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Abstract. The main result of this paper is an expression of the flag curva-
ture of a submanifold of a Randers-Minkowski space (¥, F) in terms of
invariants related to its Zermelo data (h, W). More precisely, these invari-
ants are the sectional curvature and the second fundamental form of the
positive definite scalar product h and some projections of the wind W.
This expression allows for a promising characterization of submanifolds
with scalar flag curvature in terms of Riemannian quantities, which, when
a hypersurface is considered, seems quite approachable. As a consequence,
we prove that any h-flat hypersurface S has scalar F-flag curvature and
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the computation, we previously reobtain the Gauss—Codazzi equations of
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1. Introduction

The theory of submanifolds in Finsler Geometry has a long history beginning
with the work of Haimovici [19] and Wegener [41]. But the complexity of its
computations has slowed down its development compared with the theory of
Riemannian submanifolds. There are several aspects of Finsler submanifolds
that can deserve some attention. The study of minimal submanifolds and mean
curvature was brought up in [36]. As the definition of minimal submanifold
depends on the choice of a volume form, there has been some controversy as
there are several possibilities for this volume form [2,7]. A second aspect that
has attracted the attention of the Finslerian community is the study of the
intrinsic geometry of a submanifold. At this point, the difficulty of making
computations has been a hard obstacle to overcome, but the reward is not less
appealing as one can generate many examples of Finsler manifolds in a natural
way, not to mention possible applications.

The main goal of this paper is to obtain an expression for the flag curva-
ture of a submanifold in a Randers—Minkowski space in terms of its Zermelo
data. Recall that the flag curvature is one of the most important geometric in-
variants of a Finsler manifold. It is a measure of how geodesics get apart when
the initial directions lie in a certain plane. More specifically, the flagpole is the
direction of the initial geodesic, so that the flag curvature depends on a plane
(the flag) and on a direction (the flagpole). On the other hand, a Randers—
Minkowski space is a vector space ¥ endowed with a Randers norm. A Randers
norm F : ¥ — R can be characterized by having as indicatrix ¥ = F~1(1) an
ellipsoid which contains the origin in its bounded domain. This ellipsoid de-
termines a positive-definite scalar product h and a vector W € ¥ in the sense
that the ellipsoid coincides with the unit sphere of h up to a translation —W of
its center of mass to the origin. The pair (h, W) is called the Zermelo data of
the Randers norm as it is related to the problem of Zermelo navigation, which
consists of determining the path that minimizes the travel time for a ship or an
airplane in the presence of a wind. The Zermelo data was used in [5] to classify
Randers manifolds with constant flag curvature. This was very surprising since
the problem of classifying constant flag curvature Randers manifolds appeared
to be very difficult when making the computations in terms of («, 3) as in (31)
rather than in terms of the Zermelo data (h, W). Recall that a Finsler manifold
is said to be of scalar flag curvature if the flag curvature depends only on the
flagpole and not on the plane containing this flagpole, namely, the flag curva-
ture is a positive homogeneous function of degree zero on the tangent bundle.
The equations characterizing Randers manifolds of scalar flag curvature ob-
tained in [44] turned out to be incomplete [37,38] (see also [4] for a detailed
story). Following in the wake of the pioneering paper [5], we have computed the
flag curvature of an arbitrary submanifold S of a Randers—Minkowski space
(¢, F) using only the geometric invariants of the Zermelo data (h, W). More
precisely, the flag curvature of (S, F'|g), where F|g is the Finsler metric on S
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induced by the Randers—Minkowski norm F', depends on the h-Riemannian
sectional curvature K", the second fundamental form I’ (computed with h),
and some h-projections of W (see (62)).

One of the most appealing consequences of our computation of the flag
curvature is that it allows us to give a characterization of submanifolds with
scalar flag curvature in a purely Riemannian way. This leads to a huge family
of examples beginning with the class described in Corollary 19, which claims
that every h-flat hypersurface is of scalar flag curvature for F' and the metric
of its Zermelo data is conformally flat. Indeed, the classification of hypersur-
faces of scalar flag curvature seems achievable looking at the condition given
in Corollary 18. The case of arbitrary codimension could be much more dif-
ficult to solve. For example, the classification of submanifolds with constant
sectional curvature of the Euclidean space, which is a particular case of our
general problem putting W = 0, is still an open problem with some partial
results in low codimension [14, Chapter 5]. In any case, the codimension is
very important, since the classification of submanifolds of scalar flag curvature
up to a certain codimension could be of great help to obtain the classification
of Randers manifolds of scalar flag curvature, which has remained as a major
open problem in Finsler Geometry (see [12, §4.3] for a summary of the most
important results and [13,39,40] for some recent results). Recall that there are
several extensions of the Nash embedding theorem for Riemannian manifolds
to the Finslerian realm (see [9,17,18,21] and also the introduction of [36] for
a summary and some counterexamples for smooth and global embeddings).
These extensions claim that a Finsler manifold can be isometrically embedded
in some Minkowski space. Though these theorems do not specify the type of
Minkowski space in which the manifold is embedded, it is quite natural to
think that, if one considers a Randers manifold, the embedding can be made
into a Randers space. If this could be done so much as locally, the classification
of scalar flag curvature submanifolds of a Randers—Minkowski space could lead
to the classification of Randers manifolds of scalar flag curvature.

All the computations have been carried out using the anisotropic calculus
developed in [24,25]. The main contribution of this kind of calculus is that it
allows us to perform all calculations using affine connections on the manifold.
This is done by fixing a vector field V' which is an arbitrary extension of the
vector v where we want to make the computation. In this way, one gets an
affine connection VV from the given anisotropic connection (see Definition 2
and recall that, roughly speaking, an anisotropic connection is a connection
which has a different value for every direction v). In order to make all the
results independent from the choice of V, it is necessary to add a term that
depends on vertical derivatives (derivatives in the tangent space) and on V.V
(see (6)). This method allows us to avoid the use of coordinates in all our
computations, giving always tensorial expressions. The first one to use this
family of affine connections was Matthias [34] using a geodesic vector field V'
and it was generalized by the second author sucessively in [22-25].
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Let us describe with more detail the structure and results of the paper.
After giving the basic notions of anistropic calculus in §2, the next section is
devoted to obtain a sort of Gauss—Codazzi equations for pseudo-Finsler man-
ifolds. This is a crucial step to study the intrinsic and extrinsic geometry of a
submanifold and it has been achieved several times in literature independently
and with different purposes, methods and connections (see [1,15,16,20,30-
33,35,42] and also [6, Theorem 2.1]). Our deduction of the Gauss—Codazzi
equations will use the anisotropic calculus and the Chern connection (see The-
orem 5). Indeed, we will obtain the Gauss—Codazzi equations not only in terms
of the second fundamental form II, but also in terms of the tensor @, the dif-
ference between the induced connection V and the Chern connection V of the
submanifold S. It turns out that ) depends on the Cartan tensor C' and the
second fundamental form I (see Lemma 2). Then we study the properties of Q
(see Lemma 3) to obtain an expression of the flag curvature of a non-degenerate
submanifold (see Corollary 6) from the Gauss equation (20). The properties
of @ are crucial to cancel many terms of (20). We also recover in Corollary 7 a
result by Li [32], which claims that the flag curvature of a totally geodesic sub-
manifold (see §3.3 for definitions and characterizations) coincides with the flag
curvature of the background manifold. With the formula for the flag curvature
of a submanifold at hand, in §4 we obtain an explicit expression of the flag cur-
vature of a submanifold of a Randers—Minkowski space in terms of its Zermelo
data (h, W) (for previous results on Randers and Kropina submanifolds see [33,
§8] and [6, §3.3], and for the more general class of («, 3)-metrics see [3]). First
we compute the fundamental tensor g (see Lemma 8) and the Cartan tensor
C' (see Proposition 9) in terms of the Zermelo data. Then in §4.1, we describe
the Zermelo data of a submanifold (Proposition 10)), the second fundamental
form of S (Lemma 11) and, finally, in Lemma 13, we compute the most difficult
term in the expression of the flag curvature, which depends on V@Q. With all
this information, we are able to obtain the formula for the flag curvature in
Theorem 14, which is given only in terms of the Zermelo data (h, W), namely,
the h-sectional curvature K" of S, its second fundamental form I’ with respect
to h and some h-projections of W. In the case of a hypersurface, the compu-
tation of the second fundamental form becomes easier (see Lemma 16), and
this allows us to give a simpler expression of the flag curvature in (68) and a
characterization of hypersurfaces with scalar flag curvature (see Corollary 18).
This leads us to find the mentioned family of h-flat hypersurfaces with scalar
flag curvature and conformally flat metric of its Zermelo data. We finish the
paper giving an explicit computation of the flag curvature of the indicatrix of
a Randers—Minkowski space in Corollary 20, and making some considerations
about pseudo-Randers—Kropina metrics in the final Remark 21. In particular,
all the results extend to this more general case, including Kropina metrics.
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2. Preliminaries and Notations

Given a manifold M, we will denote by « : TM — M the natural projection
from its tangent bundle T'M.

