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Connections on fibered squares

ABSTRACT. We clarify that the theory of projectable natural bundles over
fibered manifolds is essentially related with the idea of fibered square. We
deduce the basic properties of the geometrically most interesting kinds of
fibered squares and of the corresponding connections. Special attention is
paid to linear square connections of order (g, s, 7).

Section 1 of the present paper is devoted to the basic properties of a pro-
jectable bundle functor F' on the category F M, ,, of fibered manifolds with
m-~dimensional bases and n-dimensional fibers and their local isomorphisms
over a bundle functor F' on the category M f,, of m-dimensional manifolds
and their local diffeomorphisms. Then we are interested in the fact that
FY is a fibered square for every fibered manifold Y — M. (We prefer
this terminology introduced by J. Pradines, [8], to the equivalent notion of
fibered fibered manifold by W. Mikulski, [5].) In Section 2 we discuss the
most important kinds of fibered squares, namely the principal, associated
and vector ones. Special attention is paid to the (g, s, r)-jet prolongation of
a fibered square.
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In Section 3 we introduce the general concept of square connection and
discuss the principal and linear square connections in more details. In par-
ticular, we prove that the operation of associating square connection es-
tablishes a bijection between the principal square connections on the linear
frame square of a vector square Z and the linear square connections on Z.
In the last section we define the linear square connections of order (g, s, )
on a fibered manifold Y and deduce that they are in bijection with the
principal square connections on the frame square P%*"Y of order (g, s,r).
Finally we remark that the concept of torsion can be extended from the
classical case of linear r-th order connections on a manifold M to the linear
square connections of order (g, s,r) on a fibered manifold Y.

All manifolds and maps are assumed to be infinitely differentiable. Unless
otherwise specified, we use the terminology and notation from the book [3].

1. Natural bundles over (m,n)-manifolds. The concept of a natural
bundle F' over m-manifolds was introduced by A. Nijenhuis, [6]. Using the
terminology of [3], one can say that F' is a bundle functor on the category
M. Tt is well known that every natural bundle over m-manifolds has a
finite order r» and the r-th order bundles are in bijection with the actions
of the r-jet group G}, = inv Jj(R™,R™)q, [3]. If we replace M f,, by the
category F M, », we can introduce

Definition 1. A natural bundle over (m,n)-manifolds is a bundle functor

on FMp, p.

The inclusion F M., , C M fi1, implies that every natural bundle over
(m 4+ n)-manifolds restricts to a natural bundle over (m,n)-manifolds.

By [3], every bundle functor F' on FM,, ,, has finite order. However, we
shall need a more subtle characterization of the order of F' that is based
on the concept of (q,s,r)-jet. Write FM for the category of all fibered
manifolds and all their morphisms. Having two fibered manifolds p : ¥ —
M and q : Z — N and two FM-morphisms f,g : Y — Z with base
maps f,g: M — N, we say that f and g determine the same (g, s,r)-jet
g f =g, s> q<r atyey,if

(1) Jaf =dy9,  Gy(F1Ye) = gy(9lYe),  Juf =Jzg, = =p(y)

([1], [3]). We write J*"(Y, Z) for the space of all (g,s,r)-jets of FM-
morphisms of Y into Z. We say that the order of functor F is (g, s,r),
if

(2) jg’s’rf = jg’S’Tg implies Ff|Y, = Fgl|Y,, yey,

for every pair of M, ,-morphisms f,g:Y — Z.
Write R¥! for the product fibered manifold R* x Rt — R*. We define the
space of (k,[)-dimensional velocities of order (g, s,r) on a fibered manifold
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Y — M by
o) TETY = I (R Y).

Using the jet composition we extend T;77"" into a bundle functor on the cat-

egory F M. In particular, we introduce the principal bundle of all (g, s, r)-
frameson Y, m =dim M, m+n =dimY, by

(4) P3"Y = inv J&’S’T(Rm’", Y),
where inv indicates the invertible (g, s, 7)-jets. Its structure group is
Gy = inv Jig " (R™™, R™ ) 0

and both multiplication in G}’ and the action of G&’ on P¥S"Y are
given by the jet composition. Analogously to the manifold case, every
F M n-morphism f : Y — Y induces a principal bundle morphism P47 f :
P?STY — PTSTY

We are going to the concept of projectable natural bundle over (m,n)-
manifolds. This requires the following idea.

