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Abstract: We introduce the concept of radially symmetric pseudo-Finsler spaces, which generalize
the notion of symmetric Finsler spaces, and prove that this concept is equivalent to the preservation
of flag curvature by parallel transport together with reversibility. As a consequence, reversible
pseudo-Finsler manifolds with constant flag curvature are radially symmetric.

Keywords: Finsler symmetric spaces; parallel transport; flag curvature

1. Introduction

The theory of symmetric spaces was successfully developed by E. Cartan in the 1920s
(see [1,2]). The concept is very simple: a complete Riemannian space is symmetric if for
all p € M, the map ¢, such that ¢,((t)) = v(—t) for all geodesic v and all t € R, is
an isometry. Locally, this is equivalent to M having a parallel curvature tensor, and the
term locally symmetric has been reserved for the spaces with this property. The notion
of symmetric space makes sense in the Finslerian realm, but it has been proved that in
the global case, there is little novelty, as globally symmetric Finsler spaces (with positive
definite fundamental tensors throughout) are of Berwald type (their geodesics can be
computed as the auto-parallel curves of an affine connection), and there is a Riemannian
symmetric space with the same geodesics (see [3], Theorem 2.7). Regarding the local case,
as observed by Egloff (see the comments in [4] and also [5]), a non-Riemannian Hilbert
geometry provides a counterexample of a reversible Finsler metric with parallel curvature
(in the sense that we will explain later), which is not locally symmetric; namely, it does not
locally admit an isometry map ¢, as defined above. Moreover, it seems that this concept of
local symmetry is very restrictive and, in many cases, assuming some conditions on the
flag curvature implies that the metric is Riemannian or Berwald (see [4,6-8]). For the study
of Berwald symmetric spaces, see [3,9,10].

The main goal of this paper is to introduce a weaker notion of Finsler symmetric
spaces, the so-called radially symmetric spaces, namely, those spaces with the property
that the map ¢, defined above is an isometry for the osculating metrics g, tangent to
the radial geodesics from p (see Definition 6). Then, we prove that these spaces can be
characterized by being reversible with flag curvature preserved by the parallel transport.
At this point, it is important to point out that to define the parallel transport of the flag
curvature, it is necessary to consider the parallel transport introduced in [11]. In this way,
the flagpole is transported as an observer (taking as a reference the same vector field),
while the transverse edge of the flag is transported with respect to the parallel observer
determined by the flagpole (see Section 2.3). Unlike the Riemannian case, this condition
does not imply that some data in the tangent map, namely, the curvature tensor and the
Finsler metric, completely determines the Finsler metric in a neighborhood. Indeed, the
Cartan—Ambrose-Hicks type theorem in Theorem 1 only provides information about the
radial directions (compare this theorem with the one given in ([12], Theorem 2.1) without
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a complete proof). However, assuming that the metric is Berwald, we again recover this
property (see Corollary 4).

To develop all the computations, we use the notion of anisotropic connection intro-
duced in [13] rather than the more standard approach followed in [14]. The reasons for this
choice will be explained at the beginning of Section 2. We organize the paper as follows: in
Section 2, we define the concept of the anisotropic tensor field and introduce the notion
of anisotropic connection and how it acts on anisotropic tensor fields. In Section 2.2, we
introduce the curvature tensor of an anisotropic connection. In Section 2.3, we define the
two types of parallel transport along a given curve, the observer-parallel transport of an
admissible vector v with respect to an anisotropic connection and the parallel transport
of a vector field along the curve with respect to a chosen admissible vector v. In the fi-
nal Section 3, we prove in Proposition 3 that the Jacobi curvature operator is parallel if
and only if it takes a parallel vector field into another parallel vector field in both cases
with respect to an observer-parallel vector field V, and this is also equivalent to the flag
curvature being invariant under parallel transport. To conclude this section, we prove
the Cartan—Ambrose-Hicks type result mentioned in the beginning, a characterization of
being radially symmetric as being reversible with parallel Jacobi operator (Corollary 2),
and finally we prove that radially symmetric is equivalent to locally symmetric for Berwald
metrics (Corollaries 4 and 5).