Definition 1. Let M be a manifold, and A C TM \ {0} be a conic open subset
of T'M, namely, if v € A then \v € A for every A > 0. We say that a smooth
function L : A — R is a pseudo-Finsler metric when it satisfies the following
properties:
(i) L(A\v) = A2L(v) for all A > 0 and v € A,
(ii) the fundamental tensor g, : T ()M X Tr(yyM — R, defined for all v € A
and u,w € Tr(,)M as

1 0 L(v + su + tw) (1)
2950t T TN Ly

g (u,w) :=

is non-degenerate.
Furthermore, we define for every u,w, 2z € Ty(,)M the Cartan tensor of L as

10 1 o3
iagvﬁz(u’w) t=0 Z(‘)T@S(‘)L‘L(

In the following, the space of A-anisotropic tensors of type (r,s) will be
denoted by T7(M, A), while by convention TJ(M, A) = F(A), where F(A)
denotes the space of smooth real functions on A (see [24] and [25]). One can
think of them as a generalization of classical tensors, in the sense that there
is a multilinear map for every v € A rather than every p € M, namely, the
coordinates of the tensor are functions on an open subset of A. We will denote
by X(M) the space of smooth vector fields on M and by F(M) the space of
smooth real functions on M. Observe that the elements of T(M, A) can be
interpreted as A-anisotropic vector fields, namely, for every v € A we choose
a vector X, € Ty ()M in a smooth way. The subset X(M) can be seen as a
subset of T4(M, A), since in the case of a classical vector field X, we can define
Xy = Xr(v)- In many cases, it will be clear what the subset A is, so we wil
speak just about anisotropic tensors.

Cyp(u,w, z) == v+ ru+ sw+tz)

r=s=t=0

Definition 2. An A-anisotropic (linear) connection is a map
ViAxX(M)xX(M)—TM, (v, X,Y) = V%Y € Ty M,
such that for any X,Y,Z € X(M), v € A, f,h € F(M),
(i) VXY +2)=V%Y + V% Z,
(ii) VE(fY) = X(f)Y |z + f(7(v)) VXY,
(iii) VxY is an A-anisotropic vector field (as a map A > v — V%Y €
Tﬂ'(v)M)a
(iv) VixinyZ = f(7(0))ViZ + h(7(v))Vy Z.
Given a vector field V' on an open subset 2 C M which is A-admissible,
namely, V,, € A for any p € Q, and an A-anisotropic tensor T' € T4 (M, A),
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we will denote by Ty € T4(£2) the classical (r, s)-tensor given at every point
p € Q by (Ty), := Ty,. We also will define the affine connection VY given by

(VXY), = V;”Y for any X,Y € X(2). Having at our disposal the anisotropic
connection and a vector field X € X(M), one can define now an anisotropic
tensor derivation Vx (see [24, §2.2] for details) in the space of anisotropic
tensors 7(M, A). If h € F(A) = TY(M, A), then Vxh € F(A) is determined
by

(Vxh)oV =X(hoV) = (3"h)v(VXV), (2)
where V is any A-admissible vector field on €2 C M which extends v, namely,
Vi) = v and 9”h is the vertical derivative of h defined as

(0" h)ulz) = o hfo +12)lo

for every v € A and z € Ty (,)M. Moreover, by the chain rule, we deduce the
following formula for the tensor derivative VxT of T € TV(M, A),

VxT(X1,...,X,) =Vx(T(Xy,...,X,)) — ZT(XI,...,VXXi,...,XS),
=1

(3)
where X, X1,..., X, € X(Q). Observe that, by the F(A)-multilinearity, it is

enough to define the anisotropic tensor for classical vector fields since this
determines its value in arbitrary anisotropic vector fields. In addition,

Vx(T(X1,..., X))oV = X(Tv(X1,...,Xs)) — (0"T)v(X1,..., X, VLV,
(4)

where the vertical derivative (0¥T) is given by

5 o
@ TV Y1) = 5 Torvsale Vi, Y5) (5)

for Y1,...,Ys41 € X(M) (see [25, Eq. (6)]). Putting together (3) and (4), we
obtain a formula for VxT using an A-admissible extension V' of v,

(VxT)v(X1,...,Xs) = X(Tv(Xy1,...,X,) = (0"T)v(X1,..., X, V¥V)

7ZTV(X1a"'7v¥(Xi7"'7XS)' (6)
i=1

A similar formula can be obtained when one considers an anisotropic tensor
T € TH(M, A) as an F(A)-multilinear map T : TEH(M, A) x ... x TH(M, A) —
TH(M, A). Taking into account that X(M) C TH(M, A),

(VxT)v(X1,..., Xs) = V(Tv(Xy,..., X)) = (0"T)v(X1,...,X,, V¥V)

=Y Tv(Xy,..., VXX, ., Xy, (7)
i=1
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where X, X5,..., X, € X(Q) and 0"T is defined formally as in (5). Eq. (2)
also allows us to extend the anisotropic derivation to T§(M, A) x TL(M, A)
(see [25, Remark 2.3]). Then it is possible to define its associated curvature
tensor R, : X(M) x X(M) x X(M) — Tyr,yM:

RU(va)Z:va(vYZ)_V’SU/(VXZ)_VE)X,Y]Zv (8)

for any v € A and X,Y,Z € X(M). Moreover, the curvature tensor of V can
be computed using VV:

Rv(va)Z = RT‘r/(v)(Xa Y)Z - PU(K Zv v‘)/(v) + Pv(Xa Za V¥V)a (9)

for any v € A, where V, X, Y, Z € X(Q), being V an A-admissible extension
of v, RV, the curvature tensor of the affine connection Vv and P the vertical
derivative of V, namely,

PX,Y, 2) = DgtitPleery| (10)
ot -
RY(X,Y)Z =VYXVyZ - VyVYZ =V y 2. (11)

Observe that P is an A-anisotropic tensor, but R" is not, since it depends on
the extension V. Moreover, for every v € A, it is always possible to choose an
A-admissible extension V' of v = V() on some open subset {2 such that

LV =0, (12)

for every X € X(92) (see [25, Proposition 2.13]). In the following we will express
this condition as V'V = 0.

Definition 3. Given a pseudo-Finsler manifold (M, L), the Levi-Civita-Chern
connection is the unique anisotropic connection V that is torsion-free, namely,

VY —VUX =[X,Y], VX,Y€X(M), ve A (13)

and is compatible with g, namely, %g = 0. The last condition is equivalent to
the following: for every A-admissible vector field V' on an open subset 2 C M,
the affine connection V" on € is almost g-compatible:

X(gv(Y,2)) = gv (VYY, Z) + gv (Y, V% Z) + 20y (VY V.Y, Z).  (14)
The equivalence follows easily from (6) and the fact that 9”g = 2C'. This leads
to the following anisotropic Koszul formula, by rotation through X,Y, Z:

20v(VXY. Z) = X(gv(Z.Y)) + Y (9v (X, Z)) = Z(gv(X,Y))
+gV([Z7 X],Y) + gV(X> [Z? Y]) +gV(Z7 [X7 Y])

—20v(Z,Y,VXV) = 2Cv (X, Z,VyV) + 20v (X, Y, V4 V).
(15)
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Once we have introduced the Levi-Civita-Chern connection of a pseudo-
Finsler manifold, we can define the flag curvature in an easy way. The flag
curvature turns out to be a very important geometric invariant of Finsler
geometry. It is a measure of how geodesics get apart. This depends on the
initial geodesic, so its direction will be the flagpole v € A. The plane where we
consider the variation of geodesics is determined by the flag v € T,y M.

Definition 4. The flag curvature K, of a pseudo-Finsler manifold (M, L) with
flagpole v € A and flag u € T,y M satisfying that L(v)gy (u, u) — go (v, u)* # 0
is given by

e o gu(Rq,(v,u)u,v)
Kol®) = 2009, () — g2(u0)°

where R is the curvature tensor of the Levi-Civita-Chern connection V of
(M, L).

Remark 1. The flag curvature can be computed using other anisotropic con-
nections as for example the Berwald one and, more generally, with any distin-
guished connection (see [25, Proposition 3.6]). As we will see later, this not
will be the case of the induced connection of a submanifold.

3. Geometry of Submanifolds in Finsler Spaces

3.1. The Second Fundamental Form and the Induced Connection

Suppose that (M, L) is a pseudo-Finsler manifold and S C M a non-degenerate
submanifold of M, namely, the restriction of g, into the tangent space T5(,)S
is non-degenerate for every v € T'S N A. In such a case, g, allows us to obtain
a decomposition of Tr(,)M in the tangent and g,-orthogonal part to Ty (,)S,

T,T(U)M = TW(U)S @(TW(U)S)lQ’”.

