arXiv:1205.4539v2 [math.DG] 27 Feb 2013

ALMOST ISOMETRIES OF NON-REVERSIBLE METRICS WITH APPLICATIONS TO STATIONARY SPACETIMES

MIGUEL ANGEL JAVALOYES, LEANDRO LICHTENFELZ, AND PAOLO PICCIONE

Abstract. We develop the basics of a theory of almost isometries for spaces endowed with a quasi-metric. The case of non-reversible Finsler (more specifically, Randers) metrics is of particular interest, and it is studied in more detail. The main motivation arises from General Relativity, and more specifically in spacetimes endowed with a timelike conformal field K, in which case conformal diffeomorphisms correspond to almost isometries of the Fermat metrics defined in the spatial part. A series of results on the topology and the Lie group structure of conformal maps are discussed.

1. Introduction

A quasi-metric is just a metric (in the context of metric spaces) without the restriction of symmetry. In the last years, an increasing interest in quasi-metrics has risen [3, 12, 13, 26, 30, 32, 37, 39]. This interest can be justified by the amount of applications, since non-reversibility is present in many situations.

The first systematic study of quasi-metrics was carried out by W. A. Wilson in [42]. Later, also H. Busemann developed some results on metrics without the restriction of symmetry [6], but with the additional condition that forward and backward balls generate the same topology (see Remark 2.2). Most of the results by H. Busemann were developed for (symmetric) metric spaces and it was E. M. Zaustinsky who extended some of them to quasi-metric spaces [43].

Our main goal is to study the automorphisms of a quasi-metric space (X, d) that preserve what we call the triangular function, namely, the quantity T (x, y, z) = d(x, y)+d(y, z)−d(x, z). This quantity measures how far the points x, y, z are from achieving the equality in the triangle inequality. Maps that preserve the triangular function will be called almost isometries and it is an immediate consequence of the very definition that such maps preserve minimizing geodesics (see Corollary 2.7). It is easy to see that when symmetry holds, almost isometries are in fact isometries. Therefore, this notion is relevant only in the non-symmetric context.

Date: 17.05.2012.

2010 Mathematics Subject Classification. Primary 53C22, 53C50, 53C60, 58B20. Key words and phrases. Finsler and Randers metrics, geodesics, isometries, quasi-metrics, stationary spacetimes.

MAJ was partially supported by MINECO (Ministerio de Economía y Competitividad) project MTM2012-34037, Regional J. Andalucía Grant P09-FQM-4496 and Fundación Séneca project 04540/GERM/06, Spain. This research is a result of the activity developed within the framework of the Programme in Support of Excellence Groups of the Región de Murcia, Spain, by Fundación Séneca, Regional Agency for Science and Technology (Regional Plan for Science and Technology 2007-2010). LL is sponsored by Fapesp, Brazil. PP is partially sponsored by CNPq and Fapesp, Brazil. 1

One of the fundamental examples of quasi-metrics is given by the distance associated to a non-reversible Finsler metric. As in the case of isometries, the almost isometries can be described in terms of the pullback of the Finsler metric. More precisely, they are the maps that preserve the Finsler metric up to an exact oneform, namely, the pullback of a Finsler metric is the sum of the same Finsler metric and the differential of a smooth function. One of the simplest examples of nonreversible Finsler metrics are Randers metrics, which are defined as the sum of the square root of a Riemannian metric and a one-form having norm less than one at every point. Recently, a relation between Randers metrics and standard stationary spacetimes has been explored [4, 7, 8, 9, 10, 11, 16, 19, 21, 22]. The core of this relation lies in the fact that, as a consequence of the Fermat principle, lightlike geodesics project up to parametrization into geodesics of a Randers metric that we call Fermat metric. Then, studying existence and multiplicity of lightlike geodesics between an event and a vertical line is equivalent to studying existence and multiplicity of geodesics of the Fermat metric [4, 8, 9, 10]. Moreover, causality of the stationary spacetime can be characterized in terms of completeness properties of the Fermat metric [11] and its causal boundary can be described in terms of the topological boundary of the Fermat metric [19]. Giving continuity to the fruitful interplay between Randers metrics and stationary spacetimes, we will explore this relation in the level of transformation groups. In fact, we will relate the conformal maps of the conformastationary spacetime that preserve the timelike Killing vector field with the almost isometries of the Fermat metric obtaining, as a consequence of this interplay, results of genericity and compactness for the K-conformal group. This relation was the departing point and the inspiration to get to the concept of almost isometry.

Let us describe in detail the results of this paper. In Section 2, we introduce the notions of triangular function of a quasi-metric and almost isometry (Definition 2.6), the latter being a map that preserves the triangular function. Then we show in Proposition 2.8 that the definition of almost isometry φ of (X, d) is equivalent to the existence of a real function f : X → R such that d(φ(x), φ(y)) = d(x, y) + f ( φ(y) ) − f ( φ(x) ) for every x, y ∈ X. Moreover, we show that φ is always a homeomorphism and f is continuous (Lemma 2.10). Finally we show that the extended isometry group ~Iso(X, d), made up by the almost isometries of (X, d), is contained in the isometry group of the symmetrized metric in (1) and it is a topological group (Proposition 2.11). In Subsection 2.1, we study local almost isometries and we conclude in Theorem 2.14 that a local almost isometry between two length spaces with weakly finitely compact domain and simply connected codomain must be a global almost isometry. A counterexample to this result in the case that the quasi-metric spaces are not length spaces is provided in Remark 2.15.

In Section 3 we prove that an almost isometry of a Finsler manifold is an isometry of the symmetrized Finsler metric in (7) and then it is smooth (Lemma 3.1). Moreover, the function f : M → R of Proposition 2.8 is smooth and φ is an almost isometry for F if and only if φ_∗(F ) = F − df (Proposition 3.2). Finally, the extended isometry group of (S, F ), denoted by ~Iso(S, F ), is a closed subgroup of the isometry group of the symmetrized Finsler metric F̂ , which is a Lie group (see for instance [15]) and then ~Iso(S, F ) is also a Lie group (Proposition 3.3).

In Section 4 we first introduce K-conformastationary decompositions (M = S × R, g^K ) of conformastationary spacetimes endowed with a complete timelike conformal field K in (13) and the Fermat metric F^K associated to them (14). In Theorem 4.3 we show that a conformal map ψ : (M, g) → (M, g) determines an almost isometry φ : (S, F^K ) → (S, F^W ) of the Fermat metrics F^K and F^W associated to one of the conformastationary decompositions determined respectively by K and W = ψ_∗(K). In particular φ is given by the spatial component of the conformal map ψ. Then we define a K-conformal map as a map that is conformal and preserve the timelike conformal vector field K. In Proposition 4.7 we show that an almost isometry determines a K-conformal map up to a composition with an element of the closed subgroup generated by K, which will be denoted by K. Indeed, there is a Lie group homomorphism between the K-conformal maps quotiented by K and the extended isometry group. Furthermore, in Corollaries 4.8 and 4.10, we use the former Lie group homomorphism to obtain a genericity result for standard stationary spacetimes with discrete K-conformal group and the compactness of the K-conformal group.

In the last subsection of Section 4, we obtain some consequences for the conformal group Conf(M, g). In particular in Corollary 4.13 we give a characterization of the compactness of Conf(M, g)/K. Finally in Theorem 4.14 we collect the one-to-one relation between conformal maps and almost isometries of the Fermat metrics up to composition with elements of K.