2. Anisotropic Tensor Calculus and Pseudo-Finsler Geometry

The anisotropic tensor calculus is an attempt to make computations in Finsler geome-
try closer to the techniques used in modern Riemannian geometry. Its origin dates back
to the use of the osculating metric by A. Nazim [15] as early as 1936 in his Ph.D. the-
sis. A few years later, O. Varga [16] further studied the osculating metric and its Levi—
Civita connection, which turned out to admit a good interpretation when a geodesic vec-
tor field V was chosen. In 1980, H. Matthias in his Ph.D. thesis [17] took a step forward
defining the so-called family of affine connections constructed from the Chern connection,
which is a connection on the vertical bundle, and a choice of a vector field V without
zeroes. The use of this family of affine connections was clarified by Z. Shen in 2001 in
his book about sprays [18], where he made clear that the family of affine connections is
very useful to compute the Jacobi operator whenever the vector field V is geodesic ([18],
Proposition 8.4.3). Around the same time, Alvarez-Paiva and Duran [19], Rademacher [20,21]
and Kovaks and Téth [22] gave certain popularity to the consideration of the Chern connec-
tion as a family of affine connections. The notion of anisotropic tensor calculus has been
recently introduced in [13,23]. Observe that a related notion of an anisotropic connection
had previously appeared in ([18], Definition 7.1.1), but the notion used here is formally
slightly different (see Definition 3). One of the main achievements of the anisotropic ten-
sor calculus is that one can completely determine the Chern curvature tensor by means
of affine connections without assuming that the prescribed vector field is geodesic (see
Proposition 1). On the other hand, the covariant derivation of anisotropic tensor fields
has a very natural interpretation using parallel transport, as explained in [11]. To obtain
this interpretation, we need to define two different types of parallel transport, one which
is already known, and it can be interpreted as the parallel transport of the non-linear
connection, but we call it observer-parallel transport, and the another one with respect to
a vector v, which takes as as reference the observer-parallel vector field obtained from v
(see Definition 4). These definitions have been crucial to establishing the equivalences in
Proposition 3. Even if it is possible to make all these definitions using connections on the
vertical bundle of TM, they are very natural in the context of anisotropic tensor calculus,
and as we state above, all the computations become quite similar to the modern treatment
of Riemannian geometry. As this calculus is not yet a common ground in the Finslerian
community, it is explained in the following. The explicit relation with the calculus using a
connection in the vertical bundle is developed in ([13], Section 4.4).
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Given a smooth manifold M of dimension n, with TM its tangent bundle and TM* its
cotangent bundle, let us denote by 7t : TM — M and 7 : TM* — M the natural projections.
If A is an open subset of the tangent bundle TM, the restriction 71|4 : A C TM — M can be
used to obtain two vector bundles over A by lifting 7r and 7t, which we denote, respectively,
by 7% : mh (M) — Aand 7T} : 75 (M) — A:

% (M) T™ % (M) TM*

b

ACTM -0 M ACTM 4o M

In particular, for every v € A, one has that (7%) " 1(v) = Tr(o)M and (725) (o) =
Ty(o)M*. Then, a section of 77 (resp. 77;) is a smooth map A > v — X (v) € TM (resp.
A 30— 0(v) € TM") such that X (v) € T, M (resp. 8(v) € Ty (,)M"). We will denote
by T} (M) the space of (smooth) sections of 7% (M), while the subset of smooth sections
of 7% (M) will be denoted by TI(M,).

Definition 1. An A-anisotropic tensor field T of type (r,s), r,s € NU{0}, r +s > 0 is defined
as an F (A)-multilinear map

T: T (Ma)" x Th(Ma)® = F(A),
where F (A) is the subset of smooth real functions on A, namely, f : A — R.

The space of A-anisotropic tensor fields of type (r,s) is denoted by T%(M,), while
by convention TJ(M,) = F(A). The F(A)-multilinearity implies that for every v € A, T
determines a multilinear map

Ty : (TH(U)M*)V X (TH(U)M)S — R.
By the F(A)-multilinearity, it is enough to define the tensor field as
T:X*"(M)" x X(M)* = F(A), (1)

which then will be extended by F(A)-multilinearity using a local frame in X(M) (resp.
X*(M)); see also ([13], Remark 2).
One can also consider an F(A)-multilinear map

T:TH(Ma)® = TH(Mpn), 2)

which determines the A-anisotropic tensor field of type (1,s) T : T)(Ma) x TH(MA)® —
F(A) defined by
TO,X1,...,Xs) =0(T(Xq,...,Xs)). 3)

As in classical tensor calculus, T will be considered as a tensor field itself, using the
formula above only when necessary.