In the following, we will denote with the superindices T, and L, the g,-
projection, respectively, into the tangent and g,-orthogonal part to T5(,)S.
Now given v € A with w(v) € S and vector fields X,Y € X(S), it is possible to
define V%Y by considering any choice of extensions X € X(M) and Y € X(M)
of X and Y, respectively. Then

%Y = V%Y
is well-defined, namely, it does not depend on the choice of X and Y. Using
the above decomposition T,y M = Tr(,)S @(TF(U)S)J—M, one can express
V%Y = V%Y +I,(X,Y), (16)

where the tangent part to S, ﬁ”XY, determines an A N T'S-anisotropic con-
nection on S and I,(X,Y) determines an anisotropic tensor in the following
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sense: for every v € ANTS, it gives a map
L, : Ty S X Tr(oyS — (Tr(o)S) 1o
which is multilinear. Moreover, I, is symmetric and V is torsion-free, since
VY - ViX = [X,Y]

and as the Lie bracket [X,Y] is tangent to S, it follows that %}Y - @{,X =
[X,Y] and I(X,Y) = L, (Y, X).

3.2. The Chern Connection of S

Let (M, L) be a pseudo-Finsler manifold and S C M a non-degenerate sub-
manifold. In the following, we will denote with L|g the restriction L|rgna :
TSNA — R. It is easy to check that L|g is a pseudo-Finsler metric on S,
because for every v € T'S N A its fundamental tensor is the restriction of g, in
(1) to Tr(v)S X Tr(v)S, which is non-degenerate by hypothesis. Let V be the
Levi-Civita-Chern connection of (M, L) and V the Levi-Civita-Chern connec-
tion of (S, L|s). Let @ the difference tensor between V introduced in (16) and
V, given for v € ANTS and X,Y € X(5) by

XY = VY +Qu(X,Y). (17)
Observe that ) determines an anisotropic tensor T3(S,7'S N A) with Q :
THM, A) x TH(M, A) — TL(M, A) and one can define its anisotropic tensor
derivative V@ following (7). In the next lemma, we will determine this tensor
Q. The study of the relation between the induced and the intrinsic connec-
tions has been worked out to some extent in many of the references cited in
the introduction for Gauss—Codazzi equations. Moreover, in [11], the authors

study specifically the relation between the induced and the Chern connections
without any mention of Gauss—Codazzi equations.

Lemma 2. Let (M, L) be a pseudo-Finsler manifold and S, a non-degenerate
submanifold. For v e ANTS and u,w,z € Tr()S,

(1) Qu(v,v) =0,

(ii) Qu(u,v) = —(C5(L,(v,v),u)) o, where if ur, us, uz € TpiyM, C? is de-
termined by C, (u1, ug, uz) = g (C (uy,uz), us), namely, it is g,-metrically
equivalent to the Cartan tensor C.

(iii) the anisotropic tensor Q) is determined by

g’U(Qv(u7 U)), Z) = _CU(Q’U (’LL7 U) + ]I’U(ua 7}), w, Z) - C’U(Q’U(wa 7})
+I, (w,v), z,u) + Cp(Qy(z,v) + L, (2,v), u,w).
(iv) the anisotropic tensor @ is symmetric.

(v) (0"Q)v(v, v, u) = =2Qu (v, u).

Proof. Part (ii7) is obtained directly by substracting the Koszul formulas for
V and V. Parts (i) and (i7) are an immediate consequence of part (iii) as
by homogeneity the value of the Cartan tensor C,(u,w, z) is zero when one
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of the components coincides with v. Part (iv) follows straightforwardly from
part (i74) and it can also be deduced analogously to the symmetry of I. For
part (v), compute the derivative of Q4. (v + tu, v + tu) = 0 (which holds by
part (7)) with respect to t at t = 0. O

Lemma 3. Let (M, L) be a pseudo-Finsler manifold and S a non-degenerate
submanifold. For ve ANTS and u,w,z € Tr(,)S,

(i) 9u(Qu(u,v),v) = gy(Qu(v,u),v) = 0.
(”) o (Qv (ua ’LU), ’U) = —Ov (Qv (uv U)a ’LU) = —9v (Qv (’U, u)v w) = C, (ua w,
L, (v,v)).
(#ii) The anisotropic tensor 9" Q is symmetric in the first two components and

9u((0"Q)w(u, v, w),v) = gu((0"Q)w (v, u, w),v) = 0.
(iv) (VQ)y is symmetric and

gv((va)v(ua’U)’ U) = gv((va)v(vau)vv) =0.

Proof. Parts () and (i7) follow from part (ii7) of Lemma 2, taking into account
the properties of the Cartan tensor. The symmetry of 9”@ in the first compo-
nents follows from the symmetry of @ and the definition of vertical derivative.
To prove that ¢, ((0¥Q)y(u, v, w),v) = 0, observe that

0
77 Gottw(Quitw (U, v + tw), v + tw) 0 = 2C,(Qy(u,v),v,w)

ot t=
+ 90((9” Q) (u, v, w),v)
+ 90 (Qu(u, W), v) + g (Qu(u,v), w)

and the left hand side is zero by part (7). The first term to the right hand side
is zero by the properties of the Cartan tensor and the third and fourth terms
cancel by part (i), which gives the nullity of the first term in part (ii7). The
nullity of the second term, g,((0¥Q),(v,u,w),v) = 0, follows now from the
nullity of the first one and the mentioned symmetry of 9¥@Q. The symmetry
of (V, @), follows from the symmetry of @, the symmetry of 9¥@Q in the first
two components and (7). To prove that g,((Vw@)v(u,v),v) = 0 in part (i),
choose extensions V,U of v,u such that V'V = 0 (recall (12)). Then using
(14) and (7), we have

IU(gv(Qv(U, V), V)) = gv((vz;Qv)(UH U)’ U) + gU(QU(vZ)IL U)a U)?
where we have discarded all the terms in VYV since it is zero by hypothesis.
Part (i) implies that the left hand side and the second term of the right hand
side are zero, so the identity reduces to g,((V5Q.)(u,v),v) = 0 as required.
The other identity g,((V%Qy)(v,u),v) = 0 follows from the last one using the
symmetry of (V,,Q),. O

Let us define the derivative VI of the second fundamental form I of S.
If XY, ZeX(S) andve ANTS, we define

(VxT), (Y, 2) i= (V5 (I(Y, 2))toe = T,(V5Y, Z) — I, (Y, V5 Z).  (18)
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This determines a map (VxI), : X(S) x X(S) — (Tr()S) v which is F(S)-
multilinear. Observe that 6} (I(Y, Z)) is well-defined as it can be computed as
a covariant derivative along an integral curve of X (see [25, §2.2]). Moreover,
v i— I,(X,Y) is an anisotropic vector field. Indeed, it is well-defined for all
v € A with w(v) € S and not only for those v € ANTS. Its derivative is
computed using an A-admissible extension V' of v as

Vi (LY, 2)) = Vi Iy (Y, 2)) - (9" 1), (Y, Z, V& V), (19)
see [25, Egs. (8) and (9)]. Observe that the last term is well defined even
though V%V is not necessarily tangent to S as we have defined II,, for all v in

7 1(9).
3.3. Totally Geodesic Submanifolds

A very important class of submanifolds is made up of those whose geodesics
are also geodesics of the background manifold.

Definition 5. Let (M, L) be a pseudo-Finsler manifold and S a non-degenerate
submanifold of (M, L). We will say that S is totally geodesic if the geodesics
of (S, L|g) are also geodesics of (M, L).

Observe that in [30], the author calls this familiy “weakly totally geo-
desic”, saving the term “totally geodesic” for the family with second funda-
mental form I = 0. As the meaning of having a second fundamental form null
everywhere is not clear to us, we prefer to use totally geodesic for the family
introduced above.

Proposition 4. A non-degenerate submanifold S of a pseudo-Finsler manifold
(M, L) is totally geodesic if and only if one of the following two equivalent
conditions holds:

(1) Ly,(v,v) =0 for allve ANTS.

(ii) Ty (v,u) =0 for allv € ANTS and u € Ty, S.
In this case, @ = 0.