2. Quasi-metrics and almost isometries

Let us first of all introduce the concept of a quasi-metric (see [42]).

Definition 2.1. Given a set X, we say that a function d : X × X → R is a quasi-metric if

(i) d(x, y) ≥ 0 for every x, y ∈ X and d(x, y) = 0 if and only if x = y, (ii) d(x, y) + d(y, z) ≥ d(x, z) (triangle inequality).

As a consequence of the lack of symmetry, there are two kinds of balls, namely, forward and backward balls, defined by B^+_d (x, r) = {y ∈ X : d(x, y) < r} and B^−_d (x, r) = {y ∈ X : d(y, x) < r} respectively, for x ∈ X and r > 0. Both families generate two topologies that we will call respectively forward and backward topologies.

A pair (X, d), where d is a quasi-metric on the set X, will be called a quasi-metric space and it will always be assumed to be endowed with the topology induced by the family B^+_d (x, r) ∩ B^−_d (x, r), x ∈ M and r > 0, which is finer than the forward and the backward topologies. Let us observe that this topology coincides with the topology generated by (the balls of) the symmetrized metric ~d(x, y) =^1_2 (d(x, y) + d(y, x)). (1) In fact, given {x_n}_{n∈N} in X, x_n → x in (X, d) if and only if lim_{n→∞} d(x_n, x) = lim_{n→∞} d(x, x_n) = 0. For that reason we will refer to this topology as “the symmetric topology” associated to the quasi-metric.

Remark 2.2. Let us observe that the notion of general metric space given in [6, Section 1] and [43, page 5]) is a particular case of quasi-metric space. Indeed, a general metric space is a quasi-metric space satisfying the condition

(GMS) Given a sequence {x_n}_{n∈N} ⊂ X and x ∈ X, then lim_{n→∞} d(x_n, x) = 0 if and only if lim_{n→∞} d(x, x_n) = 0.

This condition is equivalent to the fact that the forward and backward topologies coincide with the topology of (X, d). Moreover, following [31], the terminology “quasi-metric space” is usually used for a space having a quasi-metric, but endowed with the forward topology, whereas “asymmetric metric space” is used for a quasimetric space endowed with the “symmetric topology”. Let us point out that we will also assume that quasi-metric space be endowed with the symmetric topology but we will prefer to use “quasi-metric space” rather than “asymmetric metric space”.

In a quasi-metric space we can define the length of a continuous curve α : [a, b] ⊆ R → X as

ℓ(α) = sup_P r∑ 1=1 d(α(s_i), α(s_{i+1})), (2)

where P is the set of partitions a = s_1 < s_2 < . . . < s_{r+1} = b, r ∈ N. We say that α is rectifiable when ℓ(α) is finite. Moreover, we say that a curve γ in X from p to q is a minimizing geodesic if ℓ(γ) = d(p, q). Let us define the triangular function T : X × X × X → [0, +∞[ of a quasi-metric space (X, d) as T (x, y, z) = d(x, y) + d(y, z) − d(x, z) for every x, y, z ∈ X. Evidently, T is continuous.

Proposition 2.3. A curve α : [a, b] ⊆ R → X is a minimizing geodesic of a quasimetric space (X, d) if and only if T (α(s_1), α(s_2), α(s_3)) = 0 for every a ≤ s_1 < s_2 < s_3 ≤ b.

Proof. First observe that the triangle inequality implies that if α is a minimizing geodesic, any restriction α|_{[ã,b̃]} is also a minimizing geodesic. With this observation, one proves easily that for a minimal geodesic α : [a, b] → X, the quantity T (α(s_1), α(s_2), α(s_3)) vanishes for every a ≤ s_1 < s_2 < s_3 ≤ b.

The converse follows from the definition of minimizing geodesic, since, in this case, we get easily that r∑ 1=1 d(α(s_i), α(s_{i+1})) = d(α(a), α(b)) for any partition a = s_1 < s_2 < . . . < b = s_{r+1}, r ∈ N. □

Definition 2.4. We say that a quasi-metric space (X, d) is finitely compact if B^+_d (x, r) ∪ B^−_d (x, r) is precompact for every x ∈ X and every r > 0 and weakly finitely compact if B^+_d (x, r) ∩ B^−_d (x, r) is precompact for every x ∈ X and every r > 0. A sequence {x_n}_{n∈N} in X is said to be a Cauchy sequence of (X, d) if for every ϵ > 0 there exists N ∈ N such that d(x_n, x_m) < ϵ for every n, m ≥ N. Moreover, we say that it is a forward (resp. backward) Cauchy sequence of (X, d) if for every ϵ > 0 there exists N ∈ N such that d(x_n, x_m) < ϵ for every N ≤ n < m (resp. N ≤ m < n). We say that a quasi-metric space is (forward, backward) complete if all the (forward, backward) Cauchy sequences converge. We will say that a quasimetric space is complete when all the Cauchy sequences converge. Let us point out that this definition is different from the one usually used in Finsler metrics, where complete means forward and backward complete. With our definition, complete is weaker than forward or backward complete. Let us recall in the following lemma several facts regarding completeness.

Lemma 2.5. Consider a quasi-metric space (X, d):

(i) If (X, d) is finitely compact, then it is weakly finitely compact. (ii) If (X, d) is finitely compact, then it is forward and backward complete. (iii) If (X, d) is weakly finitely compact, then it is complete. (iv) (X, d) is complete if and only if (X, d̃) (see (1)) is complete.

Given quasi-metric spaces (X_i, d_i), i = 1, 2, a bijection φ : X_1 → X_2 is said to be an isometry if d_2 ( φ(x), φ(y) ) = d_1(x, y) for all x, y ∈ X_1. Evidently, an isometry is a homeomorphism when X_i is endowed with the topology induced by d_i, i = 1, 2. Given a quasi-metric space (X, d), the group of isometries φ : X → X will be denoted by Iso(X, d); this group will be endowed with the compact-open topology, and we will show below that such topology makes Iso(X, d) a topological group.

We will be interested in a more general class of transformations of quasi-metric spaces defined as follows.

Definition 2.6. Let (X_1, d_1) and (X_2, d_2) be two quasi-metric spaces. A bijection φ : X_1 → X_2 is an almost isometry if it preserves the triangular function, that is, T_2(φ(x), φ(y), φ(z)) = T_1(x, y, z) for every x, y, z ∈ X_1, where T_1 and T_2 are the triangular functions associated respectively to (X_1, d_1) and (X_2, d_2).

Corollary 2.7. Almost isometries preserve minimizing geodesics.

Proof. A straightforward consequence of Proposition 2.3. □

Proposition 2.8. Given quasi-metric spaces (X_1, d_1) and (X_2, d_2), a bijection φ : X_1 → X_2 is an almost isometry if and only if there exists a real function f on X_2 such that d_2 ( φ(x), φ(y) ) = d_1(x, y) + f ( φ(y) ) − f ( φ(x) ) (3) for every x, y ∈ X_1.

Proof. Assume that φ : X_1 → X_2 is an almost isometry. Fix a point x_0 ∈ X_1 and define f : X_2 → R as f(z) = d_1(φ^{−1}(z), x_0) − d_2(z, φ(x_0)) for every z ∈ X_2. Given x, y ∈ X_1, as φ preserves the triangular function, we have

d_1(x, y) + d_1(y, x_0) − d_1(x, x_0) = d_2(φ(x), φ(y)) + d_2(φ(y), φ(x_0)) − d_2(φ(x), φ(x_0 )), which is equivalent to (3). The converse is a straightforward computation. □

Observe that if the quasi-metrics d_1 and d_2 are symmetric, then the function f has to be constant and φ must be an isometry.

