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1 Introduction.

In [9], Kowalski and Sekizawa defined and characterized the natural tensor fields on the
tangent bundle T'M of a manifold M. They called a tensor g of type (0,2) on TM natural
if it cames from a second order natural operator of a metric ¢ on M. They showed that
there exist natural F' — metrics £1,& and &3 (i.e. a bundle morphism of the form ¢ :
TM®TM &TM — M X IR linear in the second and in the third argument) derived from
g, such that g = &7 + fg’g + &9 with & and &3 symmetric, where ff’g,ﬁg’g and &9 are
the classical Sasaki, horizontal and vertical lift of £, &2 and &3 respectively. Also Kowalski
and Sekizawa [10] study the natural tensor fields on the linear frame bundles of a manifold
endowed with a linear connection.

In [2], Calvo and Keilhauer showed that any (0, 2) tensor field on T M over a Riemannian
manifold (M, g) admits a global matrix representation. Using this one to one relationship,
they defined and characterized what they called natural tensor. In the symmetric case
this concept coincides with the one of Kowalski and Sekizawa. Keilhauer in [7], defined and
characterized the tensor fields of type (0,2) on the linear frame bundle of a Riemannian
manifold LM endowed with a linear connection. The natural tensors on the tangent and
cotangent bundle T*M of a semi Riemannian manifold was characterized by Araujo and



Keilhauer in [1]. The main idea of [1], [2] and [7] is to use a suitable fiber bundle P in order
to see the tensor fields on TM, T*M and LM as matricial functions from P to R"*™. The
principal difference between [9] and [10] and [1], [2] and [7] is that these last works do not
make use of the theory of differential invariant developed by Krupka [11] (see also [8] and
[12]).

The aim of this work is generalized the notion of natural tensor fields in the sense of
[1],[2] and [7] to manifolds and fibrations. With this purpose we introduce the concept of
s-space. In Section 2, we define and give some examples of s-spaces. We also see general
properties of s-spaces, for example, that there exists a one to one relationship between the
tensor fields of type (0,2) and some types of matricial maps. This relationship allows us
to study the tensor fields in the sense of [2]. We characterize the s-spaces which its group
acts without fixed point. We study some general statement of morphisms of s-spaces and
tensor fields on manifolds in Section 3. In Section 4, we define connections on s-spaces, that
coincides with the well known notion of connection when the s-space is also a principal fiber
bundle. We give a condition that a s-space endowed with a connection has to satisfied in
order to has a parallelizable space manifold. Also, using a connection we show an useful
way of lift metrics to the space manifold of the s-space. The concept of s-space gives several
notions of naturality. The A — natural and A-natural tensors with respect to a fibration are
define in section 5. We give examples and we see that these notions extend the idea of
naturality of [1],[2] and [7]. In Section 7, we define the notion of atlas of s-spaces and we
use them to generalize the A — naturality. In Section 8, we consider some s — spaces over
a Lie group and characterized the natural tensors fields on it. Finally, we study the bundle
metrics on a principal fiber bundle endowed with a linear connection.

2 S-spaces.

Definition 2.1 Let M be a manifold of dimension n. A collection A = (N,v, 0, R,{e;})
1s called a s-space over M if:

a) N is a manifold.
b) v : N — M is a submersion.

¢) O is a Lie group and R is a right action of the group O over N which is transitive in
each fibers. The action also must satisfied that 1 o R, = 1 for all a € O.

d) ej: N — TM, with 1 <i <mn, are differential functions such that {e1(2),...,en(2)}
is a basis of My, for all 2 € N.

If (2) = p, then {e1(2),...,en(2)} and {e1(z.a), ..., e,(2.a)} are bases of M),. Therefore
there exists an invertible matrix L(z, a) such that {e;(z.a)} = {e;(2)}.L(z,a) , (i-e. €;(z.a) =
> =1 el(2)LL(z,a) for 1 <i < n). If the matrix L only depends of the parameter of the Lie
group O, we have a differentiable map L : O — GL(n) such that

{e;} o R, = {ei}.L(a).



We called this map the base change morphism of the s-space A. It easy to see that L is a
group morphism. In this case we said that A have a rigid base change. From now on, we
will consider only this class of s-spaces.

In the sequel, unless otherwise stated, dim M = n, dim O = k and we will denote the
Lie algebra of O by 0. Also, we assume that all tensor are of type (0, 2).

Example 2.2 The linear frame bundle of M induces a s-space \ = (LM, 7, GL(n),( -),{m})
over M, where 7 is the projection of the bundle, ( - ) is the canonical action of the general
linear group over LM and m;(p,u) = wu;. The base change morphism is given by L(a) = a for
all a € GL(n). This example shows that every manifolds admits a s-space. For simplicity
of notation, let us denote this s-space with LM . If we consider a Riemannian metric on
M or an orientation, then the bundle of orthonormal frames and the bundle of orientated
bases induced similar s-spaces over M.

Example 2.3 Let o = (P,7,G, - ) be a principal fiber bundle over M, and w be a connec-
tion on a. Let X = (N,v¢,0, R, {e;}) where

a) N ={(p,u,w):p € P,u and w are a bases of M,y and g respectively}.
b) Y(p,u,w) = p.
¢) O =GL(n) x GL(k) and Rqp)(p, u, w) = (p, u.a,w.b).

d) For1<i<mnandl<j<k,ep,u,w) is the horizontal lift with respect to w of u; at
p and e, (p, u,w) is the only vertical vector on P, such that w(p)(en+;(p, u,w)) = w;.

A is a s-space over P and its base change morphism is given by L(a,b) = <g 2)
Example 2.4 This example can be found in [7]. Let M be a manifold and V be a linear
connection on it. Let K : TTM — TM be the connection function induced by V (i.e. K

is the unique function that for v € M, satisfies that K |ra,: TM, — M)y is a surjective
linear map and for any vector field Y on M such that Y (p) = v, K(Yi,(w)) = VY ). For

1 < i,j < n, consider the I1-forms 0° and w§ defined by my, , (b) = Zﬁi(p, w)(b)u; and
i=1

K((7)x(.0,(0) = Zw}(p, u)(b)u;. Let X = (LM x GL(n),v,GL(n), R, {HZ,V;}) where
i=1

U(p,u,b) = (p,u.b), ;he action is Ry(p,u,b) = (p,u.a,a=1b) and {H; Vf} 1s dual to {Qi,wé .

A is a s-space over the frame bundle of M with base change morphism L(a) = Idyxn.

The importance of the s-spaces for the study of the tensor fields is given by the following
proposition:



Proposition 2.5 Let A = (N,¢,0,R,{e;}) be a s-space over M with base change mor-
phism of L. There is a one to one correspondence between tensor fields of type (0,2) on M
and the differentiable maps *T : N — IR™™ that satisfy the invariance property

AT o R, = (L(a))! T.L(a)

Proof. Let T be a tensor on M. Consider the matrix function *T : N — IR™ " defined
by [)‘T(z)]; = T(¢(2))(ei(2),ej(2)). For a € O, we have that the (i, j) entry of the matrix

M(z.a)is PT(z.a)]; = T(4(z.0))(ei(2.a), ¢j(2.0) = T((2) (Y _ er(2)L(a)f, Y es(2)L(a)})
r=1 s=1

=D =1 L(a);'.AT(z)g.L(a);f , hence T satisfies the invariance property. Let F : N —

IR™™™ be a differentiable function that satisfies the invariance property. If X is a vector

field on M, then it induces a map *X = (x1,...,2,) : N — IR™ such that X(¢(z)) =

n
Z z;(2)e;(2). Tt is easy to check that *XoR, =* X.[L(a)!]~'. Then, we define T'(p)(X,Y) =
i=1

AX(2).F(2).(AY (2))t where ¢(z) = p. Consider z and z such that ¥(z) = ¥(2) = p.
Since O acts transitively on the fibers of IV, there exists a € O that satisfies Z = z.a.
Therefore, *X (2).F(2).(\Y (2))! =* X(2).(L(a))) " .L(a)! *F(2).L(a).(L(a)) "' *Y (2))t =
AX (2).F(2).(*Y (2))t, what it prove that T it is well defined. Given X and Y vector fields
on M, T(X,Y): M — IR is a differentiable function because T'(X,Y) o1 is differentiable
and v is a submersion. Since T' is F(M)-bilinear, we conclude that T is a tensor of type
(0,2) on M. Finally, it is clear that *T = F.

