ON THE PARALLEL PLANES IN VECTOR
BUNDLES

KoSTADIN TRENCEVSKI

Abstract

In this paper are found the necessary and sufficient conditions of local exis-
tence of parallel r-plane or which is equivalent with existence of parallel r-forms.
The existence of such parallel r-planes (r-forms) depend on the initial conditions,
which in this paper reduce to a homogeneous system of linear equations. If these
integrability conditions are satisfied, then the parallel r-form is represented as
a convergent functional series which contains inside only covariant derivatives.
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1 Introduction

This paper is a continuation of the papers [1-8] which are due to the solving of
ordinary and partial differential equations and their application in the differential
geometry.

In the paper [1] it was found a formula for the k-th covariant derivative. Further
that formula was generalized for £ € R. Specially, if £ = —1 it yields to a general
solution for a system of linear differential equations [2]. In the paper [3] two main
results are proven. It is found the general solution of an arbitrary system of linear
differential equations of order k, and it is found the general solution of an arbitrary
non-linear system of differential equations of the first order. The previous results are
applied to the system of Frenet equations of curves [4]. In [5] it is considered linear
and non-linear systems of partial differential equations. Indeed the compatibility
conditions are found, and if they are satisfied, the solutions are found. All the solutions
for both ordinary and partial differential equations are given as functional series. The
results in [5] are used in [6] for studying the non-linear connections. In the paper [7]
are found the compatibility conditions for the existence of parallel vector field in a
space with linear, non-linear and d-connection, and if they are satisfied, the solution
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is found. Note that the compatibility conditions depend on the choice of the initial
conditions for the parallel vector field. In [8] are made some further generalizations
of the results in [7].

In this paper we consider the existence of parallel r-plane with given initial plane
at one point. The existence of such plane depends on the initial plane and if such
field of planes exists, in this paper it is found.

2  On the parallel r-planes

In this section we give some preliminaries concerning the r-planes. Let us consider
the space R™ and we denote by ey, ---,e, the standard basis of R™. The space of
r-forms consists of terms of form

w= E Airig-i, € N€jy N N€
11,0

which is a vector space of dimension ("), with the basis {e;, Ae;, A---Ae; } for
1 <4 <ig < -+ <i. <n. Note that any r-dimensional subspace Il generates
unique r-form w up to a scalar multiplier as follows. If Y(1),---,Y{;) is a basis of
IT, then w = Y3y A -+ AY(, is uniquely determined up to scalar multiplier. The
converse is not true, and thus in this paper we will consider only those r-forms which
can be obtained in the previous way. Indeed, for such an r-form w we determine an
r-dimensional vector subspace (r-plane) < w > by X €< w > if and only if wAX = 0.
Although in section 3 the theorem 3.1 considers this special type of r-forms, it easily
can be generalized for arbitrary r-forms.

If Y, = Zl Y(]i)ej, then
=

n
w=A- Z Y(lll)Y(%--i/(Z[)eil/\ei2/\~-~/\eir.
81,y ip=1
Thus we convenient to denote the r-form Y(;)A- - -AY(,) as antisymmetric contravariant

tensor Y% ir guch that

n

% | Z 1Y“”‘”ei1 Ney A Aey, =Yy A A Y.

i1 yein=

Let £ = (€,m, M) be a vector bundle of class C*¥ of rank n on a k-dimensional
differentiable manifold M of class C*. Suppose that the vector bundle is endowed
with a linear connection I' of class C*. In order the covariant derivation of a mixed
tensor X7(i € {1,---,n},j € {1,---,k}) to be defined, we assume that the base
manifold M is endowed with a linear connection I’;T (1 <i,j,r < k), of class C¥.
We will consider the existence of parallel r-plane in the bundle. Suppose that the
r-plane is generated by the following r vector fields (1), ¥(2), -, ¥{;), i.e. the r-plane
is generated by the following r-form Y(1) A Y(g) A -+ A Y.
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Definition. The field of r-planes I (or simply the r-plane) on the considered
vector bundle is parallel if the parallel displacement of any vector from the vector
bundle along any curve on the manifold preserves the incidence relation of a vector
in the field of r-planes.

Note that an r-form is parallel if it is parallel as antisymmetric tensor field. Now
we prove the following theorem.

Theorem 2.1. An r-plane 11 is parallel, if and only if there exists a parallel
r-form which generates the r-plane I1.