Corollary 2.9. Given metric spaces (X_1, d_1) and (X_2, d_2), a bijection φ : X_1 → X_2 is an isometry if and only if it preserves the triangular function.

Let us remark that the function f of Proposition 2.8 is determined up to a constant, that is, if f satisfies (3), all the functions satisfying (3) are the functions f + c with c ∈ R.

Lemma 2.10. If φ : X_1 → X_2 is an almost isometry, then φ is a homeomorphism when X_1 and X_2 are endowed with the topologies induced by d_1 and d_2 respectively. Moreover, any function f : X_2 → R for which (3) holds is continuous.

Proof. An almost isometry φ : X_1 → X_2 is an isometry of (symmetric) metric spaces, when X_1 and X_2 are endowed with the symmetrized quasi-metrics ~d_1 and ~d_2 respectively (see (1) and Proposition 2.8). Thus, φ is a homeomorphism in the topologies induced by ~d_1 and ~d_2, which coincide with the topologies induced by the quasi-metrics d_1 and d_2 (see again (1)). This proves the first statement. Since φ is a homeomorphism, the continuity of f follows now from the continuity of the quasi-metrics d_1 and d_2. □

Let us observe that composition provides a structure of group for the subset of almost isometries. Given quasi-metric spaces (X_i, d_i), i = 1, 2, 3, and two almost isometries φ_1 : X_1 → X_2 and φ_2 : X_2 → X_3, the composition φ_2 ∘ φ_1 : X_1 → X_3 is also an almost isometry. Moreover, the inverse of an almost isometry is also an almost isometry. In particular, the set of almost isometries φ : X → X of a quasi-metric space (X, d), denoted by ~Iso(X, d), is a group with the operation of composition; it will be called the extended isometry group of (X, d).

Proposition 2.11. With the above notation, ~Iso(X, d) and Iso(X, d) are topological groups endowed with the compact-open topology. If the topology induced by d is locally compact, then ~Iso(X, d) and Iso(X, d) are locally compact.

Proof. Consider the metric ~d on X defined in (1). As the topology induced by this metric coincides with the one induced by d, in particular, (X, d) is locally compact if and only if (X, ~d) is locally compact. Furthermore, an almost isometry for d is an isometry for ~d. Hence Iso(X, d) ⊆ ~Iso(X, d) ⊆ Iso(X, ~d). (4) Applying a classical result (see for instance [35, Proposition 5.2.1]) to the metric space (X, ~d), we deduce that Iso(X, ~d) endowed with the compact-open topology is a topological group, locally compact when the topology of (X, ~d) is locally compact. Then, by the inclusion (4), Iso(X, d) and ~Iso(X, d) are also topological groups with the compact-open topology. Note that Iso(X, d) and ~Iso(X, d) are closed with respect to the compact-open topology^1, which implies that they inherit the local compactness from Iso(X, ~d). □

2.1. Local almost isometries. The goal of this section is to find conditions implying that a map that is locally an almost isometry is in fact a global almost isometry.

Definition 2.12. Let (X_1, d_1) and (X_2, d_2) be two quasi-metric spaces. We say that a map φ : X_1 → X_2 is a local almost isometry if for every x ∈ X_1, there exist U ⊆ X_1, V ⊆ X_2 open subsets, with x ∈ U, such that φ|_U : U → V is an almost isometry.

Let us fix a local almost isometry φ : X_1 → X_2 throughout, and let us introduce some terminology. Assume that V is an open subset of X_2, that U is an open subset of X_1 which is mapped homeomorphically onto V by φ, and that f : V → R is a function such that (3) holds for all x, y ∈ U that are sufficiently close to each

1In fact, pointwise limits of almost isometries is an almost isometry by the continuity of the triangular function.

other.^2 We then say that (f, U, V ) is a φ-system, or shortly, that f is a φ-map with domain V (the role played by U is not so relevant).

We list a few important properties of φ-systems:

(P1) If f is a φ-map, then f + c is a φ-map (with the same domain as f) for all constant c ∈ R.

(P2) If f is a φ-map with domain V , and V^′ ⊂ V is open, then f|_V ′ is a φ-map with domain V^′.

(P3) Given two φ-maps f_i : V_i → R, i = 1, 2, if p ∈ V_1 ∩ V_2 and f_1(p) = f_2(p), then f_1 and f_2 coincide in the connected component of V_1 ∩V_2 that contains p. (P4) The property of being a φ-map is local, i.e., if V is covered by a family of open subsets V_α, α ∈ A, and f : V → R is a function such that the restriction f|_{Vα} is a φ-map with domain V_α for all α ∈ A, then f is a φ-map with domain V .

Note that property (P4) would not hold if we required that equality (3) should hold for all x and y in the domain of a φ-map, see footnote 2.

Lemma 2.13. Assume that φ : X_1 → X_2 is a homeomorphism which is a local almost isometry and X_2 (or equivalently X_1) is connected, locally arc-connected and simply connected. Then there exists a φ-map f whose domain is the whole X_2. Proof. This is a special case of a globalization theory for sheaves,^3 which can be found, for instance, in [36, Appendix B]; for the reader’s convenience, we will provide a short proof here.

Consider in the set X_2 ×R the topology that has as a basis of open sets the graphs of φ-maps. This is not the product topology, and it is locally arc-connected, because so is every open subset of X_2. With this topology, the projection π : X_2 × R → X_2 is a covering map. Namely, any open set V of X_2 which is the domain of a φmap f : V → R is a fundamental open set; in fact, the inverse image π^{−1}(V ) is the disjoint union of the graphs of the φ-maps f + c, with c ∈ R constant (by properties (P1) and (P3)), and each one of such open subsets of X_2 × R is mapped homeomorphically onto V (by property (P2)). Moreover, the set of domains of φ-maps is an open covering of X_2, because φ is a local almost isometry.

Since X_2 is simply connected, then the restriction of π to an arc-connected component of X_2 × R, which is open because X_2 × R is locally arc-connected, is a homeomorphism onto X_2. The inverse of such a homeomorphism is the graph of a function f : X_2 → R which is locally a φ-map; hence, by property (P4), f is a φ-map with domain X_2. This concludes the proof. □

Recall that given (X, d), we can define an associated distance (which is not always a metric) d_l given by the infimum of the lengths of curves between two points (the length computed as in (2)). We say that (X, d) is a length space when d_l = d.

2This means that the set A U = { (x, y) ∈ U × U : (3) holds } contains a neighborhood of the diagonal of U × U. Observe that this does not imply that (3) holds for every x, y ∈ U, because the subset A_U ⊂ U × U is not an equivalence relation in U (it is not transitive).

3The central idea in the theory developed in [36, Appendix B] is to look at the sheaf of germs

of φ-maps, and show that the projection onto X_2 is a covering map. A substantial simplification in the proof discussed in [36] occurs here because, by property (P3), the germ of a φ-map f at some point p can be identified with the value of f at p, and, by property (P1), the sheaf of germs of φ-maps, as a set, is identified with the product X_2 × R (the pair (x, c) ∈ X_2 × R is identified with the unique germ of the φ-map f whose value at x is c).

Theorem 2.14. Let φ : (X_1, d_1) → (X_2, d_2) be a local almost isometry. Assume that (X_1, d_1) and (X_2, d_2) are length spaces, d_1 is weakly finitely compact and X_2 is locally arc-connected and simply connected. Then φ is an almost isometry.