0

Theorem 2.6 Let A\ = (N,1,0, R,{e;}) be a s-space over M, such that O acts without
fized point, then (N,v,0, R) is a principal fiber bundle over M.

Let us denote by z ~ 2’ the equivalence relation induced by the action of the group O
on the manifold N. To prove the previous Theorem we will need the following next two
lemmas.

Lema 2.7 Let A\ = (N,¢,0, R,{e;}) be a s-space over M. Then N/O has differentiable
manifold structure and m: N — N/O is a submersion.

Proof. Consider the map p : N x N — M x M defined by p(z,2") = (¥(2),¥(2))). p
is a submersion since 1 it is. Let the set A = {(z,2') : 2 ~ 2’} and A be the diagonal
submanifold of N x N. Since z ~ 2’ if and only if 1(z) = ¥(z’), we have that A = p~1(A).
Therefore A is a closed submanifold of N x N. It is well known that if a group O acts
on a manifold N, N/O has a structure of differentiable manifold such that the canonical
projection 7 is a submersion if and only if A is a closed submanifold of N x N. In this case,
the differentiable structure of N/O is unique.

O



Lema 2.8 Under the hypotheses of the previous lemma:

i) N/O is diffeomorphic to M.
i1) ker m, = ker 1.

Proof. Let f : N/JO — M defined by f([z]) = ¥(z). By definition f o7m = 1, then f
is differentiable function and ker 7, C kert,. On the other hand, let ¢ : M — N/O
be the function defined by g(p) = m(z) where z € N satisfies that 1(z) = p. Since O acts
transitively on the fibers of IV, g is well defined. As m = got) we have that g is a differentiable
function and that kert, C kerm.. An easy verification shows that g o f = Idy/o and
fog=1Idy.

L]

Remark 2.9 If A = (N,v,0, R,{e;}) is a s-space over M, then (N,,O, R) is a principal
fiber bundle over N/O.

Proof of Theorem 2.6. It remains to prove that (N,, 0, R) satisfies the local triviality
property, (i.e. all p € M has an open neighbourhood U on M, and a diffeomorphism
7:¢ 1 (U) — U xO such that 7 = (v, ¢), where ¢(z.a) = ¢(z).aforalla € O). Let p € M,
take [z0] € N/O such that f([z0]) = p. As (N,%, O, R) is a principal fiber bundle over N/O,
there exist an open neighbourhood V' of [29] and a diffeomorphism 7 = (7(2), ¢(2)) such
that satisfy the local triviality property. U = f(V') is an open neighbourhood of p on M,
since f is a diffeomorphism, and it satisfies that ~'(U) = 7= 1(V) . Finally, if we define
7: 1 (U) — U x O by 7(2) = (¢(2), ¢(2)), U and 7 satisfy the local triviality property
on p.

O

Remark 2.10 Note that there exist s-spaces that are not principal fiber bundles. For
example, let A = (R"™ x (R" — {0}),pr1,GL(n), R,{e;}) over R"™, where pri(p,q) = p,
R.(p,q) = (p,q.a) and e;i(p,q) = 6%2"1’ is the basis of Ry induced by the canonical coordi-
nate system of R™ .

We say that a s-space A\ = (N,9,0, R,{e;}) over M is a principal fiber bundle if
(N,v,0, R) is a principal fiber bundle over M.

We denote by S, = {a € O : z.a = z} the stabilizer’s group of the action R at z. It is
well known that if for a point z € N the orbit 2.0 is locally closed (i.e. if w € 2.0, there
exists an open neighbourhood V of w on N, such that V' N 2.0 is a closed set of V'), then
2.0 is a submanifold of N and f,([a]) = z.a is a diffeomorphism between O/S, and z.0.

Proposition 2.11 Let A = (N, ¢, 0, R, {e;}) be a s-space over M, then

i) There ezists s € INg such that dim S, = s for all z € N.



i) dim N = dim M + dim O — s.

Proof. Let z € N and ¢(z) = p. Since f is a submersion we have that dim N = dim ker ¢, +
dim M and dim ker 1. = dim+~!(p). Note that 2.0 = ¥~!(p), since O acts transitively on
the fibers. As ¢~1(p) is locally closed, it foolows that dim O/S, = dim~!(p). Therefore,
dim N = dim M + dim O — dim S, for all z, so S, is of constant dimension.

0

Given a s-space A over M, it will be important to know which are the tensors on M that
satisfy that *T is a constant matrix. It is clear that not for every matrix A € IR"*" there
exists a tensor 7' on M such that *T" = A. A necessary and sufficient conditions for this
holds is that L(a)'.A.L(a) = A for all @ € O. In that case, we said that A admits matriz
representations of type A. To finish the section we will state some conditions in order to
guarantee that a s-space admits matrix representations of certain class of diagonal matrices.

For v =0,1,---,n — 1, we denote by I, the following matrix of IR™*"

-1
I, = ifv>1 and Iy = Idyxn

1

With O, we denote the orthonormal group of index v. If v = 0, then Og = O(n).

Proposition 2.12 Let A = (N,¢,0, R,{e;}) be a s-space over M with base change mor-
phism L. If 0 <v <n — 1, the following conditions are equivalent:

i) Img(L) C O,.
it) A admits matrixz representations of type I,.

it1) There is a semi-Riemannian metric on M of signature v such that {e1(z),...,en(2)}
is an orthonormal basis of My, for all z € N.

iv) There exists a tensor T on M that satisfies *T(z) = I, for all z € ™ (po) and for a
po € M.

Proof. i) = ii) Consider the constant map F' = I,,. Since F satisfies the invariance prop-
erty, it follows from the Proposition 2.5 the existence of a tensor such that *T' = I,,. i) =
iii) If AT = I,,, then T is a semi-Riemannian metric of index v and T'(¢(2))(ei(2), e;(2)) =
[I):. idii) = iv) Is immediately. iv) = i) Let a € O and z, such that 1 (z9) = po, then

j
I, = I,(zp.a) = L(a)'.1,.L(a) for all a € O.

O



The next Proposition is a consequence of the fact that O(m)N O, ={D € O(m) : D =

<1(4)1 g) with A € O(v) and B € O(m —v)}.

Proposition 2.13 Let A = (N,¥,0, R,{e;}) be a s-space over M with base change mor-
phism L and 1 < v <n — 1. XA admits matriz representations of type Iy and I, if and only
if there exist differentiable functions L1 : O — O(v) and Ly : O — O(n — v) such that

0= ("0 Lio)

Proposition 2.14 Let A = (N,¢,0, R,{e;}) be a s-space over M with O connected. \
admits matriz representations of type I, for all0 < v < n—1 if and only if A admits matrizc
representations of type A for all constant matriz A € R™*"™.

Proof. If X\ admits matrix representations of type Iy, I, ..., 1I,, from the proposition above
+1

v

we have that L(a) = . with {(a) € O(n—v). Since L is differentiable

l(a)
and L(ab) = L(a).L(b), we see that L(a) = (

the proposition it follows.

