hf =a-g+bE* ® E*, where a,b € C°°(M), then E verifies case three
of the proposition 2.2 and therefore M is isometric to a twisted product
R x L.

This is the easiest way to ensure that the integral curves intersect the
leaves at only one point. Nevertheless, although the vector field were parallel
we can not ensure the decomposition of the manifold, as is shown in the
following example.

Example 2.3 Take (R x S?, —dt? + gean) and T' the group generated by the
isometry ®(t,p) = (t+1,—p). If M = R xS?/T and p: R x S — M s the
projection, then p*(%) s the unique unit and parallel vector field on M. If
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M were isometric to a direct product R x L then % would be identified with

p*(%), but the integral curves of this vector field are all periodic and intersect
its orthogonal leaves in two different points. Therefore M can not be a direct
product.

3. Irrotational and conformal vector fields

Let U be an irrotational and conformal vector field with never null norm
on a semi-Riemannian manifold M. If we call A = |U| and E = % then
VxU = E(MN)X for all vector field X and we can check that both function A
and E(\) are constant through the orthogonal leaves of U.

If M is a complete Riemannian manifold and U a non trivial irrotational
and conformal vector field, then U has at most two zeros. If it has a zero
then M is conformal to the Euclidean space. If it has two zeros then M is
conformal to an Euclidean sphere [7].

If U has not zeros, then M, the universal covering of M, is isometric to
a warped product R x L as we have seen above. This is true in the indefinite
case too.

For semi-Riemannian manifolds an analogous classification does not seem
to be known, indeed U could have infinitely many zeros [5].

In the case where U has not zeros, we can not assure the decomposition
of M, as is shown in Examples 2.3 or 3.1.

Example 3.1 Let M = R? the Minkowski space and X = %8% =+ \/ga%.

Take T the isometry group generated by ®(z,y) = (z,y +1), M = M/T and
the canomnical projection p : M — M. Since ® preserves the vector field X,
there is a vector field U on M such that p.(X) = U. Since X is parallel, U
is parallel, in particular irrotational and conformal. Moreover U is a timelike
vector field and M is chronological, but it can not be decomposed as a warped
product R x L with % identified with %, since the integral curves of U in-
tersect each orthogonal leaf at infinitely many points. This also provides us a
counterexample to Proposition 2 of [1].

With an additional hypothesis on the orthogonal leaves we can assure the

decomposition of the manifold.

Theorem 3.2 Let M be a chronological Lorentzian manifold and U a time-
like, irrotational and conformal vector field with complete unitary. If L is an
orthogonal leaf with finite volume then M is isometric to a warped product
(R x L, edt? + f2qgo) where go = g |1 and f(t) = )‘(j\{)&()t)) , being p € L arbitrary.
Proof. Let E be the unitary of U, A = |U| and ® : R x M — M the flow of E.
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Take p € L and suppose that there is ¢y > 0 such that ®,,(p) € L. Since M is
chronological and locally a warped product where E is identified to %, there
is § > 0 such that the integral curves of E intersect B,(d) C L only one time.
Since U is an irrotational and conformal vector field then @4, : L — Lg (1)

is a conformal diffeomorphism with constant factor (%)2. But A is con-
stant through the orthogonal leaf L, so @4, : L — Lg 4, 1s an isometry. Then
B, = ®pt,(Bp(d)) C L and vol(B,) = vol(By(9)). If By, N By, = 0 for all
n # m then vol(L) > Y 07 jvol(By) = Y oo yvol(By(d)) = co. Therefore
there are m < n such that B, N By, # (), and then there are a,b € By(d) with
@ (,—m)to(@) = b. But this is a contradiction since the integral curves of F

intersect By(d) only one time. Now we apply Proposition 2.2. O

With an additional hypothesis on the vector field we can also achieve the
decomposition.

Proposition 3.3 Let M be a semi-Riemannian manifold and U an irrota-
tional and conformal vector field with never null norm and complete uni-
tary. If divU # 0 or Ric(U) < 0 then M is isometric to a warped product

(Rx L,edt*+ f2g0) where L is an orthogonal leaf, go = g |, and f(t) = %,
with p € L arbitrary. Proof.  Since VU = E()) - id it follows that
divU = n E(X) and Ric(U) = —(n — 1)U(E(N)). Take L an orthogonal leaf
and v an integral curve of E with v(0) € L. If there is ¢ty # 0 with (o) € L
then f(0) = f(to), where f(t) = A(y(¢)). But this is a contradiction because
f(t) > 0 and we are supposing f'(t) # 0 or f”(t) > 0 for all t € R. Using

proposition 2.2 we obtain the desired result. O

4. The S' x L type decomposition

The S! x L type decomposition is more difficult to obtain than the R x L type.
This is because in the second case we only have to ensure that the integral
curves with initial values on a leaf do not return to it, but in the first case
we have to ensure that the integral curves with initial values on a leaf return
and intersect the leaf at only one point. Even if we have an irrotational vector
field with periodic integral curves with the same period we can not ensure the
decomposition of the manifold as S' x L.

Take (N, g) = (R x S*(3),dt*> + f2go), where f(t) = /2 +sin(2t) and go

the canonical metric on S3. The scalar curvature S = n(%_l)C(Ric), of N is

fon=2 (n—2)f’2_
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We consider I' the group generated by the isometry

U:RxS3—>RxS3
(t,p) — (t+m,—p).

Take M = N/T and P : N — M the canonical projection. The vector
field V = f % is irrotational and conformal. Since V is preserved by ¥ there
exists an irrotational and conformal vector field U on M such that P,(V) = U.
Now, M is a complete Riemann manifold furnished with an irrotational and
conformal vector field, but it does not split as a warped product (R x L, dt? +
A2h) or (St x L,dt? + \2h) where % is identified with % since the integral
curves of U intersect each orthogonal leaf in two different points. Compare
with Theorem 4.3 (ii) of [4].
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1. Introduction

A smooth vector field V' on a semi-Riemannian manifold (M, g) can be seen
as a map into its tangent bundle endowed with the Sasaki metric ¢, defined
by g.

When g is positive definite the energy and the volume can be defined in
the space of smooth vector fields in a natural way. The energy of the map V'
is given, up to constant factors, by [, [[VV||*dv and the volume is defined as
the volume of the submanifold V(M) of (TM, g°).

Many authors have studied the condition for a vector field to be a critical
point of these functionals and the existence of minimizers among unit vector
fields. Some of these results can be seen in the references of [3] and [4].

If we consider a Lorentzian manifold, the situation is not similar even
if we restrict our attention to unit timelike vector fields. The energy is not



90 VOLUME, ENERGY AND SPACELIKE ENERGY OF VECTOR FIELDS

bounded bellow, so the study of minimizers has no sense and the volume is not
always defined. As a consequence, a new functional called spacelike energy, is
introduced in [2] on the space of unit timelike vector fields. It is given by the
integral of the square norm of the projection of the covariant derivative of the
vector field onto its orthonormal complement.

The aim of this paper is to study to what extent the results obtained in
[2] are still valid for the volume and for the energy.

The paper is organized as follows. In section 2 we give the definitions,
the characterization of critical point and the expression of the second varia-
tion of the functionals. In section 3 we exhibit several examples of critical
points. Moreover, we analyze the critical character of distinguished observers
in spacetimes such as GRW and the classical Godel universe.

2. Volume, energy and spacelike energy of vector
fields

Given a semi-Riemannian manifold (M, g), the Sasaki metric g° on the tangent
bundle T'M is defined, using g and its Levi-Civita connection V, as follows :

9°(¢1,¢2) = g(me 0 G, M0 (o) + gk 0 (1, k0 Ca),

where 7 : TM — M is the projection and k is the connection map of V.

Definition 2.1 The energy of a vector field V', is given by

Bv)="27+ / IVV 2.

The relevant part of the energy, B(V) = [, b(V)dv where b(V) = || VV||?,
when considered as a functional on the manifold of unit vector fields, is some-
times called the total bending of the vector field. The first and second variation
of B have been widely studied by Wiegmink [6]. The covariant version of these
results, as it appears in [4], involves the 1—form wy (X) = g(X, V*VV) where
V*VV is the rough Laplacian.

It is easy to see that the similar results also holds for a reference frame
(unit timelike vector field) on a Lorentzian manifold. More precisely,

Proposition 2.2 Given a reference frame Z on a compact Lorentzian mani-
fold (M, g) then

1. Z is a critical point of the total bending if and only if wz(X) = 0 for all
vector field X orthogonal to Z, where wz(X) = g(X, ), i(VE, (VZ2))(E;)).
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2. If Z is a critical point and X is orthogonal to Z then

(HessB)z(X) = /M<—HX|%Z<Z> + [ VX[?)dv.

