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Abstract

Due to a result by Mackenzie, extensions of transitive Lie groupoids are equivalent to certain Lie groupoids which admit an
action of a Lie group. This paper is a treatment of the equivariant connection theory and holonomy of such groupoids, and shows
that such connections give rise to the transition data necessary for the classification of their respective Lie algebroids.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

A groupoid, in the categorical sense, is a category where every arrow is invertible. Lie groupoids are those ones
whose object and arrow spaces are manifolds, and the structure maps (source s, target ¢, multiplication and inversion)
are smooth, plus r and s are submersions. A Lie group can be considered as a Lie groupoid (with a single point as the
object space), but in general Lie groupoids are inherently noncommutative, hence their extensive use in differential
geometry. In the same fashion, a bundle of Lie groups is also a Lie groupoid, with its projection playing the role of
both the source and target maps. In this paper we focus on the transitive case, namely those Lie groupoids £2 = M
such that the anchor map (¢, s) : 2 — M x M is a surjective submersion.

Given a transitive Lie groupoid £2 = M, an extension of this is a pair of Lie groupoid morphisms

Flaete (1)

where @ = M is a transitive Lie groupoid and F — M is a bundle of Lie groups. Much of the work of Mackenzie
concerns such extensions, and for a general Lie groupoid there always exists a foliation whose restriction to every leaf
is such an extension. When dealing with such an extension, it is quite difficult to keep track of the transition functions
of all the groupoids involved. Mackenzie in [5], managed to reformulate such an extension to a single (transitive)
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Lie groupoid over the total space of a principal bundle, plus a group action. These are called PBG-groupoids, and an
account of this correspondence is given in Section 1. It is therefore reasonable to expect that extensions of transitive
Lie groupoids are classified by the transition functions of their corresponding PBG-groupoids, but it is necessary to
keep track of the group action as well, and it is not certain that there exist transition functions which enjoy some kind
of equivariance.

This is where connections are necessary. The transversals of an extension of transitive Lie groupoids correspond
to connections in the respective PBG-groupoid which are suitably equivariant, and these are the connections whose
infinitesimal theory and holonomy are given in this paper. The term isometablic is used for these connections, instead
of equivariant, in order to highlight the non-standard nature of equivariance for the transition functions that they
induce.

The classification of PBG-groupoids (extensions of transitive Lie groupoids) is a problem of a different order pre-
sented in [1]. In this paper we focus on the infinitesimal level, namely the classification of transitive PBG-algebroids. It
is shown in [6] that every transitive Lie algebroid A (i.e., an extension of 7 M by a Lie algebra bundle L) locally can be
written as 7U; @ Ly,, and in [6] it is shown that such Lie algebroids are classified by pairs (x, o) = {(xij, «ij)}i, jer,
where «;; : U;; — Aut(h) are the transition functions of the sections of L and x;; : TU;; — U;; x b are certain differ-
ential 1-forms, and the two of them satisfy suitable compatibility conditions. Here b is the fiber type of L and {U;};<;
is a simple open cover of M. This data arises from the fact that locally there exist flat connections, namely Lie alge-
broid morphisms TU; — Ay, . In this paper we show that locally PBG-algebroids have flat isometablic connections,
and this gives rise to transition data which is suitably equivariant, modulo a simple connectivity assumption. Namely,
we prove that:

Theorem 1.1. Let P(M, G) be a principal bundle whose structure group G is simply connected and { P; = U; x G},
a local trivialisation of this bundle. If A is a PBG-algebroid over this bundle then there exist transition data (y, «)
such that

(i) xij(Xg) = xij(X)g and
(i) ij(ug) =o;j(u)g

forall X e TP;j,ue Pjand geG.
When A is integrable though, the simple connectivity assumption is no longer necessary. It will be shown that:

Theorem 1.2. For any integrable PBG-algebroid A over a principal bundle P (M, G) there exist transition data (x, «)
which satisfy (i) and (ii) of Theorem 1.1.

Note that the in order to prove the above result, the equivariance of the sections of the PBG-groupoid which
integrates A is investigated, and this is an important step to the classification of PBG-groupoids.

Finally, we give an account of the holonomy of isometablic connections which leads to the proof of an Ambrose—
Singer theorem for isometablic connections. The treatment of holonomy presented here follows the fashion of [6],
i.e. we use the equivariant version of deformable sections. This method provides more information for the relation of
isometablic connections of PBG-Lie algebra bundles with their sections.

The structure of this paper is as follows: Sections 2 and 3 are an account of the correspondence between extensions
and PBG structures, in both the groupoid and the algebroid level. A number of examples is included, most of which
are used in the proofs later in the paper. Section 4 gives the connection theory of PBG-groupoids and PBG-Lie
algebra bundles. In Section 5 we give the proofs of Theorems 1.1 and 1.2. Section 6 is an account of the holonomy
of isometablic connections in the fashion of [6], and Section 7 gives the proof of the Ambrose-Singer theorem for
isometablic connections.

2. PBG-groupoids

Let us fix some conventions first. All manifolds considered in the paper are C*-differentiable, Hausdorff, para-
compact and have a countable basis for their topology. We consider the arrows in a groupoid “from right to left”, i.e.
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the source s& of an element & in a groupoid £2 is considered to be on the right and its target & on the left. The object
inclusion map of a groupoid £2 over a manifold M is denoted by 1: M — £2, namely x — 1,. In [6] the expression
‘Lie groupoid’ stood for a locally trivial differentiable groupoid; here we use the expression ‘transitive Lie groupoid’
for clarity.