Id,x, O

0 f(a))' If v =n, then L = I,,«, and

0

3 Morphisms of s-spaces.

Definition 3.1 Let A = (N,v,0,R,{e;}) and N = (N',¢/,0', R',{e}}) be s-spaces over
M. We call a pair (f,T) a morphism of s-spaces between \ and N if

a) f: N — N’ is a differentiable function.

b) 7: 0 — O is a morphism of Lie groups.
c) Y'of=1.

d) f(z.a) = f(z).7(a) for all z € N and a € O.

Note that if A and ) are principal fiber bundles, (f, ) is a principal bundle morphism.

Example 3.2 Let A = (N,9,0, R,{e;}) be a s-space over M and let LM be the s-space
induced by the linear frame bundle of M. Consider the pair (I'L) : A\ — LM, where
['(z) = (¥(2),e1(2),...,en(2)) and L is the base change morphism of X\, then (I',L) is a
morphism of s-spaces.



Remark 3.3 Let A\ and N be s-spaces over M and let (f,7) : A\ — XN be a morphism
between them. If X' is a principal fiber bundle and T is injective, then X is a principal fiber

bundle.

Remark 3.4 It is easy to see that if T is surjective then f is also surjective. If O acts
without fixed point, then we have that T is surjective if and only if f is surjective; the
injectivity of T implies that of f; and if T is bijective then so is f. If O and O’ act without
fixed point, then f is injective if and only if T is it.

Let (f,7) : A — X be a morphism of s-spaces. As 9/(f(z)) = ¢(z) we have that
{ei(f(2))} and {e;i(z)} are bases of My,). Therefore, there exists C(z) € GL(n) that
satisfies {e/(f(2))} = {ei(2)}.C(z). We called the function C' : N — GL(n) the linking
map of (f,7). For example the linking map of the morphism given in Example 3.2 is
C(z) = Idyxn. Let X be a s-space over M with base change morphism L and let ag € O.
Consider (f,7) : A — X defined by f(2) = Rq, and 7(b) = Ad(ag*)(b), then C(z) = L(ay).

The linking map of a morphism (f,7) satisfies that C(z.a) = (L(a))~'.C(2).L'(1(a)),
where L and L’ are the base change morphism of A and ) respectively. The relationship
between two linking maps is given by C(, y(2) = C(s,)(2).L'(a(2)), where a : N — O is a
differentiable function.

Let A = (N,v,0, R, {e;}) be a s-space over M and consider a function F' : N — IR"™*".
We say that F' comes from a tensor if there exists a tensor 7' on M such that *T = F. In

this case, we say that F' is the matrix representation (or the induced matrix function by)
of T with respect to A.

Proposition 3.5 Let A = (N,¢,0,R,{e;}) and N = (N',¢',O", R, {e}}) be two s-spaces
over M with base change morphism L and L' respectively, and let (f,7) : A — XN be a
morphism. If N'T is the matriz representation of T with respect to N, then X T o f comes
from a tensor if and only if

(L(a))".("T o )(2).L(a) = (L' (r(a)))".(" T o f)(2).L (v(a))
forallz e N and a € O.

Proof. If X'T' o f comes from a tensor, then it satisfies (XT o f)(z.a) = (L(a))*N (T o
f)(2).L(a). Therefore, N T(f(z.a)) = L'(1(a)))* Y T(f(2)).L'(7(a)). The other implication
follows by a verification of the invariance property.

]
Remark 3.6 Let T be a tensor on M. From the above Proposition it follows that until the
k' iteration of T by (f,7) comes from a tensor on M if and only if L'.(C*)I  T.CI.L =
(L' o)t .(CYYIAT.CI(L o) for all1 < j < k.

Corollary 3.7 The following sentences are equivalent:



i) For all tensor T on M, M(T o f) comes from a tensor on M.

i) L' ot = +L.

Proposition 3.8 Let (f,7) : A\ — X be a morphism of s-spaces and let T be a tensor on
M then

MT o f)(2) = (C(2)' *T(2).C(2),
where C' is the linking map of (f, 7).

Proof. [(XT o f)(2)]; = T(W'((f()))(ei(f (), €j(f(2))) =
2)Q_(C))ien(2), Y (O = > (CENIPTENCR);
r,s=1

r=1 s=1 8=

O

Definition 3.9 Let (f,7) : A — X be a morphism of s-spaces and T be a tensor on M.
We say that T is invariant by (f,7) if Mo f=*T. Let us denote with Iy 7y the subspace
of the invariant tensors of (f, 7).

Let X be a s-space over M. If (f,7) : A\ — LM is the morphism given in the Example 3.2,
then all the tensors are invariant. Given a s-space A = (N, 9,0, R,{e;}) and T # 0, then
there exists a € GL(n) and z € N such that a'.T(z).a # T(z). Therefore, if we consider
the s-space X' = (N, 9,0, R,{¢e;}), where {¢;} = {e;}.a, T is not an invariant tensor by the
morphism (Idy, Idp).

Proposition 3.10 Let (f,7) : A — X be a morphism and T be a tensor on M. If there
exists k € IN such that the k*" iteration by (f,7) of T is an invariant tensor, then T is an
tnoariant tensor.

Proof. Let us denoted by *T7 and Y'T7 the matrix representation of the j™ iteration of
T with respect to A and X respectively. A% = Tk o f = C*ATF.C | since the k"
iteration is an invariant tensor. On the other hand, *T% = (N'T#1o f) = Ct ATF-1C =
Ct.NTF 20 f).C = (CY)2ATF-2.C% = (CHFLAT.CF1, hence AT = C*AT.C' . O

Let T be a tensor on M and A = (N, 4,0, R, {e;}) be a s-space over M. For each z € N,
consider the Lie subgroup of GL(n) defined by G3(z) = {D € GL(n) : D'*T(z).D =
T(z)}. We call it the group of invariance of T at z. For simplicity of notation we write
Gr(z) instead of G}.(z). A tensor T is invariant by (f,7) if and only if C(z) € Gp(z) for
all z € N.

If ¢ (2) = ¢(2') we have that Gp(z) ~ Gp(z'). This is because ¢, : Gp(z') — Gr(z),
defined by ¢,(D) = L(a).D.L(a"') = Ad(L(a))(D) for a € O such that 2/ = z.a, is a
homomorphism of Lie groups. We called the subset Frr = {(z,9) : z € N and g € Gr(2)}



of N x GL(n) the invariance set of T. If there is a tensor T' on M that admits a matrix
representation of the type a.ld,x, with a # 0, then Fpr = N x O(n). Let A be the s-
space of Example 2.4. If T is the tensor on LM such that AT = < 0 Idmxm)
—Idpxm 0
with m = ”‘2”2, then Fp = LM x GL(n) x S;, where S, denotes the symplectic group
of R?*™*2m Tn general Fr does not has a manifold structure. The invariant tensor by a
morphism (f,7): A — )\ are those that satisfy that (z,C(2)) € Fr for any z in N.

Remark 3.11 Let (f,7): A — X be a morphism with linking map C. If T € I3, and T
is non degenerated, then det(C(z)) = 1 for any z in N.

4 Connections on s-spaces.

Given A = (N,0,v¢,IR,{e;}) a s-space over M, for z € N let us denote by V, the vertical
subspace at z induced by the projection ¢ (i.e. V, = kert,_ ). Note that dimV, = k — s
where s is the dimension of the stabilizer S, and k£ = dim O. We adaptate the concept of
connection in fibrations (see [13]) to s-spaces as follows:

Definition 4.1 A connection on a s-space A over M is (1,1) tensor ¢ on N that satisfies:

1) ¢, : N, — V, is a linear map.
2) ¢* = ¢, ¢ is a projection to the vertical subspace.