Definition 2.3 The volume of a unit vector field V on a Riemannian man-
ifold is defined as the volume of the submanifold V(M) of (T*M, g°). Since
(V*g¥)(X,Y) = g(X,Y) + g(VxV, VyV)

FV) = [ sy = [ Ve,

where Ly = Id + (VV)! o VV.

In contrast with the energy, the volume of a reference frame Z, is not
always defined on a Lorentzian manifold, since the 2—covariant field Z*¢® can
be degenerated. Due to this, we study the volume restricted to unit timelike
vector fields for which Z*¢® is a Lorentzian metric on M. We will denote this
set of vector fields by I' (T~!M) and it is an open subset of the set of smooth
reference frames.

With the same method used in [4] and [5] we have obtained

Proposition 2.4 Let M be a compact Lorentzian manifold and let Z be a
reference frame such that Z € T (T~*M), then

a) Z is a critical point of the volume if and only ifo7(X) =0 forall X € Z+,
where Bz = > ;(Vi,Kz)' and Kz = f(Z)L," o (VZ)L.

b) If Z is a critical point and X € Z+
(HessF)z(X) = / ( — | X|PG2(2) — tr(L; 0 (VX) o VZ o Kz 0 VX)
M
1 .
+gy 72Kz 0 VX)) + F(Z)tr(L; 0 (VX) o VX))dv,
where 02(C) = tr?(C) — tr(C?).
Remark. Let us point out that if we compare these results with those ob-
tained in [5] and [4] for Riemannian metrics, the only difference is the minus

sign of the first term of the expression of the Hessian.
The spacelike energy density of Z is defined as

~ 1 1 —

b(Z)==||Az o Py||> = = Z N2

(2) = 5l Az o Pz 2;9(%52 VE,Z),
where Ay = —VZ, Pz(X) = X + ¢g(X,2)Z and {E;, Z}_, is an adapted
orthonormal local frame.
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Definition 2.5 The spacelike energy is given by

B(Z) = /M b(Z)dv.

The condition for a reference frame to be spatially harmonic (critical point
of the spacelike energy) and the second variation at critical points have been
computed in [2]. We summarize here these results.

Proposition 2.6 Let Z be a reference frame on a compact Lorentzian mamni-

fold.

a) Z is spatially harmonic if and only if the 1—form wz annihilates Z+,
where Oz = —> (Vg Kz)' + 9(Kz(VzZ)) and Kz = (VZ o Pz)t.

b) If Z is spatially harmonic and X € Z*, we have
(HessB)z(X) = / (VX + 20(Vx X, V22) + |VxZ + V2 X|2)dv
M

[ XUV + B2
M

As for the energy and the volume, the condition of critical point obtained
is tensorial, so we can define critical points even if the manifold is not compact
and the functional is not defined.

3. Examples

The easiest examples of spatially harmonic reference frames are those of null
spacelike energy. If we write the spacelike energy in terms of the kinematical
quantities of the reference frame, then

> 1 2 2, 1o
B(2)= 5 [ (1907 + ol + %),
M n
where €2, 0 and © are the rotation, the shear and the expansion respectively.
So, the spacelike energy vanishes when the reference frame is rigid and
irrotational. As a consequence, we have the following proposition.

Proposition 3.1 ([2]) In a static spacetime, the infimum of the spacelike
energy is zero and it is attained by the static observer.

In what concerns energy and volume, computing the Euler-Lagrange equa-
tions for this type of vector fields we have shown that
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Proposition 3.2 Let Z be a rigid and irrotational reference frame.
a) Z is a critical point of the energy if and only if, VzVzZ = |VzZ|?Z.
b) Z €T~ (T~*M) is minimal if and only if

Z(f(lz))g(X, V22Z)+ f(lz)g(X, VyVzZ)=0 foralX e Z*.

One of the most important cosmological models are the Robertson-Walker
spacetimes and the so-called generalized Robertson-Walker spacetimes (see [1]
for more details). In [2], using the results obtained for Lorentzian manifolds
admitting a closed and conformal timelike vector field, it has been shown that

Proposition 3.3 The comoving observer 0y is spatially harmonic. Further-
more, if M is assumed to be compact and satisfying the null convergence con-
dition, O is an absolute minimizer of the spacelike energy.

Following similar arguments, we have shown the following proposition.

Proposition 3.4 In a GRW spacetime the comoving observer is a minimal
1MMErsion.

Another example concerns the classical Godel universe that is R* endowed
with the metric ds? = da? + dz} — $e2*1dy? — 21 dydt — dt?, where a is a
positive constant. In this coordinate system we have two distinguished timelike
vector fields 0; and 0,.

Proposition 3.5 ([2]) In the Gddel universe we have

1. The reference frame 0y is a critical point of the energy and it is also
spatially harmonic.

2. The reference frame Z = /2~ y is not spatially harmonic.

In contrast with part 2 of the above proposition, we have shown that

Proposition 3.6 The reference frame Z = \/ie*“’l@y is a critical point of
the energy.

In what concerns the volume functional, it is easy to see that 0; belongs
to I (T7'M) and if Z = v/2e7%%10,, then detLy = (1 — O‘72)(1 + %2), SO
Z €T (T7M) if and only if o? < 2.

Proposition 3.7 In the Gdodel Universe

a) O, €T (T~*M) and it is a minimal immersion.
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b) Z = 2e 9, € I (T7'M) if and only if o> < 2 and it is not a
critical point of the volume.

To finish the paper, we would like to remark that another interesting ex-
amples are the Hopf vector fields in Lorentzian Berger spheres, that are a
particular case of generalized Taub-NUT spacetimes. The study of the space-
like energy in these spaces can be seen in [2], while the study of the energy
and the volume has been widely developed in [3].
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Abstract

The quadratic form of the Minkowski space s? = (ct)? — (22 + y? + 22) describes
kinematics (motion) in Space—Time. To faithfully include matter and interaction
(dynamics) we propose a generalization S 2 = 52 —w? of this quadratic form, where
w = K(g)a is an equivalent distance expressing the physical Action corresponding
to a time interval ¢ during which a distance | = /(22 + y? + 22) has been cov-
ered. The definitions being such that energy—momentum corresponds to (Planck
constant times) the space-time derivatives of w. We show that the resulting space
2 — 8% = Juox“z’ can also be pictured as a curved space-time. The corre-
sponding vector (in Clifford algebra a 5-dimensional vector) is S = e,x*, where
the first four components correspond to the (Lorentz-)Minkowski vector s = e, z".
The usefulness, and in fact the motivation, of this geometry is illustrated through
the analysis of light propagation in a medium and in a gravitational field. In our
formulation, including Relativity Theory postulates (START), the base space
for the description is flat. A new approach is presented here pointing out other
structures of physics that have also being studied with our formalism.

Keywords: Space-Time-Action, General Relativity, Geometric Optics.
2000 Mathematics Subject Classification: 83D05, 83Exx, 11E88, 15A66(67)
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1. Physics and Lorentz Geometry

Physics is understood as the science describing nature as a whole in a useful
way. For the Scientific Method (SM) the usefulness requires that two ob-
servers will find in their experiments similar phenomena and describe them
with similar logical structures. Theoretical Physics provides a Mathematical,
SM acceptable, framework for this purpose. In this paper we show that a flat
5-D Lorentz Geometry is the most useful formulation.

e The central purpose of the here formulated START Theory is twofold:
first to have a description of nature, the way we perceive it with our
senses and experiments, which could be useful in accordance with the
Scientific Method, that is which could be a sound basis for physics.
Second START is aimed to be a valid general mathematical theory for
all the fundamental physical objects and the frame of reference we use for
their description. The physical objects are in general aspects of matter.
S stands for space, T for time, A for the theoretical description of matter
as an energy content for a period of time (action), and finally RT for
the mathematical relativity theory constructed from a quadratic space:
a Lorentz Geometry.

e By construction Planck’s constant is used in the definition of the equiv-
alent distance corresponding to action.

e In our presentation in the present paper optics was taken as an example
to guide the reader in the step going from Special Relativity Theory
to START which is not only more general but also general enough to
be the starting point of a deductive approach to the whole of the basic
structures of physics, at least in the chapters mentioned in this paper.

e The 5-D START geometry is presented as a flat Lorentzian manifold
time-like oriented in which all light rays correspond to null lines. Massive
objects are described as bundles of null trajectories in START. Observers
to 4-D time-like trajectories. When interactions are included the trajec-
tories of all physical objects remain to be null trajectories which can
also be represented as null geodesics in a curved 4-D subspace embed-
ded in the START manifold. The curvature will obey a set of equations
of which Einstein’s equations of general relativity are a particular case.
The development presented here is new and different from our previ-
ous papers in several senses, nevertheless the mathematical structures of
previous papers are re-encountered.
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e Two examples are used to illustrate how the description of physical phe-
nomena connects the START geometry with the 3-D or 4-D standard
language of optics in a refractive medium or in a gravitational field.

e START provides a unified presentation and a common mathematical
language. Descriptions with START are simpler. The unity of approach
and the easiness of the procedures also provides a badly needed didactical
procedure to understand theoretical physics.

e The generality of the mathematical structures, presented here as partic-
ular examples, can be seen in the last section.