Definition 2.1. A PBG-groupoid is a Lie groupoid 7 =2 P whose base is the total space of a principal bundle P (M, G)
together with a right action of G on the manifold 7" such that for all (§,7) € T x 7 such that s& =¢n and g € G we
have:

(i) 1¢¢-g)=t&)-gands(&-g) =s() g,
(i) 1u'g=1u’g,

(i) Gn)-g=(E-8)n-2),

(iv) G- t=¢"1g.

We denote a PBG-groupoid 7" over the principal bundle P(M, G) by T = P(M, G) and the right-translation in
coming from the G-action by ﬁg for any g € G. The right-translation in P will be denoted by R,. The properties in
the previous definition show that the group G of the base principal bundle P (M, G) acts on T by automorphisms,
namely R, is an automorphism of the Lie groupoid 1" over the diffeomorphism R, for all g € G. A morphism ¢
of Lie groupoids between two PBG-groupoids 7 and 7’ over the same principal bundle is called a morphism of
PBG-groupoids, if ¢ o ﬁg = ﬁé o ¢ for all g € G. In the same fashion, a PBG-Lie group bundle (PBG-LGB) is a
Lie group bundle F over the total space P of a principal bundle P(M, G) such that the group G acts on F by Lie
group bundle automorphisms. We denote a PBG-LGB by F — P(M, G). It is easy to see that the gauge group bundle
IT of a PBG-groupoid ¥ = P(M, G) is a PBG-LGB. Now let us describe the correspondence of transitive PBG-
groupoids with extensions of Lie groupoids. For any given extension of Lie groupoids (1), choose a basepoint and
take its corresponding extension of principal bundles
(id

No— oM. 1) %" pu. 6,

That is to say that 7 (id, ) is a surjective morphism of principal bundles and H is an extension of the Lie group G
by N. This gives rise to the principal bundle Q(P, N, ), which Mackenzie in [5] called the transverse bundle of the
previous extension. The Lie groupoid 7" = % corresponding to the transverse bundle admits the following action
of G:

(v2,v1)g = (v2h, v1h),

forany vy, v1 € Q and g € G, where i € H is any element with 77 (h) = g. This action makes " = P(M, G) a PBG-
groupoid. On the other hand, writing a transitive PBG-groupoid as an exact sequence /T — 7 — P x P, the fact
that G acts by Lie groupoid automorphisms allows us to quotient the sequence over G and obtain the extension of Lie
groupoids

G G G @

The two processes are mutually inverse (for the details of the proof see [5]). This establishes the following result:

Proposition 2.2. Any transverse PBG-groupoid ™ = P(M, G) corresponds exactly to an extension of Lie groupoids
Fr— Q2 — %.

Let us give now some examples of PBG-groupoids, which will also be useful in later sections.

Example 2.3. Consider a principal bundle P(M, G) and a Lie group H. Suppose given an action by automorphisms
of Gon H,say (g,h) — R,(h) forall ge G and h € H. That is to say that R, : H — H is an automorphism of H
for all g € G. Form the trivial groupoid P x H x P = P(M, G). This is easily seen to be a transitive PBG groupoid.
We will refer to it as the trivial PBG-groupoid corresponding to the given action.
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Example 2.4. For this example, first let us recall the definition of an action groupoid. When a Lie group G acts on
a manifold M the action groupoid M > G is the product manifold M x G with the following groupoid structure:
s(x,g) =x,t(x,g) =xg, 1y = (x,eg). The multiplication is defined by (xg, #) - (x, g) = (x, gh) and the inverse of
(x, g) is (xg, g~ 1). The action groupoid is transitive if and only if the action of G on M is transitive. Now consider a
principal bundle P(M, G). There is an action of G on P > G defined by ﬁg(u, h) = (ug, g *hg). This action makes
the action groupoid a PBG-groupoid P > G = P(M, G).

Example 2.5. A PBG vector bundle is a vector bundle E over the total space P of a principal bundle P(M, G) such
that the structure group G acts on E by vector bundle automorphisms. We denote a PBG vector bundle by E —
P (M, G). The isomorphisms between the fibers of an arbitrary vector bundle define a transitive Lie groupoid called
the frame groupoid. This is the groupoid corresponding to the frame principal bundle induced by the vector bundle
under consideration. The frame groupoid @ (E) of a PBG vector bundle E — P (M, G) has a canonical PBG structure
over P(M, G). Namely, for any g € G, an isomorphism &: E, — E, between two fibers defines an isomorphism
Ry(§) Eyg — Eyg by

Ry&(V)=£(V-g7h g

for all V € E,,. Moreover, there is a canonical morphism of PBG-groupoids ¢: P > G — @ (E) over the principal
bundle P(M, G). Namely, £(u, g) is the isomorphism R, : E, — E,, induced by the action of G on E. It is straight-
forward to show that ¢ is indeed a morphism of Lie groupoids. It also preserves the actions because:

e(uh)-g)=e-g. 87 hg) = [(Ry-1peug Eug — Eung]
= ﬁg[(ﬁh)u . Eu e d Euh] = ﬁg(g(u’ h))

Let us now give an example of a PBG-groupoid that arises from an extension of principal bundles.

Example 2.6. We consider the principal bundles SU(2)($2, U (1), p) and SO(3)(52, SO(2), p’). For the first bundle,
denote a typical element [ *; %] of SU(2) such that |s|? + |¢|?> = 1 by (s, ). Regard U (1) as a subgroup of SU(2) by

mapping every z € U (1) to (z,0) and let p be
(s,1) = (—2Re(s - 1), —2Im(s - 1), 1 — 2 - |1]?).