3) ¢z.a((Ra). (b)) = (Ra)x. (6(b))-

Note that 3) has sense because (Ry)«, (Vz) = V.q.

We called to H, = ker ¢, the horizontal subspace at z. It is clear that N, = H, ® V..
Since dua((Ba)e. (6(2)(1))) = (Ra)e (()(B)) = (Ra)e.(0) = 0, (Ra)es(H2) = Heg. As in
the case of connections in principal fiber bundles we have that: There is a connection ¢
on A if and only if there exists a differentiable distribution on N (z — H,) such that
N,=H,®V,and H,, = (Ry)+,(H,). If we have a distribution with these properties, we
define ¢(2)(b) = b* where b = b + b".

Definition 4.2 Let A = (N, 4,0, R,{e;}) be a s-space over M endowed with a connection
¢. Letv € M, and z € Y~ (p). We called horizontal lift of v at z to the unique vector
vl € N, such that ¥, (v1) = v and v € H,.

Given a vector field X on N , let H(X) and V(X) the vector fields that satisfy that
H(X)(z) € H,, V(X)(2) € V, and X(2) = H(X)(2) + V(X)(2) for all z € N. We called
H(X) and V(X) the horizontal and the vertical projections of X. Is easy to see that H(X)
and V(X)) are smooth vector fields if X is a smooth vector field.

10



Proposition 4.3 Let X be a vector field on M. Then there exists a unique vector field X"
on N such that X"(2) € H, and ¥, (X"(2)) = X (¢(2)) for all z € N.

Proof. Let pg € M and zy € N such that ¥(z9) = pp. As 1 is a submersion, there exist
two charts (U, x) and (V,y) centered at py and zo respectively that satisfy ¢(U) C V and
yopox ay,...,an, ani1,. - am) = (a,...,a,). If X(p) = >0, pi(p)a%i |p for p e U,
let the vector field on V defined by Xp(z) = 327, (p' o w)(z)a%i |-, then we have that
¢*(X) = X o). For this reason, we can take an open covering {U;}ier of N such that
for each U; we have a field X; € x(U;) that satisfies the previous property. Let {(;}icr be
a unit partition subordinate to the covering {U;}ic;. Consider the vector field X € x(INV)
given by X = Yier G- X;. X satisfies that ¢,_(X(z)) = X(¢(2)) for all z € N. Finally,
H(X) is the vector fields that we looked for. The uniqueness follows from the fact that
VY, |2 Hy — My,) is an isomorphism.

0

Remark 4.4 The horizontal distribution z — H., is trivial since {el(z) = (e;(2))"}1, is
a base of H, for all z € N and {e!}?_, are smooth vector fields.

For any z in N let the function o, : O — N given by o,(a) = z.a. If X € o, let
V(X)(2) = (02)«.(X) € V,, where e is the unit element of O. If the group O acts effectively
and X # ( is easy to see that V' is not the null vector field. If O acts without fixed point,
then V(X)(z) # 0 for all z € N and X # 0. Anyway if {X;,..., X} is a base of o, then
{V(X1)(2), -, V(Xk)(2)} spanned V. It is not difficult to see that ker(o,)., = T.S,. The
1-forms 6; on N defined by v, (b) = > I, 0%(2)(b)e;(z) are a basis of the null space of
the vertical subspace. Straightforward calculations show that the 1-forms 6; satisfy that

0! (2.a)((Ra)s. (b)) 01 (2)(b)
L(a). : = : for all z € N and a € O.

0" (z.a)((Ra)+. () 0" (2)(b)

Proposition 4.5 Let A be a s-space over M such that exists a subspace V of o that satisfies
dimV =k —s (s =dimS,) and VNT.S, = {0} for all z € N. If X\ admits a connection,
then the tangent bundle of N is trivial.

Proof. Let {X1,..., X;_s} be a base of V, then the vertical vector fields Vi(z) = (0. )+, (X;)
withi = 1,...,k—sareabaseof V, for all 2 € N. Therefore the frame {e,... el Vi,..., Vi_s}
trivializes the tangent bundle of N.

O

Remark 4.6 With the same hypothesis of the Proposition above is easy to see that
{04(2),...,0"(2), W(2),...,Wk=3(2)}, where W; are the 1-forms defined by ¢.(b) =
Zf:f Wi(2)(b)V;(z), is a basis of NX. Note that it is the dual base of {el(2),...,el(z),
Vi(2), .0 Vie—s(2) ).
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Remark 4.7 Let A = (N,v¢,0, R,{e;}) be a s-space over M that is also a principal fiber
bundle. Is well know that every principal fiber bundle admits a smooth distribution that is
transversal to the vertical distribution and is invariant by the action of the group O, see [4],
so there exists a connection on A\. On the other hand, the group O acts on N without fized
point and the hypothesis of the Proposition 4.5 are satisfied. Therefore, the tangent bundle
of N is trivial.

Remark 4.8 Let G be a metric on N such that the maps R, are isometries for any a in
O. If O is compact and N 1is a closed manifold, then N admits a metric with this property
(see [4]). Let H, be the subspace of N, orthogonal to V. Is easy to see that z — H, induces
a connection on \.

Remark 4.9 In the situation of Proposition 4.5, we can lift a metric G on M to a metric
G on N in a natural way as follows:

k—s
G=9"(G)+Y Wew.
i=1

The projection ¥ : (N,G) — (M, Q) is a Riemannian submersion. The metric G can be
very useful because using the fundamental equations of a Riemannian submersion [16] we
can relate the curvature tensors of both metrics. If we chose appropriately the s-space over
M, the calculation of the curvature tensor of (M,G) can be simplified. For example, In [6]
(see also [5]), the curvature tensor of the tangent bundle of a Riemannian manifold endowed
with certain class of metrics is computed using this technic.

Remark 4.10 Let A be a s-space over M and let V be a linear connection on M with
connection function K. Consider K* : TN — TM defined by

KL(b) = K ((e)..(0))

and let H, ={b€ N, : Ki(b) =0 for i=1,...,n}. This smooth distribution is invariant
by the group action but it is not necessary complementary to V. If F, @ Ny — My,) X

n times

My % ... x My is given by Fa(b) = (s (b), K1(b), ..., K2(b)), it is not difficult to see
that the following facts are equivalent:

i) F is injective and (My,y x 0 x ... x 0) € Img F.
i) N, = H, & V..

So if X satisfies i) and ii) we have that the distribution z — H, induces a connection on
A If G is a metric on M let the (0,2) symmetric tensor on N given by

G(A, B) = c(2)G (4. (A), ¥ (B)) + Zl A), K'(B))
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where c,l; are positive differentiable functions. If I is injective, G is a Riemannian metric.
If X is the s-space LM, c=1andl; =1 fori=1,...n, then G is the well know Sasaki-Mok
metric (see [3] and [15]).

5 Natural tensor fields.

5.1 Natural tensor fields on fibrations.

In this section we will study certain class of tensors on a manifolds and fibrations. With a
tensor 1" on a fibration we want to mean that 71" is a tensor on the space manifold of the
fibration. If & = (P, 7, IF) is a fibration we will consider a particular class of s-spaces over
P in order to take into account the structure of the fibration for the study of the tensors
on it.

Definition 5.1 Let o = (P,7w,IF) be a fibration on M and A\ = (N,v,0,R,{e;}) be a
s-space over P. We say that X is a trivial s-space over  if N = N’ x TF.

Example 5.2 The s-space A = (LM x GL(n),v, GL(n), R,{H;, VJ’}) given in the Example
2.4 1is a trivial s-space over the linear frame bundle of M.

Definition 5.3 Let a« = (P, 7, IF) be a fibration and A = (N xIF, 4,0, R, {e;}) be a trivial s-
space over . We say that a tensor T on P is \-natural with respect to o if *T(z,w) =*T (w)
(i.e. its matriz representation depends only of the parameter w of the fiber IF ).