1.1. The Quadratic Form in Physics

Principia Geometrica Physicae: Quadratic spaces are the fundamental
clue to understand the structure of theoretical physics. Classical Physics is
embedded within a 5-D flat quadratic space, 3 Space-, one Time- and one
Action- like basis manifolds (Lorentz signature 1,4) faithfully providing a Rel-
ativistic Theory (START) describing Newtonian, Maxwell, geometrical optics
and General Relativity as particular linear and quadratic forms of this (flat)
START space.

Our formulation (see [1][2][3][4][5]) claims that there is a useful general-
ization of the quadratic form which historically started with the Pythagorean
formulation:

Quadratic form Dim/diff. Op Group
12 =22 4 y? 4 22 (M) 3-D V,V? Galileo
s2 = (ct)? — (22 + 9% + 2?) 4-D D,1? Poincaré
5% = (ct)? — (952 + 9%+ 22) — w? 5D K, o? Dynamics
w = K(g)a, K(0) = % = E(C()) (@)? = u a? START

where [, (z,y, 2), ¢, h, w, a, E g are distance, distance components, vac-
uum speed of light, Planck’s constant, distance equivalent to action, action of
a system and characteristic energy of the system respectively. In the START
space we introduce physics through the START Relativity Principle
“All trajectories are null for all observers”

“The vacuum Speed of Light is c for all observers”

Our geometrical structure allows the development of a new formalism,
following a deductive scheme from a set of FUNDAMENTAL PRINCIPLES
and POSTULATES, in such a form to obtain a comprehensive theory for
Physics.

The set of principles we have introduced are [2]: START Relativity
(5-D Poincaré group and 5-D Lorentz transformations); Existence (physical
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objects are represented by energy densities); Least Action (null, optimal
possible, trajectories in START); Quantized Exchange of Action (defines
systems or subsystems as those among a quanta of action can be exchanged)
and, Choice of Descriptions (allows all useful physical models to be em-
ployed).

2. 5-D Formulation of OPTICS

Geometric optics in a medium is used as a guiding concept to enlarge the
representation space of physical phenomena to 5-dimensions. Optics was used
in the XX century to create a logical 4-dimensional geometric representation of
the frame of reference to describe events in nature, the basic consideration was
that of “free space” light rays. We show that considering the concept of light
propagation in the medium, where the speed of light is lower, a geometry in
5-dimensions appears as a natural frame of reference. The Lorentz Geometry
fundamental quadratic form of this space is dS? = ds? — (kgda)?, here ds? is
the Poincaré-Einstein-Minkowski 4-D space—time quadratic form. Below we
show that General Relativity is also faithfully represented in this quadratic
space.

2.1. From Space-Time Geometric Optics to START

The trajectory of a light ray in a medium can be represented in two equivalent
forms. Consider dl = v.dt = (¢/n)dt, for light propagation in a medium
(refraction index 7) and use the quadratic form dI?> = dx? + dy? + dz? for
the elementary trajectory in space dI? = (c/n)%dt?, or (cdt)? = n?dl* = (1 +
47x)dI?, to define

4y
dShght—p = (cdt)? — dI* — dmxdl® = (cdt)® — dI* — m&dt? =0,

dSl2ight—'n = (1 - %) dt* — (dl'2 + dy2 + dZQ)

The relations above allow a new interpretation of the light propagation in
a medium as a propagation with the vacuum speed of light but in a
5-dimensional quadratic manifold.

In the 5-D form the fifth term [(772 — 1) /772} c2dt? represents a distance
equivalent to the interaction of the medium, with refraction index 1, upon the
light ray. We now propose the following 5-dimensional construction, including
the action variable, in the space-time-action quadratic form (see last section)

dS? = ds* — (koda)? = (cdt)? — (da* + dy* + dz?) — (koda)? (1)
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where in the case of light the constant kg = ¢/hv the inverse of the momentum
associated (in vacuum) with the light (one carrier’s, one photon) energy hv.
If we associate then the last term above with the last term in the description
of the light ray propagation

2

(hv)?

2 772—1 2 7,2 2 2
(koda)” = —5—c*dt* = A (&7) dt?,
n

we can define the equivalent interaction potential as (here £ represents light
— media interaction energy)

-1 _ A(E)

772 - (hl/)2 ’

therefore the action £dt equivalent to the interaction between light and the
medium. In vacuum the action corresponding to light is

(da)? = (£%dt* — pjdi*) = ((hu)2 — <fL\c>2) dt* =0

whereas in the medium there is a change

- (st () o= 25

where the change in the energy term is not compensated by the change in
the momentum term. In fact when light of frequency v travels through a
medium of refraction index 7 where the equivalent speed of light is ¢ = ¢/n
there is a change in the wave length A — X = \/n in agreement with our
formulation above and simultaneously a change in the length of the trajectory
dl — dl' = dl/n which exactly compensates for the change in momentum.
Geometrical optics can be compactly formulated with the additional inclusion
of the change in wave length through the 5-dimensional formulation presented
here.

In this discussion it is fundamental that these processes take place when
the carrier of light is in interaction with a medium, the medium being
described by an index of refraction 7.
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3. The photon as a general relativity test particle

General Relativity is considered a comprehensive theory, the best known so-
lutions are developed for the so called matter-free space and a test particle.
We show that (1) corresponds to a description of the action distribution which
agrees with the conceptual development of General Relativity (GR), this last
theory itself being based on the physical postulate that all observers have the
right to consider their measurements equally valid..

3.1. Beyond the Schwarzschild solution

There are two fundamental (energy-)carrier structures: the massless (as the
photon) and the massive fields with basic relation

Er= (S0 + AE)?, £ — & = (pe)?, (1)

where AE is any gauge-free energy contribution and & = mgc?> = hv (for a
photon).

The concept of test particle (at position{r,0,$}) in general relativity in
the Schwarzschild solution is compatible with the Newtonian limit for the
interaction gravitational energy

AE (r) = —mOGTM, (2)

where M is the total mass of ‘the external system’ (confined within a radius r)
which we are exploring with the test particle. START uses the action square
difference, writing £ = & + A€ for large (classical limit) values of r > 7

E2 — 2 = E2 + 25)AE + (AE)* — £2 = (pe)? (3)
GM)2

r

=2E0AE + (AE)Z — —QmUCQmOGTM + <m0

this corresponds both to the energy (difference square) and radial momentum
terms in (dA)? — (dA")? if (dA)? = (moc?dt)? , and according to the GR
basic description principles, substituting (the negative of (3)) in (1) using
ko = 1/mgc and space-time spherically symmetric coordinates t, r, 6, ¢ we
obtain

(dS)? = (1 _oGM <GM>2> & (dt)? (@)

c2r c2r

- (1 _oGM (GM)2> {(ary? = [ (d0)* + sin?0 (do)?| }

c2r c2r
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with the same physical consequences for the so called “tests of GR” as those
of the Schwarzschild [1916] metric in the limit of r > GM/c? . The speed
of light in this metric remains to be ¢, this is a boundary condition different
from the no-curvature condition of that approach.

3.2. Action and the Quadratic Form in START

£ = (moc%)Q, corresponds to the invariant quadratic form of the 4-D rela-
tivistic action function in START, the right hand side term corresponding to
the proper mass action rate. The variational condition & ft L£dr = 0 replaces
the least action principle. The actual (bundles of) physical trajectories are
those corresponding to

1. Locally null trajectories, that is dS? = 0. This condition being universal
(in START), for massless or massive carriers.

2. Global least action trajectories, that is ¢ j;tf dS = 0. This condition
defines the full trajectory. (An example would be a light ray in two refractive
media, each one homogeneous, separated by a surface crossed by the ray. In
both and each of the two media the condition dS? = 0 is fulfilled).

