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Abstract

We show that every source connected Lie groupoid always has global
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1 Introduction

The notion of groupoids generalizes that of both groups and the Cartesian
product of a set, namely the pair groupoid. It is Ehresmann who first made
the concept of groupoid ([6[7]) central to his vision of differential geometry. Lie
groupoids, originally called differentiable groupoids, were also introduced by
Ehresman (see several papers contained in [5]) and theories of Lie groupoids,
especially the relationships with that of Lie algebroids defined by Pradines
([I4,15]) have been investigated by many people and much work has been
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done in this field. Readers can find the most basic definitions and examples of
(Lie) groupoids in the texts such as Mackenzie’s [12], his recent book [13], and
[2L11]. The importance of groupoid theories were already shown in the studies
on symplectic groupoids and Poisson geometry, for example, illustrated by

Weinstein ([I7,[I8]), Coste ([3]), Dazord ([4]), Karasév ([9]), Zakrzewski ([19])

and many other authors.

By definition, a Lie groupoid is a groupoid where the set Ob of objects and the
set Mor of morphisms are both manifolds, the source and target operations are
submersions, and all the category operations (source and target, composition,
and identity-assigning map) are smooth. In our humble opinion, a Lie groupoid
can thus be thought of as a “many-object generalization” of a Lie group, just
as a groupoid is a many-object generalization of a group.

On a group G, the left translations L,: h — gh form a group which is isomor-
phic to G itself. In the groupoid world, the concepts of left translations are
replaced by a family of elements which is called a bisection of the groupoid
[13, I,1.4]. For a groupoid R, we call any section s — R of the a-fibers for
which o s is a diffeomorphism a bisection of R (also known as admissible
sections in [I2]). Bisections may be regarded as generalized elements of the
groupoids and similarly, the exponential maps take values in the collections
of all bisections. Although in most situations where bisections are used, the
question is local and the existence of local bisection are of course correct, it
has remained an unsettled problem whether global bisection exist through an
arbitrary point. In this paper, we give an affirmative answer to this question.

We will prove that there exists a bisection through a given point of a Lie
groupoid which is source connected (Theorem B.I). Moreover, we show that
this bisection is of the form exp X; exp X5 - --exp X, where X; are some sec-
tions of the corresponding Lie algebroid and compact supported. Furthermore,
we prove that these X; can be chosen as close as possible to a prescribed curve

(Theorem [B.2]).

We also prove that if the groupoid is transitive and the base space is more than
1-dimensional, then for any given points g1, ---, g,, such that their sources
and targets are subject to the concordance condition (see ([I)), there exists a
bisection through all of them (Theorem [.]).

As stated by Mackenzie in [I3]: “Groupoids possess many of the features which
give groups their power and importance, but apply in situations which lack the
symmetry which is characteristic of group theory and its applications”, we shall
apply our theorems to varies cases of groupoids and obtain some interesting
results.

This paper is organized as follows. Section [2 begins with an account of basic
concepts of Lie groupoids, its bisections, Lie algebroids and exponentials (our
conventions follow that of [I3]). Section [ gives the main Theorem [B.1] (we also
provide a stronger version of this result, Theorem B.2) and some applications
are added in. Section M studies the existence problem of bisections through
more than one points. Section[Hlis devoted to prove Theorem B2l which implies
Theorem Bl and a detailed proof is spilt into several lemmas. To understand
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what is going on, the reader is referred to the seven pictures illustrating the
geometric images.

2 Lie Groupoids and its Tangent Lie algebroids

Definition 2.1. [I3]A groupoid consists of a set R and a subset M C R, called
respectively the groupoid and the base, together with two maps o and 3 from
R to M, called respectively the source and target, and a partial multiplication
(g, h) — gh in R defined on the set of composable pairs:

R 2 {(g,h) € RxR| B(g) = a(h)},

all subject to the following conditions:
i) a(gh) = a(g) and B(gh) = B(h) for all (g,h) € R

ii) f(gh) = (fg)h forall f,g,h € R such that B(f) = a(g) and 5(g) = a(h);
i) a(x) = p(x) =x for all x € M;

w) gB(g) = a(g)g = g for all g € R;

v) each g € R has a two-sided inverse g~ such that a(g~') = B(g), B(g™') =
a(g) and g7'g = B(g), 997" = a(g).