Proof. First of all observe that given vg € ANTS, we can choose a geodesic
vector field V' of (S5, L|s) in some open subset €2 of S which extends vy. Then
by (16) and (17), and using that V is a geodesic vector field of (5, L|s) and
part (¢) of Lemma 3,

VLV = VUV +Qu(V, V) + Iy (V,V) = Iy (V, V),

which easily implies that the geodesic 7, of (S, L|s) with initial velocity vg
is also a geodesic of (M, L) if and only if I, (v,v) = 0 for all v tangent to the
geodesic v,,. This implies straightforwardly that S is totally geodesic if and
only if part (i) holds. Let us prove that (i) implies (éi) (the converse is trivial).
Observe that deriving I, 44, (v + tu,v + tu) = 0 with respect to ¢, it follows
that

(0", (v, v, u) = =21, (v, u).
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To conclude, we only have to prove that (0"1),(v,v,u) = 0. Again from (16)
and (17), we have
VXY = VEY + Qu(X,Y) + L,(X,Y),
for vector fields X, Y € X(S) and v € ANT'S. Computing the vertical derivative
of the above identity follows that
Py (u,w,2) = Po(u,w, 2) + (8" Q)o(u,w, 2) + (9" 1)y (u,w, 2)

forv € TSNA and u, w, 2 € Ty (S, and observing that é,(v, v,u) = Py (v,v,u)
= 0 (see for example [25, Lemma 3.5]), and (0¥Q),(v,v,u) = 0 by parts (i7)

and (v) of Lemma 2, we conclude that (0I),(v,v,u) = 0 as required. The last
statement about @ follows from part (i¢) and (ii7) of Lemma 2. O

Observe that the equivalence between parts (i) and (i) in the last propo-
sition can be also found in the proof of Theorem 4.4 in [30].

3.4. The Gauss and Codazzi Equations

Considering a non-degenerate submanifold S of a pseudo-Finsler manifold
(M, L) as in the previous section, recall that V is the Levi-Civita-Chern con-
nection of (S, L|s), V is the Levi-Civita-Chern connection of (M, L) and V is
the induced connection by V on S (see (16)). We will denote by R, Rand R
the curvature tensors of V, V and V, repectively (see (8)). Moreover, P and
P are the vertical derivatives of V and V, respectively (see (10)), Q is the
difference tensor of ¥V and V (see (17)), I the second fundamental form of S

(see (16)) and VI is the derivative of the second fundamental form as defined
n (18).

Theorem 5. With the above notation, if (M, L) is a pseudo-Finsler manifold
and S C M a non-degenerate submanifold, forv e ANTS, u,w, z,b € Tr,)S
and n € (Tr()S)tov
o (Ev(u,w)ng) = go(Ro(u,w)z,b)

—9v (]Iv(w9 Z): HU(“ﬁ b)) + o (]Iv(uv Z)? HU (wa b))

—2C,(Ly(u,v), Iy (w, 2),b) + 2C, (L (w, v), Ly (u, 2), b)

+ gu (]Sv(u z, I (w,v)) — Isv(w,z7]Iv(u,v)),b)

+ gv (Po(u, 2, Qu(w, v)) = Po(w, 2, Qu(u,v)),b)

+ 90 (VuQ)v(w, 2) = (VuQ)o(u, 2),b)
+ 9v ((87Q)v(u, 2, Qu(w, v)) — (8" Q)w(w, 2, Qu(u, v)), b)
+gv (Qv(ua Q’U(w’z)) va(w,Qv(mz)),b), (20)
g (Ru(u,w)z,n) = g0 (VuIDu(w, 2),m) = gu (Vul)o(u, 2),n)

+ gv (]IU (ua QU (wa Z)), TL) — Gv (]IU (w7 QU (’LL, Z)), n)
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+ gv<(auﬂ)v(IU, z, I, (U, ’U)), n) — gv((f)”]I)U(u, z, I, (’u)7 U)), n)
+ gu (Polu 2, (w,0)),1) = g (Polw, 21 (u,0)),n) .
(21)

Proof. Let X,Y and Z be vector fields tangent to S which are extensions
of u,w, z, respectively, and such that [X,Y] = [X,Z] = [V, Z] = 0, and let
V be an A-admissible extension of v (in a neighborhood of 7(v)) such that
VUV = 0 (recall (12)). It follows that V¥V = I,(-, V). Taking into account
the last identity, let us compute R, using the affine connection V" (see (9)):
R,(X,Y)Z = RV(X,Y)Z|n() — Po(Y, Z, Ty (X, V) + P,(X, Z, Iy (Y, V))

= V&VYZ = Vi VK Z = Po(Y, Z, Iy (X,V)) + Py(X, Z, Ty (Y. V).

(22)
Then, by (16), we have
VEVYVZ =V VYV Z + Vi (v (Y, 2)) = V4 Vy Z
1L, (X, VY 2) + Vi (v (Y, 2))

and analogously ﬁg,%y(Z = @;W(Z + I, (Y, @}/(Z) + %“Y(]IV(X, Z)). Com-
bining these identities with

RV(X,Y)Z|pw) = V& VY Z - V4V Z = R,(X,Y)Z,
(for the last identity recall that VOV = 0) gives us:
RY(X,Y)Z|n() = Bo(X,Y)Z + I,(X, VY Z) + Vi Iy (Y, 2))
~IL,(Y, VX Z) = Vi (v (X, 2)). (23)

Let B be an extension of b tangent to S. By (14) and as gy (Iy (Y, Z),B) =0
along S, we have

g0 (VX WV (Y, 2)), B) = —g. (v (Y, 2), VX B) = 2C,(VKV, Iy (¥, 2), B)

=—g0 (v (Y, 2),1v (X, B)) — 2C, (Iy (X, V), Ly (Y, Z),(B)j
24

Similarly,
g (VY (v (X, 2)), B) = =g, (Iy (X, 2), Iy (Y, B))
_2Cv(]IV(Y7V)7]IV(XaZ)aB)' (25)

Putting together (22), (23), (24) and (25) and taking into account the expres-
sion of R in terms of R and @ in [25, Prop. 2.16] gives us (20). In order to
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obtain (21), by (18) and (19),

go(VX(Iy (Y, 2)),n) = go (VX (L(Y, Z))) o0, n) + 6o (0T (Y, Z,VE V), n)
= 9o((VxI)y(Y, Z),n) + g, (L, (VXY, Z),n)
+ o (Lu(Y, V% Z),n) + g,((0"I)o (Y, Z, V% V), n)
(26)
and analogously
90 (VY (Iy (X, 2)),n) = g,((VyD)o(X, Z),n) + gu(I,(VY X, Z),n)
+%maxvamnw+%«mmxx25@vxgn

From (22), (23), (26), (27) and recalling that the Lie brackets of X,Y, Z are

assumed to be zero,V is torsion-free and V*V = IL,(-, V), we conclude (21).
O

Corollary 6. Let (M, L) be a pseudo-Finsler manifold and S a non-degenerate
submanifold. Then the flag curvature of (S, L|s) with flagpole v e ANTS and
flag u € Tr(y)S with L(v)gy(u,u) — go(v,u)? # 0 is given by

Go (L (u, u), Ly (v, v)) — go(Ly (v, u), Ly (v, u))

L(U)gv (u7 u) —Gv (U7 u)2
Go (P (1, u, Ly (v,0)) = (Vo Q)o (u, 1), v) + Cy(u, Qu(v,u), I (v,v))
L(U)gv(u7u) - gv(”?”)z '

K,(u) =K,(u) +

+
(28)
Proof. By (20), we have

o (ﬁv(v,u)u,v) = gu(Ry(v,u)u,v) — g, (I, (u, u), T, (v,v))
+ gv (Ly (v, w), Ly (u, v))
—2C, (L, (v, v), L (u, w),v) + 2C, (L, (u, v), L, (v, u), v)
+ 9o (Polv, 0, Ty (u,0)) = Py, w1 (0,0), 0)
+ gv (Py(v,u, Qy(u,v)) — Py(u, u, Qy(v,v)),v)
+ 90 (VuQ)o(u, u) = (V@) (v, u),v)
+ 90 ((07Q)w (v, 1, Qu(u, v)) = (8¥Q)v (u, u, Qu(v,v)), v)
+ v (Qu(v, Qu(u, 1)) — Qulu, Qu(v,u)),v). (29)

In the last identity many terms are zero. The terms in C, are zero because of
the properties of Cartan tensor, the first term in ﬁv and the first term in P, are
both zero by [25, Eq. (56)] since V and V are the Levi-Civita-Chern connec-
tions of (M, L) and (S, L|g), respectively. All the terms in @ are zero by Lemma
3 except two, namely, g, (V4Q)y(u,u),v) and —g, (Q,(u, Qy(v,u)),v). The
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last term coincides with —C,(u, @y (v,u), I, (v,v)) by part (i) of Lemma 3.
Putting all this together, (29) becomes

o (EU(U, u)u, v) = gp(Ry (v, u)u,v) — gp (I, (u, u), L,y (v, v))
+ 9o (L (v, u), I, (u, v))
+ o (—]Sv(u,u,]lv(v, v)) + (VMQ)U(u,u),v)

- Cv(”v QU(Ua u)7 U)v
which by the definition of flag curvature leads to (28). O

With this expression of the flag curvature, we can reobtain [30, Theorem
4.4].

Corollary 7. When S s totally geodesic, its flag curvature coincides with the
one of the background manifold.