3.3. Multivector Representation

The base space R® corresponds to the real variables set {ct,z,y, 2z, koa}
{z";u =0,1,2,3,4} that is: time, 3-D space and action (in units of distance
introducing the universal speed of light in vacuum c¢ and the system under ob-
servation dependent kg = )\zé”os:rf;? withencrgy me? /h = 1/mgc). For physics time
is usually an independent evolution coordinate and action (matter and inter-
action) is distributed in space, then we consider the functions z(t),y(t), z(t)

and w(t,z,y, z) = koa(t,z,y, z). The nested vectors
dS:ZMdaz“eu;u:O,l,Q,?)A 5—D
ds:zudx“eu;uzo,l,Q,S 4—D
dx =Y .dz'e;;i=1,2,3 ;e =epe; 3—D

are members of a Clifford algebra generated by the definition of a quadratic
form

2
2 _ 2 START
ds® = (dS)" = (Zu dw“eu> = Zuv oo dxtdx?’
gfvTART = diag(1,—1,—-1,-1,-1) , eye, = —eyey
e = eperegezes = —el eyt = eey

The quadratic form which is more relevant for Physics considers that observ-
able objects are extended in space and then an action density « in space-time
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is required. Then, defining m(x,t)c? = &tota1(X,t), and the (Clifford alge-
bra valued) inverse of the space-time volume egejeges/ AxAyAz/At, and the
space-time Laplacian operator [ = 3 u etd, such that along b = Z# bte,,
the directional change operator is db-0 =) , db0, (we apply four times for
b = cteg, xe1, yes, zes), we can obtain the sum of the directed changes of the
density of w:

m ANt m(x,t)c2 At m(x,t)/mg)c/\t
a(x,t)es = o X(z;/;)‘f)igt Ko Aéag)éz§t€ = mloc AggAy)AzAte = A(mA)szg)At
( thes = AszAgAt = Ralryiaii€ = w(x,t)e

=2 [(Ouro(x,1)) dat] e
<ds>2 (a8) (as)" = (1= (ropo)”) (cdt)*+
— (1= (sop1)?) (d2)” + (1= (x0p2)*) (dy)? + (1= (kops)?) (d2)%)
here p,, = 0, a(x,t) is a momentum density. Notice that ro(x,¢) is the distance

equivalent to a reduced action density, this makes the approach universal
for all systems.
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Abstract

We outline a new geometric method of constructing exact solutions of gravitational
field equations parametrized by generic off—-diagonal metrics, anholonomic frames
and possessing, in general, nontrivial torsion and nonmetricity. The formalism of
nonlinear connections is elaborated for (pseudo) Riemannian and Einstein—Cartan—
Weyl spaces.

1. Introduction: Nonlinear Connections

We consider a (n + m)-dimensional manifold V"™ provided with general
metric and linear connection structure and of necessary smooth class. It is
supposed that in any point u € V™™ there is a local splitting into n— and
m-~dimensional subspaces, V" = V*@ V™" The local/abstract coordinates

are denoted u = (z,y), or u® = (mi,y“), where 4,7, k,... = 1,2,...,n and
a,b,c,...=n+1,n+2,...,n+m. The metric is parametrized in the form

g =gij(u)e' @ e + hy(u)e @ e’ (1)
where

I = [0 = da’, 9" = dy® + NP (u)dz'] (2)
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is the dual frame to

O ey . _ 0

= o5 i(u)@’e“:@]' (3)

e, = [e;

Let us denote by n' : TV™™ — TV™ the differential of a map 7 :
yntm . YT defined by fiber preserving morphisms of the tangent bundles
TV™™ and TV™. The kernel of 7'is just the vertical subspace vV with
a related inclusion mapping i : vVt — TV 7T™M,

Definition 1.1 A nonlinear connection (N-connection) N on space V"™ is
defined by the splitting on the left of an exact sequence

) VA A VA A V7] VAR |

i. e. by a morphism of submanifolds N : TV ™™ — V"™ sych that N o i
is the unity in vV"T™,

Equivalently, a N—connection is defined by a Whitney sum of horizontal
(h) subspace (hV"™*™) and vertical (v) subspaces,

TV = By ™ g gy tm, (4)

A space provided with N—connection structure will be denoted V]’\}+m. We shall
use boldfaced indices for the geometric objects adapted to N—connections. The
well known class of linear connections consists a particular subclass with the
coefficients being linear on y*, i. e. Nj(u) =TI}, (z)yP.

To any sets NP (u), we can associate certain anholonomic frames (2) and
(3), with associated N—connection structure, satisfying the anholonomy rela-
tions

[Da, V5] = Vas — D500 = W50,

with (antisymmetric) nontrivial anholonomy coefficients W), = 9,N? and
W5 = Qf;, where Qf; = e; Njj are the coefficients of the N-connection curva-
ture.

Essentially, the method to be presented in this work is based on the notion
of nonlinear connection (N—connection) and considers a Whitney-like splitting
of the tangent bundle to a manifold into a horizontal (see discussion and bib-
liography in Refs. [1, 2, 3]). Here we emphasize that the geometrical aspects
of the N—connection formalism has been studied since the first papers of E.
Cartan [4] and A. Kawaguchi [5, 6] (who used it in component form for in
Finsler geometry), then it should be mentioned the so called Ehressman con-

nection [7]) and the work of W. Barthel [8] where the global definition of
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N-—connection was given. The monograph [9] consider the N—connection for-
malism elaborated and applied to geometry of generalized Finsler—Lagrange
and Cartan—Hamilton spaces. There is a set of contributions by Spanish au-
thors, see, for instance, [10, 11, 12].

We considered N—connections for Clifford and spinor structures [13, 14],
on superbundles and (super) string theory [15] as well in noncommutative
geometry and gravity [16]. The idea to apply the N—connections formalism as
a new geometric method of constructins exact solutions in gravity theories was
suggested in Refs. [17, 18] and developed and applied in a number of works,
see for instance, Ref. [19, 20, 21]). This contribution outlines the author’s and
co—authors’ results.

2. N-distinguished Torsions and Curvatures

The geometric constructions can be adapted to the N—connection structure:

Definition 2.1 A distinguished connection (d-connection) D = {ng} on
Vﬁer s a linear connection conserving under parallelism the Whitney sum

(4)-

Any d—connection D is represented by irreducible h- v—components ng =

( ;k, Ngk,C;C,égc) stated with respect to N-elongated frames (2) and (3).
This defines a N—adapted splitting into h— and v—covariant derivatives, D =
DM 4 DB where DM = (L, L) and DIl = (C,C). A d-tensor (distinguished
tensor, for instance, a d—metric like (1)) formalism and d—covariant differential
and integral calculus can be elaborated [1] for spaces provided with general N—

connection, d—connection and d—metric structure and nontrivial nonmetricity
Qaﬁ = _Dga,@'

The simplest way is to use N—adapted differential forms like T' = I‘g,yﬁw with
the coeflicients defined with respect to (2) and (3).

Theorem 2.2 The torsion T% = DY = dy® +1I'3 AP of a d-connection has
the irreducible h- v— components (d—torsions),

Ty = Ly The= Ty =Cl, T% =Q%,
ON?
% o= T%= Ty;’ — L%, T%he = C%y- (1)

Proof. By a straightforward calculation we can verify the formulas.
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The Levi-Civita linear connection V = {VI‘gv}, with vanishing torsion
and nonmetricity, is not adapted to the global splitting (4). One holds:

Proposition 2.3 There is a preferred, canonical d—connection structure, f,
on V ™ constructed only from the metric coeﬁiczents [9ijs hap, N{| and sat-
isfying the conditions Qag =0 and T ik = =0 and T =0.

Proof. By straightforward calculatwns with respect to the N-adapted
bases (2) and (3), we can verify that the connection

I's, = vrgw + Pg, (2)

with the deformation d-tensor

~ - ON} 1.
g’y = (P]zk :O,Pbak a I];:,PZ = _igszakjhca’PélC:O)

satisfies the conditions of this Proposition. It should be noted that, in general,
the components TZ] T and T are not zero. This is an anholonomic frame

Je
(or, equivalently, off- dzagonal metric} frame effect.

The torsion of the connection (2) is denoted '/I\‘g7 In a similar form we can
prove:

Theorem 2.4 The curvature RD‘B = DI‘% = dI‘%‘ —I‘g/\I‘g of a d—connection
IS has the irreducible h- v— components (d-curvatures),

Rihjk = ekLihj — ;L + Ln}LjLimk - n}szimj - CihaQakj7
R = exLl%; —ej L%, + L; L%, — L%, L%; — C%8%%,;,
. . . L
szka = eaLij, - chlja + Cl]bT kas (3)
Rya = eaLCbk - chcba + C%aT %
lebc = CCC €bC + Chjbclhc - C};cclhbv

RY%aq = €iC% — eC% + C%C%; — C%aC%
Contracting the components of (3) we prove:

Corollary 2.5 a) The Ricci d-tensor Rop = R7, 5, has the irreducible h-
v—components

Ri; = sz’jlm Rig = —RFy,, Rai = R’y Rap = Ry (4)

aibs

b) The scalar curvature of a d—connection is
o af ij ab
R=g¢g Raﬂ:ijij-Fh Rp.

c¢) The Einstein d—densor is computed Gos = Rog — %gaﬁﬁ.
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In modern gravity theories one considers more general linear connections
generated by deformations of type I, = A%‘V +Pg,Y.We can split all geometric
objects into canonical and post-canonical pieces which results in N-adapted
geometric constructions. For instance,

R% =R%+DP%G+P% AP (5)
for P§ = PG 0.