Proof. Since φ is a local almost isometry, φ is a local isometry for the corresponding symmetrized quasi-metrics d̃_1 and d̃_2 (see (1)). Observe that the weak finite compactness of d_1 implies that (X_1, d̃_1) is complete (see parts (iii) and (iv) of Lemma 2.5). Moreover, since X_2 is simply connected, it is not hard to show that φ is a homeomorphism^4. Let us denote by ℓ_1 and ℓ_2 the lengths associated to (X_1, d_1) and (X_2, d_2) respectively (see (2)) and let f : X_2 → R be the function obtained in Lemma 2.13. Given two arbitrary points x, y ∈ X_1 and a curve α : [a, b] ⊆ R → X_1 from x to y, it follows from the definition of length in (2) and the fact that φ is a local almost isometry that

ℓ_2(φ ∘ α) = ℓ_1(α) + f ( φ(y) ) − f ( φ(x) ) . As (X_1, d_1) and (X_2, d_2) are length spaces, we deduce that

d_2(φ(x), φ(y)) = d_1(x, y) + f ( φ(y) ) − f ( φ(x) ) . Finally, Proposition 2.8 concludes that φ is an almost isometry. □

Remark 2.15. Observe that when (X_1, d_1) or (X_2, d_2) are not length spaces, then a local almost isometry need not be an almost isometry. For example, if we consider X_1 = X_2 = R, d_1 the usual metric and

d_2(x, y) = { |x − y| if |x − y| < 1, 1 otherwise.

Then the identity is a local isometry from (X_1, d_1) to (X_2, d_2) but not a global isometry.

3. Almost isometries and Finsler metrics

A very important class of quasi-metrics comes from non-reversible Finsler metrics. In fact, we can define a more general class of metrics as follows. Let M be a manifold and π : T M → M the natural projection from the tangent bundle to the manifold. A (continuous) pseudo-Finsler metric is a continuous function F : T M → [0, +∞) such that

(1) it is fiberwise positively homogeneous of degree one, i.e., F (λv) = λF (v) for every v ∈ T M and λ > 0 (2) F (v) = 0 if and only if v = 0.

4Note that it is not proven, in general, that a local isometry between complete length spaces

is a covering map. Typically, in order to prove that a local isometry is a covering map one needs an extra assumption on the local uniqueness and continuous dependence on the endpoints for geodesics, see for instance [5, § 3.4]. Here, in order to prove the statement, one uses the fact that a local isometry from a complete metric space to another metric space has the unique lift property for paths. Moreover, any local homeomorphism from a path connected topological space to a simply connected topological space that has the unique lift property for paths is a homeomorphism.

We say that a pseudo-Finsler metric is smooth when F is C^∞ in T M \ 0, i.e., it is smooth away from the zero section. In this case, we can define the fundamental tensor g_u as g_u(v, w) = ∂^2 ∂s∂t | | |_{t=s=0} F^2(u + tv + sw), (5)

where u ∈ T M \0 and v, w ∈ T_{π(u)}M. In the following we will assume that a pseudo- Finsler metric is smooth unless we specify explicitly that it is only continuous. Finally we define a Finsler metric as a pseudo-Finsler metric with fiberwise strongly convex square, i.e., the fundamental tensor g_u is positive definite for every u ∈ T M \ 0. In particular, if F is a Finsler metric, F^2 is C^1 (in fact it is C^2 if and only if it comes from a Riemannian metric [41]) and F satisfies the triangle inequality (see [1, Theorem 1.2.2]).

One can naturally define the distance for any (continuous) pseudo-Finsler metric as d_F (p, q) = inf_{γ∈C(p,q)} ℓ_F (γ), (6)

where C(p, q) is the set of piecewise smooth curves from p to q and ℓ_F (γ) is the F -length of γ : [a, b] → R, namely,

ℓ_F (γ) = ∫_b a F (γ̇(s))ds. Observe that the distance associated to a (continuous) pseudo-Finsler metric is a quasi-metric. From now on we will use “almost isometry” for maps φ : M_1 → M_2, such that φ : (M_1, d_{F1} ) → (M_2, d_{F2} ) is an almost isometry.

Let us define an average Riemannian metric associated to every pseudo-Finsler metric. Given a point p ∈ M, let us denote S = {v ∈ T_pM : F (v) = 1}, which is usually called the indicatrix of F , and B = {v ∈ T_pM : F (v) ≤ 1}. Now let Ω be the unique volume form (or density) in T_pM such that B has volume one and let ω be the volume form in the hypersurface S of T_pM that in u ∈ S is given as

ω(η_1, η_2, . . . , η_n) = Ω(u, η_1, η_2, . . . , η_n)

for every η_1, η_2, . . . , η_n ∈ T_uS. Then define h(v, w) = ∫ S g_u(v, w)ω for v, w ∈ T_pM (see [29, Section 2] and also [20]). Observe that if F is a convex Finsler metric, namely, a pseudo-Finsler metric satisfying the triangle inequality in the fibers, then h is positive. Indeed, F is convex if and only if g_u is semidefinite positive for every u ∈ T M \ 0 (see for instance [25, Theorem 2.14]) and g_u(u, u) = F (u)^2 > 0.

Given a pseudo-Finsler metric F in M, we can define a reversible pseudo-Finsler metric F̂ : T M → R, which we will call the symmetrized pseudo-Finsler metric of F , as F̂ (v) =^1_2 [F (v) + F (−v)] (7)

for every v ∈ T M. Observe that if F is convex (resp. strongly convex), then F̂ is also convex (resp. strongly convex), see for instance [25, Corollary 4.3].

Lemma 3.1. Let φ : (M_1, F_1) → (M_2, F_2) be an almost isometry of Finsler manifolds and F̂_1 and F̂_2 the symmetrized Finsler metrics of F_1 and F_2 respectively. Then φ : (M_1, F̂_1) → (M_2, F̂_2) is an isometry and φ is smooth. Proof. First observe that given α : [a, b] ⊆ R → M_1,

ℓ_{F̂1} (α) = 1 2 ∫_b a (F_1(α̇) + F_1(−α̇))ds = 1 2 (ℓ_{F1} (α) + ℓ_{F1} (α̂)), (8)

where α̂ : [a, b] → M is defined as α̂(s) = α(a + b − s) for s ∈ [a, b]. Likewise, for β : [a, b] ⊆ R → M_2, ℓ_{F̂2} (β) = 1 2 (ℓ_{F2} (β) + ℓ_{F2} (β̂)). (9) Consider now γ : [a, b] → M_1 and the set of partitions of [a, b]:

P = {(t_0, t_1, . . . , t_n) ∈ R^{n+1} : a = t_0 < t_1 < t_2 < . . . < t_{n−1} < t_n = b, n ∈ N}. First observe that the quasi-metric defined by a Finsler metric makes the underlying space a length space, and then the length given by (2) coincides with the Finsler length. As φ is an almost isometry, by Proposition 2.8, there exists f : M_2 → R, such that

ℓ_{F2} (φ ∘ γ) = sup_P n−1∑ i=0 d_2(φ ∘ γ(t_i), φ ∘ γ(t_{i+1}))

= sup_P n−1∑ i=0 d_1(γ(t_i), γ(t_{i+1})) + f(φ ∘ γ(b)) − f(φ ∘ γ(a))