Proof. Being S totally geodesic, by Proposition 4 we know that I, (v,u) = 0
for all v € TSN A and u € Tr(,)S and Q = 0, so the statement follows from
(28). O

4. Randers—Minkowski Spaces

Let ¥ be a vector space of dimension n and recall that a Minkowski norm on
¥ is a non-negative function F : ¥ — [0, +00) smooth away from 0, which
is positive homogeneous of degree 1 and such that, for every v € ¥ \ {0},
its fundamental tensor g,, defined as in (1) for L = F?, is positive definite.
We will say that the pair (¥, F) is a Minkowski space. Let h : ¥ x ¥ — R
be a positive definite scalar product on ¥. If W € ¥ is a vector such that
h(W,W) < 1, then we can translate the indicatrix of h with W. It turns out
that the translated hypersurface as it is strongly convex and it contains the
origin of ¥ is the indicatrix of a Minkowski norm F (see [26, Theorem 2.14]).
The Minkowski norm F' is determined by the property

ho/F(v) =W, v/F(v) = W) =1,

which is equivalent to a second degree polynomial equation in F'(v) and it
implies that
1

)= 30 (—h(v, W) + /h(o, W)2 + 6(W)h(o, v)) , (30)
where £(W) = 1 — (W, W). This family of Minkowski norms has been used to
solve the Zermelo problem of navigation when the wind does not depend on
time! [5,38]. Moreover, it coincides with the family of Randers norms, which
are constructed as follows. Given a positive definite scalar product g on ¥ and

1When the wind is time-depending, the Zermelo problem can be studied using Finsler space-
times (see [28, §6.3.1]).
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a one-form § with g-norm less than one, then the function R : " — R given
by

R(v) = a(v) + B(v) (31)

for v € ¥, where a(v) = y/g(v,v), is a Minkowski norm which is said to
be of Randers type. It is clear that a Zermelo norm as in (30) is of Randers
type. The converse is also true (see [5, §1.3]). Indeed, if 8(v) = g(v, B), then
the Zermelo data of R is given by h(u,w) = ¢(B)(g(u,w) — g(u, B)g(w, B)),
where {(B) = 1 — g(B,B), and W = —B/{(B) (see also [8, Prop. 3.1]). In
the following, we will say (h, W) is the Zermelo data of the Randers norm R.
Moreover, if F'is a Minkowski norm on ¥ of Zermelo-Randers type, we will
say the pair (¥, F) is a Randers—Minkowski space.

From now on, given a Randers norm F', we will denote by g and C the
fundamental and the Cartan tensors of L = F?, respectively, and by ¥ = {v €
¥ : F(v) = 1}, the indicatrix of F.

Lemma 8. Let F' be a Randers norm on ¥ with Zermelo data (h,W). Given
ve ¥\ {0}, define

¢(v) = h(v/F(v) = W,v/F(v)). (32)
Then
(i) go(v/F(v),-) = ﬁh(v/F(v)—VV, \). Moreover, T, /) is the g,-ortho-
gonal space to v and the h-orthogonal space to v/F(v) —W.
(“) Gv = ﬁh on ﬂ)/F(U)E X T’U/F(?))E)
(iii) go(v/F(v), W) = =t
Furthermore, if u € T,/ p,)X (or equivalently g,(v,u) = 0), then
h(v,u) = ¢(v)* F(v) gy (u, W). (33)

Proof. To check (i), observe that g,(v/F(v),-) and h(v/F(v) — W,-) are two
one-forms on ¥ with the same kernel. Namely, the kernel of g,(v/F(v),-) is
the tangent space to the indicatrix of F as d, 2 = 2g,(v, -), and the indicatrix
of F' is the unit sphere of h translated with W at v/F(v), while the kernel of
h(v/F(v) — W,-) is the tangent space at v/F(v) — W to the unit sphere of h.
We know then that gv(%, ) = p(v)h(v/F(v) — W,-) for a certain function
w: ¥V — R. It follows that g,(v/F(v),v) = p(v)h(v/F(v) — W,v) and as
go(v/F(v),v) = F(v), we conclude that p(v) = ﬁ, where ¢ is defined in
(32). The last statement of part (7) is now straightforward.

For (i7), recall that g'U|Tv/F(v)E><Tu/F(v)E is the second fundamental form
of ¥ at iy with respect to — 45 (see for example [26, Eq. (2.5)]) and
RIT, )y SxT, pys 18 the second fundamental form of 3 at v/F(v) with re-
spect to —v/F(v) + W, which is an h-unit vector (recall that, by part (),
—v/F(v) + W is h-orthogonal to T,/ p ) ¥). If V is the natural affine connec-
tion of ¥ and u,w € T,/p(,)>, then the second fundamental form ot with
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respect to the transverse vector £ is defined as follows. Let X, Y be two vector
fields which are extensions of u, w, respectively. Then the identity

(VxY)y pew) = o(u,w)é + Py
with P, tangent to T, p(,)2 determines o by the uniqueness of the decompo-
sition. In the case of gy|7, o, SxT, rys a0 A|T, 1 $xT, p (5, this implies
that

v v

o, w) (‘F@)) + Py = h(u, w) <— O W> + P, (34)

with P, and P, tangent to T, p(,) 2. Moreover, as —v/F(v)+W is h-orthogonal
to T,/ p() 2 by part (i), —v/F(v) = ¢(v)(—v/F(v) + W) + P, with P tangent
to Ty F(v) %, which implies that

go(u,w) (=77 ) + Po = 90(u,w) (6(0)(~v/F(v) + W) + P) + P,

= ¢(v)gu(u, w) (—ﬁ + W) + gu(u,w)P + P,.

By the uniqueness of the decomposition and (34), the identity h(u,w) =
d(v)gy(u, w) follows, which is equivalent to part (ii).

For (iii), observe that, by part (i), g,(v/F(v),W) = ﬁh(v/F(v) -
W, W). As h(v/F(v) — W,v/F(v) — W) = 1, the conclusion follows.

Finally, for (33), recall that, by part (i), being g,-orthogonal to v is
equivalent to being h-orthogonal to v/F(v) — W, namely, the vector space
T,/ p(v)2 coincides with the h-orthogonal vectors to v/ F(v)—W. As h(v/F(v)—
W,v/F(v) — W) = 1, using part (i7), it follows that

h(v,u) = h(v = h(v/F(v) = W,v)(v/F(v) = W), u)
= o(v)gu(v — F(v)p(v)(v/F(v) = W), u)
= —¢()*F(v)g,(v/F(v) = W,u) = ¢(v)* F (v)go (W, u).
O
Proposition 9. Let F': ¥ — R be a Randers norm with Zermelo data (h, W).
Then for v e ¥\ {0} and u,w,z € T,,)p) 2,

1
_ W(h(u,w)h(z,v) + h(w, 2)h(u,v) + h(z, u)h(w,v)).

Proof. Recall that C,(u,w,z) =
us define

Cy(u,w, z) =

%%gwtz(u,w)hzo. To apply Lemma 8, let
v+tz
F(v+tz)’
and observe that ¢;(u) € Tlv+t2)/F(vttz)2 for all t € R. Moreover, using that

dvF2 = 2911(11; ')7

pir(u) = u = gupez(u, (v +12) /[ F(v + 2)) (35)

L 0F2(2) = ——g,(v,2) = 0. (36)

QF(U +t2)|4=0 = 2F(v) F(v)

ot
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and using the above identity,

%gvﬂz(w (v+1tz2)/F(v+tz))|i=0 = 2C, (u,v/F(v), 2) + go(u, z/F(v))
= ﬁgv(u,z). (37)

On the other hand, using again (36),

0
FridCh t2)li=0 = Mty 7y) + Mty = W 7)) = moeh(z,0), (38)

because z is h-orthogonal to i — W (recall part (i) of Lemma 8). Finally,
from (36) and (37) and part (i7) of Lemma 8,

0 1 1
a@t(u)h:o = —F(v)2g@(u, z)v = —Wh(u, Z)v. (39)
Analogously,
%%(w)h:o = —mh(w7 2)v. (40)

Let us compute the Cartan tensor, taking into account (35),

10
Cy(u,w, z) =3 agwtz(u» w)li=o

10
25 agvﬂ—tz (e (u), pt(w))]e=0

10
+ iagv.ﬁz(?h (’U + tZ)/F(U + tz))gv+tz(w7 (1) + tZ)/F(U + tz)))|t:0'
Observe that the second term is the derivative of a product of two functions

which are zero in ¢t = 0. Then its value is zero in ¢t = 0. As a consequence, and
using part (i) of Lemma (8), and then (38), (39) and (40),

Cults.2) =3 5101 21(0). 10D = 5 gz W) ()

1 1

= " agFe M)~ SR

1
— Wh(w,z)h(v,u),

as desired. O

h(u, z)h(v, w)

4.1. Submanifolds of a Randers—Minkowski Space

In this section, we will consider a submanifold S of a Randers—Minkowski space
(¢, F) with Zermelo data (h, W). Our main goal is to express all the Randers
geometric invariants of S in terms of the invariants with respect to h. Let
us begin by obtaining the Zermelo data of the induced metric on S. We will
denote by F|g the restriction F|rg : T'S — R, which is a Finsler metric on
S, namely, F|% is a pseudo-Finsler metric defined in the whole tangent bundle
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and with positive definite fundamental tensor. It is well-known that the Levi-
Civita-Chern connection of (¥, F') coincides with the Levi-Civita connection
of (¥,h). Indeed, this is true for any Minkowski norm F, not necessarily
of Randers type. In the following, we will use the superindices T, and L,
to denote the h-projection to 7,S and its h-orthogonal space, respectively.
Moreover, W T will denote a tangent vector field to S such that (W), = W T»
and W+ will denote an h-orthogonal vector field along S with an analogous
convention.