For the second bundle, regard SO(2) as a subgroup of SO(3) by A+ [ 4 2] and let p’ be A > A - e3 where (e, 2, e3)
is the usual basis of R3. We define a morphism between these principal bundles making use of quaternions. Consider
any ¢ = (s, 1) € SU(2) as a unit quaternion and every r = (r1, r2, r3) € R3 as a vector quaternion. Then g - r - g1 is
a vector quaternion, i.e. ¢ - r - ¢~ € R3. For every ¢ = (s, 1) € SU(2) we define A, :R® - R as A, (r)=¢q -r-q .
This is an element in SO(3). Let ¢ : U (1) — SO(2) be the restriction of A to U (1). Ifwewriteaz e U(1)asz =e"¥ =
cos@ + ¢sind. for some 6 € R, then it is easy to see that

( )z[ c0s(20)  sin(26)

—sin(26) cos(29)] €S0@.
This shows both that ¢ is a surjective submersion and that its kernel is Z;. We therefore get the extension

R(id .2,0)
Zo—SU@R)(S2.U®D) > SO@3)(S250(2).

Its transverse bundle is SU(2)(SO(3), Zz, A) and the PBG-groupoid it induces is

SU(2) x SU(2)

2
7 = 50(3)(52,50(2)),

where the action of SO(2) on %ZSU(Z) is:

((s1.11), (52, 12)) - 7 = (512, 112), (822, 122)).
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It was shown in [6, 1187] that for any Lie group G and closed subgroup H < G the gauge groupoid
to the action groupoid % > G, where G acts on % via (g, g'H) — (g - ¢’)H. The isomorphism is

GxE s isomorphic
(g1.82) > (818, 1 g2 H).
Therefore %zswz) — SO(3)(52, SO(2)) is isomorphic to the action PBG-groupoid s%_<22> >SU(2) = SO(3)(S2,
SO(2)). Note that %f) =~ RP3. The action of SO(2) on RP3> SU(2) is
(w1, w2), (5,1) - Zp) - Rg = (w1, w2), (s - 2,1 -2) - Z2).

3. PBG-algebroids

This is an account of PBG structures on the algebroid level. We show that every PBG-L e algebroid corresponds to
an extension of Lie algebroids; the account in [5] gave only a partial result of this type. Some fundamental results are
also proved, which will be useful in the study of the connection theory in later sections of this paper. Let us begin by
describing the notion of a PBG structure on the algebroid level. We start with the special case of Lie algebra bundles.

Definition 3.1. A PBG-Lie algebra bundle (PBG-LAB) is a Lie algebra bundle L over the total space P of a principal
bundle P(M, G), together with an action of G on L such that each right-translation R;:L — L is a Lie algebra
bundle automorphism over the right translation R, : P — P.

We denote a PBG-LAB by L — P(M, G). A morphism between two PBG-LABs over the same principal bundle
is a morphism of LABs which preserves the group actions.

Example3.2. Let P(M, G) be a principal bundle and § a Lie algebra which admits a right action (V, g) — V -gof G
such that

[V.W]-g=[V-g W-gl
forall V, W € h. Now the trivial LAB P x h admits the G-action I_Qg(u, V) = (ug,V -g). This makes it a PBG-LAB,
the trivial PBG-LAB.

Definition 3.3. A Lie algebroid is a vector bundle A on base M together with a vector bundle map ¢ : A — T M, called
the anchor of A, andabracket [ ]: I"A x ' A — I A which is R-bilinear, alternating, satisfies the Jacobi identity, and
is such that

() q([X. YD =[g(X),qg(M)],
(i) [X,uY]=ulX,Y]+qX)(w)Y

forall X, Y e I'A and u € C*(M).

Given atrivial PBG-LAB P x h — P (M, G), recall that the Whitney sum vector bundle T P & (P x ) has a trivial
Lie algebroid structure over P. The anchor map is the first projection and the Lie bracket on its sections is defined by
the formula

X®V.YOW]=[X, Y] {X(W)-Y(V)+[V, W]}

forall X,Y e I'T P and smooth h-valued functions on V, W on P. The G-action on P x k defines a PBG structure
on this Lie algebroid. Namely, with the notation used in the previous Example 3.2 define the following action of G on
TP® (P xb):

(X® W, V), g) > Rg(X ® (u, V) = TuRe(X) ® (ug, V - g).
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Denote by ﬁg :C(TP&® (P xh)— I'(TP® (P x b)) the corresponding action on the sections of TP @ (P x b).
This is given by the formula

RIX®V)u=T1Rg(X,g1) ® (Vg1 - 8)

foral X e 'TP,V € C®(P,bh)andu € P. This action preserves the Lie bracketin I" (T P & (P x b)) and is an action
by automorphisms on the trivial Lie algebroid. This construction is an example of the notion of a PBG-algebroid.

Definition 3.4. A PBG-algebroid over the principal bundle P(M, G) is a Lie algebroid A over P together with a right

action of G on A denoted by (X, g) — ﬁg(X) forall X € A, g € G such that each ﬁg :A — A is a Lie algebroid
automorphism over the right translation R in P.

We denote a PBG-algebroid A over P(M, G) by A = P(M, G). The action of G on A induces an action of G on
I' A, namely

X-g:ﬁgOXORg—l

for all g € G and X € I"A. The right-translation with respect to this action is denoted by ﬁgr :I'A — I' A for all
g € G. With this notation Definition 3.4 implies that

R (X ¥1) = [R{ (%), Ry (1)]

forall X,Y € I'A and g € G. The following result strengthens 3.2 of [5], where the quotient manifold was assumed
to exist.