A groupoid R on the base M, with respectively source and target maps «, (3,
will be denoted by (R = M; «, ), or, more briefly, (R, M). We adopt the
convention that, whenever we write a multiplication gh, we are assuming that
is defined (see Pic. 1))

For x € M, its orbit, denoted by O,, is the set 3o a~(x) C M.

Lie groupoid (R = M; «, ) is a groupoid with differential structures and
the base space M is an embedded submanifold, the target and source maps
are submersions and all the operations are smooth. The orbit O, is also a
submanifold of M. We also notice that, for any a-fiber P = a~(z), §|p :
P — O, is again a submersion.

We take the tangent Lie algebroid (LieR, p) of (R, M) as
LieR £ U T,o ' (z) = {v € T,R|zx € M, a,(v) = 0}.
zeM

In turn, the bracket of I'(LieR) is determined by the commutator of left in-
variant vector fields and the anchor map is given by p = Sgrs|as-

gh

s(z)

Q

=

V4 e
alg) B(g)\;/a(h) \a(h) 1 N Bos P 5@

Pic. 1 Pic. 2

=)




A bisection of a Lie groupoid (R, M) is a smooth map s : M — R such that

1) aos=Idy;

2) [ osis a diffeomorphism of M (see Pic. 2).

The collection of all bisections of R is a group, in sense of the following oper-
ations.

Identity):
The base M serves as the identity, if regarded as a map M — R;

Multiplication):
Let s and w be two bisections, their multiplication sw is again a bisection
defined by (see Pic. 3)

sw(z) = s(z)w(p o s(x)), Vo € M;

Inversion):
The inverse of s is defined by (see Pic. 4)

s Hz) = (so(Bos) Hx))™!, Vo € M.

S((Bes) @)~

We recall the result of Kumpera and Spencer.

Lemma 2.2. [I0] Let R be any Lie groupoid over base M, and let A = LieR
be its Lie algebroid with anchor p. For X € T'(A), let X be the left invariant
vector field corresponding to X, and recall that p(X) = B.(X) is its projected

vector field on M. Then y is complete if and only if p(X) is complete. In
fact, ¢(g) is defined whenever ¢.(5(g)) is defined, where ¢i(g) and ¢i(g) are
the flows generated by X and p(X), respectively.

As a corollary, let X € I'(A) be any section which has a compact support,
we know that X is complete. We denote exp(tX): M — R (t € R) the map

exp(tX)(z) £ ¢(x),  Vz e M,
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called the exponential of X. One has

¢i(g) = gexp(tX)(B(g)), Vg € R.

Furthermore,
aoexp(tX) = Idy, Boexp(tX) = ¢,

which shows that exp(tX) is a bisection of R, for any ¢ € R.
Another important fact is that

(exptX) ™' = exp(—tX).

In the special case that, the Lie groupoid degenerates to a group, i.e., M = pt is
a point, the exponential map becomes the ordinary exponential of Lie groups.
We need the following basic results of Lie group theories.

Lemma 2.3. Let G be a Lie group and let e € G be its unit element. Then
there exists an open neighborhood N of e, and an open neighborhood O C g =
T.G near zero, such that

exp: 0 = N

is a diffeomorphism [8,16].

For a general Lie groupoid (R, M) and x € M, by G, = o *(z) N B~ () we
denote the isotropic group at x. G, is a Lie group. By g, = kerp, C A,
we denote the isotropic algebra at x, which is a Lie algebra, in fact, the Lie
algebra of G,.

If X € T'(A) is a section with compact support and X, € g,, then exp(tX)(x)
is the usual exponential map expt(X,), regarding X, € g..

Definition 2.4. A bisection of (R, M) is said to be finitely generated if it has
the form exp Xy exp Xo - - -exp Xy, for some X1, -+, Xy € ['(A) and every X;
has a compact support. It is said to be finitely generated over U, an open set
U C M, if each support of X; is contained in U.

3 Main Theorems and their Applications

Theorem 3.1. Let (R, M) be an a-connected Lie groupoid. Then for any g €
R, there exists a finitely generated bisection s of R through g, i.e., s(a(g)) = g.

An immediate consequence of this theorem is the well known fact that, for a
connected Lie group G, every element g can be expressed into

g = exp X exp Xy - - -exp X,
for some X; € T.G.

In this paper we would like to prove a stronger version of Theorem [B.]] stated
as follows.