Proposition 10. Let (¥, F) be a Randers—Minkowski space with Zermelo data
(h,W), and S C ¥, a submanifold. Then the Zermelo data of (S, F|s) is given

by (rwrwy b W
Proof. Givenv € T'S\0, we know that F(v) is determined by h(%—VV, o)
W) = 1. As W is not necessarily tangent to S, the last identity does not allow

us to obtain the Zermelo data of (S, F|s). Recall that W = W T=() + W)
is the decomposition in the tangent and h-orthogonal part to Tx(,)S. Then

h(FE)v) o WTﬂ(v)v F?v) a WTW(U)) + h(WLW(v)>WLW(U)) =1

which implies that
1
1 — h(Wre) W)
namely, the indicatrix of the induced metric F|g is the displacement of the
indicatrix of h with W T~ . This is equivalent to having as

v Tr(w v Tr(v)) —
Wy — W), s — W) = 1,

1
I—h(W () W hm(e)

Zermelo data (mh, wT). O

In the following, given v € ¥ \ {0}, we will denote by ngz the h-
projection of W into T (,yS N1,/ p(yE.

Lemma 11. Let (¥, F) be a Randers—Minkowski space with Zermelo data
(h,W), and S C ¥, a submanifold. If I is the second fundamental form

with respect to h, its second fundamental form T with respect to F (defined in
(16)) is given by
o/ 1 / v Toy
Mot ) = () + oS h(I (1), W) (7t~ Wits), (@)
Jorv e ¥\ {0} and u,w € Ty,,)S.

Proof. Let X,Y € X(S) be extensions of u,w € Ty(,S, respectively, and
observe that T, (u,w) = (V%Y )tor = (I (u, w))*or = T (u, w) — T (u,w) " ov.
Let {%, €2,€2,...,6r} be a g,-orthonormal basis of T’ (,)S. In such a case

€2,...,er €T_v 3. Then
F(v)

I (u, w) T = gy (T (w, w), 757) 7y + D 9u( (0, w), €)ei. (42)
=2
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From part (i) of Lemma 8 and using that II'(u, w) is h-orthogonal to T7(,)S,

9o (u, w), 77) = ﬁh(ﬂ’(u,w), Ty — W) = —¢(1U)h(]l'(u,w),W). (43)

Now observing that I'(u,w) + h(I'(u,w), W)(v/F(v) — W) is tangent to
T,/ p(v)2 because it is h-orthogonal to v/F(v)—W (recall part (i) of Lemma 8),
and using part (ii) of Lemma 8, it follows that
9o (u,w), €;) = go (' (u, w) + h(I'(u, w), W) (v/F(v) — W), e;)
= h(I (u, w), W)go(v/F(v) = W, e;)
1
¢ (v)
+ h(I (u, w), W)gu (W, €;).
Moreover, I'(u,w) is h-orthogonal to Ty(,)S, by definition and v/F(v) — W
is h-orthogonal to T,/ p(,)2. Therefore, both vectors are h-orthogonal to e;,

and then using also (33) and the fact that h(v/F(v),e;) = h(W,e;) (because
v/F(v) — W is h-orthogonal to e;),

(]I’(u, w) + h(H/(uv w)v W) (’U/F(’U) - W)7 ei)

gv(]]:/(u,w)’ei) _ h(]I'(an)a W)gv(W, ei) = mh(ﬂl(uaw)ﬁ W)h(’l),ei)
1 / .
= Wh(]l (u,w), W)h(W, e;).

(44)

Using (43) and (44) in (42), and taking into account that es, ..., e, is an h-
orthogonal basis of T,/ p ()X N Tr(r)S, with h(e;, e;) = ¢(v) (recall part (ii) of
Lemma 8), we obtain

N |
I (u, w) "o = = s (I (u, w), W) 5ty + Wh(]l’(u, w), W)h(W, e;)e;
=2

= — st h( (u, ), W) (757 — Wrs)-
As we have seen above that I, (u, w) = I'(u, w) — I'(u,w) Tov, (41) follows.
O

Lemma 12. Let (¥, F) be a Randers—Minkowski space with Zermelo data
(h, W), and S C 7, a submanifold. Given v € ¥ \ {0} and u € Tr(,)S such
that g, (u,v) = 0, if I, is the second fundamental form of (S, F|s) with respect
to v and Q is the difference tensor between the induced and Levi-Civita-Chern
connection of S, then

o1, Ty (0, 0)) = — mgv(u, WAL (0, 0),0),  (45)

! 2gv(u,u)h(IIv(v,v),11)2. (46)

Cy(u, Qu(u,v), I (v,v)) = — W
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Proof. Observe that by definition of I, g, (v, I,(v,v)) = g, (u,I,(v,v)) = 0.
Then by part (i) of Lemma 8, h(u,I,(v,v)) = 0 and as a consequence, from
Proposition 9,
1
2F (v)?¢(v)?
Using again part (i) of Lemma 8 to obtain that h(u,u) = ¢(v)g,(u,u), we
conclude (45).

Noting that ¢,(Q,(u,v),v) = 0 by part (i) of Lemma 3, we can apply
again Proposition 9. Moreover, g,(Q,(u,v),X,(v,v)) = 0 and by part (i) of
Lemma 8, h(Q,(u,v), I, (v,v)) = 0. As we have seen above that h(u, I, (v,v)) =
0, from Proposition 9,

Cy(u,u, I, (v,v)) = h(u, w)h(Il, (v, v),v).

Co (1, Qu (1, 0), Iy (0, 0)) = L R, Qu(, 0))h(IL, (v,0), ). (47)

T2 F(02(0)
Finally, applying part (i7) of Lemma 8 and part (i¢) of Lemma 3,

h(u, Qu(u, v)) = ¢(v)gu(u, Qu(u,v)) = =¢(v)Cy (u, u, Iy (v, v)).
Taking into account (45) and then substituting in (47), we obtain (46). O

4.2. Flag Curvature

We are ready to compute the flag curvature of a submanifold using (28). We
will need the derivative of the connection I'.

Definition 6. Let (¥, F) be a Randers-Minkowski space with Zermelo data
(h, W) and S, a submanifold of ¥". Denote by I’ the second fundamental form
with respect to h of S, and by V, the induced connection on S (computed
using h). Given X,Y, Z € X(9), let us define VI as follows

(VxI)(Y, 2) = (Vx(I'(Y, 2)" =T (VxY,2) - (Y,VxZ).  (48)

Lemma 13. Let (¥, F) be a Randers—Minkowski space with Zermelo data (h, W)
and S, a submanifold of V. For v € ¥ \ {0} and u € TyS such that

gv(v,u) =0,
gU((vUQ)'D(u7 u)’ IU)

_ gv(u, u) v _

2
—__Jnn Wde
2F()g(v)? | 707~ TS0z,

[h((vm(v, 0), )

— B (v, ), I (0, W) — %h(n'(w), WA (v, Wies), W)

s P (0,0), W) (46(0) - 2 |55 - Wiy

Al (19)

Proof. Recall that it is possible to choose a local extension V' of v such that
V?V =0 (see (12)). Then we can also choose a local extension U of u such that
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[U,V] = 0. In such a case, we also have that V{,U = V{,V + [U, V]| () = 0.
Using that ViV = V2U = 0, Lemma 3 and (45), it follows that

9o (Vo@)o(u,u),v) = v(gy (Qv (U, U),V)) = v(Cv(U,U, Iy (V,V)))
=0 <2(F<>V1)2¢ngV(U’ U)h(ILy (V, V), V)) :

As v((FoV)?) = 2¢,(VeV,v) = 0 and v(gy (U,U)) = 2¢,(ViU,u) = 0, and
using Lemma 11, we have
9o ((VoQ)w(u,u),v)
o ( gv(U,U)
2(FoV)2(poV)
g (_2v<¢ oV)
2F(v)?¢(v)? $(v)
+o(h(I(V, V), W)h( 587 — Weis v)

(V. V). WR(V/(F o V) — Wi, V>)

(I (v, v), W)h( 57 — Wads,v)

+h(I (v,0), W)o(h(V/(F o V) = Wik, V) (50)
Using that V?V = 0 and part (7) of Lemma 2,
VoV = VIV +I,(0,0) = Qu(v,v) + V2V + Iy (v,0) = D, (v,v)  (51)

is g,-orthogonal to T7(,,)S > v, therefore h(% - W, 61,‘/) = 0. Using also

Lemma 11, and recalling (32) and that V is also the Levi-Civita connection of
h, we have

v(@oV) = v(h(zey — W, 7ep) = way VoV, 787) = 7 (Mo (v,0), 75)
=z " (0,0), Wh(F5 = Wads, 76y)- (52)
By Definition 6,
o(h(IU(V, V), W) = vo(h(I'(V, V), W"))
= h(V,(I'(V,V)), W) 4+ h(Il'(v,), V, (W)
= (VoI (v,v), W) + 2h(I' (Y, V,v), W)
+ h(I'(v,v), Vo (WH)).