Proposition 3.5. Let A be a transitive PBG-Lie algebroid on P(M, G). Then the quotient manifold A/ G exists and
inherits a quotient structure of transitive Lie algebroid from A; further, it is an extension

L A TP
Sl

G G G
of the Lie algebroid of the gauge groupoid of P(M, G) by the quotient LAB L/G.

Proof. The main requirement is to prove that the manifold A/G exists. We apply the criterion of Godement [2].
Denote the projection A — P by p4, and write

I'={(X,Xg)|X€A, geG};

we must show that I’ is a closed submanifold of A x A. Now I/ C (pa x pa)~X(I") where I' = {(u, ug) | u € P,
g € G}. Since I' is a closed submanifold of P x P, and ps x p4 is a surjective submersion, it suffices to prove that
I is a closed submanifold of (p4 x pa)~1(I"). Define

fipaxp) N = A, (X, Y)r Xg—Y,

where pa(Y) = pa(X)g. From the local triviality of A, it easily follows that f is a surjective submersion. The
preimage of the zero section under p4 is I'’, and this shows that I"" is a closed submanifold. Denote the quotient
projection A — A/G by 1.

The vector bundle structure of A quotients to A/G in a straightforward fashion. Since the anchor g: A — TP
is G-equivariant, it quotients to a vector bundle morphism A/G — T P/G which is again a surjective submersion;
denote this by r, and define » = g o r where g is the anchor of TP/G.

For the bracket structure of A/G, note first that I"(A/G) can be identified with the C°°(M) module of
G-equivariant sections of A as in the case of the Atiyah sequence of a principal bundle. Since the bracket on I"A
restricts to the G-equivariant sections by assumption, this bracket transfers to I"(A/G). It is now straightforward to
check that this makes A/G a Lie algebroid on M with anchor , and §: A — A/G a Lie algebroid morphism over p.
That 7 is a Lie algebroid morphism with kernel L/G is easily checked. O

It is a straightforward exercise to verify that PBG-groupoids differentiate to PBG-algebroids. The next result, which
appears in [5], gives a converse.
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Theorem 3.6. Let T be an s-simply connected locally trivial Lie groupoid with base the total space of a principal
bundle P(M, G). Suppose that for all g € G there is given a Lie algebroid automorphism ﬁg AT — AT which
defines the structure of a PBG-algebroid on AY". Then there is a natural structure of PBG-groupoid on 7" which
induces on AT the given PBG-Lie algebroid structure.

The examples which follow will be useful later on.

Example 3.7. Consider a transitive Lie algebroid A over a manifold M such that 71 (M) # 0. Let M be the covering
space of M and p: M — M the covering projection. Then we have the principal bundle M (M, 7w1(M), p). Denote
p" A the pullback

p”A L)p*A
q’l J/p*(q)
52 prTm
Sections of p'' A are of the form X’ & C, where X’ € I'TM, C € I'(p* A) and

T(p")(X') = p*(9)(O).

This construction is described in [4], but let us recall here the Lie algebroid structure of p"A. If we write C =
> uij(X;op)withu; € C(M) and X; € " A, then

PH(@(C) =Y ui(g(X;i o p))

with T(p) o X' =" u;(g(X; o p)). We define a Lie algebroid structure on p" A with ¢’ as the anchor map and bracket
given by

[X’ ®Y uiXiop), Y ®Y uj(¥jo P)]
=X ¥1@ {3 wiuj (X, Yilo p) + 3 X)Xy o p) = 3 ¥Y'@)(Xi o p)}.
Now the pullback Lie algebroid p" A is a PBG-algebroid over M (M, w1(M), p).

Example 3.8. Consider the action PBG-groupoid P > G = P (M, G) constructed in Example 2.4. This differentiates
to the action PBG-algebroid P> g = P(M, G). Here P > g is the product manifold P x g and the anchor is the map
that associates to every V e g the fundamental vector field V1 € I"'T P. The Lie bracket is given by the formula

vV, wi=viw) - whw) + v, wp, ©)
where [V, W]* stands for the point-wise bracket in g. The G-action that makes it a PBG-algebroid is of course

ﬁg(u, V)= (ug, Adg—l(V)).

Example 3.9. Given aPBG-LAB L — P(M, G), let ®[L] denote the groupoid of Lie algebra isomorphisms between
the fibers of L. This is a PBG-groupoid over P (M, G) in the same way as @ (L) (see Example 2.5). It was shown in [6]
that @[L] differentiates to the Lie algebroid CDO[L] over P. The notation CDO stands for “covariant differential
operator”. It is a transitive Lie algebroid and its sections are those first or zeroth order differential operators D: I'L —
I' L such that:

(i) Forall D € ' CDO[L] there is a vector field §(D) € I'T P such that

D(fu)=fDw) +8(D)(fHu
forevery w e I'L and f € C*°(P).
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(if) The operators D act as derivations of the bracket, i.e.

D([p1, p2l) = [D(u1), 2] + [, D(12)]
forall 1, up2 € I'L.

The anchor map of CDOJL] is exactly the map # established in (i). The adjoint bundle of this Lie algebroid is the
LAB of endomorphisms of L which are derivations of the bracket. We therefore have the exact sequence

Der(L) — CDOI[L] —t» TP.
The action of G on ®[L] differentiates to the action (D, g) — RP°(D) on the sections of CDO[L] defined by

[R?DO(D)](M) =Rg0D(R,-1010Rg) o R,

forall g € G, D e I'CDO[L] and p € I'L. (Recall that R, denotes the right-translation on the sections of L.) This
action makes CDOJ[L] a PBG-algebroid over P(M, G).