Theorem 3.2. Let (R, M) be Lie groupoid and x € M. Let g € o~ (x) and let
Uc a~Y(x) be a connected open set which contains both x and g. Suppose that
U is an open set containing ﬁ(ﬁ), then there exists a bisection s of R through
g, and s(y) =y for ally € U° (= M —U). Moreover, s is finitely generated
over U.

The proof of this theorem is given in the last section of this paper. As an
application of Theorem B as well as B2 we have the following interesting
conclusions. We always assume that the reader is familiar with the various
kinds of groupoids mentioned below, especially their bisections.

Theorem 3.3. [Homogeneity of manifolds [I].] Let M be a connected smooth
manifold. Then, for any two points x, y € M and any connected open set U
containing x and y, there exists a diffeomorphism ® : M — M, such that
O(x) =y and ®(m) = m for all m € U°.

This theorem is of course implied by the following one.

Theorem 3.4. With the same assumptions as in the previous one, for any
two points x, y € M, and for an arbitrary open neighbor U containing x and

y, there exist some smooth vector fields Xy, ..., X compact supported within

U, such that

Ppo-opyopi(z) =y,

where @t is the flow of X;.

Proof of Theorem and [3.4. We recommend [I3| Example 1.1.7, 1.4.3]
for background information on the pair groupoid M x M, for which a bisection
is exactly a diffeomorphism of M. The exponential of a vector field which has
compact support is its flow. And the multiplication of two bisections, namely
diffeomorphism, are exactly their compositions. The conclusion of Theorem
[3.4lis exactly the translation of Theorem into the pair groupoid case. [

In what follows, we consider a vector bundle £ % M and we denote by ®(E)
the linear frame groupoid of E, simply called the frame groupoid. Please refer
to [12], 111} and [I3, Example 1.1.12], where it is denoted by II(E)), which is
the collection of all linear isomorphisms from a fiber of £ to some generally
different fiber of E, i.e., an element in ®(F) is a vector space isomorphisms
§:E, — E, for x,y € M. The bisections group of ®(F) is in fact Aut(E),
the group of vector bundle automorphisms of E. It is proved in that ®(FE)
is also a Lie groupoid on M. One may directly draw from Theorem B the
following result.

Theorem 3.5. Let (E — M) be a vector bundle over a connected smooth
manifold M. For any two points x, y € M and an isomorphism of vector
spaces ¢ : FE, — E,, there exists an automorphism ® : E — E of vector
bundles such that ®|g, = ¢.



Of course we can add some structures in £. If (E,[, ]) is a Lie algebra
bundle, one has the Lie-algebra-bundle frame groupoid ® 4,.(E) ([13, Example
1.7.12]). If (E,(, )) is a Riemannian vector bundle, one gets the orthonormal
frame groupoid ®»(E) ([I3, Example 1.7.9]). For these two examples, see also
Corollary 3.6.11 in [13]. We are then easy to draw the following analogue
conclusions.

Theorem 3.6. Let (E — M,[, ]) be a Lie algebra bundle over a connected
smooth manifold M. For any two points x, y € M and an isomorphism of
Lie algebras ¢ : E, — E,, there exists an automorphism ® : E — E of Lie
algebra bundles such that ®|p, = ¢.

Theorem 3.7. Let (E — M, (, )) be a Riemannian vector bundle over a con-
nected smooth manifold M. For any two points x, y € M and an isomorphism
of metric spaces ¢ : B, — E,, there exists an automorphism ® : E — E of
Riemannian vector bundles such that ®|g, = ¢.

Finally, we consider the action groupoid M <G coming from a right action of
a connected Lie group G on a connected manifold M ([I3, Example 1.1.9], see
also [12]). Here M <G = M x G is a Lie groupoid on M. Recall that a bisection
of M <G can be identified with a smooth G-valued function s : M — G such
that the map

M — M, mw~ms(m), VmeM

is a diffeomorphism of M. Such kinds of s are called invertible functions. So
we have the following theorem.

Theorem 3.8. For any prescribed x € M, g € G, one can find an invertible
function s : M — G satisfying s(x) = g.

4 Bisections through Points

Now we consider a more generalized problem: does there exists a bisection
through two (or more) given points of a groupoid? The answer is also yes,
under some topological conditions.