We will say that a vector field V defined on an open subset (3 C M is A-admissible
(with A C TM) if V,, € A for every p € ). In such a case, we can define a (classical) tensor
field Ty € TL(Q)) as a map

Ty : X*(Q) x X(Q)° — F(Q),

such that
Ty(0',...,68", X1,..., Xs)(p) = Ty, (6",...,0", X1,..., Xs),

where F(Q) = {f : Q@ — R : f € C®} and X(Q)) and X*(Q) denote, respectively, the
space of vector fields and one-forms on ().
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As a result of the dependence on directions of A-anisotropic tensor fields, one can
define derivatives on the vertical bundle.

Definition 2. Given an anisotropic tensor field T € T,(M ), its vertical derivative is defined as
the tensor field 0T € T, (Mn) given by

. 9
(0T)o(0',...,07, Xy, ..., Xs, Z) = = 0175 (060, X1, 0, X5) =0

forany v € Aand (6',6%,...,0",Xq,...,Xs,Z) € X*(M)" x X(M)**!, and an analogous
definition is made for anisotropic tensor fields of the type (2).

2.1. Anisotropic Connections

Let us introduce a central concept to make operations with anisotropic tensor fields.

Definition 3. An anisotropic (linear) connection is a map
V:x(M)x £(M) = Tp(My4),  (X,Y)+— VxY,

such that

(i) Vx(Y+Z)=VxY+VxZ forany X,Y,Z € X(M),

(i) Vx(fY)=(X(f)Y)oma+ (foma)VxY forany f € F(M), X,Y € X(M),

(iii) VxsnyZ = (foma)VxZ+ (homa)VyZ, forany f,h € F(M), X,Y,Z € (M),
where T4 = 77| 4.

We will use the notation V§Y := (VxY),. Furthermore, the forsion of V is defined as
the anisotropic tensor

To(X,Y) =ViY - VX —[X,Y], foranyX,Y € X(M). 4)

An anisotropic connection is said to be torsion-free if T = 0. Given a system of coordi-
nates (Q),¢) of M, we define the Christoffel symbols of V as the functions
l"kl-j : TONA — R determined by V7 0; = Fki]-(v)ak. Observe that V is torsion-free if
and only if Fki j is symmetric in i and j.

An anisotropic connection V induces an anisotropic tensor derivation Vx for every
vector field X € X(M) (see [13], Section 2.2, for the general definition) in the space of
anisotropic tensor fields T%(M,) such that for any function 1 € F(A), Vxh € F(A) is
determined by

Vxh(v) = X(h(V))(7(0)) — (0h)o(VXV), ®)

where V is any A-admissible vector field extending v, namely, Vn(v) = v. Observe that the
expression in (5) does not depend on the choice of V (see [13], Lemma 9). Moreover, if 6 is
a one-form, then Vx6 € TV(M,) is determined by

(Vx0)o(Y) = X(0(Y))(71(0)) = 07(0)(VXY), foranyY € X(M). 6)
Finally, for an arbitrary anisotropic tensor field T € TL(M, ), we define the derivation
(VxT)(6,...,0",X1,...,Xs) =Vx(T(6Y,...,607,X1,...,Xs))

r

— YT, VxO,.. 0, Xy, .., Xs)

— Y T(0Y,...,0,X1,..., VxXj,..., Xs), 7)
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for any (6',0%,...,07,X1,...,Xs) € X*(M)" x X(M)? (see [13], Theorem 11, and recall that
Vx is an anisotropic derivation as in [13], Definition 8). Observe that the same formula (7)
with s = 0 also holds for tensor fields of the type (2).