= ℓ_{F1} (γ) + f(φ ∘ γ(b)) − f(φ ∘ γ(a)). (10) In particular, ℓ_{F2} (φ ∘ α) = ℓ_{F1} (α) + f(φ ∘ α(b)) − f(φ ∘ α(a)) and ℓ_{F2} (φ ∘ α̂) = ℓ_{F1} (α̂) + f(φ ∘ α(a)) − f(φ ∘ α(b)). The above equations, together with (8) and (9), imply that ℓ_{F̂2} (φ ∘ α) = ℓ_{F̂1} (α) and then φ is an isometry between the Finsler manifolds (M_1, F̂_1) and (M_2, F̂_2). Moreover, it is also an isometry between the average Riemannian metrics of F̂_1 and F̂_2. This implies that φ is smooth (see [33, Theorem 8]). □

Given a diffeomorphism φ : M_1 → M_2, and a Finsler metric F in M_1, let us denote by φ_∗(F ) the Finsler metric in M_2 obtained as the push-forward of F by φ. Proposition 3.2. Let (M_1, F_1) and (M_2, F_2) be two Finsler manifolds. If there exists an almost isometry φ : (M_1, F_1) → (M_2, F_2), then there exists a smooth f : M_2 → R such that φ_∗(F_1) = F_2 − df. Conversely, if φ_∗(F_1) = F_2 − df, the map φ is an almost isometry.

Proof. By Lemma 3.1, φ is smooth. To see that f is smooth, given a point x ∈ M_2, consider neighborhoods U of x and V of φ^{−1}(x), where the functions d_{F2} ( · , x) and d_{F1} ( · , φ^{−1}(x)) are smooth in U \ {x} and V \ {φ^{−1}(x)} respectively. Then choose x_0 ∈ U ∩ φ(V ), such that x_0 ≠ x. Therefore f(y) = f(x_0) − d_1(φ^{−1}(x_0), φ^{−1}(y)) + d_2(x_0, y) for every y ∈ M and the expression on the right side is smooth for every y ∈ U ∩ φ(V ) \ {x_0} and in particular for x.

To show the implication to the right, observe that

ℓ_{F2−df} (α) = ℓ_{F2} (α) + f(α(a)) − f(α(b)), (11)

where α : [a, b] → M_2 is a piecewise smooth curve. Then the above equality and (10) imply that ℓ_{φ∗(F1 )}(φ ∘ γ) = ℓ_{F1} (γ) = ℓ_{F2} (φ ∘ γ) + f(φ ∘ γ(a)) − f(φ ∘ γ(b)) = ℓ_{F2−df} (φ ∘ γ), for any curve γ : [a, b] ⊆ R → M_1. Therefore φ_∗(F_1) and F_2 − df coincide.

The converse follows straightforward from (11). □

Proposition 3.3. Let (M, F ) be a Finsler manifold. Then the extended isometry group ~Iso(M, F ) is a closed subgroup of Iso(M, F̂ ), where F̂ is given in (7). In particular, ~Iso(M, F ) is a Lie group.

Proof. Let us show first that ~Iso(M, F ) ⊂ Iso(M, F̂ ). Let φ be an almost isometry. Then by Proposition 3.2 we know that φ is an isometry of (M, F̂ ). Moreover, we know that Iso(M, F̂ ) is a Lie group since it is a closed subgroup of Iso(M, h), where h is the average Riemannian metric of F̂ . The closedness of ~Iso(M, F ) in Iso(M, F̂ ) follows from the continuity of the triangular function. □

Standard examples of non-reversible Finsler metrics are the so-called Randers metrics. Precisely, a Randers metric R on a manifold M is a metric defined as R(v) = √ h(v, v) + ω(v), (12) for v ∈ T M with h a Riemannian metric and ω a one-form with h-norm less than one at every point x ∈ M.

Corollary 3.4. Let (M, R) be a Randers manifold with R as in (12) and φ : M → M an almost isometry for R. Then φ is an isometry for h.

Proof. Just observe that the symmetrized Finsler metric of R is given by R̂(v) = √ h(v, v) for v ∈ T M. The result follows then from Proposition 3.3. □

Remark 3.5. Let us observe that almost isometries of Finsler metrics are projective transformations, since they preserve geodesics up to parametrization (see Corollary 2.7). In particular, they are related with the class of special projective transformation (see [38, Theorem 1]). Moreover, in [28], the author classifies Finsler metrics with extended isometry group of dimension greater than Wang’s number n(n − 1)/2 + 1.

4. Conformal maps in distinguishing conformastationary spacetimes

For the basic notions on Lorentzian geometry we refer the reader to [2, 34]. Let (M, g) be a distinguishing spacetime. We say that a vector field K in M is conformal if L_K g = λg for some smooth function λ : M → R, where L is the Lie derivative. Let us denote by CTF(M, g) the subset of complete timelike conformal vector fields of (M, g), which is a subset of the vector space of conformal fields of (M, g), denoted by CF(M, g). Observe that for any K ∈ CTF(M, g), since (M, g) is distinguishing, the main theorem in [24] allows one to express (M, g) as a standard conformastationary spacetime with respect to K, namely, a splitting (S × R, g^K ) such that g^K is expressed as

g^K ((v, τ), (v, τ)) = Ω^K (g^K_0 (v, v) + 2ω^K (v)τ − τ^2), (13)

for (v, τ) ∈ T S × R, where Ω^K is a positive smooth real function in S × R and g^K_0 and ω^K are respectively a Riemannian metric and a one-form on S. Here, the timelike conformal vector field K is ∂_t (the partial in the second variable). When CTF(M, g) is not empty, we say that (M, g) is conformastationary and given K ∈ CTF(M, g), (S × R, g^K ) is a K-conformastationary decomposition or K-splitting for short. Assume that the spacetime (M, g) is time-oriented by K. By a wellknown Fermat’s principle for conformastationary manifolds, (see for instance the review [23] and references therein), it turns out that the (future-pointing) lightlike geodesics of the conformastationary spacetime have a natural correspondence with the geodesics of a Finsler metric F^K of Randers type in S, defined by

F^K (v) = √ g^K_0 (v, v) + ω^K (v)^2 + ω^K (v), (14)

for any v ∈ T S, which we call the Fermat metric associated to the conformastationary metric (13). More precisely, the projections in S of future-pointing lightlike geodesics [0, 1] ∋ s −→ (x(s), t(s)) ∈ S × R are Randers pregeodesics in (S, F^K ), and the length of the Randers geodesic equals t(1) − t(0). Moreover, the causality of the conformastationary spacetime can be characterized in terms of Hopf-Rinow properties of the Randers metric (see [11, Theorem 4.3]).

Given K ∈ CTF(M, g), there are several K-conformastationary decompositions of (M, g), but all the Fermat metrics of them are in the same class as we show below.

Definition 4.1. Given two Finsler metrics F_1 and F_2 in a manifold S, we say that they are projectively related if there exists a smooth function f : S → R such that F_1 = F_2 + df. In this case, we will say that they belong to the same class or in notation [F_1] = [F_2].

Observe that if F_1 is a Randers metric, then all the Finsler metrics in the same class are also Randers. Let us denote by RC(S) the subset of classes of Randers metrics in the manifold S.

Lemma 4.2. Given K ∈ CTF(M, g), all the Fermat metrics associated to the K-splittings of (M, g) belong to the same class, which will be denoted by i(K). Moreover, there is a one-to-one correspondence between K-splittings of (M, g) and representatives of the class i(K) ∈ RC(S).