We recall that for a transitive Lie groupoid (R, M), the map 3|o-1(,) : a7 (z) —
M is a surjection as well as a submersion, for any x € M.

The following one is the main theorem in this section. We always assume that
the natural number n > 2.

Theorem 4.1. Let (R, M) be a transitive and o-connected Lie groupoid and
suppose that dimM > 2. For any different n points g1, --,9, € R, and let
algi) = x4, B(gi) = vyi, i =1,-+- ,n. Then there exists a bisection s of R such
that s(x1) = g1, -+ -, s(xn) = gn if and only if

r; #Fx;, o and yi #Fyp, ViF ] (1)
Moreover, this bisection is finitely generated.
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In what follows we devote to proving this theorem. We need some preparations
and let us introduce some concepts first. For n pairs of points

plz(xlvyl>€MXM7 izlv"'7n7

they are said to be concordant if they are subject to condition (). If they are
concordant and there is a proper arrangement of their indices such that they
make a loop, we say they consist a chain. That is, for some permutation of
the indices p; = pou) = (T4, ¥i) = (To@), Yo(s)), Wwhere 6 € S(n) (the permutation
group), one has

Y1 =T, Y2=17=T3, -+, Yo = I1.

We shall write
D1 N Po NN Py

to denote such a chain (see Pic. 5).

To =1 § } /
. - Tp—1 = Yn—2
T =1 /

Pic. 5 Tn = Un_1 Pic. 6

Definition 4.2. Let p; = (z;,y;) € M x M, i = 1,--- ,n be some pairs of
points in M. pi, -+, p, are said to be independent, if they are concordant
and there is not any subset of {p;} that can consist a chain.

Remark 4.3. We recall the pair groupoid M x M of pairs of points p = (z,y).
We say an elements p € M x M can be expressed by some py, -+, py € M XM,
if there are some my, -+, my € {1,---,m}, such that

P = A4mi9my " Qmy,»

where each ¢, is p,, or the inverse p;n}. One can prove that, for concordant
n elements py, - - -, py, they are independent if and only if each p; = (z;,y;) Is
not possible to be expressed by pi,pa2,- -+ ,Di, -+ ,Pn. This is the reason that
we use “independent”.

For example, the five pairs in Pic.6 are independent.

Lemma 4.4. Letp; = (z;,y;) € M XM, i=1,--- n be some pairs of points in
M. Thenpy, -+, p, are independent if and only if there exists some o € S(n),
such that fOT’ D1 = (jlagl) = DPo(1) = (xcr(l)ayo(l))7 "ty Dn = (jnagn) = Po(n) =
('ro(n)7 ycr(n)); one has

T 7& lglf.

j3 ;é gl) j3 ;é g2;



i’k%gb fOrl:la"'J{:_l;

Tn £y, forl=1,--- n—1.
(In this case and for convenience, we will say p; are well-ordered.)

Proof. “<”: We adopt a negative approach. If there are some elements p,,, ,
-+, Dm, consist a chain

ﬁm1mpm2m"'mpmk>

then from ¥,,,, = Z,,,, we conclude m; > my. Similarly, from ¢, = ., we
conclude m; > m;;; and finally one has m; > mg > --- > my. On the other
hand, Z,,, = Y, implies my > m;: contradiction!

“=": We give an inductive proof. For n = 2, if two elements p; = (x1, ;) and
p2 = (12,y2) are independent, then p; # p, ', i.e., either my # y; or 11 # o
holds. So one can always find o € S§(2), which is either Id or the flip (1, 2).

Suppose that for n > 2, the lemma holds. For any independent n + 1 elements
D1, 5 Pni1, We claim that there exist some k € {1,---,n+ 1}, such that

~

In fact, if it is not true, then for each z;, one find some (i) € {1, R 1}

and z; = yy (). Obviously v (7) is unique. It is also easy to see that 1) is a per-
mutation of n + 1 numbers. Thus, if we find the smallest number m > 1 such
that ¢™"1(1) = 1, then we find a chain:

(flf¢m(1), ywm(l)) m (,’L'd}m—l(l), ydﬂ”*l(l)) N s MY (,’L'l, yl)’

which contradicts with the assumption that py, - -+, p,.1 are independent.