3. Anholonomic Frames and Nonmetricity
in String Gravity

For simplicity, we investigate here a class of spacetimes when the nonmetricity
and torsion have nontrivial components of type

1
T =ea|T" = kod, Q= 18" Qap = k16, A= 97€"|(Qap — Qgag) = 2o
(1)
where Ko, k1,ke = const and ¢ = ¢, The abstract indices in (1) are
"upped” and "lowed” by using 7,5 and its inverse defined from the vielbein
decompositions of d-metric, go3 = eg/eg,na, 8-

Let us consider the strengths H,,, = f),,gbu — f)uqb,, + Wyy¢+ (intensity
of ¢,) and H,), = e,B), + ¢,B,) + €\B,, (antysimmetric torsion of the
B,, = —B,, from the bosonic model of string theory with dilaton field ®)
and introduce

HV)\p = ZVAp+HVAp7
~ 1 ~

Zoa = Z? = e\ Ty — e | To + gl ]er| T,
We denote the energy—momentums of fields:

1 . 1 v
2[0% = HauHﬁM — ZgaﬁH MHV}L + H2(¢a¢ﬁ - igaﬂgb’/qb );

mat)

u? = const, 3 af is the source from any possible matter fields and Egﬂ] (’i‘,,, D)
contains contributions of torsion and dilatonic fields.

Theorem 3.1 The dynamics of sigma model of bosonic string gravity with
generic off—-diagonal metrics, effective matter and torsion and nonmetricity
(1) is defined by the system of field equations

A~

]. (T ma
Raos — 58a0R = k(S + =5+ 200, 2)
D H" = p%¢ DY(H,»,) =0,
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where k = const, and the Fuler—Lagrange equations for the matter fields are
considered on background V™).

Proof. See details in Ref. [2].
In terms of differential forms the eqs. (2) are written
Ny /\ 7/—\;/67 = :faa (3)

where, for the volume 4—form n = x1 with the Hodje operator " ", n, = €47,
Nag = €8Nas Nasy = €y]Nags - RB7 is the curvature 2-form and T, denote all
possible sources defined by using the canonical d—connection. The deformation
of connection (2) defines a deformation of the curvature tensor of type (5)
but with respect to the curvature of the Levi-Civita connection, YRS7. The
gravitational field equations (3) transforms into

Napy A VRﬁ'y + Napy A VZB’Y = ffaa (4)

Where VZB’Y g vpﬁfy _|_ Pﬂa /\ 7)0(7'

Corollary 3.2 A subclass of solutions of the gravitational field equations for
the canonical d—connection defines also solutions of the Finstein equations for
the Levi-Civita connection if and only if nagy A VZBY =0 and fa = V71,
(i. e. the effective source is the same for both type of connections).

Proof. It follows from the Theorem 3.1.

This property is very important for constructing exact solutions in Ein-
stein and string gravity, parametrized by generic off—-diagonal metrics and ah-
nolonomic frames with associated N—connection structure (see Refs. in [1, 2]
and [3]) and equations (4)).

Let us consider a five dimensional ansatz for the metric (1) and frame (2)
when u® = (2%, y* = v,y%);i = 1,2,3 and the coefficients

95 = dlag[gl - i1792($27l‘3)793($27x3)]7hab - diag[h4(xk,v),h5(xk,v)],
NiA‘ wz-(xk,v), Nf’ = ni(a:k,v) (5)

are some functions of necessary smooth class. The partial derivative are briefly
denoted a® = da/dz%, 4’ = da/dx, a* = da/dv.
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4. Main results:

Theorem 4.1 The nontrivial components of the Ricci d—tensors (4) for the
canonical d—connection (2) are

1 e 9595 (0% v ghah  (90)?
R% = Rg’ = — [g _ J293 ( 3) + g9 — 293 ( 2)
29293 292 293 293 292
Rl = RI=— 2h U ln‘\/\h4h5‘ (1)
_ B oo o hs . .

a; = O3 =50 n |[V/Ihahs] | 8 = b =han | /Ihahsl[, 7 = 35 /2hs—hy /B

hi #0 and hi # 0.

Proof. It is provided in Ref. [2].

Corollary 4.2 The Einstein equations (3) for the ansatz (5) are compatible
for vanishing sources and if and only if the nontricial components of the source,
with respect to the frames (3) and (2), are any functions of type

'/I\"z T3 = To(z?, 23, v), T4 = T5 Yy(x?, 2%) and ?% =Ty + Ty

Proof. The proof, see details in [2], follows from the Theorem 4.1 with the

nontrivial components of the Einstein d-tensor, éaﬁ = f{aﬁ—%éaﬁf{, computed
to satisfy the conditions

Gi = _(R% + Ri)vG% =G = _RZl(vaxS?v)vGi = Gg = —R%(.CL‘Q,.%?)).
Having the values (1), we can proove [2] the

Theorem 4.3 The system of gravitational field equations (2) (equivalently,
of (8)) for the ansatz (5) can be solved in general form if there are given
certain values of functions go(x?,x3) (or, inversely, g3(x?,23)), ha(x®, v) (or,
inversely, hs(z',v)) and of sources To(x?, 23, v) and Y4(2?, 23).

Finally, we note that we have elaborated a new geometric method of
constructing exact solutions in extra dimension gravity and general relativ-
ity theories. The classes of solutions define very general integral varieties
of the vacuum and nonvacuum Einstein equations, in general, with torsion
and nonmetricity and corrections from string theory, and/or noncommuta-
tive/quantum variables. For instance, in five dimensions, the metrics are
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generic off-diagonal and depend on four coordinates. So, we have proved
in explicit form how it is possible to solve the Einstein equations on nonholo-
nomic manifolds (see mathematical problems analized in Refs. [22, 23]), in
our case, provided with nonlinear connection structure.
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Abstract

Einstein-Rosen waves provide a non trivial, but tractable, symmetry reduction of
general relativity with local degrees of freedom. It is described by an axially sym-
metric scalar field evolving in an auxiliary Minkowskian background. We discuss
the use of commutators of this scalar field to study the quantum causal structure
of space-time, taking into account the fact that the physical Hamiltonian of the
system is a bounded function of a free field Hamiltonian. We will show that these
commutators have the features corresponding to interacting theories and study,
in a quantitative way, the smearing of light cones at the Planck scale and the
semiclassical limit of the model.

Keywords: Einstein-Rosen waves, microcausality, asymptotic analysis.
2000 Mathematics Subject Classification: 83C45, 83C47, 81T99

1. Introduction

The main obstacles behind the unfruitful attempts to quantize general relativ-
ity are usually attributed to two properties of the classical theory. First, the
absence of background structures makes it a formidable task to construct the
quantum algebra of observables. Second, general relativity is a field theory so
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its quantum counterpart must belong to the class of quantum field theories,
with all the subtle functional problems inherent to it.

In order to deal with these issues, several families of solutions to the Ein-
stein equations have been discussed in the literature. In particular, Bianchi
models have been used to explore the problems related to the algebra of observ-
ables [1]. However, the phase space of Bianchi models is finite dimensional, so
the field-theoretical character of general relativity is absent in this approach.
To avoid this, we are forced to consider genuine field theories which do not
require a background space-time metric. In this sense, the Einstein-Rosen
waves [2, 3, 4] provide a valuable toy model to explore quantum gravity effects
because the degrees of freedom are described by an axially symmetric scalar
field. In this paper, we will show how to compute, in a quantitative way, the
smearing, at the Planck scale, of light cones of the Einstein-Rosen space-times.
Throughout the paper, we set ¢ = h = 1 and denote G = h(G3, with G3 the
gravitational constant per unit length in the axis direction.