Proof. Suppose that Y(;1)A---AY/, is a parallel r-form which generates the r-plane
II. In order to prove that the r-plane II is parallel, we should prove that if X is a
parallel vector field over a curve C' over the manifold and (Y(;y A--- AY))AX =0
at one point of the curve, then Y(1) A--- AY(,) A X = 0 along the curve. Let U be the
tangent vector of the curve C. Then

VU(Y(D/\---/\Y(T)/\X>=O

because Vi (Y1) A---AY(y)) = 0 and Vy(X) = 0. Thus Y3y A--- AY(,) A X is a zero
(r + 1)-form along the curve C' and hence the r-plane II is also parallel.

Conversely, suppose that an r-plane II is parallel. Locally, there exist r vector
fields Y(1),- -, Y, such that Y3y A--- AY(,) generates the r-plane II. Since II is
parallel, the covariant derivative of any vector Y(;) in any direction must be linear
combination of Y{y),---,Y{,). Thus for any direction U there exists a scalar A such
that

VoY) A AY) =AYy A A,

We should prove that locally there exists a scalar function A, such that
A Yy A A

is a parallel r-form. Let us choose a local coordinate system (z!,---,2*) on the

manifold and let U; = 9/dz*. If X - Yy A+ AY( is a parallel tensor field, then
(Vu,A) - (Yay A AY) + AV, (Yay A AY)) = 0.

Hence A can be found as a solution of equation of the form

)
ot = Fileh oty (1< <h),
such that
(2.1) Fi(z', - 2" (Y A AY() = =AVy, (Vi) A AY ().

Thus we have to verify only the compatibility conditions.
According to (2.1) we obtain

(vUjFi(xla T 7xk7)‘))(}/(1) ARERNA 1/(7‘)) + Fi($17 T axk7)\)vUj (YV(I) ARERNA }/(’I“))

= —(Vu, Vo, Yoy A+ AY() = AV, Vi, (Yay A AY).
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Multiplying this equality by A and using (2.1), we obtain
AVu, Fi(a, - a® )Yy A A Y )
—Fi(x17~-~,xk,)\)Fj(:rl,~--,x’“,)\)(Y(l) A ANY)
=Fj(z', 2" NFi(a', 2" ) (Ya) A AY) = XV, Vg, (Y A AY ).
By permuting the indices ¢ by j we obtain

A(vUiFj(x17 e 7:17]6’)‘))()/(1) ARERRA Y(T))
_Fj(.'lfl,' ’ .7mk7)\)Fi(x17' o 7$ka)‘>(}/(1) AR /\Y'(T))

= Fi(x13 T ?xk7>‘)Fj(x1a T 7xk’)\)(}/(1) ARERIAS }/—(T‘)) - szUiVUj (Yv(l) ARERIAS Yv(r))
Using that [U;,U;] = 0 and

R(ULU))(AYqy A+ AY() =0, ie. R(ULU) Yy A AY) =0,

because the r-plane II is parallel, by subtracting the last two equalities we obtain that

F(zl ... 2F Fo(zt ... zF
)\|:a z(xa ,.’I,‘,)\)_a J(ma ,.’13,)\) (Yv(l)/\"'/\yr(r))

OxJ Ozt
= X2(V0, Vo, (Ya) A+ A Yin) = Vo, Vo (Y A+ A Vi)

= R(Ul, U])(}/(l) VANREIEWAN YV(T)) =0

and hence

OF; (!, a* X))  OFj(z!, - 2" N)
OxJ N Oxt '
Thus the compatibility conditions of the system (2.1) are satisfied. ||
Remark. Although this theorem is proven for linear connections, indeed it is true

for any connection V such that
(2.2) V(X4Y)=VX+VY,
because we used in the proof that
RU;, Uj))AY(uy A--- ANY () = AR(U;, Uj)(Yay A= AY(yy)

which is a consequence of the above linearity. Note that it does not mean that the
connection must be linear, because it may happens that

Vxi+y # Vx + Vy,

and the theorem 2.1 is also true. Thus for the connections satisfying (2.2) the request
for parallel r-planes reduces on finding parallel r-forms, while for the connections
which do not satisfy (2.2) we can require only parallel r-forms.
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3 Basic result

We use the same notations and assumptions as in the section 2. According to the
theorem 2.1 we should consider the existence of parallel r-forms, if we want to consider
the parallel r-planes in a vector bundle with linear connection. The main problem in
this paper is to examine locally the existence of parallel r-form w, i.e.