Finally, we can also define the vertical derivative of V as the anisotropic tensor field
given by:

0 [+t Z
Po(X,Y,Z) = g(vx ( >Y)|t=0,

where v € A and X, Y, Z are arbitrary smooth vector fields on M. Moreover, in a natural
system of coordinates of the tangent bundle (T(), ¢), associated with a coordinate system
(Q), ¢) on M, one has

Py(u,w,z) = uiwjzkﬁlg(v)al (8)

foreveryv € A,and u,w,z € TH@)M and u!, w' and being the coordinates of u, w, z. As
usual, we denote the coordinates of a point v € TQ) as

(P - (x/y) = (xllle' . ~/xn/y1/y2/~ . -/]/n)/ (9)

and we use the Einstein summation convention when possible, omitting the coordinate
functions ¢ and ¢ to avoid clutter in equations. Thus, P is symmetric in the first two
arguments if V is torsion-free.

2.2. Curvature Tensor

It is possible to associate a curvature tensor R, : X(M) x X(M) x X(M) — TryM
with every anisotropic (linear) connection V as follows

Ro(X,Y)Z = V%(VyZ) = VH(VxZ) — Vigy Z, (10)

foranyv € Aand X,Y,Z € X¥(M). Here, one has to take into account that VyZ,VxZ €
T}(M4), namely, they are anisotropic vector fields. One can check that R is an F(A)-
multilinear map, and then an anisotropic tensor as in (2), which is anti-symmetric in X
and Y.

Recall that given an A-admissible vector field V in (3 C M, the anisotropic connection
V provides an affine connection V" on Q) defined as (V;Y)p = V%Y forany X,Y € X(M),
being v = V),. This affine connection determines its curvature tensor as

RY(X,Y)Z = VYXVYZ ~VYVYZ ~ Vi Z,

where X, Y, Z are arbitrary smooth vector fields on (). The tensor RY depends on the choice
of V, but it can be used to get an expression of the curvature tensor of V.

Proposition 1. Let V be an anisotropic (linear) connection and () C M, an open subset. Then, for
anyv € A,

Ro(X,Y)Z = (RY(X,Y)Z — Py(Y,Z,V¥V) + Py(X,Z,VyV))(7(v)), (11)
where V,X,Y,Z € X(Q), V being an A-admissible extension of v.

Proof. See [23], Proposition 2.5. O
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2.3. Parallel Transport

Proposition 2. Given a smooth curve a : [a,b] — M, an anisotropic connection V on M with
admissible domain A C TM \ 0 and an A-admissible vector field X along «, there exists a unique
covariant derivative
DX
dar

such that %fY = Vi(( t)Y whenever Y (t) = Y, ;) for some vector field Y on M.

s X(a) = X(a)

Proof. See [23], Proposition2.7. O

Definition 4. Given a regular curve « : [a,b] — M, the observer-parallel transport of an
admissible vector v € A with respect to the anisotropic connection V is the map

Pp : Ta(ﬂ)M — sz(b)M

such that Py(v) = V(b), where V is the vector field along « such that % =0and V(a) = v.
Moreover, the parallel transport with respect to v is given by

73;; : T“(a)M — T“(b)M

such that Pp(w) = Z(b), being Z € X(w) determined by Z(a) = w and % =0, with V
as above.

Moreover, for any tensor T € T1(My), interpreted as
T:%5(Ma)® = TH(Ma),

we can obtain the covariant derivative (VyT), using a curve a such that &(0) = Yy (,), an
observer-parallel vector field V, with V(a) = v and parallel vector fields X3, ..., Xs with
respect to v. It turns out that

(VyT)o(Xq,...,Xs) = VY (Ty(Xq,...,Xs)), (12)
(see [11], Section 7).

2.4. Pseudo-Finsler Manifolds and Flag Curvature
We say that a function L : TM — R is a pseudo-Finsler metric if

1. Itis smooth on TM\ 0;
It is positive homogeneous of degree 2;
3. Forevery v € TM\ 0, the fundamental tensor defined as

N

2

10
gv(u/w) - E%L(U—f‘tu +sw)|t:s:0,

is a non-degenerate bilinear form.

Given a pseudo-Finsler manifold, there is a unique anisotropic connection V such
that it is torsion-free and Vg = 0, (see [13], Section 4.1). This connection can be identified
with the Chern connection, which can be naturally interpreted as an anisotropic connection.
Using the Chern connection and its associated curvature tensor introduced in (10), one can
then introduce one of the main geometrical invariants of a pseudo-Finsler metric, the flag
curvature, K(v, w), which depends on a vector v, which plays the role of the flagpole, and a
gv-nondegenerate plane that contains v and w. It is defined as
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20(Ry (v, w)w, v)
L(v)go(w, w) — go(v,w)?