Remark 5.4 Let M be a manifold endowed with a linear connection V and a Riemannian
metric g. If we consider the s-spaces A\ = (LM x GL(n),v,GL(n), R, {H;, V]’}) (Example
2.4) and N = (O(M) x GL(n),%,0(n), R, {HZ,V]Z}), where O(M) is the manifold of or-
thonormal bases of (M, g), the action of the orthonormal group and the projection are similar
to that ones of \. The A — naturality and X' — naturality with respect to (LM, m,GL(n))
agree with the concept of natural tensor with respect to the connection V and with respect
to the metric g given in [7].

Remark 5.5 There exist s-spaces such that the concept of X — natural with respect to the
fibration agree with the known cases of naturality. So, our definition also generalizes the
notion of natural tensor on the tangent and the cotangent bundle of a Riemannian (see [2]
and Example 6.2) and semi-Riemannian manifold (see [1]).

5.2 Natural tensor fields on manifolds.

In view of the definition of A\ — natural with respect to a fibration, it seems interesting
to ask what it means to be A — natural with respect to a manifold? A manifold M can
be viewed as a trivial fibration ap; = (M x {a},pri,{a}). Therefore, there is a one to
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one correspondence between the s-spaces over A and the trivial s-spaces over a. A s-space
A= (N,¢,0,R,{e;}) over M induced the N = (N x {a},v, 0, R,{e;}) over a. A tensor T
on M induce a tensor 77 on M x {a}. Then T" is X — natural with respect to a « if and
only if YT"(z,a) = T'(a), hence T" is X' — natural with respect to a « if and only if *7T is
a constant map. This suggests the following definition:

Definition 5.6 Let A be a s-space over M and T a tensor on M. We say that T is
X — natural if T is a constant map.

Example 5.7 Let (M, g) be a Riemannian manifold and let X = (O(M),m,0(n),-, {m})
be the s-space over M induced by the orthonormal frame bundles of M. Since L(a) = a for
all a € O(n), T is X — natural if and only if "T = k.Idyxn (T is a scalar multiple of the
metric g).

Example 5.8 Suppose that the map F of the Remark 4.10 is bijective. Let 3 = (N,idn, {1},
) {(es(2), (ej(z))g(i)}) be the s-space over the space manifold of X\, where {1} is the
trivial group, ( - ) is the trivial action, (e;(2))" is the horizontal lift of e;(z) at z and
(ej(z))g(i) satisfies that Ki((ej(z))z(i)) =¢;(2). If G is a metric on M and G is the genera—
lizes Sasaki-Mok metric on N then

rG] 0 - 0
A
56(z) = 0 [*G] 0 o0 |
0 0 0
0 e

so G is 3 natural if and only if G is A\-natural.

Remark 5.9 Let a« = (P,7w,IF) be a fibration on M and X\ a trivial s-space over a. A
s also a s-space over P. If a tensor T on P is X\ — natural then T is A — natural
with respect to . The converse implication not necessarily holds. Let A = (O(M) X
GL(n),v,0(n), R,{H;, V]’}) over LM, there are more A\ — natural tensors with respect to
LM than constant maps, see [7].

Remark 5.10 Consider the s-space LM and let T be a LM — natural tensor on M. Let
A € R™™ such that “MT = A. Since the base change morphism of LM is the identity of
GL(n), A = al.A.a for all a € GL(n), hence T must be the null tensor. Therefore, for a
manifold M the null tensor is the only one that is A — natural for all the s-spaces over M.

Remark 5.11 IfT is A — natural, we have that N x Im(L) C Fp where Fp = N x G with
G a subgroup of GL(n).

Let A = (N,0,v¢,IR,{e;}) be a s-space over M. Note that if T is A — natural and
(f,7) : A — X is a morphism of s-spaces then T' € I(; ). On the other hand, if T' € I
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for all (f,7) automorphism of A, then 7" is constant in each fiber of N. A necessary and
sufficient condition for a tensor T' to have a constant matrix representation in each fiber is
that T' € Iy, 7, for all a € O, where (f,,7,) is the morphism defined by fu(z) = Ra.(z) and
7a(b) = a"1b.a.

Let us see some facts about the relationship between the natural tensors and the mor-
phisms of s-spaces. The next two proposition follow from Proposition 3.8.

Proposition 5.12 Let A and X' be two s-spaces over M and (f,7) : A\ — X be a morphism
with linking map C. If T is a N —natural tensor with™ T = A € R™ ™, then T is \—natural
if and only if (C(2)" 1)1 A.C(2)7! is a constant map.

Proposition 5.13 Let (f,7) : A — X be a morphism of s-spaces with linking map C and
T a tensor on M that is A\ and N — natural. Let A and B € R™" such that *T = A and
NT = B, then C(2)!.A.C(z) = B for all z € N.

In particular, if A = X, the image of the linking map of any automorphism has to be
included in the group of invariance of all the A\ — natural tensors. For example, if A =
(LM x GL(n),v¥,GL(n), R, {H;, V]’}) and (f,7) is an automorphism of A\ with linking map
C, then C(2) = Id (4 n2)x(nin2) for all z € LM x GL(n).

Proposition 5.14 Let A = (N,¢,0,R,{¢;}) and N = (N',¢',0’, R',{e}}) be two s-spaces
over M, (f,7) : A\ — X be a morphism of s-space, T a N — natural tensor and let
A € R such that T = A. Then YT o f comes from a tensor on M if and only if
(L(a))t.A.L(a) = A for any a in O.

Proof. Since T is N — natural, (L'(a'))!.A.L'(a’) = A for all ' € O', then the Proposition
follows from Proposition 3.5.

0

Remark 5.15 There are tensors on M that are not A — natural for any s-space over M.
Let T' be a not null tensor on M, then there exists p € M such that T'(p) : M, x M,, — R
is not the null bilinear form. Let f be a differentiable function on M that satisfies f(p) =1
and f(q) = 0 for q # p. Consider the tensor T defined by T(ﬁ) = f(&).T(€). IfT is
X\ — natural, then *T = A and since f(q) =0, A must be the zero matriz. For 2’ € ¢~1(p),
we have that *T(z') = [f(q)(ei(z’),ej(z’))] = f(p)[T(p)(ei(').e;(2'))] # 0, hence T is not
A — natural.

Proposition 5.16 Let T be a symmetric tensor on M with index and constant rank, then
there is a s-space A over M such that T is A\ — natural.

Proof. If rank(T') = 0 then T is the null tensor and T is A — natural for all A\. Sup-

pose that rank(T) = r > 1 and index(T) = r — s. For every p € M there is a ba-
sis {v1,...,Us,Us41,---,Ur, Upg1,...,Un} of M, that diagonalizes the matrix of T'(p), i.e.
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Idsxs 0 0
[T'(p)(vi,v;)] = 0 —ld—gx(r—s) 0] = Ly Let A = (N, 7,0, {m}) where
0 0 0
O(s) 0 0
N ={(q,v) € LM : [T(q)(vi,vj)] = Is}, O = 0 O(r—s) 0 ; the action,
0 0 GL(n—r)
the projection and the maps m; are similar to those of LM. Then *T = I, O

6 Sub s-spaces.

Let A = (N,¢,0,R,{e;}) and N = (N',¢/,0', R',{€}}) be s-spaces over M and N respec-
tively and h : M — M’ be a differentiable function. Let f : N — N’ be a differentiable
function and 7 : O — O’ a group morphism.

Definition 6.1 We said that (f,T) is a morphism of s-spaces over h if f(z.a) = f(z).7(a)
forallz€ N and a € O and )’ o f = h o).