As W is constant, %(WL) = 761)(WT) and
W (v,0), Vo (W) = —h(IU' (v, ), T (v, W =),

Furthermore, V,V = (V,,V) =) = (IL, (v,v)) T = Lh(I (v, v), W) (5% —
W;—;E) by (51) and Lemma 11, therefore

W (Y, V, 0), W) = ¢(1v) A (v, 0), WR(T (75 — Wi v), W),
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which leads to
v(h(I'(V, V), W)) = (V') (v,v), W) = h(I'(v,v), I (v, W T =)

2 ! !

+ ¢(v)h(]I (v,v), W)h(Il'( &
Let FoV,Eg, -+, E, be a gy-orthonormal local frame of S in a neighborhood
of w(v) such that VUE; = 0. This can be obtained, for example, by making the
VY -parallel translation of a g,-orthonormal basis of T (v)S along the integral
curves of V', since we can assume that the integral curve of V' passing through
7(v) is a geodesic of (S, L|g). Therefore V,E; = I,(v, E;) + Qu(v, E;) for
i = 2,...,7. Then FE5,..., E,. at every p € S where it is defined is an h-
orthogonal frame of Tr(v,)S N Ty, ) p(v,) % and h(E;, E;) = ¢ oV (recall part
(74) of Lemma 8). This implies that

5 = Wadm o), W), (53)

1 r
Wiy, = Fov > (W, E)E;. (54)
i=2
As a consequence,
1 1<
v(h(pey = Weds, V) = (F v h(V,V) — DoV h(W, E;)h(E;, V))
i=2

(55)

In the following, we will use that Ty, /r(v, )3 coincides with {(V,/F (V) —W}tve
at every p € S where V is defined, and then, in particular V/(FoV)—Wis
h-orthogonal to E;, which implies that h(W, E;) = #~-h(V, E;) and then

h(W, E))h(E;, V) = F o Vh(W, E;)?.
Taking this into account and (51), we get

v(poV) zr: h(W, E;)h(E;,v)

v v i v,0),v T N2
(h(Fey = W V) = F(v)h(ﬂv(’ o) ) =

quj(g) Z h(W, 1, (v, E;) + Qu(v, E;))h(E;, W).

(56)

Moreover, using (52) and (54),

v(poV) < 1 .

AP0 V)N (W, E)R(E;, v) = —————h(IL, (0, v), 0) (S h(W, E})E;, v

S DO BB ) = s () N KOV, B B
1

= Wh(]lv(uv) )h(Wsz» ). (57)

On the other hand, using again (54) and that v/F(v) — W is h-orthogonal to

T,/ pv)%, and observing that g, (I, (v, WSTQ’JZ) + Qy (v, ngz), v) = 0 (because
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of the definition of I, and part (i) of Lemma 3) and then HU(U,W;;%’E) +
Qu(v, Wars) € Tu/r) S,

_2F(v
o(v)
= —2F(v)h(W I, (v, Wols) + Qu(v, Wels))

= —2h(v, Iy (v, Wgig) + Qu(v, Wais))- (58)

Observe that using (33), that E; is h-orthogonal to V/(F o V) — W, and (54),

Zh (W, I, (v, E;) + Qu(v, Ey))h(E;, W)

v

Wi =0l M

+>9.(W, E)E;
1=2

h('U, El)Ez

v v 712 T,
P Fw " Ew e )

Now applying (33), (59), parts () and (i7) of Lemma 3, and Proposition 9,

h(Qu (v, WS(‘]E)’U ( F(v)gu(Qu(v ’WSTNUE)aW)
$(0)2F (0)g0(Qu(v, Wes), W Tav) = F(0)d(v)gu(Qu(v, Wagis), Wels)
= 7F(v)¢(v)cv(wgm§]a W;—mganv(vvv))
1
= 2F(U)¢(’U) h(WgﬁZ’W;’?Z)h(]lv(v7v>7v)'

Using the above identity in (58) and then the resulting identity and (57) in
(56), it follows that

v(h(p5 — W4k, V)) = %h(ﬂv(vm),u)

1
" S F)?
— 2h(U, ]Iv (’U, W;'—FTUE))
1
~ F0)d(v)

Observing that h(zy, Wets) = h(W, Weiy) = h(Wess, Wels) and
applying Lemma 11, we have

h(IL, (v, v), v)h(Wy s, v)

h(WSTr%JZ’ W;—’{E)h(]lv(’v, U)? ’U).
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2
”(h(FoV WSTmVZv V) = Wh(]lv(v, v),v) — 2h(v, I, (v, WSTr%Jz))
_ 2 1 ! _ / To v _ To
= 500 (F(v)h(H (v,v), W) — h(W, T (U,WSQZ))) h(iF(v) Wels,,v).
(60)
Using (52), (53) and (60) in (50), we obtain
0o((Vo @) .1).0) = - 9”(7“;’ o (- w2
2F(v)*¢(v)? \ ¢(v)
N v
(F(v) WSﬂE’ F('u F(’U SﬁE’
[R((VoI') (0, 0), W) = h(I (v, 0), I' (v, W =)
2 7 ! v To
o), W)k (W (7 = Wi v). W)
2 1 U v
W (0,00, W) (e 00) W) = MOV W35 ) ).
Finally, a straightforward simpliﬁcation of the above identity leads to (49)
taking into account that h( iy 7o) Wszv Wsaz) = 0, as commented above,
and then
h(F(v) W;ﬁE’ F(v ) h(F(v) W;;:E’ F(v) W;ﬂE) (61)
]

We have already all the information to express the flag curvature of a
submanifold S in terms of elements related to the Zermelo data (h, W). More
precisely, apart from h and W, we will use the second fundamental form I’ of S
computed with h, and its derivative VI, where V is the h-induced connection
of S, and the h-projections of W, W T and Wérm”z to Tp,S and T,SN'T, /p )2,
respectively.

Theorem 14. Let (¥, F) be a Randers—Minkowski space with Zermelo data
(h, W) and S, a submanifold of V. For v € TS\ 0 and u € Ty(,)S,

Kv(u) = (h(ﬁ, F7(Jv)> h(|uﬁ\h7 F('u)) )Kh(v u)

‘ v To

Fo) Wsis b , , ) )
+ o(0)2F (v)2h(1, @) (A(I'(u, w), W)h(I' (v, v), W) — h(Il'(u,v), W)*)

panEndbe
2F (v)3¢(v)* 17
= h(Il'(v,v), I (v, W =)

+ Ws

. [h((VUII’)(v, v), W)
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2

+ grray I (v, 0), W)* (d6(v) - g |7t — W]
_i "(v,v "(v Ty
Sy (0 0), R 7W502),W))}, )

where K"(v,u) is the Riemannian sectional curvature in the plane span{v,u}
computed with the metric induced by h on S, ¢(v) = h(v/F(v) — W,v/F(v))
and @ = u — ﬁv)h(v/F(v) — W, u)v/F(v).

Proof. Assume that g¢,(v,u) = 0 and recall that, by Corollary 6, taking into
account that K,(u) =0 and P = 0 in a Randers-Minkowski space,

_ 1 A(L,(u,w), L, (v,v)) — h(L,(u,v), I, (u,v))
¢(v) go(u, u) F(v)?

(Cv(u, Qy(u, U)v ]Iv(vv U)) - gv((va)v(ua u), v))) .
(63)

9o (u, ) F(v)?

Using Lemma 11, it follows that

h(Hv(uv u)a ]Lj('l), U)) - h(Hv(ua 'U)a ]IU(’LL, 'U)) = h(Hl(uv u)a ]Il(vv ’U))

— W' (u,v), T (u,v))
Sy |t = W], (). OB (0,00,

— h(IU'(u,v), W)?). (64)

Moreover, as we have assumed that g,(v,u) = 0, we can apply part (i7) of
Lemma 8 to compute

$(v)(gu(u, u) F(v)? = gu(u,v)?) = F(v)*h(u,u),
and then
h(u,u)h(v,v) — h(u,v)?
¢ (v)(go (u, u) F(0)? — go(u, v)?)