In general, CDO[L] is the analogue of the automorphism group in the Lie algebroid framework. In the PBG setting,
we have the following definition:

Definition 3.10. Let A = P(M, G) be a (transitive) PBG-algebroid and K — P (M, G) a PBG-LAB. An equivariant
representation of A on K is an equivariant Lie algebroid morphism p: A — CDO[L].

Proposition 3.11. Let A = P(M, G) be a transitive PBG-algebroid. Then its adjoint bundle L is a PBG-LAB and
CDOI[L] a PBG-algebroid, both over the principal bundle P(M, G).

Proof. Since A is transitive we have the exact sequence of Lie algebroids

it
L ASTP.

Let (V, g) > R, (V) denote the action of G on I" L defined by j(RgF(V)) = Rg(j(V)). The result now follows from
the fact that A is a PBG-algebroid. O

A Lie algebroid morphism ¢ : A — A between two PBG-algebroids over the same principal bundle P (M, G) is a
morphism of PBG-algebroids if ¢ o Rg = R o forall g € G. It is easy to verify that morphisms of PBG-groupoids
differentiate to PBG-algebroids.

Proposition 3.12. Let T and T’ be PBG-groupoids over the same principal bundle P(M, G) such that T is s-
simply connected. Then every morphism of PBG-algebroids ¢, : AY — AT’ integrates to a unique morphism of
PBG-groupoids ¢ : 7 — 7.

Proof. It was shown in [8] that the Lie algebroid morphism ¢, integrates uniquely to a morphism of Lie groupoids
T — T, It suffices to show that ¢ respects the G-actions. For every g € G let R and R/ be the right-translations
induced by the actions of G on 7" and T’ respectively. These differentiate to the rlght -translations R and R/
respectively on the Lie algebroid level. Since ¢, is a morphism of PBG-algebroids, for every g € G we have
R ogo R 1= P The morphism of Lie groupoids R’ oo R -1 differentiates to R/ 0@y 0 R The uniqueness of ¢
y|elds Rg, opo Rgfl =¢forallgeG. O

Example 3.13. The natural morphism of PBG-groupoids arising from a PBG-LAB L — P (M, G) differentiates to
a morphism of PBG-algebroids ¢, : P > g — CDOJ[L]. Such morphisms are known as “derivative representations” in
the context of Poisson geometry. We will refer to this one as the natural derivative representation induced by L.

A Lie subalgebroid A’ of a PBG-algebroid A is a PBG-subalgebroid if the inclusion A’ — A is a morphism of
PBG-algebroids.
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Proposition 3.14. If A = P(M, G) is a transitive PBG-algebroid with adjoint bundle L then ad(A) is a PBG-
subalgebroid of CDO[L].

Proof. The Lie algebroid ad(A) was shown to be a Lie subalgebroid of CDOJ[L] in [6]. It suffices to show that it is
closed under the G-action defined in Example 3.9. Indeed, suppose X € I" A. Then:

[R$PO(adx)](V) = Ry oadx(Ry-10V o Rg) o Ryt
=Ryo[X,R;10VoRs|oR,1=[Rg(X),V]= adg, x) (V)

forall Ve I'L. So, RgDo(adX) cad(A). O

The Lie algebroid ad(L) is integrable as a subalgebroid of the integrable Lie algebroid CDO[L]. We denote the
a-connected Lie groupoid it integrates to by Int(A), following the notation of [6]. The proof of the following statement
is immediate.

Corollary 3.15. If A = P(M, G) is a transitive PBG-algebroid then IntA = P(M, G) is a PBG-subalgebroid of
D[L].

We can also consider ad(A) as the image of the adjoint representation ad: A — CDOI[L]. In this sense, ad is a
representation of PBG algebroids, i.e. a morphism of PBG-algebroids.

Definition 3.16. Let A be a PBG-algebroid and L a PBG-LAB, both over the same principal bundle P(M, G). A rep-
resentation p: A — CDO[L] of A in L is a representation of PBG-algebroids if it is a morphism of PBG-algebroids.

In particular, forall g € G, X € I'A and € I' L it is required:

[REPC (0 ()] () = p(RY (X)) ().
The developed form of this formula is:

Ryop(X)(Ry-1 00 Ry)=p(RY (X))(1) o R,
4. Infinitessmal connectionsfor PBG structures

Lie groupoids and Lie algebroids provide a natural framework for the study of connection theory. For example,
given a principal bundle P(M, G, p), consider its corresponding Atiyah sequence, namely the exact sequence of
vector bundles

G
(where the action of G on g implied is simply the adjoint), together with the bracket of sections of the vector bundle
T—(f which is obtained by identifying them with G-invariant vector fields on P. This bracket is preserved by the vector
bundle morphism p,. Thus the Atiyah sequence of a principal bundle is a transitive Lie algebroid. In this setting,
infinitesimal connections of the principal bundle P(M, G, p) correspond exactly to the right-splittings of the Atiyah
sequence. The holonomy of such connections is studied using the global object corresponding to the Atiyah sequence
and that is the transitive Lie groupoid corresponding to the principal bundle we started with, namely the quotient
manifold £X£ (over the diagonal action).
Consider a transitive PBG-algebroid

L—A—>TP (4)
over the principal bundle P(M, G) and form the associated extension of Lie algebroids

L A TP

=T — (5)

G G G’
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We will write @ = £2F and B =4, K = £. As vector bundles L = p*K, A= p*B and TP = p*(A®). These are

actually isomorphisms of Lie algebroids with respect to the action Lie algebroid structures on the pullback bundles; see
[5] for this. A connection (or an infinitesimal connection if emphasis is required) in A is a right-inverse y : TP — A
to (4). If y is equivariant with respect to the G actions, that is, if

yoTRg=i?\goy (6)

for all g € G, then y quotients to a linear map y© : A® — B which is right-inverse to (5). Conversely, given a right-
inverse o : A® — B 10 (5), the pullback map p*o is aconnection in A which satisfies (6). Connections in A satisfying
(6) are not equivariant in the standard sense of, for example, [3], and in order to distinguish from the standard notion
we call these connections isometablic. This is an adaptation of the Greek translation of the Latin word “equivariant”.