2. Classical Einstein-Rosen vaves

Einstein-Rosen waves, also known as linearly polarized cylindrical gravita-
tional waves, are space-times whose metric g satisfies the vacuum Einstein
equations and admit a two-parametric, Abelian, and orthogonally transitive
group of isometries [3]. These space-times have two linearly independent,
spacelike Killing fields, one of them axial, {(5), and the other translational, { z).
The Killing fields are assumed to be mutually orthogonal, g(§(z,&)) = 0,
commuting, [£(g),§(z)] = 0, and generate a space-time foliation orthogonal to
the isometry orbits. Under these hypotheses it is possible to choose a system
of symmetry-adapted coordinates (¢, R,0,7) € R x RT x [0,27) x R such that
the line element takes the form

ds® = e”V [-N?dt* + € (dR + N7dt)* + r?df®] + e¥dZ* .

The smooth fields 1, v, r, N (lapse), and N (radial shift) depend only on the
(t, R) coordinates and satisfy suitable boundary conditions at the symmetry
axis R = 0 and at spatial infinity R — oo [2, 3].

After the gauge fixing [5] given by 7(t,R) = R, my(t,R) = 0 (m, is the
canonical momentum of the ~ field), and introducing the new time coordinate
T = e 7=/2t where Yoo = limp_.o0 7, the line element takes the form

dsiy = €7V (—=dT? + dR?) + e Y R?d0® + eV dZ*> |

Then, it is straightforward to show that the Einstein equations are equivalent
to the equation of a free, massless, cylindrically symmetric scalar field evolving
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in a Minkowski space-time

v o 1ov 0
or?  OR? ROR

Thus, using the T-time and imposing regularity at the origin R = 0 [2], the

classical solutions for the field ¢ can be expanded in the form (Jy is the zero

order Bessel function)

Y(R,T) = V4G / Jo(RE)[A(K)e™*T + AT(k)e*T] dk
0
with an associated free Hamiltonian
Yoo = Ho = / kAT (k)A(k) dk .
0

Nevertheless, to reach a unit asymptotic timelike Killing vector field in
the actual four-dimensional spacetime, with respect to which one can truly
introduce a physical notion of energy per unit length [6], one must make use
of the original system of coordinates, namely (¢, R, 0, Z). In these coordinates
the solutions take the form

Ye(R,t) = \/E/ J()(Rk:)[A(k:)(f““"‘f%”/2 +AT(k)eikte*%o/2]dk
0
and the true physical Hamiltonian is given by

1 —4GH,
H:E(HO):E(l—e 0).
Notice that the physical Hamiltonian is bounded both from above and below.
This fact leaves a strong footprint on microcausality.

3. Quantum Einstein-Rosen waves: microcausality

Owing to the linear character of the field equation (1), the quantization of
the field ¢ can be carried out in a standard way (technical details can be
found in [2, 4]). If we use the Schrédinger picture, operators do not evolve,
and we can introduce a Fock space in which the quantum counterpart of
Y(R,0) = ¢¥g(R,0) is an operator-valued distribution &(R, 0) = &E(R, 0).
Its action is determined by those of A(k) and Af(k), the usual annihilation
and creation operators, whose only non-vanishing commutators are

[A(k1), AT (k2)] = 6(ky — k2).
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In terms of these operators
O(R,0) = Dp(R,0) = VIG / Jo(Rk) [A(k)+41 (k)] b
0

In constrast, in the Heisenberg picture, operators change in time. In this
case we can consider the evolution of the quantum field ¢ from its value at
T =t =0 given by the two Hamiltonians that appear in the problem

ﬁoz/ RATWAGR) dh, B = B(iy) = o (1-e70%)
; G

The physical Hamiltonian H is related to the physical time ¢, and the auxil-
iary massless scalar field Hamiltonian Hj is associated with the time 7" of the
auxiliary three-dimensional Minkowski spacetime. The time evolution is pro-
vided by the unitary operators Up(T) = exp(—iTHp) and U(t) = exp(—itH)
according to

&(R, T):[jg( W(R O)UO \/ZE/ JO Rk k)eiikT—i-AT(k)eikT]dk’
bu(R,t) = U (t)de(R,0)U(t) \/E/ Jo(RE)[Ag(k, t)+ AL (k, t)]dk,

where
Ap(k,t)=exp —z'tE(k)e—‘*Gﬁo} A(k), AL (kt):=Af (k) exp [itE(k)e—‘lefo] :

We will show now how the field commutators of the scalar field v, that
encodes the physical information in linearly polarized cylindrical waves, can be
used as an alternative to the metric operator to extract physical information
about quantum spacetime. In particular we will see how the light cones get
smeared by quantum corrections in a precise and quantitative way.

Let us start by computing the field commutator for the free Hamiltonian:

[)(Ry, Th), ¥ (Ra, Tp)] = 8iG /Ooo Jo(Rik)Jo(Rok) sin[(Ty — TV)k] dk . (1)

This commutator is a c-number (proportional to the identity operator in the
Fock space) and shows the typical light cone structure found in standard per-
turbative quantum field theories. It is easy to prove that [1)(Ry, T1), 1h(Rg, T»)]
vanishes outside the light cone, i.e. when 0 < |T5 — 71| < |R2 — R1| (Region
I). Inside the light cone [)(Ry,T1),9(Rg, Tb)] can be written in terms of the
complete elliptic integrals

:/2\/1—k251n29d9, K (k) ::/QdH
0 0 V1 —k2sin?6
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Explicitly, in the region |Ry — R;| < [To — T1| < R2 + Ry (Region II) we get

i 8G ¢ayﬂm%4&—Rw

[W(R1,T1), ¢ (Ra, Tb)] =

7 /RiRs AR R,
Finally, its value in the region R; + Ry < |T» — T1| (Region III) is
. . 16Gi 4R Ry
Ry, T1), O(Ry, Ty)] = K .
[V(R1,T1), ¥ (Re, T2)] V2 (To T ) (ReR1 )7 (\/(T2_T1)2_ (Rz—R1)2>

On the other hand, the commutator for the physical Hamiltonian, as it
usually happens for interacting theories, is no longer a c-number, so one has
to consider its matrix elements. We will focus here on the vacuum expectation
value (v.e.v.)

(O|[YE(R1, 1), vE(Rs, t2)]]0)

o [T o2t gk
_&G/O Jo(le:)Jo(ngz)bln[ (e )} k. @)

In order to relate this v.e.v. to the free commutator (1), we will consider
the semiclassical limit corresponding to radial distances (and time intervals)
much larger than the Planck scale. To do this, it is convenient to introduce
the dimensionless parameters 7, p, and A

_
4G
Then, it is possible to show [7] that the asymptotic behavior of (2) when

A — oo (semiclassical limit) in the different regions of the (p, 7) plane is given
by:

Ry =pRy, to—t1=7R1, A

oelf p=0
21-0 i ei)\[‘rflog 7—1] 1 .
— O|—= f 1
)\\S[\/721+ Vieg T * ) Teh
i (14 272%) 1 ,
oIf p#£0
o Region |

2T { T K 4
A2/ (1+p)2 =72 Lpt + (72 = 1)2 = 2(1 + 72)p? (1+p)2—72

[1+4 p* 4272 = 374 +2p2(72 - 1)) 4p 1
'Tu+m14ﬂa—p+fvw—1+ﬂ2E<(Hmﬂ—ﬂ>}+O<XQ‘
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o Region 11

2o [T2=(p—1)? +2Qx67% ““leﬂ“%lfm}_%0< 1>
_— -3 —= |-
AP 4p AL V2rAlL = pllog 55 A5/
o Region IIT

e R >>

2i . e % ATl 1 +log Ty ,,,)] ejez)\[7'+(1+p)(log e 1)]] ( 1 >

_'_7 .
V21 Ap|1 — p|log = 2mAp(1 + p)log 1 A5/2

The terms proportional to 1/X in the above asymptotic expansions cor-
respond to the commutator obtained from the free Hamiltonian FIO, both in
the axis p = 0 and outside the axis. The remaining terms are corrections to
this free commutator that fall off to zero faster than 1/\ (except when p =0
and 7 > 1), and have an additional, non-perturbative dependence in A (dif-
ferent from an inverse power dependence). Inasmuch as the free commutator
defines a characteristic light cone structure, these terms are responsible for
the smearing of the light cones of the model.
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Abstract

Four-dimensional pointwise Osserman manifolds with a local structure of twisted
product are analyzed, showing that they must be necessarily of constant sectional
curvature.
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1. Introduction

The classification of pointwise Osserman (semi)-Riemannian manifolds in di-
mension four is still an open problem. In this work we deal with such man-
ifolds assuming they have a local structure of twisted product. Under this
assumption we show that the pointwise Osserman condition is equivalent to
the constancy of the sectional curvature. Since in any pointwise Osserman
manifold there is a local choice of orientation such that the manifold is Ein-
stein self-dual (or Einstein anti-self-dual), the result (cf. Theorem 4.2) is
obtained as a consequence of two facts. On the one hand, if the dimension of

9Work partially supported by project BFM2003-02949 Spain.
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the fibre of the twisted product is greater than one then the Einstein condi-
tion lets us reduce the twisted product structure to a warped product one [4].
On the other hand, self-duality and anti-self-duality are equivalent for four-
dimensional semi-Riemannian manifolds which are locally a twisted product
with fibre of dimension different from two (cf. Theorem 3.1), and also for
those which are locally a warped product, even if the fibre is two-dimensional
(cf. Theorem 4.1).