Definition 2. A fibered square is a commutative diagram

7z %

g T

¥

N —
where all arrows are surjective submersions and even the induced map Z —
Y xu N, 2z (¢(2),q(2)) is a surjective submersion.

Fibered square (5) can be also denoted by (Z,q,N,p,,Y,p,M). In
short, we write (Z, N,Y, M) or (Z,N) or Z. We say that M is the base of
Z. The arrow ¢ or ¥ or g or p in (5) can be called the upper or lower or
left or right bundle, respectively.

Let 2*, y? or 2!, v® be some local fiber coordinates on Y or N, respectively.
The assumption Z — Y X7 N is a fibered manifold implies there are some
additional fiber coordinates z° on Z. The local coordinates

xzt P v?, 28 i=1,....,m, p=1,...
(6) 7y 7/U 7Z ) Z_ ) ) ’p_ ) 7n’
a=1,....k, s=1,...,1,

on Z express the fact that fibered squares are locally isomorphic to the
products R™ x R" x R* x R,

Let F be a natural bundle over m-manifolds. By a natural transformation
t: F — F we mean a system ty : F'Y — F'M of FM-morphisms over id
such that

tyoFf=Ffoty

for every FM,, p-morphism f:Y — Y over f:M— M.
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Definition 3. A natural bundle F' over (m,n)-manifolds is called pro-
jectable, if there is a natural bundle F over m-manifolds and a natural
transformation ¢ : F' — F' such that

FY — Y

" b

FM —— M
is a fibered square for every fibered manifold p: Y — M.

For example, the functor T; ,g’ls’r is projectable over 17 . The functor P"Y
of the classical -th order frames on a fibered manifold Y is not projectable.
In general, a bundle functor G on the category M f of all manifolds induces
a natural bundle over (m,n)-manifolds transforming p: Y — M into

GY —— Y

(8) apl lp

GM — M

The fact (8) is a fibered square is proved in Section 38 of [3]. In particular,
the tangent bundle TY of a fibered manifold Y is a very important exam-
ple of fibered square. Let F' be a projectable natural bundle over (m,n)-
manifolds of order (g, s, 7) over F, so that F is of the order r. From the mani-
fold case we know FM = P"M|[F\, p], where F'\y = F,R™ and p is the action
of G}, on F, induced by F. Analogously we obtain F'Y = P¥*"Y [Fj, A,
where Fyo = FpoR™" and the left action A of GI,%; on Fp is induced by
F'. Moreover, the natural transformation ¢ induces a surjective submersion
7: Fyo — F, that is g-equivariant, where ¢ : G5 — G7 is the canonical
group homomorphism.

Conversely, consider a left action A of G’ on a manifold S, a left
action p of G7, on a manifold W and a surjective g-equivariant submersion
T :8 — W. Then we define FY = P¥*"Y[S, A\, FM = P"M[W, ] and
ty = {my,7}, where my : P?%"Y — P"M is the canonical projection.
Moreover, for every FM,, ,-morphism f : Y — Y over f : M — M we
define F'f = {P%*"f idg}: FY — FY and Ff = {P"f,idw}. In the same

way as in the manifold case, one verifies

Proposition 1. The projectable natural bundles over (m,n)-manifolds of
order (q,s,r) are in bijection with the above triples ((S, A), (W, ,u),T).

2. Fibered squares. Consider another fibered square
Z .Y

9) 7 P

=

N Y
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A fibered square morphism of (5) into (9) is a quadruple of maps f : Z — Z,
fi:N—=N, fo:Y =Y, fo: M — M such that all squares of the cube in
question commute. This defines the category FS§ of fibered squares.

The concept of principal bundle is modified to the square case as follows.
Consider a fibered manifold p : Y — M, two principal bundles P(Y,G),
Q(M, H) and a surjective group homomorphism ¢ : G — H.