Definition 4.1. Let A = P(M, G, p) be a transitive PBG-algebroid. A connection y : TP — A is called isometablic,
if it satisfies (6).

Writing a transitive PBG-algebroid as an extension of PBG-algebroids L LA T P, the curvature of any con-
nection y in A is the 2-form £2,, : TP x T P — L defined by

2,X,Y) =y (X, Y]) = [y X), y()].
If y is isometablic then its curvature also preserves the actions, namely for all g € G we have
2, 0(TRy x TRy) =Ry 0 £2,.

An |sometabI|c back connection of A = P(M, G) is a morphism of vector bundles w: A — L such that w ot = id
andtowo Rg = R otow forall g € G. Isometablic connections correspond to isometablic back connections via the
formula

tow+yoff=idy.

Example 4.2. Consider the PBG-algebroid T P & (P x ) over a principal bundle P (M, G) constructed in Section 3.
The connection y%: TP — TP & (P x h) defined by X — X @ 0 for all X € T P is isometablic and flat. This is the
standard flat connection.

If p: A — A’ is a morphism of PBG-algebroids over the same principal bundle and y is an isometablic connection
in A then ¢ o y is also an isometablic connection in A’. Any connection in a transitive PBG-algebroid A = P(M, G)
gives rise to a Koszul connection V of the adjoint bundle L. Namely, define V¥ : I'TP x 'L — I'L by

Vi(V)=[y(X), (V)]

forall X e 'TP and V € I'L. This is the adjoint connection induced by y. If y is an isometablic connection, then
its adjoint connection satisfies

Re(Vx(V)) =R ([y (). 1(V)]) = [Re (v (X)), Rg (e(V)]
= [V(TRg(X)) (R (V))] TRg(X)(R (V))
forall X e 'TP and V € I'L. The curvature of y satisfies:
ofVy(2,(Y.2)) - 2,(1X.Y],Z)} =0
forall X, Y, Z € I'T P. Here ® denotes the sum over all the permutations of X, Y and Z. This is the (second) Bianchi
identity.

Proposition 4.3. Suppose given a transitive PBG-algebroid A = P(M, G, p) and consider its corresponding ex-
tension of Lie algebroids over M. The connections of the (transitive) Lie algebroid % — M are equivalent to the
isometablic connections of A which vanish on the kernel T?P of Tp: TP — TM.
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Proof. Consider an isometablic connection y : T P — A such that y (X) =0if X € T? P. This quotients to a splitting

y/G: % — %. Given a connection §: TM — TG—P of the principal bundle P(M, G), define

A
)7=y/G08:TM—>E.

The assumption that ¥ vanishes on the kernel of Tp makes the definition of 7 independent from the choice of §. It
follows immediately from the assumption that & is a connection of P(M, G) and /¢ is a splitting of (5) that this is a
connection of the Lie algebroid %.

Conversely, given a connection 6 : TM — % of the Lie algebroid %, compose it with the anchor map p*: % —»
T M of the Atiyah sequence corresponding to the bundle P(M, G, p) to the vector bundle morphism

f=0op*:— > —.
PG 7%
Denotet: TP — % andg4:A — % the natural projections. Since 14 is a pullback over p: P — M, there is a unique
vector bundle morphism y : T P — A such that
Moy =0o1.

Due to the G-invariance of § and g4the morphism of vector bundles ﬁg—l oy o TR, also satisfies the previous
equation for every g € G, therefore it follows from the uniqueness argument that y is isometablic. It is an immediate
consequence of the previous equation that ¢ vanishes at 77 P.

To see that it is indeed a connection of A, let us recall the fact that 6 is a connection of %. This gives p*ot/G 06 =

id7a. Now /6 = o # and by definition we have p* o i = Tp, therefore Tp o ff 0 8 = id7 . Now take an element
X eTP.Then Tp(X) € TM, and it follows from this equation that there exists an element g € G such that

o) (Tp(X))=X-g.
Multiplying this by g~ and using the G-invariance of Tp we get

jjo(@oTp): idTP.

Finally, from the properties of the pullback, it follows immediately that y is the map (rr, 6 o ), where 7 : TP — P
is the natural projection of the tangent bundle. It is straightforward to check that this reformulates to (s, 6 o Tp), and
this proves that y is a connection. O

Corollary 4.4. Let A = P (M, G) be a transitive PBG-algebroid. A flat connection of the Lie algebroid % — M gives
rise to a unique flat connection of A which vanishes on the kernel of T'p.

Definition 4.5. An isometablic Koszul connection of the PBG-LAB L = P(M, G) is a vector bundle morphism
V:TP — CDO[L] such that

VTR, (X) (Rg(V)) =Ry (Vx(V))
forallge G, Xel'TPandV erlL.

Now let us give a few examples of such connections.

Example 4.6. Suppose P x h = P(M, G) is a trivial PBG-LAB (in the sense of Example 3.2). Then the Koszul con-
nection VO: "'T P — " CDO[P x b] defined by V&(V) = X (V) forevery X e 'T P,V € C*°(P, b) is isometablic
and flat. To verify this, note that it is the adjoint connection of the standard flat connection y? introduced in Exam-
ple 4.2.