K(v,w) =

Definition 5. The flag curvature is said to be invariant under parallel translation along a curve
«:a,b] - Mif

K(v,w) = K(Py(v), Py(w)),
forallv € T,M\ {0} and w € T, M. When it is invariant along any regular curve, we will simply
refer to it as invariant under parallel translation.

3. Radially Symmetric Finsler Manifolds

Definition 6. Let (M, L) be a pseudo-Finsler manifold with p € M a given point and Q a
neighborhood of p with the following property: for any geodesic vy with y(0) = p, we have that if
Yo, C Q, then vy is defined at least in [—t, t]. Then,

1. Wedefine I, : Q0 — Mas I,(q) = (—t), where vy is the only unit geodesic such that

7(0) = pand y(t) = q.
2. We say that (M, L) is locally radially symmetric if for all p € M and Q) as above, we
have that

d(Ip)g : (TgM, &5(1y) = (To—nyM, 8 5(—1))
is an isometry (as above vy is a unit geodesic, y(0) = p and y(t) = q) forall g € Q.

Recall that the Jacobi curvature operator R/ is defined as (R/), : TroyM = TrpyM
with R} (w) = Ry, (v, w)o.

Proposition 3. Given a pseudo-Finsler manifold, the following conditions are equivalent:
(i) VR =0.
(ii)  If V is an observer-parallel vector field along a reqular curve a and X is parallel with respect

to V, then R{,(X) is also parallel with respect to V along w.
(iii) Flag curvature is invariant under parallel translation.

Proof. (i) < (ii). It follows from the characterization of the covariant derivative in terms of
parallel vector fields. Indeed, given a regular curve a, a vector field Y such that Y,y = (t)
and an observer-parallel vector field V along « with V(a) = v, then
] vl DY J
(VyR)o(X) = V¥ (Ry (X)) = —-(Ry (X))
taking into account (12).

(ii) = (iii). Observe that if a : [a,b] — M is a regular curve, V is an observer-
parallel vector field with V(a) =vand Xisa parallel vector field with respect to v, then,
by applying ([23], Equation (46)), and using that gy (X, X), gv(V,V) and gy (V, X) are
constant as a consequence of the choice of V and X as observer-parallel and parallel vector
fields, respectively, we deduce that

d d gv(Rv(V,X)X, V)

—K(V,X) = —
dt ( ) dt gv(X, X)gv(v, V) —gv(V, X)Z

£8v(Ry(V,X)V, X)
gv(X, X)gv(V,V) —gv(V, X)?
4 2v (R}, (X),X)
X, X)gv(V,V) —gv(V,X)?
gv (VY (RY(X)), X)
X, X)gv(V,V) —gv(V,X)?

gv(
gv(

=0,



Symmetry 2024, 16, 362

8of 11

as required.

(iii) = (i). We have to check that if V is an observer-parallel vector field and X is
parallel with respect to V, then gy ((VyR/)(X), W) = 0 for all W parallel with respect to V/,
but this is equivalent to proving that

Ay (X, W) = gv (R}, (X), W)

is constant along & (with & as in the proof of (i) < (ii)). As gv (X, X)gv(V, V) — gy (V, X)?
is constant because V' is observer-parallel and X is parallel with respect to V, we have that
Ay (X, X) is constant because, by hypothesis in part (iii), the flag curvature

AV(X,X)
gv(X, X)gv(V, V) —gv(V, X)?

K(V,X) = —

is constant (see the centered formula in the above implication). In particular, Ay (X +
W, X + W) is also constant (as X + W is parallel with respect to V), and therefore, we
conclude that

1
is also constant, as required. [

Corollary 1. A pseudo-Finsler manifold of constant flag curvature has a parallel Jacobi curva-
ture operator.

Observe that using Proposition 3 and ([24], Theorem 2), it follows that the property
of having a flag curvature invariant by parallel transport is invariant under Zermelo
deformations using a killing field. Recall that a Zermelo deformation of a Finsler metric
F with a vector field W is obtained as the Finsler metric Z, which has as indicatrix the
translation of the indicatrix of F, with W), at each point p € M.