Definition 4. The fibered square
P——Y

(10) ql E
Q — M
is called a principal square (or a fibered principal bundle), if ¢ is a principal
bundle morphism with the associated group homomorphism p.
In other words, q(ug) = q(u)o(g) for all u € P, g € G.
For example
P&y —— Y

(11) wyl lp

PPM —— M
is a principal square with respect to the canonical group homomorphism
0:GEY — GT .
In general, let A or u be a left action of G or H on a manifold S or

W, respectively, and 7 : S — W be a g-equivariant surjective submersion.
Construct the associated bundles P[S, A] and Q[W, u]. Then

P[S,\] — Y

(12) {q,V}J/ lp
QW —— M

is a fibered square, which is said to be associated to (10).
In particular, in the situation of Section 1, one can say that FY is an
associated square

PSTY[S)N] —— Y
(13) {my ,’T}J{ lp
PIM[W, 5] —— M
The concept of vector bundle can be modified to the square case as follows.

Definition 5. A fibered square (5) is called a vector square, if both ¢ :
Z — Y and ¥ : N — M are vector bundles and ¢ : Z — N is a linear
morphism with the base map p: Y — M.
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An important example of a vector square is the tangent square TY of a
fibered manifold Y.

The linear frames in the individual fibers of vector bundle N — M form
a principal bundle PN with structure group GL(k,R), which is called the
linear frame bundle of N. Clearly, PTM = P'M is the first order frame
bundle of M. A linear frame (Ay,..., Ak, Agt1,...,Ag4) in a fiber Z, of
vector bundle Z — Y will be called projectable, if (¢(A1),...,q(Ag)) is a
linear frame in N,,). Write I1Z for the space of all projectable linear frames
in the fibers of Z. Let GL(k,l,R) C GL(k+I,R) be the subgroup of all linear
isomorphisms projectable with respect to the projection R¥ x Rl — RF,
The canonical coordinates on G(k,l,R) are af, a;, aj. Then IIZ — Z
is a principal bundle with structure group G(k,l,R). Our construction
yields a canonical projection k : IIZ — PN and a group homomorphism
0:G(k,l,R) — GL(k,R). Clearly,

1z —— 7
(14) ﬁl lq
PN —— N

is a principal square with the associated group homomorphism p.

Definition 6. (14) will be called the linear frame square of the vector square
Z.

Proposition 2. For every manifold Y, we have an identification
(15) I(TY) ~ PAly .

Proof. Any local fiber coordinates 2', 4P on Y induces the additional coor-
dinates z%, v, yh on PLLY . Then we obtain (15) by the same identification
as in the manifold case. O]

The (g, s, 7)-jet prolongation of a fibered square was introduced by W. Mi-
kulski, [5]. We recall his ideas.

Definition 7. A section of fibered square Z is an F M-morphism
o: (Y —-M)—(Z— N)
satisfying @ o o = idy.

Clearly, the base map g : M — N satisfies 1) o ¢ = idys. For example,
the sections of the tangent square T'Y are the projectable vector fields on
fibered manifold Y.

Definition 8. The space J2%"Z of (g, s, r)-jets of local sections of a fibered
square Z is called the (q, s,7)-jet prolongation of Z.
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Clearly,
J L —— 7

w0 |

JJN — N
is a fibered square. If (Z, N) is a vector square, then (16) is a vector square,
too.
We underline that J9*"TY is used as an important idea e.g. in [4].

3. Square connections. We recall that, on an arbitrary fibered mani-
fold Y — M, a connection can be considered either as the lifting map
Y xp TM — TY or as a section Y — J'Y, [3].

Definition 9. A square connection on fibered square (5) is a pair of ¢-
related connections "'on Z — Y and A on N — M.

If we consider both I' and A in the lifting form, then the g¢-relatedness
means that the following diagram commutes

ZxyTY —~0 TZ
(17) qxprl qu

NxyTM —25 TN
Of course, A is determined by T'.
In the local coordinates (6), the equations of I' are
dv® = F%(z,v)dz",
o) (z,0)
dz® = F (%, y,v,2)dz" + F, (z,y,v,2) dy" .

The first line are the equations of A.