Further examples arise when we consider the Hom functor. Now we present some of them, which are necessary for
the proof of the Ambrose-Singer theorem in Section 7.
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Suppose L — P(M,G) and L' — P(M, G) are PBG-L.ie algebra bundles. The vector bundle Hom"(L, L") — P
is a Lie algebra bundle with Lie bracket

[golv ‘PZ](ML ] I’Ll’l) = [(pl(l’Lla LI} I’Ln)v ‘PZ(/’«L ) Mﬂ)]
for all 1, 92 € Hom"(L, L") and p1, ..., u, € I'L. It also admits the following action of G:

(R @)] (et 1) = @(Re(1n), ..., Rg(n)

forall g e G,p e Hom(L, L") and w1, ..., u, € I L. With this bracket and this action, Hom(L, L") becomes a PBG-
LAB. At this point, let us recall the definition of an equivariant represention of a PBG-groupoid on a PBG-vector
bundle (for the definition of a PBG-vector bundle see Example 2.5).

Definition 4.7. Let T = P(M, G) be a transitive PBG-groupoid and E = P(M, G) be a PBG-vector bundle (both
over the same principal bundle P(M, G)). An equivariant representation of T on E isa smoothmap ¥ * E — E
such that:

(i) wE-v))=1(&)forall (¢,v) e T *E.
(i) (5182)-v=2E&1-(&,v) forall (51,862) €T * T, (§2,v) € T * E.
(iii) 1y -v=vforallveE.

(iv) Gg)-(vg)=( v)-g.
The set T x E consists of the pairs (¢, v) € T x E such that « (&) = 7 (v).
Consider now the following representations of Lie groupoids:
(i) @[L]*Hom"(L, P x R) - Hom"(L, P x R) defined by
E @) poE )"
(if) @[L]*Hom"(L, L) — Hom"(L, L) defined by
(€.8),9) & o0poE™Y)
(i) (P[L]xpxp ®[L']) * Hom*(L, L") — Hom" (L, L") defined by
(€.E)9) & o0poE™h)"
Note that the elements of the Lie groupoid (@[L] x pxp ®[L]) = P(M, G) are of the form
(§:E,— Ey,§:E,— E,)
for u, v € P. The Lie group G acts on it by
(6,8 g= (ﬁg ofo ﬁg_1, ﬁg o0& o Ilig—l)
for all g € G, and under this action it is a PBG-groupoid. In [6] it is proved that these representations are smooth and

they induce the following representations of Lie algebroids respectively:

(i) CDO[L] — CDO[Hom"(L, P x R)] defined by

X@ (. tn) =g (@) = D@ (pan o X (). ).
i=1
(i) CDO[L] — CDO[Hom(L, L)] defined by

X (@), oo ) =X (@it ) = Y @(1e1, oo X (i), i)
i=1
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(iii) CDO[L] @ CDO[L’] — CDO[Hom" (L, L")] defined by
(X ® X)(9)]() = X"(p(w) — (X (w)).

The definition of the above representations and the fact that the standard flat connection is isometablic show that
these representations are equivariant. Therefore if V, V' are isometablic Koszul connections on L, L’ respectively
then through the previous representations one gets isometablic Koszul connections on Hom” (L, P x R), Hom" (L, L)
and Hom(L, L").

5. Equivariant transition data
This section gives the proof of Theorems 1.1 and 1.2.

Proposition 5.1. Let L — P(M, G) be a PBG-LAB. If P(M, G) has a flat connection and M is simply connected,
then L = P(M, G) has a flat isometablic Koszul connection.

Proof. If P(M,G) has a flat connection and M is simply connected, then it is isomorphic to the trivial bundle
M x G(M, G, pr1). So it suffices to prove that every PBG-LAB over a trivial principal bundle has a flat isometablic
Koszul connection.

The action §: (M x G) x G > M x G is ((x, g),h) — (x,gh) for all x €e M and g,h € G. In other words,
G only acts on itself by right translations. For every (x,g) € M x G, the partial map §;,):G - M x G
IS 8(x,q) = (CONsty, £,), where £,:G — G denotes the left translation in G. Now form the action groupoid
(M x G)>» G = M x G. This differentiates to the Lie algebroid (M x G) x g with Lie bracket the one given by (3).
Here the fundamental vector field VT corresponding to a smooth map V: M x G — g is

V(Lg) = T(x,e)S(x,g)(V(x,g)) = T(x,e) (const,, 2g)(v()c,g))
=06 Tele(Vix,g) =Telg(Vix,g)
for all (x,g) € M x G. Since the action of G on M x G leaves M unaffected, let us concentrate on the action
of G on itself by left translations. Form the action groupoid G> G = G. The map ¢: G > G — G x G defined by

(g, h) RS (g, gh) forall g, h € G makes the action groupoid isomorphic to the pair groupoid G x G = G. On the Lie
algebroid level this differentiates to the isomorphism of Lie algebroids ¢, : G >g— T G given by

(g, V) 5 T, (V)

forall g € G and V:G — g. Since it is an isomorphism of Lie algebroids, its inverse maps the (usual) Lie bracket
of TG to the Lie bracket in G x g defined by (3).

Now consider the derivative representation ¢, : (M x G) > g — CDO[L] introduced in Example 3.13. Since the
action of G on M x G does not affect M, we can consider the Lie algebroid of the action groupoid to be M x (G > g).
Finally, define V:I'TM x I'TG — I CDO[L] to be

Vx (V) = e(X (05 1(V))).