Proof. If we fix a K-splitting (S × R, g^K ), then any other K-splitting is determined by a spacelike section of S × R, which always can be expressed as S^f = {(x, f(x)) ∈ S × R : x ∈ S}, where f : S → R is a smooth function. If F^K is the Fermat metric associated to (S × R, g^K ), it is easy to see that S^f is spacelike if and only if F − df is positive definite (see [11, Proposition 5.8]) and in this case the Fermat metric associated to the K-splitting constructed from the slice S^f is F − df. □

Let us observe that if a map φ : (S, F_1) → (S, F_2) is an almost isometry, it remains almost isometry when we replace F_1 or F_2 with a Finsler metric in the same class. Then the subset

~Iso(S, [F_1], [F_2]) = {φ : (S, F_1) → (S, F_2) : φ is an almost isometry}

is well-defined. Furthermore, fixing an almost isometry φ_0 : (S, F_1) → (S, F_2), we get the identifications ~Iso(S, [F_1], [F_2]) ∼= ~Iso(S, F_1) ∼= ~Iso(S, F_2), and we can think in ~Iso(S, [F_1], [F_2]) as a manifold.

Let us see that we can characterize all the conformal maps of a conformastationary spacetime in terms of almost isometries of Fermat metrics.

Theorem 4.3. Let ψ : (M, g) → (M, g) be a conformal map of a conformastationary spacetime (M, g). Let K ∈ CTF(M, g) and denote W = ψ_∗(K). Then using arbitrary conformastationary decompositions of K and W , the map

ψ : (S × R, g^K ) → (S × R, g^W )

is given by ψ(x, t) = (φ(x), t + f(x)), where φ : (S, F^K ) → (S, F^W ) is an almost isometry.

Proof. First of all, observe that ψ_∗(K) ∈ CTF(M, g), because conformal maps preserve causality and a diffeomorphism preserves completeness of vector fields. Then there exist respectively K and W -conformastationary decompositions of (M, g) (see the introduction of this section). It is straightforward that ψ : (S × R, g^K ) → (S × R, g^W ) is given by ψ(x, t) = (φ(x), t + f(x)) for certain smooth functions φ : S → S and f : S → R.

In order to see that φ is an almost isometry, observe that conformal maps preserve lightlike pregeodesics (see for instance [2, Lemma 9.17]) and as the projection of lightlike geodesics are Fermat pregeodesics (see [10, Theorem 4.5]), it follows that φ maps Fermat geodesics of (S, F^K ) into Fermat pregeodesics of (S, F^W ). Moreover, a geodesic γ : [0, 1] → S of the Fermat metric F^K satisfies that

ℓ_F W (φ ∘ γ) = ℓ_F K (γ) + f ( φ(γ(1)) ) − f ( φ(γ(0)) ) (use again that the length of the Fermat geodesic is given by the difference of the time component at the endpoints, see [10, Theorem 4.5]). The above equation together with (11) implies that

ℓ_{φ∗(F} K_)(φ ∘ γ) = ℓ_F K (γ) = ℓ_F W_{−df} (φ ∘ γ)

for any geodesic γ of (S, F^K ), and then that φ_∗(F^K )(v) = F^W (v) − df(v) for every v ∈ T S. Proposition 3.2 yields that φ is an almost isometry. □

This result allows us to describe the conformal group of the conformastationary spacetime as we will see later.

4.1. K-conformal maps. In this subsection we will fix K ∈ CTF(M, g) and we will study a relevant class of transformations, namely, those that preserve the conformal observer determined by K. We will also fix a K-conformastationary decomposition (S × R, g^K ) and we will remove the K^′s in the expressions of (13) and (14).

Definition 4.4. We say that a diffeomorphism ψ : (M, g) → (M, g) is K-stationary if it preserves the conformal vector field K, namely, ψ_∗(K) = K. Moreover, we say that it is K-conformal if it is K-stationary and conformal.

Observe that when g(K, K) = −1, that is, the conformastationary spacetime is a normalized stantard stationary spacetime, or more generally when g(K, K) is constant, then every K-conformal map is an isometry of g.

Corollary 4.5. Let ψ : S × R → S × R be a K-conformal map of the conformastationary spacetime. Then there exist functions φ : S → S and f : S → R such that ψ(x, t) = ( φ(x), t + f(x) ) and φ is an almost isometry for the Fermat metric F of (S × R, g) with f satisfying (3) for d_F . Moreover, φ is a Riemannian isometry for the metric in S given by h(v, v) = g_0(v, v) + ω(v)^2 (15) for v ∈ T S. Proof. It follows immediately from Theorem 4.3 and Proposition 3.4. □

Let us denote by Conf_K (M, g) the subset of the Lie group of conformal maps Conf(M, g) consisting of K-conformal maps.

Lemma 4.6. Conf_K (M, g) is a C^1-closed subgroup of Conf(M, g); in Conf_K (M, g), all the C^k-topologies coincide^5 for k = 0, 1, . . . , +∞. Moreover, the one-parameter subgroup K generated by the flow of K is closed and normal in Conf_K (M, g). Proof. Let us show that all C^k-topologies coincide in Conf_K (M, g). Let g_R be the Riemannian metric in M given as g_R(v, w) = g(v, w) − 2 g(v, K)g(w, K) g(K, K) for any v, w ∈ T M. Then Conf_K (M, g) ⊆ Conf(M, g_R). Observe that Conf(M, g_R) is contained in the isometry group of a Riemannian metric h or it is the conformal group of the round sphere or of the Euclidean space R^n (see [18]). In the three cases, the assertion about the equivalence of the C^k-topologies, for k = 0, 1, . . . , ∞ is true and it is inherited by Conf_K (M, g).

Closedness in the C^1-topology is obvious from the very definition, since the identity ψ_∗(K) = K involves only the first differential of ψ, see Definition 4.4. Let ψ ∈ Conf_K (M, g) be given by ψ(x, t) = (ϕ(x), t+f(x)) for some smooth f : M → R and ϕ ∈ ~Iso(S, F ). Then, its inverse is given by ψ^{−1}(x, t) = ( ϕ^{−1}(x), t − f(ϕ^{−1}(x)) ) Now, let K^T : M → M be the time T of the flow of K, i.e., K^T (x, t) = (x, t + T ). It is easy to see that ψ ∘ K^T ∘ ψ^{−1} = K^T . Thus K is normal in Conf_K (M, g).

Let us finally show that K is closed. Take a sequence {φ_n}_{n∈N} in K converging to φ ∈ Conf_K (M, g) such that φ_n = K^{Tn} . Then the sequence {T_n}_{n∈N} must be bounded, otherwise φ_n would not have pointwise convergence. Therefore there exists a subsequence such that T_{nk} → T ∈ R and φ = K^T . □

Proposition 4.7. Let M = S ×R be endowed with the conformastationary Lorentz metric (13), set K = ∂_t and let F denote the Fermat metric on S given in (14). The map π : Conf_K (M, g) → ~Iso(S, F ) defined as π(ψ) = φ (see Corollary 4.5) is a Lie group homomorphism. Moreover, π can be projected to the quotient

π̄ : Conf_K (M, g)/K → ~Iso(S, F )

5It is not clear to the authors whether the same statement, i.e., coincidence of all Ck-topologies,

holds in the whole set Conf(M, g).

and gives an isomorphism of Lie groups.