The equations (18) imply that a square connection I' over A is equivalent
to a section of the (1,1,1)-jet prolongation of Z, i. e. to a commutative
diagram

Jl,l,lZ L 7

o L

JIN 2N
where I' and A are sections.
A linear square connection on a vector square is defined by the require-
ment that both I' and A are linear. In the linear fiber coordinates (6), the
equations of I are

dv® = T% (x)v’da’

dzs = (ng($7 y)va—i—Ffi(x, y)zt) dxz—i_ (sz(fﬂ, y)va_'_rfp(x? y)zt) dyp .

(20)
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Given a principal square (P, Q,Y, M), a square connection (I', A) is said
to be principal, if both T" and A are principal connections. Analogously
to the manifold case, every principal square connection induces a square
connection on every associated square.

In particular, a vector square Z is an associated square to its linear frame
square I1Z. One verifies easily that every principal square connection on
I1Z induces a linear square connection on Z. Using (20), one proves by
direct evaluation

Proposition 3. The construction of associated square connections estab-
lishes a bijection between the principal square connections on I1Z and the
linear square connections on a vector square Z .

4. Linear square connections of order (g, s, r). It is remarkable that
several other properties of connections on fibered manifolds can be extended
to fibered squares. We are going to discuss an interesting special case in
details.

Every fibered manifold p : Y — M induces a vector square

JestTy — 2 vy

(21) ql lp

JTM —Y M
where ¢, ¢ and 1 are the canonical projections. Analogously to the manifold
case, we introduce

Definition 10. A linear square connection of order (g, s,r) on a fibered
manifold Y is a linear splitting

Ty —L ., JersTy

(22) Tpl lq

™ —2 . JTM,
i.e. I' or A is a linear morphism of vector bundles over Y or M, respectively,
pol' =idpy, ¥ o A =idyy and diagram (22) commutes.

The underlying map A is a classical linear r-th order connection on M
(12], [7).

Since P%*" is a bundle functor on F.M,, ,, every projectable vector field
n on Y induces the flow prolongation P%%"n, which is a vector field on
P%*7Y . Since P%®" is a functor of the order (g, s,r), the value of P%%"y
at every u € P}"®"Y depends on j"*"n only, [4]. This defines a map

(23) i JUSTTY Xy PLSTY _ TPLSTY

Lemma. i is a diffeomorphism.
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Proof. We have P%5"Y C T/55"Y. Even in the fibered case there is an
exchange isomorphism

(24) Ky : T,?{f,f(TY —TM) — T(ngﬁ’"y)
with the property
(25) T35 =Ky o T3 n,

where 7,7 n is the flow prolongation of n. For every Q € T,P%*"Y we
have ry'(Q) € THW (TY — TM) = Jig"(R™™,TY — TM). Since
u € Jgp" (R™™,Y), we can construct the jet composition ky (Q)ou™! €
JPPN(Y,TY). Let m# : TY — Y be the bundle projection. We have
T m(ky (Q) o u™t) = (THY ™) (k1 (Q)) ou™ = wou™t = jJ*"idy,
so that ky' (Q) ou™! € JP*"TY. By (25), i(/-e;,l(Q) ou ', u) = Q. This
proves our claim. ]

Since P?*" is a functor with values in the category of principal bundles,
P97y is a right-invariant vector field on P9%"Y. Thus, every linear split-
ting I' : TY — J?%%"TY defines a principal connection [ on P%*"Y in the
lifting form [: P7Y xy TY — TPYTY by

(26) f(“? V)= i(F(V)7u) )

w e PP*Y, V € T,Y. In the same way, A : TM — J'TM induces a
principal connection on P"M. Thus, we have proved

Proposition 4. The rule (26) establishes a bijection between the linear
square connections of order (q,s,r) on'Y and the principal square connec-
tions on (P*"Y, P"M).

Remark. The torsion of a linear r-th order connection A on M can be
defined in two different ways. The first one, due to A. Zajtz, [7], uses the
truncated bracket of vector fields. The second one, due to P. C. Yuen, [9],

takes into account the associated principal connection A on P"M and con-
structs the covariant exterior differential of the solder form of P"M with
respect to A. In [2] we clarified that both definitions are naturally equiv-
alent. We remark that each of these approaches can be generalized to the
square case in a direct way.
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