This definition generalizes the concept of morphism of s-spaces. If A and )\’ are s-spaces
over M and (f,7) : A — X is a morphism of s-spaces, then (f,7) is a morphism over Idy.

Example 6.2 Let (M, g) be a Riemannian manifold and let A = (O(M) x R",1,0(n), R,
,{ei}) be the s-space over TM where the projection is defined by ¥(p,u,&) = (p, > g i),
O(n) acts on O(M) x R™ by Ry(p,u) = (p,u.a,&a). For 1 < i < n, let e;(p,u,§) =
(Tt ) X K¢(p7u,§))_1(ui,0) and ep1i(p, U, §) = (Tuy () o) X K¢(p7u7§))_1(0,ui), where K is
the connection map induced by the Levi-Civita connection of g. Before we see an example
of subs-space let us make a brief comment. The tensors on TM that are X\ naturals with
respect to TM agree with the ones of Calvo-Keilhauer [2]. The Sasaki metric Gg and the
Cheeger-Gomoll metric Gy are A\—naturals with respect to TM. The matrix representation

of the Sasaki metric and the Chegeer-Gromoll metric are *Gg(p,u,§) = <Id8X" Ido >
nxXn
Id 0
A . nxn .
and “Geg(p,u,§) = < 0 1+}£I2 (Idnsn + (§)t.§)) respectively .

Consider the s-space N = (O(M),y',0(n—1), R',{e,}) over the unitary tangent bundle
Ty M of M, where ¥'(p,u) = (p,un) and the action of O(n — 1) on O(M) is given by
R/ (p,u) = (p, Z?;ll ual, ..., Z?;ll w;al,_q,up). The maps {ei} are defined by €(p,u) =
(T ) X Kypuy) " (wi,0) if 1 < i < nand by €] ;(p,u) = (T X Kypu) (0, u7)
if1<i<mn-—1. Let f:OM)— OM)xR" and 7 : O(n —1) — O(n) defined by
f(p,u) = (p,u,v) where v is the n'* vector of the canonic base of R™, and 7(a) = 8 (1] )
Then (f,7) : A\ — X is a morphism of s-spaces over the inclusion map of TyM in TM.

Let M and M’ be two manifolds of dimension n and n’ respectively. Let A = (N, v, O, R,
qei}) and N = (N, ¢/, 0, R', {€}}) be two s-spaces over M and M’ and (f,7) : A — X a
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morphism of s-space over an inmersion h : M — M’. For every z € N, Py (M) is a
subspace of dimension n of Mtlb(f(z)) and it is generated by {h,, ., (€1(2)), ..., huy (en(2))}-

As {€i(f(z))} is a base of M{b,(f(z)), for every z € N there exists a matrix A(z) € R ™
with rank(A(z)) = n that satisfies

n'—n

——
0,...,0} = {e}

(g (€1(2)s o by (en(2)), (f(2);- - € (f(2)}A2)-

In the previous example, A(p, u) = (Id@“g)x@"l) 8) If M = M’ and h is the identity

map then (f,7) is a morphism of s-spaces and A(z) = C~1(z) is C is the linking map of
(f,7). In this situation, we have the following definition:

Definition 6.3 X is a subs-space of X' if there exists a morphism of s-spaces (f,T) over an
injective inmersion h : M — M’ such that f is an inmersion and the map A induced by
(f,7) is constant. In this case, we said that X\ is a subs-space of N with morphism (f,T)

over h. A s-space A = (N, 1,0, R,{e;}) is included in N = (N', ¢/, 0’ R',{e}}) if N C N'.

Example 6.4 Let M be a parallelizable manifold , V a vectorial space and V' a subspace of
V. Let GL(V) be the group of linear isomorphisms of V' and let GL(V, V") be the subgroup
of linear isomorphisms of V with the property that T(V') = V'. Consider the s-space
A= (MxV,pri,GL(V), Rs,{e;}) over M, where the action is defined by R¢(p, z) = (p, f(2))
for (p,z) € M xV and f € GL(V), and e; = &;0pry where {€1,...,e,} are the vector fields
that trivialized the tangent bundle of M. If N = (M x V', pri,GL(V, V'), R¢,{e;}), then X
is a subs-space of A.

Proposition 6.5 Let A = (N,¢,0,R,{e;}) and N = (N',¢',O', R',{€}}) be two s-spaces
over M such that X is a subs-space of X' with morphism (f,T) over the identity map of M.
If a tensor T on M is N — natural then T is X\ — natural.

Proof. [MT'(2)i; = T((2))(ei(2), e5(2)) = T (£(2))) (1L €1(2) AL S5y ei(2)A3) =
=35 Aﬁ.Aj. [N'T],;, then M is a constant map.
UJ

Remark 6.6 The converse statement does not holds in general. Let (M,g) be a Rieman-
nian manifold and O(M) be the s-space induced by the principal bundle of orthonormal
frames. If iory : O(M) — LM and ig) : O(n) — GL(n) are the respective inclusion
functions, then O(M) is a subs-space of LM with morphism (io(r),io(m)) over the identity
map of M. We known that there are O(M ) — natural tensors that are not LM — natural.

Let T be a tensor on M and let “MT : LM — R™ "™ be the matrix map induced
by the s-space LM. Given a s-space A = (N, 9,0, R,{e;}) over M we have a morphism
(D, L) : A\ — LM (see Example 3.2). It is clear that "' =M T'oT', thus if T is A —natural
then there exists a matrix A € IR™*" such that Img T C (*MT)~1(A).
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Proposition 6.7 Let T be a tensor on M. There exists A a s-space over M such that T is
A — natural if and only if there exist a matrix A € R™™ and a subs-space of LM included

in (FMT)=1(A).

Proof. Suppose that T is A — natural ( A = (N,¢,0, R,{e;})) and let A € R"*" such that
AT = A. Let X = (I'(N),w, L(O), R',{m;}), where 7, R’ and {m;} are induced by LM.
The map 7 : ['(IN) — M is a submersion. Since w(I'(N)) = ¢»(N) = M, 7 is surjective.
Let p € M and z € ¥~ 1(p), then n(T'(z)) = p. Given v € M, there exists w € N, such
that 1., (w) = v. Let a be a curve on N that satisfies a(0) = z and &(0) = w, then for
5(t) = T(a(t)) we have that 5(0) = D(=) and may,_, (3(0)) = Dlo(x(B(1))) = the. (w) = v, 50
Tapy - Nr(z) — M) is surjective. On the other hand, it is clear that L(O) acts transitively
on I'(N), so X is a s-space and it is a subs-space of LM with morphism (z'p(N),z'L(o)) over
the identity map of M.

Conversely, suppose that there exists A = (N,v,0, R{e;}) a s-space over M that is
also a subs-space of LM with morphism (f,7) over the identity map, and suppose that
F(N) C (FMT)=L(A) for a matrix A € R™". Since {e;(2)} = {m:(f(2))}.B for B € GL(n),
this implies that [7(2)] = [T(0(:))(ex(2),5(:))] = BLTWE) (), m (F)LB =
B'.A.B.

O

7 Atlas of s-spaces.

Definition 7.1 Let M be a manifold and let A : {\; = (N, ¢i,O;, Riy{e1}) }ier be a col-
lection of s-spaces over M. The collection A is called an Atlas of s-spaces if for each pair
(1,7) € I x I there is a morphism of s-spaces (fij, Tij) : \i — A; such that fi; : Ny — N;
s a diffeomorphism.