Proof. The only thing that does not follow immediately from Corollary 4.5 is that π̄ is one-to-one, i.e., that K is the kernel of the map π and π is surjective. Let us show that π̄ is injective. Assume that there exist two K-conformal maps ψ_1 and ψ_2 projecting to the same almost isometry φ. Then, by Proposition 3.2, there exists a smooth f : S → R such that φ_∗(F ) = F − df and, from Corollary 4.5, ψ_1(x, t) = (φ(x), t + f(x) + c_1) and ψ_2(x, t) = (φ(x), t + f(x) + c_2). Therefore ψ^{−1}_2 ∘ ψ_1 ∈ K and [ψ_1] = [ψ_2]. Finally, we will see that it is surjective. Given an almost isometry φ, choose a function f : S → R as in Proposition 2.8 and construct the map ψ : S × R → S × R as ψ(x, t) = (φ(x), t + f(x)), which preserves K. By the Fermat principle [10, Theorem 4.5], ψ maps lightlike pregeodesics to lightlike pregeodesics. This means that it preserves the lightlike cone and then it is conformal (see [14] or [27]).

Finally observe that as π is a continuous homomorphism of Lie groups, it is differentiable and the same thing happens with π̄ (see for instance [17, Corollary 1.10.9 and Proposition 1.11.8]). □

Corollary 4.8. Given a manifold S, for a generic (see Remark 4.9 below) set of data (g_0, ω), the conformastationary metric g = g(g_0, ω) given in (13) on M = S×R has discrete K-conformal group Conf_K (M, g)/K.

Proof. Given (g_0, ω), denote by h the Riemannian metric on S given in (15). By Proposition 4.7, Conf_K (M, g)/K ∼= ~Iso(S, F ), with F = √ h+ω, see (14). By Corollary 3.4, ~Iso(S, F ) ⊂ Iso(S, h), thus Conf_K (M, g)/K is discrete if the Riemannian isometry group Iso(S, h) is discrete. It is well known, see for instance [40] for the compact case, that, for a C^{2,α}-generic set of Riemannian metrics h, the isometry group Iso(S, h) is discrete. On the other hand, the map (g_0, ω) → h = g_0 + ω ⊗ ω is clearly continuous (in the C^0-topology, for instance), open and surjective. In particular, the inverse image of a dense G_δ is a dense G_δ . Hence, Conf_K (M, g)/K is discrete for a generic set of pairs (g_0, ω). □

Remark 4.9. Recall that a subset of a metric space is generic if it contains a dense G_δ , i.e., a countable intersection of dense open subsets. Here, genericity is meant in the space Riem^{2,α}(S) × Γ^{2,α}(T S^∗), where Riem^{2,α}(S) is the set of Riemannian metric tensors of class C^{2,α} on S, and Γ^{2,α}(T S^∗) is the space of 1- differential forms on S of class C^{2,α}. For the sake of precision, when S is not compact, suitable asymptotic assumptions have to be taken into consideration for the correct definition of these spaces, however we will not get into details of this type of technicalities here.

Corollary 4.10. If S is compact, then Conf_K (S × R, g)/K and ~Iso(S, F ) are compact Lie groups.

Proof. Observe that ~Iso(S, F ) is a closed subgroup of the compact Lie group Iso(S, h) (see Proposition 3.3 and Corollary 3.4) and then it is compact. Proposition 4.7 gives the compactness of Conf_K (S × R, g)/K. □

4.2. Characterization of conformal maps. Given K ∈ CTF(M, g), denote by CTF_K (M, g) the subset of CTF(M, g) consisting of all timelike conformal fields W for which there exists a conformal map ψ : (M, g) → (M, g) satisfying ψ_∗(W ) = K.

Proposition 4.11. With the above notation

CTF_K (M, g) ∼= Conf(M, g)/Conf_K (M, g).

Proof. Observe that the group Conf(M, g) acts on CF(M, g) by push-forward: (ψ, W ) → ψ_∗(W ). Given K ∈ CTF(M, g), the stabilizer of K is the subgroup Conf_K (M, g), and the set CTF_K (M, g) is precisely the orbit of K by this action and then a submanifold of the vector space CF(M, g). Therefore, one has an identification of CTF_K (M, g) with the quotient manifold Conf(M, g)/Conf_K (M, g). □

Theorem 4.12. With the above notation, the map

π : Conf(M, g)/K → Conf(M, g)/Conf_K (M, g) ∼= CTF_K (M, g),

defined in the natural way, is a submersion with fibers diffeomorphic to ~Iso(S, F ). If ~Iso(S, F ) is discrete, then π is a covering map.

Proof. It is easy to see that π is well-defined and smooth by the universal property of quotient maps. It is also immediate to see that it is a submersion and the fibers are diffeomorphic to Conf_K (M, g)/K, which, by Proposition 4.7, is diffeomorphic to ~Iso(S, F ). For the last claim, observe that ~Iso(S, F ) ∼= Conf_K (M, g)/K acts in Conf(M, g)/K by composition to the right. If ~Iso(S, F ) is discrete then π is a local diffeomorphism and as a consequence the action of ~Iso(S, F ) is properly discontinuous, which implies that π is a covering. □

Corollary 4.13. Assume that S is compact. Then Conf(M, g)/K is compact if and only if CTF_K (M, g) is compact.

Proof. It follows from Theorem 4.12 taking into account that if S is compact, then ~Iso(S, F ) is also compact and the total space of a submersion with compact fibers is compact if and only if the base is compact. □

Let us define

Conf_{K,W} (M, g) = {ψ ∈ Conf(M, g) : ψ_∗(W ) = K},

which can be identified with Conf_K (M, g) by fixing one element of Conf_{K,W} (M, g).

Theorem 4.14. Choose F_1 ∈ i(K) and F_2 ∈ i(W ). Then every map ψ ∈ Conf_{K,W} (M, g) can be expressed as ψ(x, t) = (φ(x), t + f(x)), where φ : (S, F_1) → (S, F_2) is an almost isometry and f : S → R satisfies (3). Moreover, there is a smooth surjective map π : Conf_{K,W} (M, g) → ~Iso(S, i(K), i(W )) defined as π(ψ) = φ and if π(ψ_1) = π(ψ_2), then ψ_1 = ψ_2 ∘ T_c, for some c ∈ R, where T_c ∈ K.

Proof. The proof follows easily using Theorem 4.3 taking into account Lemma 4.2 and arguing as in Proposition 4.7. □

Acknowledgments The authors warmly acknowledge Professors E. García-Río, V. Matveev and M.

Sánchez for helpful conversations on the topics of this paper.

References

[1] D. Bao, S.-S. Chern, and Z. Shen, An Introduction to Riemann-Finsler geometry, Graduate Texts in Mathematics, Springer-Verlag, New York, 2000.

[2] J. K. Beem, P. E. Ehrlich, and K. L. Easley, Global Lorentzian geometry, vol. 202 of Monographs and Textbooks in Pure and Applied Mathematics, Marcel Dekker Inc., New York, second ed., 1996.

[3] S. Bhunia and P. Das, Two valued measure and summability of double sequences in asymmetric context, Acta Math. Hungar., 130 (2011), pp. 167–187.

[4] L. Biliotti and M. Á. Javaloyes, t-periodic light rays in conformally stationary spacetimes via Finsler geometry, Houston J. Math., 37 (2011), pp. 127–146.

[5] D. Burago, Y. Burago, and S. Ivanov, A course in metric geometry., Graduate Studies in Mathematics, 33, American Mathematical Society, Providence, RI, 2001.

[6] H. Busemann, Local metric geometry, Trans. Amer. Math. Soc., 56 (1944), pp. 200–274. [7] E. Caponio, A. Germinario, and M. Sánchez, Geodesics on convex regions of stationary spacetimes and Finslerian Randers spaces, arXiv:1112.3892v1 [math.DG], (2011).