By this claim we pick o9 = (k,n+ 1) € S(n+ 1), which is the flip of k and
n + 1 and now for

ﬁi - (:i'za'gz) = Poo(i) = (xao(i)ayao(i))ai - 1a LA 1a

one has
jn—i—l = Ty 7é 'gj = Yoo(5)> \V/] = ]-7 e, N (2)

By the inductive assumption, we are able to find o1 € S(n), such that
pi:ﬁcn(i)a i:]-a"'ana

satisfies the well-ordered condition. Of course if we write p,+1 = Pps1, then
(@) shows that py, -+, Py are also well-ordered. O



Lemma 4.5. Let (R, M) be a transitive and a-connected Lie groupoid. Sup-

pose that dimM > 2 and let xq, ---, xp be some points of M. Then for any

g €R, if v =alg) and y = B(g) are not contained in the set UF_, {x;}, then

there exists a bisection s such that s(x) = g and s(x;) = z;, for alli =1, ---,

k.

Proof. Consider the open set U = (87 (x1) U - -+ U B~ (a))° N (z). Obvi-
ously z and g are contained in Y. Since f],-1(,) : @~ H(x) — M is a surjective
submersion, we know that

dima ™ (z) — dim(B (x;) Na () = dimM > 2.

And hence by a~'(z) being connected, I is also connected. Let U = B(U) =
(UE_, {x;})¢ be the corresponding open set in M. So Theorem B.2 claims that
there exists a bisection s with s(z) = ¢ and s(z;) =z;, i =1, ---, k. O

Proposition 4.6. Let (R, M) be a transitive and a-connected Lie groupoid
and suppose that dimM > 2. For n points g1,---,9, € R, and let o(g;) = z,

5(91):%; 221, , I, Zf
pz:(xzayz)a izla"'ana

are independent, then there exists a bisection s of R such that s(x1) = g1, -+ -,
S(xn) = Gn-

Proof. By Lemma [4.4], it suffices to assume that those p; are already well-
ordered. I.e., for each 1,

i—1 n
z; and y; ¢ U {y;} U U {zx}.
j=1 k=i+1
Thus, Lemma .5 tells us that there exists a bisection s; such that
si(v:) = g1, si(y;) =y;, Vi<i, and si(ap) =z, VE >0

Now, let wy = s1, wy = 189, -+, W, = S152- - S, and we claim s = w,, is the
bisection we are looking for. We show this fact inductively. Of course we have

wi(z1) =q1, wi(zy) =5, j=2,---,n.
Suppose that
wi(x;) = g5, Vj <k, wp(e)=a, VI > k+1
is already proved, then for j < k + 1,

W41 (LL’]) = (wksk—l-l) (LL’])

= wi(z))ses1(Bowi(z))) = gisw1(y;) = 9595 = 9;-
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For k + 1,

W1 (Tr1) = (WeSki1) (Trg1)

= wk($k+1)5k+1(5 o wk(xk—l—l)) = xk+15k+1($k+1) = Jk+1-

And for [ > k + 1,

W1 (1) = (WeSkt1) (77)

= wi(1)sp41(B 0o wi(w1)) = Ti8p41(11) = 20

This completes the proof. O
Proof of Theorem [4.1. “=": If there exists a bisection s of R such that
s(x1) = g1, -+, s(xn) = g, and these gy, - - -, g, are different points in R, then

g =s(z:), g7 =s"(ui)

Since both s and s are both embeddings of M into R and g; # g; (i # j),
x; # xj, Yi # y;, this shows that these p; = (x;,y;) are concordant n pairs of
points in M.

“«<”: Suppose that these p; are concordant. We find all subsets of {p1,- -+, pn}
which consist chains. It is easy to see that any two such subsets are disjoint.
Let £ be the number of these chains.

We induct with &, which is obviously less than %(n +1). If k=0, i.e., these

p; are independent, Proposition already assures the existence of such a
bisection through all g;. We assume that for k& < m the conclusion is right.
Now suppose that one has all the chains Sy, ---, S,,.1, it suffices to assume
S 18 the chain

P1 P2y 0N Dry

where 7 = 45,,11 < n. Choose an arbitrary yo € M such that
o & ULzt vy}
j=1 j=1

Since R is transitive, one can find some hg € R such that a(hg) = vo, 5(ho) =
x1. Let go = g.hy'. Hence a(go) = z,, B(go) = vo. It is easy to see that gy,
1, 92, 5 Gry * gy are different points in R, and the corresponding