We said that the s-spaces A and 3 are compatible if there exists a morphism (fg, 7 g) :
A — B and (fsr,73,0) : B — A such that fyg and fg) are diffeomorphisms. Hence, an
atlas is a set of compatible s-spaces over M. We say that A is a maximal atlasif A C B
implies that A = B. In other words, if A is a s-space compatible with the s-spaces of A then
A€ A If )\ is a s-space over M let us notate with A =< X\ > the maximal atlas generated
by A. Let A be a maximal atlas, it follows from the definition that A =< A > for every
A € A. Note that there are different maximal atlases over a manifold. Consider a metric
on M, then < LM > and < O(M) > are maximal s-spaces but they are different because
LM and O(M) are not compatible.

Let A be a s-space over M, then A = {A} is an atlas. Therefore the concept of atlas is
a generalization of the notion of s-space.

Example 7.2 Let A = (N,¢,0, R,{e;}) be a s-space over M and let A: N — GL(n) be
a differentiable function. Consider \a = (N,v,0, R, {e{'}) where ei*(2) = Y., e;(2) Ai(2).
The collection A = {Xa}acrr) is an atlas of s-spaces.
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Example 7.3 Let M be a parallelizable manifold and { H;}}'_ the vector fields that trivialize
the tangent bundle of M. Let (N, g) be a Riemannian manifold such that its isometry group
I(n,g) acts transitively on N. Let A(yg) = (M x N,pri,I(ng), Ry, {H; o pr1}) where the
action of Iy g on M x N is given by Ry(z,p) = (2, f(p)). If (N',g') is isometric to (N, g)
then A(n.g) is compatible with Ay gry. If N’ is not diffeomorphic to N, then < A(N,g) > and
< A(wr,g1) > are different atlases.

Definition 7.4 Let A and B be two atlases of s-spaces over M and F a collection of
morphisms of s-spaces from a s-space of A to a s-space of B. F will be called a morphism
between the atlas A and B if for every A € A and 3 € B there exists (f,7) € F such that

(f,m): A — 6.

Remark 7.5 Let A and B be two atlas over M, Ay € A, By € B and (fo,70) : Ao — So-
Consider F = {fg,5 0 fo © farg: T8s © T0 © Taxg, Faca, seB where (fg,8,75,8) : Bo — B and
(Fargs Targ) : A — Ao are the morphisms that show the compatibility between (3 and By and
between \ and \g respectively. Then F' is morphism of atlases between A and B.

Remark 7.6 If )\ is a s-space over M we have a canonical morphism (U'y, Ly) : A — LM
(see Example 3.2), hence for every s-space X\ we have a morphism between the atlases < X >
and < LM >. But this property do not characterize < LM >. In other words, if a s-space
B satisfies that for every X\ there exists a morphism (fx,7x) : A — 3, B is not necessarily
compatible with LM .

A

(T'x,Lx) (Fr>7a)
(T'g,La)

LMZ =
(foa,moar)

Consider a parallelizable Riemannian manifold (M,g). Let {H;}}", be orthonormal
fields that trivialized the tangent bundle of M. If A = (N, 1,0, R,{e;}) is a s-space over M,

let (fx,7x) : A — O(M) be a morphism defined by f(z) = (¢¥(2), H1(¢(2)), ..., Hn(¥(2)))
and 1(a) = Id,xy,. Therefore, for every maximal atlas A there is a morphism between it

and O(M), but O(M) is not compatible with LM .

A

Fa,Lm F4.0(m)
Fony,om

< LM > <O(M) >

Frao)

There are more atlases with this property. If (M, g) is an oriented manifold, the mazi-
mal atlas generated by the s-space induced by the principal fiber bundles of orthonormal
oriented bases SL(M) have this property. The atlas < (M, Idp, {1}, R1,{H;}) >, where
Ry is the trivial action, is another example.
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Definition 7.7 Let A be an atlas of s-spaces over M. A tensor T on M will be called
A — natural if T is X — natural for all A € A.

Note that the concept of A — naturality generalized the notion of A — naturality. If we
consider the atlas A = {\}, then T is A — natural if and only if T is A — natural.

Example 7.8 Let A be a s-space over M and consider the subatlas of the atlas given in the
Example 7.2 defined by A = {)\A}AE(;L(n). T is A—natural if and only if T is X\ —natural.
Let T be a A\ —natural tensor on M and A" = {\a} acr(n,Gp), then T is A" —natural and
it has the same matriz representation in all the s-spaces of the atlas.

Remark 7.9 If A is a mazimal atlas then the unique A—natural tensor is the null tensor.
Let A = (N,¢,0,R,{e;}) € Aand f : N — R be a differentiable function such that
f(2) # 0 for all z € N and f? is not constant. If N = (N,v,0, R,{f.e;}) we have that
N € A, but the null tensor is the only one that is A — natural and N — natural at the same
time.

Definition 7.10 Let A be an atlas of s-spaces over M and T a tensor on M. T is called
A — weak natural if there exists A € A such that T is A — natural.

If A = {A} or A is the atlas of Example 7.8, the concept of A — natural and A —
weak natural coincide.

For study the naturality of tensors on a fibration « it will be useful consider the atlases
A such that all its s-spaces are trivial over .. An atlas with this property will be called a
trivial atlas over a. The following definition is a generalization of the concept of naturality
with respect to a fibration:

Definition 7.11 Let A be a trivial atlas over a fibration o = (P, m,IF) and T a tensor on
P, then T is A — natural with respect to o if T is A — natural with respect to a for all
re A

Example 7.12 Let « = (P,m,G, - ) be a principal fiber bundle on (M,g) endowed with
a connection w. For every W = {Wi,..., Wi} basis of g let \w = (N,9,0,R,{e!'})
where N = {(p,u,b) : p € P, u is an orhonormal base of My, b € G}, ¥(q,u,b) = q.b,
O = O(n) x G and the action R is defined by R, 4)(q,u,b) = (qa,uh,a™'b). For 1 <i<mn,
e (p,u, g) is the horizontal lift of u; with respect to w at p.g and for 1 < j <k, eptj(p,u, g)
is the only one vertical vector on Py 4 such that w(p)(en+j(p,u,9)) = Wj. A= {Awltwerg
is a trivial atlas over a. An easy computation shows that the set of A — natural tensors
with respect to o is the set of tensors T whose matrixz representation with respect to some
A\w is "WT(q,u,a) = f(a)'édnxn B?@)), where f : G — IR and B : G — IRF** qre

differentiable functions.
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As above, if A is a maximal trivial atlas over « the only A — natural tensor with respect
to « is the null tensor. So we have a weak definition of naturality for this case too. We say

that T is A — weak natural with respect to « if T is A-natural with respect to « for some
Ae A

8 Examples.

We conclude showing some examples of s-spaces:

8.1 Lie groups.

Let G be a Lie group of dimension k. We denote with e the unit element of G. If v =

{v1,...,v,} is a base of g, let H be the unique left invariant vector field on G such that
HY(e) = v;.

Example 8.1 Given v a basis of g, let \' = (N, ¢, G, R,{e}}) be the s-space over G defined
by N =G x G, (g,h) = g.h, Ry(g9,h) = (g.a,a”t.h) and €¥(g,h) = HP(g.h) for 1 <i < k.
Since e} o Rq(g,h) = €} (g,h), the base change morphism LV is equal to the identity matriz
of R¥*k . Therefore, if T is a tensor on G it satisfies that

MToR, =NT

For this reason, all constant matricial maps come from a tensor and the \¥ —natural tensors
are in a one to one relation with the matrices of RF*¥.

Suppose that ' T depends only of one parameter, for example " T(g, h) =2 T(h
Since N T(g' W)y = NT(g/RR=L W)y = T(g'R)(HY(g'h), HY(g'h)) = [NT(g' b))
[)‘UT(g,h)]Z-j, T is AV — natural. Therefore, T is AV — natural if and only if T is
depends of one parameter. The left invariant metrics are tensors of this type.