2. Preliminaries

First we fix some notation and criteria to be used in what follows. Let (M, g) be
an n-dimensional semi-Riemannian manifold with Levi-Civita connection V.
The Riemannian curvature tensor R is the (1, 3)-tensor field on M defined by
R(X,Y)Z =V xy)Z — [Vx,Vy]Z, for all vector fields X,Y, Z € X(M). The
Ricci curvature is the contraction of the curvature tensor given by Ric(X,Y)
=Tr{U ~ R(X,U)Y}, for all X,Y € X(M). Finally, the scalar curvature is
obtained by contracting the Ricci tensor, Sc¢ = T'r(Ric).

2.1. Warped and twisted product metrics

Let (B,gp) and (F,gr) be semi-Riemannian manifolds and P = B x F' the
product manifold. The product metric tensor on P is given by 7*(gp)+0c*(gr),
where m and o denote the projections of B x F onto B and F, respectively.
Considering a smooth real-valued function f > 0 on B, the warped product
P = B x; F'is the product manifold B x F' endowed with the metric tensor

g=m"(g5) + (fom)* o*(gr).
It is interesting to emphasize that warped products appear quite naturally
as open dense submanifolds of certain complete manifolds (see [2] for more
details).

Now, if the function f > 0 is defined on the product manifold B x F', the
resulting metric g = 7*(gp)+f20*(gr) is called the twisted product P = Bx s F
[9]. In any of the cases above, the factors (B, gg) and (Fgr) are referred as the
base and the fibre of the product structure. The differences among the product
structures above can be expressed in terms of the geometry of the leaves and
the fibres of the product as in [9]. For our purpose here, the following criteria
for a twisted product to be warped is of interest

Lemma 2.1 [4] Let P = B x; F be a twisted product of semi-Riemannian
manifolds (B, gg) and (F, gr), with dim F > 1, such that P is Einstein. Then
it is possible to write P as a warped product of (B, gp) and (F,gr), where g
18 a metric tensor conformally equivalent to gp.
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2.2. The Weyl tensor and curvature decomposition

The curvature tensor R of any semi-Riemannian manifold can be decomposed
as R=U® Z & W, [7], where

Se

n(n—
Z = ﬁ (Ric—%g) og

W= R—U—Z:R—ngm—ﬂ%ﬂ@.g
Here W denotes the Weyl tensor of the semi-Riemannian manifold and e
expresses the Kulkarni-Nomizu product of symmetric (0, 2)-tensors, defined
by:
(Ao B)(X,Y,ZW) = A(X,Z)B(Y,W)+A(Y,W)B(X, Z)
—AX,W)B(Y,Z) — A(Y,Z)B(X,W).

The manifold is said to be Finstein if Z = 0 and locally conformally flat if
W = 0. In what follows we will use the following

Lemma 2.2 [7] Let (M, g) be a semi-Riemannian manifold. (M, g) has con-
stant sectional curvature if and only if Z = W =0, i.e., (M,g) is Einstein
and locally conformally flat.

2.3. Pointwise Osserman and self-duality /anti-self-duality

Let (M, g) be a semi-Riemannian manifold and denote by S*(M) the bundle
of unit tangent vectors. The Jacobi operator associated to X € S*(M) is
defined by
J(X):Y e (X))t — R(X,Y)X € (X)*.

(M, g) is said to be Osserman if the eigenvalues of the Jacobi operator J are
constant on S*(M) and it is said to be pointwise Osserman if the eigenvalues
of J are constant on S*(T,M) for all p € M, but possibly changing from
point to point (cf. [5]).

In what follows (M, g) is assumed to be 4-dimensional and let {ej, ea, €3,
e4} be an orthonormal local frame. Denoting by A the space of 2-forms, i.e.,
A= ({enel:i,j€{1,2,3,4}, i < j}), the Hodge operator x : A — A is
defined by:

el Ned Ax(eP Ael) = (5,2(5; — (5?(5%) gigjet Ne2 Ned Aed,

where ¢; = (e;, ¢;). Now, note that the Hodge operator satisfies x> = id if the
metric signature is (++ ++) or (++ ——) and it is a complex structure on A
for Lorentzian signature. Let AT and A~ be the eigenspaces corresponding to
the eigenvalues 1 and —1, respectively, that is,

A=AToA", AM={acA:xa=a}, A ={acA:xa=—al,
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and denote by W¥ the restriction of W to the spaces A*. Viewing the curva-
ture tensor R as R: A — A, we say that R is self-dual (resp., anti-self-dual)
if W= =0 (resp.,, Wt =0).

Theorem 2.3 [5] Let (M, g) be a 4-dimensional semi-Riemannian manifold.
Then the following statements are equivalent:

- (M, g) is pointwise Osserman.

— Locally there is a choice of orientation for M such that it is Einstein
self-dual (or Einstein anti-self-dual).

It is worth to emphasize at this point that a pointwise Osserman manifold
is necessarily of constant curvature in Lorentzian signature [5]. Furthermore
note that self-duality and anti-self-duality are also equivalent for Lorentzian
manifolds.

3. Four-dimensional twisted product manifolds

Let P = B x¢ F be a 4-dimensional twisted product and {ei, e, e3, es} be
an orthonormal local frame. Now local basis of the spaces of self-dual and
anti-self-dual 2-forms can be constructed as

A® = ({Bf, By By )

1

where .
pE_ ¢ A€+ ezeqed Aet BE e' Aed Feaeqe? Aet e' Net £ eaeze? AP
1 — ’ 2 —

V2 V2 V2

and e = g(ex, ex). Further, one can write the matrices corresponding to the
self-dual and anti-self-dual components of the Weyl tensor in the basis above
to obtain:

+
7E3:

(x) If P = B xy Fis a twisted product with 3-dimensional fibre, then

cre2Wih  e1eaWih 5162W1+3 e1€2Wy,  e1e2Wi, e1e2Wig
wt = Wi W Wi | = Wi W Wy | =W
£1€3 12 £1€3 22 £1€3 23 £1€3 12 £1€3 22 £1€3 23
Wi W Wit Wi W Wais
€1€4Wy3  €184Wa3  E184W33 €1€4Wy3  €184Wgo3  E184W3g

(#x) If P = B x; F is a twisted product with 1-dimensional fibre, then

ere2aWi  e1e2Wih 5152W1+3 e1e2Wi; e12Wi,  —e1e2Wig

+ _ + _ — — —
W = 8153W1-; E1€3W22 6153W2-g = 6153W12 5153W22 —5183W23
e1eaWih Wi Wik —e1eaWi  —e1aWy Wia

1€4VVqg €1&4 23 £1€4 33 €1€4 13 £1&4 23 €1€4 33

As a consequence of the above relations (x) and (sx) we get the following:
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Theorem 3.1 A four-dimensional semi-Riemannian manifold which is locally
a twisted product with fibre of dimension one or three is self-dual if and only
if it is anti-self-dual, i.e.,
W-=0eW'=0.
Note in the theorem above that W = W~ if the fibre is of dimension 3,
but not necessarily in the case of 1-dimensional fibre.
Remark 3.2 If P = B x F'is a twisted product with two-dimensional fibre,

then self-duality and anti-self-duality are not equivalent properties. Indeed,
one has the following relations between W+ and W ™~:

€1€2W1JE 6162W1J§ €1€2W1Jg 8162Wﬁ €1€2W1; 6162W1§
wt = sWih Wi, 0 ; W= 147 sWas 0
= E1E3W 1o E1E3Woo > = E1E3W19 €1E3Woo 5
W 0 Wi Wi, 0 Waiq
€1€4Wy3 €1€4 W33 €1€4Wq3 €1€4 W33

where Wﬁ = Wy, WQ'E = W, and ng = W3, but Wf; and Wl'g are not
necessarily equal to W, and W3, respectively. This can be easily checked
in P = R? X g R?, where one takes f(x1, 2,23, 74) = €1¥37%2%4 a3 twisting
function.

4. Four-dimensional pointwise Osserman twisted
products

In this section we prove the main results of this paper.