(3.1) Wit =0 for (1 <u<k),

U
with the initial condition
(3.2) w“"'”(O, - 0) = wél'"i".

Theorem 3.1.
(i) Locally there exists a parallel r-form w with the given initial condition, i.e.
(3.1) and (3.2) are satisfied if and only if the following system of linear equations
Ri} inz“'i7- +Ri»2 Yilj"'ir U +Ri»T Yi1i2"'j =0

Juv Juv Juv

R ydiz i | Rz yéadie Loy Rir yitizi —

Juvi;wy Juv;wy Juvi;wy
i Jige i io % IR A i iviaj
(33) Rjuv;wl;wzy + Rjuv;wl;wzy + + Rjuv;wl;wgy =0

i1 Jio-ir 12 11Uy L. i G192 ]
Rﬁ“’;wl?“';wz\f*ly + Rj’lw?wl;“';wzvfly + + Rju’li;w1§"';wN71Y =0
foriy, -+ ,1, € {1, cooon}, u,v,wy, o, wn—1 € {1, k}, N = (:f) has an analytical
solution Y"1"2"'r - sych that
Yll’LQ""I,T(O’ e 0) — (4)617’2“47‘-

(ii) Let the compatibility conditions from (i) be satisfied, and let Y12 be an
arbitrary analytical solution of the system (3.3) with the initial conditions (3.2). Then
there exist functions

Q741742"'2r<v1-,-"7vk> (1 < 7:17 e i < n, Ui, -,V € No)

such that
(34) Q“Z2“'1T<O’W7O> — Yitizin (1 < il,ig, o 7i7" < ’I”L),
<35) Qil1'2.~iT<1)1,...,vu+1,...,1)k> — Q?bi2~~~ir<1)1,...,1;k> =
9 r
_ 1102 e <UL yeney Uk > E 7, Bl 1J0s41 - Tp <UL,..., Vg >
= 76qu ™ seeey + I‘];Q s s+ [ yeeey ,

s=1
(1§i17"'air§nv 1§U§k, vla"'avkeNo)
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and the solution of (3.1) and (3.2) is given by

i NN LN ) () ()
(3.6) W= 3Ny o e
v1=0v2=0 v =0

Vo!

X QIS (1 <y Gy < ).

Proof. (i) If the system (3.1) with (3.2) is integrable, then each solution Y#1é2ér
must satisfy

Ru YjZQ i +R12 YZL] er Yzlzz -J =0.

Juv Juv Juv

Since Y,;2"2"""» = 0 it holds

1 Ji2-ir 2 (WAL iy t1l2-f
R]uv w1Y + R]uv w1Y -+ R]uv w1Y - O’
i1 Ji2-ir 2 (AWK i G182 f
RJ“” w11w2Y + RJUU w11w2Y -+ RJUU wl,w2Y - O’

and hence the system (3.3) is satisfied.

Conversely, suppose the that system (3.3) has at least one analytical solution
Yozt guch that Y*2%27 (0, - -+, 0) = w7, We will prove that the system (3.3)
is equivalent to the following system of infinitely many equations

R’Ll Y]lQ ’Lr _"_ R'L2 Yll] ZT + R;ZUYZIZQ‘NJ — 0.

Juv Juv

i1 112 iy i Q1 iy 1 Q102 __
(37) R]uv wl + R]uv w1Y R]uv wly - 0’
i1 Jiz iy 2 B1j iy e ivig-j
Rjuv wl,sz + Rjuv wl,wzy Rjuv w17w2Y =0,

Since the rank(¢) = n and the bundle of r-forms on & can be considered as vector
bundle of dimension N = (), there exists number s < N — 1 such that if the first
s+ 1 equalities of (3.7) are satisfied, then the (s + 2)-nd equality is also true, i.e.

Rﬁw;wl;»--;wyrlyjlz R + Rﬁw wri ,w5+1Y“JN“ 4+ R;;tv;wl;---;w”lYmQ-“] =0.
Using this implication for Y“Zi “r it is easy to see that if the first s+ 1 equalities of
(3.7) are satisfied, then the (s + 3) rd equality is satisfied, i.e.

R?uv JW;ee 7ws+2Yj12 o + R;?LLU wi;ee ,ws+2Y“JmZT +- R;’uv JW;e ,ws+2Y”12m] =0.
Continuing this process we obtain that the systems (3.3) and (3.7) are equivalent.