)-
T

Let v' be another basis of g and consider Y If ayy € GL(k) is the matriz that satisfies
v = auyv, then we have that ef/(g,h) = €/(g,h).ayy and )‘U,T = (A ) !N Toyy for a
tensor T on M. Thus the set of \Y — natural tensors is independent of the choice of the
basis v. We can observe that (Idgxa,Idg) is a morphism of s-spaces with linking map
equals ayyr, 50 T € I(144, o 1de) if and only if ayy € Gr(g, h).

Example 8.2 Let AN = {N,¢¥,0,R,{e;}} be the s-space over G defined by
N =G x Lg = {(g,v) : g € G and v is a basis of g}, ¥(g,v1,...,v,) = g, O = GL(n),
Re(g,v) = (g,v.a) and e;(g,v) = H(g). Since {e;} o Re = {e;}.€, T o Re = E'.AT.E for all
¢ € GL(k). Therefore, the null vector is only one that is A — natural.

The left invariant metrics on G are not A — natural but for a metric T on G we have
that T is a left invariant metric if and only if *T(g,v) = T(v). If T is a left invariant
metric, then

T (g, 0))i; = T(9)(Lg)w (vi), (Lg)s (v5)) =
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T(e)((Lg1)wy (L) (1)), (Lg=1), (Lg), (v2))) = T(e)(vi, 05) = [T (e, 0)]i5-

Suppose that the matrix representation induced by T depends only of the parameter of g.
Let g,h € G and w,v € T,G, we have to see that T'(g)(v,w) = T(hg)((Ln)+,(v), (La)«,(w)).
Let {u1,...,un} be a basis of g. If v =71 1 vi(Lg)s (wi) and w =" ; wi(Lg)x, (u;), then
(Li)ay (0) = S50y 04(Lig), () and (Lip)oy(w) = S0y wil L), (). Hence,

w1

T(hg)(Ln)sy (0), (Ln)sy () = (v1,...,0a) T (hg,u). | 1| = T(g)(v,w).

Wn,

Let T be a tensor such that T'(g,v) depends only of v. We know that *T(g,v.£) =
(AT (e,v).€ for all ¢ € GL(k). Fized vo € Lg and let F : Lg — GL(k) defined by
v = vo.F(v). Then *T(g,v) = (F(v)) . T(e,v9).F(v) for all (g,v) € G x Lg. There-
fore, 2T depends only of the parameter of Lg if and only if there exists A € R*** and
a differentiable function F' : Lg — GL(k), that satisfies F(w.§) = F(w).§, such that
AT(g,w) = (F(w))t.A.F(w).

Example 8.3 Fizedv € Lg and consider \ = (GxO(k),,0(k), R, {el}) where 1 (g,§) =
g, Ra(9,€) = (9,€a), €/(g,€) = H;"g(g) . X is a s-space over G with base change morphism
L =1Idoyy. If T is a tensor of M, then AT o Ry = at *T.a. Therefore, T is A\ — natural if
and only if *T(g,€) = f(g).Idyxy with f: G — IR a differentiable function. Is easy to see
that T'((g,€).a) = (€a)*. T (g, Id).(€a), hence the matriz representation of T depends only
of the parameter of O(k) if and only if *T(g, &) = €L A& with A € R™ ™,

8.2 Bundle metrics.

Let a = (P, 7, G, - ) be a principal fiber bundle over a Riemannian manifold (M, g) endowed
with a connection w. Let us denote with Maq(g) the set of metrics on g that are invariant
by the adjoint map ad. Consider the metric on P defined by

h(p)(X,Y) = g(m(p)) (7, (X), e, (V) 4 (Lo 7) (p) (w(X), w(Y)) (1)

where | : M — Maq(g). If G is compact, Maq(g) # 0, and if g is also a simple algebra,
then essentially there is only one conformal class of positive defined ad-invariant metric [14].
If [ is a constant function, h is called a bundle metric. 1t is easy to see that 7 : (P,h) —
(M, g) is a Riemannian submersion.

Let Iy be an ad-invariant metric on g. In the following we are going to consider the
s-space A = (N, 1,0, R,{e;}) over P given by N = {(q,u,v,g) : ¢ € P, u is an orthonormal
base of M), v is an orthonormal base of g with respect to lp and g € G}, ¥(q,u,v,g) =
q.9, O = O(n) x O(k) x G and the action is defined by R, 1)(q,u, v, g) = (gh,ua,vb, h~lg).
For 1 <i < mn,e;(q,u,v,g) is the horizontal lift with respect to w of u; at ¢.g and, for 1 < j <
k, en+i(q,u,v, g) is the unique vertical vector on P, 4 such that w(q.g)(en+;(q,u, v, g)) = vj.
A is a trivial s-space over a.
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Let G be a compact Lie group with g a simple algebra and h a metric on P of the type
of (1). We have the following proposition:

Proposition 8.4 h is A — natural with respect to « if and only if h is a bundle metric.

Proof. *h(q,u,v,g) is the matrix of h(q.g) with respect to de base {e;(¢,u, v, g) , ensi(q,u,v,9)}.
For 1 <i,j <n, we have that:

h(q'g)(ei(Q7u7v7g)7 ej(Qvua Uvg)) = g(ulauj) +0= 513

Forl1<i<nand1<j<k:

h(qg)(ei(Q7uavag)’ 6n+j(Qa u,v,g)) =0= h(qg)(en+j(Q7u>v7g)v ei(q,u,’(},g))

and for 1 <1,j < k:

h(q.9)(en+i(q; u, v, 9), entj (¢, u, v, 9)) = Lo m(qg)(vi,v;) = f(m(q))-6ij,
because g has essentially one ad-invariant metric. Since

Idpn 0
Ah(q,u?vag):< 0 f(?r(Q))-Idkxk>’

h is A — natural with respect to « if and only if f is a constant map, that is to say that h
is a bundle metric. O

Remark 8.5 If g has different ad-invariant metrics and h is a metric of the type of (1),
then *h : N — IROTRX(HR) only depends of the parameter of G if | = 6.1y with § a
constant. In general, the metrics of type (1) that are A — natural with respect to « are the
bundle metrics induced by the ad-invariant metric ly.

Remark 8.6 The s-space \ depends of lg andw. Let w' be another connection on o and con-
sider the s-space N induced by it. The difference between \* and ¢ are the mapse; : N —

TP and ¢, : N — TP. Let A(p,u,v,g) = (al(p’“’“’g) “2(‘”’“’”’9)) € GL(n + k)
a4(p7uav7g) a3(p7uvv7g)
be the matricial map that satisfies {e;,e%ﬂ-} = {e;,ent;}.A where ai(p,u,v,g9) € R™",

a2(p7u>v7g) € ]RnXk; a3(p7uvv,g) € ]Rka and a4(pa U,U,g) € kan' Since €n+j(p,u,'0,g) =
e'n+j(p,u,v,g), we have that ay =0 and az = Idgxk. If T is a tensor, then

t t
2 _ al(p7uvv7g) a4(p,u,v,g) @ al(p7u77)79) 0
Tp,u.v.9) = < 0 Idyxi, S TP v,9). as(p,u,v,9) Idpxi )’

Suppose as in the proposition above that there is essentially one ad — invariant metric.
Then if h is a metric of type (1) we have that

)\w h’(p7u7lv7g) =

<a’i(p, u, v, g)ai(p,u,v,g) + f(w(p))ay(p, u,v,9).as(p,u,v,g) f(7(p)).ai(p,u,v,g) >
f(7(p))as(p,u,v,g) f(m(p))-Tdyx '
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Therefore, if the connections satisfy that a; € O(n) and a4 is a constant map, then h
is A — natural with respect to « if and only if h is N — natural with respect to o. In this
situation h s a bundle metric.
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