[8] E. Caponio, M. Á. Javaloyes, and A. Masiello, Finsler geodesics in the presence of a convex function and their applications, J. Phys. A, 43 (2010), pp. 135207, 15.

[9] E. Caponio, M. Á. Javaloyes, and A. Masiello, Morse theory of causal geodesics in a stationary spacetime via Morse theory of geodesics of a Finsler metric, Ann. Inst. H. Poincaré Anal. Non Linéaire, 27 (2010), pp. 857–876.

[10] E. Caponio, M. Á. Javaloyes, and A. Masiello, On the energy functional on Finsler manifolds and applications to stationary spacetimes, Math. Ann., 351 (2011), pp. 365–392.

[11] E. Caponio, M. A. Javaloyes, and M. Sánchez, On the interplay between Lorentzian Causality and Finsler metrics of Randers type, Rev. Mat. Iberoamericana, 27 (2011), pp. 919– 952.

[12] I. V. Chenchiah, M. O. Rieger, and J. Zimmer, Gradient flows in asymmetric metric spaces, Nonlinear Anal., 71 (2009), pp. 5820–5834.

[13] J. Collins and J. Zimmer, An asymmetric Arzelà-Ascoli theorem, Topology Appl., 154 (2007), pp. 2312–2322.

[14] M. Dajczer and K. Nomizu, On the boundedness of Ricci curvature of an indefinite metric, Bol. Soc. Brasil. Mat., 11 (1980), pp. 25–30.

[15] S. Deng and Z. Hou, The group of isometries of a Finsler space, Pacific J. Math., 207 (2002), pp. 149–155.

[16] A. Dirmeier, M. Plaue, and M. Scherfner, Growth conditions, Riemannian completeness and Lorentzian causality, J. Geom. Phys., 62 (2011), pp. 604–612.

[17] J. J. Duistermaat and J. A. C. Kolk, Lie groups, Universitext, Springer-Verlag, Berlin, 2000.

[18] J. Ferrand, The action of conformal transformations on a Riemannian manifold, Math.

Ann., 304 (1996), pp. 277–291.

[19] J. L. Flores, J. Herrera, and M. Sánchez, Gromov, Cauchy and causal boundaries for Riemannian, Finslerian and Lorentzian manifolds, arXiv:1011.1154v2 [math.DG], to appear in Mem. Amer. Math. Soc.

[20] R. Gallego Torromé, Averaged structures associated with a Finsler structure, arXiv:math/0501058v9 [math.DG].

[21] R. Giambò, F. Giannoni, and P. Piccione, Genericity of nondegeneracy for light rays in stationary spacetimes, Comm. Math. Phys., 287 (2009), pp. 903–923.

[22] G. W. Gibbons, C. A. R. Herdeiro, C. M. Warnick, and M. C. Werner, Stationary metrics and optical Zermelo-Randers-Finsler geometry, Phys. Rev. D, 79 (2009), pp. 044022, 21. [23] M. A. Javaloyes, Conformally standard stationary spacetimes and Fermat metrics, Recent Trends in Lorentzian Geometry, Springer Proceedings in Mathematics & Statistics, 26 (2013), 207–230.

[24] M. A. Javaloyes and M. Sánchez, A note on the existence of standard splittings for conformally stationary spacetimes, Classical Quantum Gravity, 25 (2008), pp. 168001, 7.

[25] M. A. Javaloyes and M. Sánchez, On the definition and examples of Finsler metrics, arXiv:1111.5066v2 [math.DG], (2011) to appear in Annali della scuola normale di Pisa - Classe di Scienze.

[26] P. Q. Khanh and D. N. Quy, A generalized distance and enhanced Ekeland’s variational principle for vector functions, Nonlinear Anal., 73 (2010), pp. 2245–2259.

[27] R. S. Kulkarni, The values of sectional curvature in indefinite metrics, Comment. Math.

Helv., 54 (1979), pp. 173–176.

[28] V. S. Matveev, On submaximal dimension of the group of almost isometries of Finsler metrics, arXiv:1207.6922 [math.DG], (2012).

[29] V. S. Matveev, H.-B. Rademacher, M. Troyanov, and A. Zeghib, Finsler conformal Lichnerowicz-Obata conjecture, Ann. Inst. Fourier (Grenoble), 59 (2009), pp. 937–949.

[30] G. Mayor and O. Valero, Aggregation of asymmetric distances in computer science, Inform. Sci., 180 (2010), pp. 803–812.

[31] A. C. G. Mennucci, On asymmetric distances, Technical report, Scuola Normale Superiore, Pisa, (2004).

[32] A. C. G. Mennucci, Regularity and variationality of solutions to Hamilton-Jacobi equations.

Part II: Variationality, existence, uniqueness, Appl. Math. Optim., 63 (2011), pp. 191–216. [33] S. B. Myers and N. E. Steenrod, The group of isometries of a Riemannian manifold, Ann.

of Math. (2), 40 (1939), pp. 400–416.

[34] B. O’Neill, Semi-Riemannian geometry, vol. 103 of Pure and Applied Mathematics, Academic Press Inc. [Harcourt Brace Jovanovich Publishers], New York, 1983. With applications to relativity.

[35] V. Pestov, Dynamics of infinite-dimensional groups, vol. 40 of University Lecture Series, American Mathematical Society, Providence, RI, 2006. The Ramsey-Dvoretzky-Milman phenomenon, Revised edition of ıt Dynamics of infinite-dimensional groups and Ramsey-type phenomena [Inst. Mat. Pura. Apl. (IMPA), Rio de Janeiro, 2005; MR2164572].

[36] P. Piccione and D. Tausk, The theory of connections and G-structures. Applications to affine and isometric immersions, XIV Escola de Geometria Diferencial. [XIV School of Differential Geometry], Instituto de Matemática Pura e Aplicada (IMPA), Rio de Janeiro, 2006.

[37] F. Plastria, Asymmetric distances, semidirected networks and majority in Fermat-Weber problems, Ann. Oper. Res., 167 (2009), pp. 121–155.

[38] M. Rafie-Rad, A special projective Lichnerowicz-Obata type theorem for Randers metrics, preprint 2013.

[39] H. Sánchez-Larios and S. Guillén-Burguete, Arc length associated with generalized distance functions, J. Math. Anal. Appl., 370 (2010), pp. 49–56.

[40] K. Uhlenbeck, Eigenfunctions of Laplace operators, Bull. Amer. Math. Soc., 78 (1972), pp. 1073–1076.

[41] F. W. Warner, The conjugate locus of a Riemannian manifold, Amer. J. Math., 87 (1965), pp. 575–604.

[42] W. A. Wilson, On Quasi-Metric Spaces, Amer. J. Math., 53 (1931), pp. 675–684. [43] E. M. Zaustinsky, Spaces with non-symmetric distance, Mem. Amer. Math. Soc. No., 34 (1959), p. 91 pp.

Departamento de Matemáticas, Universidad de Murcia, Campus de Espinardo, 30100 Espinardo, Murcia, Spain E-mail address: majava@um.es

Departamento de Matemática, Universidade de São Paulo, Rua do Matão 1010, CEP 05508-900, São Paulo, SP, Brazil E-mail address: silverratio@gmail.com

Departamento de Matemática, Universidade de São Paulo, Rua do Matão 1010, CEP 05508-900, São Paulo, SP, Brazil E-mail address: piccione.p@gmail.com