In order to prove that the system (3.1) is integrable, we prove (ii).
(ii) In order to prove that there exist functions

Qllzz...l7,<v1,,..,vk> (1 S ila RN 7i7“ g n, v, -,V c No)
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such that (3.4) and (3.5) are satisfied, we define Q% r<%--0> by (3.4), and it is
sufficient to prove that

11, <UV1yeeeyU > )1l <UL ,e.., Vg >
JUsV - JUU
for each 4y,--+,4. € {1,---,n}u,v € {1,---,k} and vy, -, v € N,. Since
K
010 <UL, V> ()10 <UL, 0> ZR% Qil"'ipfljip#»l"'i7'<vla~~~7’uk>
VU JUV - Juv ’
p=1
we should prove that
r .
ip i1y 1J0pg 1l <UL, 0>
(3.8) E R},,Q" ’ =0.
p=1
Indeed, we prove by induction of vy, - - -, v that the following system

r

}: i i1 ip—1Jipt1 i <UL,...,0%>
R.p Qh Tp—1Jtp4+1-"lr 1y0++yVk :0
Juv

p=1

T
2 : ip P11 Jipg1 i <ULy VRS>
(39) Rju'u;le P p r -0
p=1
r .
Tp i1y 1001 b <ULyee, U >
ZRjuv;wl;wzQ 7 =0
p=1

is satisfied. If vy = --- = v = 0, then (3.9) is satisfied according to our assumption.
Further if (3.9) is satisfied, then we should prove that

Juv

s

ip ity 1 i1 i <ULy V>
E R Q;S P P T =0
p=1

T

(3'1()) ZR% Q?‘;"'ipfljip#»l"'ir<U17~"1vk> -0

Juviw
p=1

r

§ Rl_p Qi1~~ip,1jip+1~~~ir<v1,...,vk> =0
JUVWL ;W2 Y38

p=1

It is easy to verify that (3.10) is a consequence of (3.9). Since s is an arbitrary element
of {1,---,k}, the proof of (3.9) and hence of (3.8) is ready.
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Finally we should prove that the system (3.1) and the initial conditions (3.2) are
satisfied. According to (3.6) we obtain

e e & —.’I,'l v1 U Uy —1 —(Ek Vg
awlllr/axuzzzz%(_l)( ) ( ) X

(’Uu — 1)' ’Uk!

v1=0 vy =1 v =0

& > 1 k\vg
XQi1~-»ir<v1,...,vk> + Z . Z (—il' ')Ul . (_‘T )Uk 0 Qil---ir<v1,.4.7vk>
V-

= = vg! Oxv
= = = v1! V! v!
% i1 b <ULy, Uy +1,00,0> Zl"'Z7'<v17"'1vk>:|
{Q (‘330“@
o0 oo 1 k T
= — Z Z (—JU )Ul (_I )vk .ZF?S Qil---is—ljis+1<--ir<v17...,vk>
ot = v1! vg! — Ju
1= vp= s=
r o0 o0 1 k\vr
= —Z]:‘i,s [Z Z (7I )U1 (7x )vk Qil"'isfljis+1“‘i7‘<v1 ----- 'Uk>:|
Ju | |
s=1 v1=0 v =0 b1t Uk

r
— _ § s it ts—1ist1ir
Ju ’

s=1

and wiy--ir (05 Ty O) = Qi1<~~ir<0,---,0> (07 e 70) = Yi1-~ir (07 e 70) = w(i)lmir7 for ila e 7ir €

{1,---,n}

The convergence of the right side of (3.6) can be proven analogously to the proof
of the convergence given in [5]. ||

Remark 1. We note that the theorem 3.1 can be generalized for non-linear and d
- connections also, like in [7] and [8].

Remark 2. Note that we can choose an arbitrary (analytical) solution Y ‘iz ir
of the linear homogeneous system (3.3) such that Y4 (0,... 0) = wéﬂz"'i’", and
then the solution (3.6) will not depend on this choice. Hence we have the following
corollary.

Corollary 3.2. The number of linearly independent parallel r-forms in a neighbor-
hood of a considered point is equal to (:’) — R where R is the rank of the homogeneous
linear system (8.3) where the coefficients are the components of the curvature tensor
and its derivatives up to (:f) — 1 order.
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