Definition 7. Let (M, L) and (M, L) be pseudo-Finsler manifolds and ¢ : T,M — T,M an
isometry. Let us denote with exp,, the exponential map of M at p and exp, the exponential map of
M at q, and let U be a normal neighborhood of p small enough such that £ o exp, Y(U) is contained
in a domain of €xp, where it is a diffeomorphism. Then, we define the polar map as

q’)g:@qo(oexp;l U — M.

The next theorem is a local Finslerian version of the Cartan—Ambrose-Hicks Theorem
using the osculating metrics (see [1,2] for the original local version by Cartan and [25,26]
for the global extensions).

Theorem 1. If (M, L) and (M, L) are pseudo-Finsler manifolds that have parallel Jacobi curvature
operators, and £ : T,M — T,;M is a linear isometry that preserves the Jacobi curvature operator,
then ¢ is an isometry with respect to the osculating metrics gy and gy, V being the tangent vector
to the unit radial geodesics from p and V* = d¢, (V).

Proof. Let v € T,M and denote v* = £(v). Then, 7,(t) = expp(tv) is the radial geodesic
with 7(0) = p and §,(0) = v. By the definition of ¢y, we have that (¢y o ) (t) = o= (t) =
exp, (tv*) is the radial geodesic in M starting at g and with initial velocity tv*. The tangent
vector V to 1, is an observer-parallel vector field, i.e., % = 0. Similarly, the tangent

. oo .. DYy
vector field to the geodesic 4+ is an observer-parallel vector field, i.e., 2 dtv =0.
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To show that ¢y is an isometry with respect to the osculating metrics gy and gy+, it
suffices to show that for any x € T;M \ {0}, p € U with f = 7,(1) for v € T,M, we have
S+ (dy(x), dpy(x)) = gv (¥, x).

We know, from the description of Jacobi fields using the exponential map (see, for exam-
ple, [27], Lemma 3.14 and Proposition 3.15) that x = (d expp)v(yv) for some
Yo € Ty(TyM), and then x = Z(1), where Z(t) = (d expp)t(tyy) is the unique Jacobi
field with Z(0) = 0 and DTVtZ(O) =y € TyM (here y, = y using To(T,M) = T,M).

Now, we look at the manifold M. Since ¢,(f) = expgolo exp;l(ﬁ) ; therefore,
d¢god exp, = d exp, o dl and together with the fact that d(y,) = ((y)o, since / is
linear, gives that d¢,(x) = (d exp,)(£(y)e) = Z(1), where Z(t) = (d &P, )to (H(y)o+) is

the unique Jacobi field with Z(0) = 0 and D‘;:Z (0) = £(y) € T;M.

Let {E{(0),...,E,(0)} be an orthonormal basis of T, M with regard to the metric g
and let {E;(t),..., E4(t)} be its parallel transport with respect to v along 7y,. This parallel
frame will be orthonormal with regard to the metric gy. Since ¢ is a linear isometry,
{£(E1(0)),...,£(Ex(0))} is an orthonormal basis of T, M with regard to the metric g,+. Let
{E1(t),...,Es(t)} be its parallel transport with regard to the vector v* along the geodesic
¥0+. This parallel frame will remain parallel with regard to the metric §y+, and we have
that EZ(O) = K(El(O)), i= 1,. .. n

We write v = a'E;(0), which gives £(v) = a'E;(0). Similarly, if y = b'E;(0), then
{(y) = b'E;(0). We also write the Jacobi fields Z along  and Z along ¥ using these parallel
frames as Z = z'E; and Z = Z'E;, respectively. They satisfy the Jacobi field equation

2;/ (D;tz) = Ry(V,Z)V, which can be written as l?it (Ddtz) = R{/( ), where R/ is the
Jacobi operator. So, the coordinate functions z;(t) satisfy the system of ODEs

(2)"(1) = Ri(V)Z (1),

where R{,(Ei) = Rf: (V)E;. Since R/ is parallel and V is the observer-parallel translation of

v, it follows that R; (V) is constant, since by Proposition 3, R{, (E;) is also parallel. A similar
argument, using the Jacobi equation satisfied by Z on the manifold M, gives

(£)"(1) = RI(V*)Z (1)

where RI *(E) = R (V*)Ej and R/ is the Jacobi operator associated with 4,+. Since R/ is
parallel and V*is the observer -parallel translation of v, it follows that the components
R] (V*) are also constant. However, RJ (V) = R] (V*) on the common domain I, since the
isometry ¢ preserves the Jacobi curvature operator, i.e., R{( ) = RZ( *)att=0.