Po = (xrayO)apl = (zlayl)a"' a@“a"' y Pn = (xnayn) eEMx M

has only m chains Sy, ---, S,,. And we are able to determine a bisection §
such that

§(x7‘):g(]7 §(x2):glv V/LE{17 7?7"' 7n}'

By the mean time, Lemma gives a bisection § such that

§(y0):h0, §(y2):yl, Vi€{1,~-~,?,-~-,n}.
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Then it is a direct check that the bisection §5 satisfies

S(x) (i#7)
(2:)5(8 o 5(xi)) = giyi = 9,

W

and
§§($r) = g(l})é(ﬁ e} g(l‘,«)) = gog(l’o) = g(]ho = Gr.

This shows that 55 is just what we need. The preceding process of construction
of such a bisection also shows that §s is finitely generated. This completes the
proof. O

Remark 4.7. From the proof, one is able to see that, in Theorem [A.1], the
condition “R is transitive and dimM > 2” can be replaced by “each orbit of
the base space M is more than 1-dimensional”.

In what follows we present some applications of Theorem [£.1]in certain kind
of groupoids. They are respectively similar to Theorem B.3] 3.5, 3.6, 3.7 and
but concerning several pairs of points, and the proofs are omitted.

Theorem 4.8. Let M be a connected smooth manifold. Then, for any pre-
scribed points x;, y; € M such that (z;,v;), i1 = 1,--+ ,n are concordant, there
exists a diffeomorphism ® : M — M, such that ®(z;) =y;, i=1,--- ,n.

Theorem 4.9. Let (E — M) be a vector (resp. Lie algebra, Riemannian)
bundle over a connected smooth manifold M. For any prescribed points x;,
y; € M and isomorphisms of vector (resp. Lie algebra, Riemannian) spaces
¢+ By, — Ey,, such that (z;,y;), i = 1,--- ,n are concordant, there exists an
automorphism ® : E — E of vector (resp. Lie algebra, Riemannian) bundles
such that ®|g, = ¢;.

Theorem 4.10. Let G be a connected Lie group which acts on a manifold M
and suppose that dimM > 2. If the action is transitive, then for any prescribed
x; € M, g; € G such that (z;,x;9;), 1 =1,--- ,n are concordant, then one can
find an invertible function s : M — G satisfying s(z;) = ¢;, i =1,--+ ,n.

5 Proof of Theorem

We split the proof of Theorem into several steps. In this section, we fix
a Lie groupoid (R, M) which is a-connected. We also assume that the base
space M is connected. Let A = LieR.

Lemma 5.1. Let v € M, g € a'(z) and ¢ : [0,1] — a~'(z) be a smooth
curve such that ¢(0) = x, ¢(1) = g. If the base curve ¢ = foc:[0,1] - M
s an injection and suppose that ¢ is contained in some open setU C M, then
there exists some X € I'(A) with compact support in U, such that

exptX(z) =c(t), Vte[0,1].

In particular, exp X is a bisection through g and exp X|ye is the identity map.
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Proof. For each t € [0, 1], we define X; € Az to be
Xt = lc(t)—l*cl(t).

Since ¢ does not intersect with itself, one is able to extend this ¢-function into
a well defined section X € I'(A) which is compact supported in U. It is clearly
that exptX(z) = c(t). O

Lemma 5.2. For each x € M and each open neighborhood U near x, there
exists an open set W C o~ () containing x, such that for each element g € W,
there exists a bisection s : M — R through g and s(y) =y for all y € U°.
Moreover, s has the form s = exp X, for some X € I'(A) and X has a compact
support contained in U.

Proof. The target map f : R — M is a submersion. For the a-fiber P, =
a Y(z), Blp, : P, — O, isalso a submersion. Let dimQO, = m, dimP, = m+n.

Hence, there exist two local coordinate systems (S; 1, , Zpm, Y1, ,Yn) Of
P, near z and (751, -, x,,) of O, near x and they are subject to the following
requirements:

1) § 2 R™™ x is the origin point;
2) T = R™, x is also the origin point;
3) Bls is given canonically by
ﬁ : (l:l,... Ty Y1,y 7yn> — (l:l,... 7$m)-

4) T is contained in U and T C U is compact.