Theorem 4.1 Let (P, g) be a 4-dimensional semi-Riemannian manifold which
is locally a warped product. Then (P, g) is pointwise Osserman if and only if
it has constant sectional curvature.

Proof. First note that for a 4-dimensional warped product with 2-dimensional
fibre the self-dual and the anti-self-dual conditions are equivalent, since

e1e2Wih 0 0 e1e2Wi; 0 0
wt = 0 e1e3Wh 0 = 0 e1e3Wss 0 =W".
0 0 5154W3-g 0 0 8154W3_3

Next suppose the warped product is pointwise Osserman. From Theorem
2.3 we can choose an orientation such that the manifold is Einstein and self-
dual. Therefore, the above equivalence together with Theorem 3.1 imply that
W = 0. Thus the warped product is Einstein and locally conformally flat, and
then it must have constant sectional curvature. The converse is clearly true.
O
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Theorem 4.2 Let (P, g) be a 4-dimensional semi-Riemannian manifold which
is locally a twisted product. Then (P, g) is pointwise Osserman if and only if
it has constant sectional curvature.

Proof. Suppose the twisted product is pointwise Osserman. First note that
if the fibre is 1 or 3-dimensional, then the proof is analogous to the proof of
the previous result just using Theorem 3.1. Now, if the fibre is 2-dimensional,
since any pointwise Osserman manifold is Einstein, then Lemma 2.1 lets us
reduce the twisted product to a warped product, and thus the constancy of
the sectional curvature follows from Theorem 4.1. O
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Abstract

In this paper we derive a reflection principle for spacelike flat surfaces in the three-
dimensional De-Sitter space.

Keywords: Reflection principle, flat surfaces.

1. Introduction

In the past two decades there has been a special interest in the study of surfaces
admitting a conformal representation, mainly due to the fact that the global
results from Complex Analysis can be applied to their study.

The most representative example is the theory of minimal surfaces in R3,
but there are many others, like maximal surfaces in L3, surfaces with H = 1
in H3 and S3, flat surfaces in H® and S3, etc.

In this paper we extend the classical Schwarz reflection principle for min-
imal surfaces of R? to the case of spacelike flat surfaces in S}. Essentially, we
prove that a spacelike flat surface in S meeting orthogonally a totally geodesic
de Sitter plane P can be analytically reflected across P so that the extended
surface is flat and symmetric with respect to P. For this, we use the complex
representation of flat surfaces in S derived in [2] (and [1]). The Schwarz re-
flection principle has been extended to other classes of surfaces, like Bryant
surfaces and flat surfaces in H® and maximal surfaces in L™ (see [3, 4, 6]).
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2. Reflection Principle

Let us denote by L* the 4-dimensional Lorentz-Minkowski space given as the
vector space R* with the Lorentzian metric (,) induced by the quadratic form
—23+22+23+23, and consider the de Sitter 3-space, realized as the Lorentzian
submanifold

S:{’ = {(a:o,xl,xg,xg) clL?: —x% +ZL‘% —|—£B% +m§ = 1} .
Let A be the cross product of S3 associated to the induced metric,
UAV=PpXUXDV Yu,v € T,S3, (1)

where pxuxv is the unique vector in IL* such that (pxuxv,w) = det(p, u, v, w)
for all w € L. We will also consider the positive null cone, given by

N2 = {(z0, 21,22, 33) € L* : —af + 2% + 23+ 23 =0, 3 >0}.

The quotient Ni /R which can be considered as the upper connected com-
ponent of the ideal boundary of S? at infinity, inherits a natural conformal
structure. Observe that, by means of the map

r1 + 129

($0,~’U1,£L“2,$3) — ,
o + X3

we can identify N3 /RT with a sphere SZ , = C U {oc}.
In addition, IL* will be considered as the space of 2 x 2 Hermitian matrices,
Herm(2), in the following way

g — T3 X1 +il’2
I —iﬂjg Ty + T3

(20,21, 22, 23) (

where (m,m) = —det(m) for all m € Herm(2). Thus, S} corresponds to the
set of matrices with determinant —1. Moreover, the action of SL(2,C) on
Herm(2)

g-m=gmg", g € Herm(2) and ¢* = ‘g,

preserves the inner product, orientations and, therefore, S} remains unchanged.

In this model the positive null cone can be regarded as the set of positive
semi-definite Hermitian matrices with vanishing determinant and its elements
can be written as w '@, where ‘w = (w1, ws) is a non zero vector in C? uniquely
determined, up to multiplication, by an unimodular complex number. More-
over, the map w'w — [(wy,wz)] € CP! induces one from N3/R* which iden-
tifies S% ., with CP!. Thereby, the natural action of SL(2,C) on S% is the
action of SL(2,C) on CP! by Mébius transformations.
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Next, let us consider ¢ : S — S} a flat spacelike immersion from a
simply-connected surface S in the de Sitter space, and let 1 be its Gauss map.
We will denote by Gt := [¢)+7] and G~ := [1) —n] the hyperbolic Gauss maps

of 1.
Observe that the geodesic curve in S} passing through a point v (p) with
speed 7(p), is given by

Vo)) (t) = cosh(t)y(p) + sinh(t)n(p), t € R

and therefore has two ends, one in each component of the boundary of S at
infinity. Then, up to an isometry of S%, we have that (¢ + 7)(S) C N3 and
(¢ —1)(S) € N3, and we can take

G=(G",G7):8 — S xS*.
Now, see [1] or [2], flat surfaces in S3 have a Weierstrass representation in

terms of a meromorphic map, h, and an holomorphic 1-form, w = f dz, called
Weierstrass data of the immersion. Specifically,

1 O * *
w=g<0 _1>g and 1= gg", (2)

where g : S — SL(2,C) is a meromorphic curve such that

g tdg = ( doh C(L)) ) : (3)

Let (h(z), f(2)dz) be the Weierstrass data associated to 1, being z an
arbitrary parameter and f a holomorphic function. Then, if we put

_(c H
g_DJ7

it follows from (3) that

and consequently
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Therefore, C and D are linearly independent solutions of the differential equa-
tion
X, — %XZ — fh,X =0. (4)
h
Conversely, if C, D are linearly independent solutions of (4), then h—lz(CDz —
DC,) is constant. Thus, we can choose C, D such that

c Lc,
= : € SL(2,C). 5
g <D hD) 2.C) )

Hence, the hyperbolic Gauss maps become

C
+ . _ - - _ _ ZF
Gr=fp+n=75 G =1 D.
from where " 5
+_ - +_ e
G G DD, G} 2
So,
P +
§(2) = D(2)™" = co exp /Gfl(_;g

being zp € S a fixed point and co = D(zo) " .
In this way we obtain an expression for g in terms of its hyperbolic Gauss
maps:

1/ §/(GT-G7)

Let S? denote the set {(:z:o,:z:l,:vg,xg) €S} : xp= 0}. Let O denote a
domain in the complex plane which is symmetric with respect to the real axis,
and set

_ (G+/§ §GT/GT - G)> € SL(2,C). (6)

ot = 0On{zeC: Imz>0},
O = On{zeC: Imz<0},
I = On{zeC: Imz=0}.

Assume also that 7 is an open set of R.

Theorem 2.1 Let ¢p € CHOT UZ,S?) be a flat spacelike surface such that
Y| C ST . Assume that the unit normal vector field, n, to ¢ verifies n|; C S3.
Then v can be extended across T on all of O by reflection about S%, and the
extension is defined by

(7/}0(2)77/}1(2)77/}2(2)71/}3(2)) = (%(2)7%(?«“)7 _1/}2(2)71/)3(2))7 z€ 0~
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Proof: Using the hypothesis
InG*|, =0, ImG~|, =0

and by applying Schwarz Reflection Principle for holomorphic functions to G+
and G~ we get

1. G and G~ can be extended across Z on all of O, and the extension is
defined by

GT(2) =G*(2), G (2)=G(2),
and from here

|Gt (2)| = |GT(2)|, |G (2)] = |G (3)].

2. £ can be extended across Z on all of O, and the extension is defined by

&) = 22,
o
and
£(2)] = 1£(2)]
From (2)
o= 1 (|G+|2|G+—G|2— €t iGTI” 6t -GG - a‘*G)
€2 |Gt — G2\ IGH =G PGt — ' G- Gt -G — gt

Then we have

G =G PP(GH +1) — ¢ (1G] +1)

s 2[eP G~ G
b = Gt — G| ReGt — [¢[* ReG~
' €16+ — G
(7)
by — Gt — G~ P ImG* — |¢[*ImG—
i €16+ — G
gy = 1GT=GPIGT -~ (G -1

2(¢)* |G+ — G|

The formula we wanted to proof follows from a straightforward computation
in (7) using 1. and 2.
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