It follows that the functions z' and 2, i = 1,...,n satisfy the same system of lin-
ear ODEs with the same initial conditions, so it follows by uniqueness of such solu-
tions that z'(t) = 2'(t),i = 1...n. Therefore gy.(d¢y(x),dpe(x)) = gv«(Z2(1),2(1)) =

1€ (Zi)z =Y &(z)? = gv(Z(1),Z(1)) = gv(x, x), where ¢; = gy (E;, E;) = gv+(E;, E;)
fori=1,...,n. O

Corollary 2. A reversible pseudo-Finsler manifold (M, L) has parallel Jacobi operator if and only if
it is locally radially symmetric.

Proof. As (M, L) is reversible, at every point p € M, themap £ : (T,M, Ly) — (T,M, Lp),
v — —v is an isometry. Moreover, the reversibility also implies that ¢ preserves the Jacobi
operator, namely, R}, = R/ for all v € T,M \ {0}, and then we can apply Theorem 1 to
conclude the implication to the right. For the converse, observe that the radial isometry
preserves (VR/),, and therefore

~(VyRD)o(x) = dge ((VyR)o(x)) = (V_yR)—o(—x) = (VyR)) —o(x),
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for any x,y € TyM, since d¢, = —Id. As V¥ = V™7, because F is reversible, we also have
that (VR/)_, = (VR])U, and then we conclude that VR/ = 0. O

Corollary 3. A reversible pseudo-Finsler metric with constant flag curvature is locally
radially symmetric.

Proof. A constant flag curvature manifold always satisfies part (iii) of Proposition 3, and
then it has a parallel Jacobi operator. Therefore, the result follows from Corollary 2. [

In particular, Hilbert geometries are always radially symmetric, as they have constant
flag curvature and are reversible. Recall that a Hilbert-Finsler metric is defined by sym-
metrizing a Berwald metric, which is obtained applying a Zermelo deformation with the
position vector field to the unit ball of a Minkowski norm.

Corollary 4. If (M, L) and (M, L) are Berwald manifolds that have parallel Jacobi curvature
operator, and £ : T,M — T, M is an isometry that preserves the Jacobi curvature operators, then ¢,
is an isometry.

Proof. Observe that as (M, L) is Berwald, and V is the tangent vector field to the unit
geodesics from a certain p € M, then the anisotropic connection V = VV is indeed an affine
connection on M and coincides with the Chern connection of L (see [18], p. 100). Moreover,
as V is geodesic, V" is the Levi-Civita connection of gy, and then (¢,).(V") = V"7,
where V* is the tangent vector field to the unit geodesics from ¢, (p), since ¢y is an isometry
of ¢y and gy+, the osculating metrics of (M, L) and (M, L), respectively. Finally, using that
the parallel transport of V preserves the Berwald metric L and that ¢ also preserves L, we
easily conclude that ¢ is an isometry for L and L (see also [28], Theorem 5.2). [

Corollary 5. If (M, L) is a reversible Berwald manifold that has a parallel Jacobi curvature operatot,
then it is locally symmetric.

4. Conclusions

In this paper, we have introduced the class of locally radially symmetric pseudo-Finsler
manifolds, a new family of pseudo-Finsler manifolds with some symmetric properties
with respect to an osculating metric associated with the exponential map. The advantage
of this family with respect to the classical symmetric Finsler manifolds is that these met-
rics can be characterized as those which are reversible and have parallel flag curvature
(see Corollary 2), mimicking what occurs in the family of locally symmetric Riemannian
manifolds. Moreover, they include reversible pseudo-Finsler manifolds with constant flag
curvature (see Corollary 3). The key result to prove all these properties is Theorem 1, which
is a Cartan-Ambrose-Hicks Theorem, and it does not hold in general when the isometry of
the osculating metrics is replaced with an isometry of the pseudo-Finsler metrics.
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