So, for two different points g, h € S, if 5(g) # [5(h), one is able to find a curve
c connecting g and h. Moreover, this curve can be chosen so that it lies entirely
in S, such that ¢ = o ¢, which lies in T, is a curve without self-intersections.

Let G, = a™(z) N B71(x) be the isotropic group at z. Find the two open sets
N and O as claimed by Lemma Of course we can assume that they are
both simply connected.

Write Gy = G, NS, which is a closed subset of S. Write Ny = N N S,
which is an open set of Gy, where G has the relative topology coming from
S. Therefore, for each point h € Ny, one is able to find an open ball B(h) of
S with h at the center, such that

B(h) NNy CNg.

Now, let
W £ Unen, B(R) C S.

We claim that this W is just what we need. In fact, for each g € W, there are
possibly two cases:
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Case 1) f(g) = x, i.e., g € G, NW = Ny. Then by Lemma 23] we find an
X, € O C A,, such that exp(X,) = g. Then extend X, arbitrarily to a section
X € I'(A) with compact support contained in U and we get a bisection exp X
through g¢.

Case 2) B(g) # x. In this case, one can of course find a smooth curve c¢ :
[0,1] — W, such that ¢(0) = x, ¢(1) = g, and more importantly, the curve
¢ = o ¢ which connects = with §(g), is a curve who does not intersect with
itself. Then by Lemma 5] we also obtain an X € I'(A) with compact support
contained in U and we get a bisection exp X through g.

Both of the two kinds of X we constructed vanish outside of &/. Hence the
bisection exp X maps every y € U¢ to itself. O

With these preparations, we are able to prove the strong version main theorem.

Proof of Theorem [3.21 We choose a smooth curve ¢ : [0,1] — a~!(z) which
lies in U such that ¢(0) = a(g), ¢(1) = g, and hence the open set U covers the
base curve ¢ = (5 o ¢ which connects a(g) and 5(g).

For each ¢t € [0, 1], consider the point ¢(t) € M. Set U = M, Lemma
says that there is neighborhood W; C a~!(¢(t)) near ¢(t), such that for each
h € W, there is a bisection through h.

Now, these l.;)WV; become an open coverage of the curve c. Since the interval
0, 1] is compact, we find the following data (see Pic. 7):

1) a partition of [0, 1]:

D=ty <ty <tyg < - <t <tp=1,

2) finitely some open sets W; = W,,, i = 0,1,--- , k, such that ¢(t;) € Wj;
and hence the collection of l.u )W, (i = 0,1,--- k) finitely covers the
curve ¢;

3) some points
ay S (t()atl)a as S (t17t2)7 Ty Ay S (tk‘—latk)a

such that

c(al) eEWonN lc(tl)Wla C(ag) c lc(tl)Wl N lc(t2)W2,
S c(ak) € lc(tk,l)Wk—l N lc(tk)Wk .




By the last condition, we know that there is a bisection s; through c(a;). And
since [y, y-1c(ar) € Wi, there exists a bisection w,; through [, y-1c(ay). Simi-
larly, since loq, ,y-1c(a;) € Wy, there is a bisection s; through l.q, ,y-1c(a;).
And since l.,)-1¢(a;) € W;, there exists a bisection w; through l.«,y-1c(a;).
------ We can require these bisections sy, ---, sp, and wy, ---, wg are the
identity maps on U¢ and they are all of the forms s; = exp X;, w; = expY;, for
some X;, Y; € ['(A) with compact supports in U.

We now show that the section slwflsng_l . -skwk_l is a bisection through g.

We notice the following inductive formulas, hold for all : = 1,--- | k:

1) Bosi(e(tio)) = &lar);
2) Bowi(e(t:) = e(as).

Using these, one is able to get

3) wi " (e(ai) = wiE(t:)) ™ = e(ai) te(ts);

4) (siw; ) (E(tizr)) = Lo,y -re(ts) = ctia) e(ts).

And hence we obtain

s1wy tspwy e spwy ()
= swwy (e(to))sawy ' (e(tr)) -+ siwy (et — 1)) -+ spwy " (e(te — 1))
= c(ty)e(t) telty) - - etim) re(ty) - etp—y) te(ty)
= c(ty) =g.

It is also easy to check that s(y) =y for all y € U°. Since w; ' = exp(—Y;), we
know that sjw; 132w2_ L. ~skw,;1 is just the bisection we need. This completes
the proof. O
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