Given an arbitrary u € Tyr(,)S, then @ = u — g,(v/F(v),u)v/F(v) is a vector
such that {@,v} generates the same plane as {u,v} and g,(@,v) = 0. Using
part (7) of Lemma 8, one has

= h(#¢ FU ) = h(mr FU )2' (65)

1
¢(v)

Taking into account (64) and (65), it follows that the first term in (63) be-
comes the two first terms to the right hand side in (62). From (46), (61) and

i =u—gy(v/F(v),u)v/F(v) = u— h(v/F(v) = W,u)v/F(v).
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Lemma 11,
Co(u, Qu(u,v), Iy (v, v))
1 v To

= aateyE O ) W R~ W o)

 ge(uu) ' 2] T, |*

= 7Wh(ﬂ (0, 0), W)™ |56y — Wsis .
and then using Lemma 13, we conclude that the last term in (63) coincides
with the three last terms in (62). O

Corollary 15. Let (¥, F) be a Randers—Minkowski space with Zermelo data
(h, W) and S, a submanifold of ¥'. Then S is of scalar flag curvature if and
only if for everyv € A,

v v u v h
(h(wtey 7o) = Bl 7))V K" (v, 0)
v Tv
Mo Wsas|,
$(v)*F(v)*h(u, u)
has the same value for every u € Tr,)S such that g,(v,u) = 0.

(R(I (w, w), W) (v,v), W) — h(Il'(u, v), W)?)

4.3. Hypersurfaces in Randers—Minkowski Spaces
We will consider now the case in that S is a hypersurface of ¥'. In such a case,
given v € T'S \ 0, there exists a unique vector &, € ¥ (up to a sign) such
that &, is g,-orthogonal to T% (.S and g,(&,&») = 1. Moreover, there exists
Oy : TW(U)S X TW(U)S — IR such that

]I'u (’LL7 w) = Oy (’LL, w)gv

for all u,w € Ty(,)S. Analogously, for every p € S, there exists N, € ¥ such
that N, is h-orthogonal to T,S and h(N,, Np) = 1, and o), : T,S x TS — R
such that

I (u, w) = oy, (u, w)N,
for all u,w € T,S.

Lemma 16. Let S be a hypersurface of a Randers—Minkowski space (¥, F).
With the above notation,

) 50)
\/1 - h(Nﬂ'(’U)? W)2
is the g,-orthogonal vector to Tr(,)S with g,(§y, &) =1, and

&

(New) + B (Nes W) (3855 = W))  (66)

o (110 = o’ (u, w)
) = A = F(Nay ) (®7)

for allv € TS\ 0 and u,w € Tr()S.
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Proof. Let us show that &, is g,-orthogonal to Ty (,)S. First observe that
h(Nr(v),v) = 0 by definition, and then h(Ng(), W) = —h(Nx(y), # - W).
This implies that &, is h-orthogonal to % —W (recall that h(F(v) W, % —
W) = 1), and then by part (i) of Lemma 8, g,-orthogonal to v. If u €
Ty/pw)E N Tr(y)S, then by part (ii) of Lemma 8, g, (&, u) = ﬁh(fv,u) =0,
because w is h-orthogonal to Ny (,) andﬁ — W, since it lies respectively
in Tr()S and T, p(,)2. This concludes that &, is g,-orthogonal to Tr(,)S,
because T,/ p()E N Tr()S has dimension dimS — 1 and v ¢ T,/ p()%. Ob-
serving that g,(&,,&,) = ﬁh(fv,ﬁv) by part (i7) of Lemma 8, it is straight-
forward to check that g,(&,,&,) = 1. Finally, as I'(u,w) — I, (u,w) is tan-
gent to Tr(,)S by Lemma 11, it follows that o'(u,w)Nyy = I'(u,w) =
I, (u, w)t=e = av(u,w)fj"(”’ = 0y (t, w)h(Ny (), §0) N W(U and then one has
o' (u,w) = oy (U, W)h(Nr(v), &) AS M( Ny, &) = \/¢ Nr(vy, W)?),
the last identity is equivalent to (67), which concludes. O

Corollary 17. Let (¥, F) be a Randers—Minkowski space with Zermelo data
(h,W) and S, a hypersurface of V. For v € TS\ 0 and u € Tr,)S,

(]- - h(NTr(v)v W)2)Kv(u)
— (h( v v ) _ h( u’ FU )Q)Kh(’l),u)

oy 7o) ~ M 7
+ le)s {chr'(v,v)h(Nﬂ(U), W) — o (v, v)0" (v, W)
+ st F(Ne(w) W20 (v,0)2(4 — = hi’i_i)) )
_ﬁh(m(v), W20 (0, 0)0" (v, W) | )

where K"(v,u) is the Riemannian curvature in the plane {v,u} computed with
the metric induced by h on S, and & = u — 4)(“ h(v/F(v) — W,u)v/F(v).

Proof. Let us compute the flag curvature using (28). The second term to the
right hand side can be computed using Lemma 16, resulting
o' (u,u)o’ (v,v) — o’ (v, u)?
(V) (1 — h(Nr (), W)?)L(v)go (u, u)

choosing u such that g,(v,u) = 0. Proceeding as in (65), we obtain the first
term to the right hand side in (68). Now observe that

¢(U)h(Nﬂ(U), W)
1- h‘(NTr('u)7 W)2 ~(2)

- <_1 Tz h(j\)fiii)’ W)2> (¥t W) (70

(69)

To
WSmE =W-
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This follows from the fact that T7,,)S N T,/ p) X = {Nx(v), % — W}tr and

that the right hand side is h-orthogonal to both, Ny (,) and % — W as it can

be easily checked. From (70), one gets immediately,

v To _ P(v) v
m — WSﬁE - 1— h(an—(U), W)2 (h(NTF(U), W)Nﬂ'(v) + F(v) - W) )

and then

| — Wl |2 _ ¢(U)2
F(v) snxlh = h(Nﬂ(v),W)Q'

Taking into account the above identity and that VxT'(Y, Z) = (Vxo')(Y, Z)N
for any X,Y, Z € X(S), we obtain the other terms of (68) from the last terms
of (62). O

Corollary 18. A hypersurface S of a Randers—Minkowski space (¥, F) with
Zermelo data (h, W) is of scalar flag curvature if and only if

(. 7y) = (e, 7)) K (0, 0)

[uln > F(v)
does not depend on u for any u € Ty(,)S such that g,(v,u) = 0.

Corollary 19. Let (¥, F) be a Randers—Minkowski space with Zermelo data
(h, W). Then any h-flat hypersurface S of (¥,h) has F-scalar flag curvature
and its Zermelo metric is conformally flat.

Corollary 20. Let (¥, F) be a Randers—Minkowski space with Zermelo data
(h,W). The flag curvature of the indicatriz ¥ at x € 3 is given by

1 v v U v \2
Ky(u) = T RN, W) |:h’(F(v)’ 7o) — MG 76y

where v € TS\ 0, uw € TS, . = u — (b(lv)h(v/F(v) — W,u)v/F(v) and N, =
—(z—W).

Proof. First observe that the second fundamental form of ¥ with respect to
h is the restriction of h to ¥ whenever one chooses as the normal vector
N, = —(z — W). Then Vo’ = 0, since V is the induced connection, which
in Riemannian geometry turns out to be the Levi-Civita connection of the
induced metric on S. Moreover, o’ (v, W =) = h(v, W =) = h(v, W) as v
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is tangent to S and using (70), we deduce that

ho, W) = h(o, W) — (—1 4+ — 2 ype )

1 — h(N,, W)?
o(v) 1 o(v)
= h(v, W - h 1+ —
W sz~ F O\ T T, e
(71)
With all this information, and taking into account that the hA-Riemannian
curvature of ¥ is equal to 1, (71) follows from (68). O

Remark 21. Observe that for the sake of simplicity we have written this sec-
tion for classical Randers metrics, but all the computations, up to some sign,
hold for pseudo-Randers—Kropina metrics, which can be characterized by its
Zermelo data (h, W), being h a non-degenerate scalar product and W an ar-
bitrary constant vector with no restrictions of norm (see [29, Section 2.3]).
Several observations are in order:

(i) Kropina norms are obtained when h is positive definite and h(W, W) = 1,
and all the submanifolds will be of Kropina type (this can be obtained
as a consequence of the generalization of Proposition 10).

(ii) When h(W,W) > 1, the situation is more complex, as there are two
metrics. This is called a wind Riemannian structure in [10]. Our results
can be applied to both metrics and an application of Proposition 10 shows
that the induced metric is always a wind Riemannian structure (neither
Randers nor Kropina). For a classificacion of wind Riemannian structures
with constant flag curvature see [27].

(iii) In any case, it is also true that the h-flat hypersurfaces have F-scalar
flag curvature and that we can obtain families of Kropina metrics with
scalar flag curvature (see [43] for further results on Kropina metrics with
scalar flag curvature and [45,46] for a classificacion of Kropina metrics
with constant flag curvature).
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