This is a morphism of Lie algebroids because both <p;1 and &, are. Therefore it is a flat Koszul connection. Its
isometablicity is immediate. O

Proposition 5.2. If the PBG-LAB L — P (M, G) has a flat isometablic Koszul connection and P is simply connected,
then it is isomorphic to a trivial PBG-LAB (as it was introduced in Example 3.2).

Proof. Suppose V:T P — CDOJ[L] is a flat isometablic Koszul connection. Then it is a morphism of PBG-algebroids,
and since P is simply connected it can be integrated to a morphism of PBG-groupoids ¢: P x P — ®[L] (see
Proposition 3.12). Choose a ug € P, define h = L,,, and consider the following representation of G on b:

Pp+()(V) = p(uo, uo - g ) (Ry-1(V)),
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forall V e hand g € G. This map is easily shown to be a representation, to preserve the Lie bracket of h because
Ry(IV, W]) = [Rg(V), Rg(V)] for all V, W € b, and ¢(uo, uo - g 1) € ®[L]. Now, the product P x b becomes a
PBG-LAB with action

W, V)-g=(u-g. ps(g HV)).

Consider the map ¥ : P x h — L defined as ¥ (u, V) = ¢(u, ug)(V). This is clearly an isomorphism of Lie algebra
bundles. Moreover,
it preserves the action because:

W, V) g)=pu-g uo)(pwo,uo-g)(Rg(V))) =pu-g uo-g)(Rg(V))
=[Rg 0@, u0) o Ry-10 Rg](V) = ¢(u, u0)(V) - g = Rg (¥ (1, V)
forall u,V)e Pxhandge G. O

The previous two propositions prove the existence of a special trivialization for a certain class of PBG-LABs
which takes into account the group action. Namely, suppose L — P (M, G) is a PBG-LAB such that the Lie group G
is simply connected. Choose a cover { P; };<; by principal bundle charts. That is, for every i € I there is an open subset
U; € M such that P; = U; x G. Without harm to the generality we may consider U; to be contractible, therefore P;
will be simply connected. Then, Proposition 5.1 shows that the PBG-LAB Lp, — P;(U;, G) has a flat isometablic
Koszul connection. Now Proposition 5.2 shows that there are Lie algebras b; acted upon by G and isomorphisms of
PBG-LABs y; : P; x b — Lp,. If we choose one of these Lie algebras f and consider the composition of y; with a
chosen isomorphism § = h;, we obtain a trivialization for L which respects the group action.

Proposition 5.3. Suppose L — P(M, G) is a PBG-LAB such that the Lie group G is simply connected and {U;};<r
a simple open cover of M. Then, for any section-atlas { Py, = U; x G} there exists a section-atlas {&; : P; x ) —
L p, }icr of the vector bundle L such that

Pi(ug,V-g)=¥iu,V)- g
foralliel,VeLy and geG.

Let A = P(M, G) be a PBG-algebroid. We recall from [6] the construction of the transition data (x, «). It follows
from [6, 1V84] that locally % has flat connections which, due to Corollary 4.4 give rise to local flat isometablic
connections 67 : T P; — Ap,. The transition data of A is defined as:

Xl/ . TP[/ — P,] X [’), le = l[/i_l(el.* — 97)
and
Q. Pij — Aut(h), ajj W)=y o lpj?’}.
Moreover, they satisfy the following, where A stands for the Darboux derivative:
(i) dxij + [xij» xij1=0, i.e. each x;; is a Maurer—Cartan form,

(i) xij = xix + oij (xjx) whenever P;ji # 0,
(iii) A(ayj) =adoy;; forall i, j.

Now Theorem 1.1 follows immediately from the definition of the transition data and Proposition 5.3.
For the proof of Theorem 1.2 first let us recall first the following result from [8]:

Theorem 5.4. Let 2, = be Lie groupoids over the same manifold M and i : A2 — AE a Lie algebroid morphism. If
£2 is s-simply connected, then there exists a unique morphism of Lie groupoids ¢ : 2 — & which differentiates to w,
i.e. * = u.
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Consider a PBG-groupoid 7" = P (M, G) and its corresponding Lie algebroid AT = P(M, G) with adjoint bun-
dle LT . The extension of Lie algebroids corresponding to that is

LY AT TP
—_—— — —» —

G G G

It follows from [6, 1\V§4] that the Lie algebroid 4% (over M) has local flat connections 6 : TU; — (4% )y,. Due to

Corollary 4.4 these give rise to flat isometablic connections 6 : T P; — AYp,. Since the connections é,'* are flat, they

can be regarded as morphisms of Lie algebroids. With the assumption that every U; is contractible, and by force of
. . ~ . . . . ~ U;

the previous theorem, it follows that the 6s integrate uniquely to morphisms of Lie groupoids 6; : U; x U; — %U,«'

It was shown in the proof of Proposition 4.3 that the isometablic flat connections 6 corresponding to the 6s are in

essence the maps éi* o T'p, therefore they also integrate uniquely to morphisms of Lie groupoids

0P x Pi—> Ty
The uniqueness argument of Theorem 5.4 yields that the ;s are morphisms of PBG-groupoids. That is because
for every g € G the map Ol.g(u, v) = 6; (ug, vg)g ! is also a morphism of Lie groupoids and differentiates to oF. It
therefore follows from the uniqueness of 6; that 9;” =¢; for all g € G, consequently 6; is equivariant.

Just like the non-integrable case, the aim is to show that there exists an equivariant section-atlas of the PBG-LAB
L7 . Then, the transition data (x, «) it defines has to be equivariant. To this end, we will show that on global level
there exist equivariant section-atlases for the PBG-LGB 17", which differentiate to the desired atlases of LT".

First, let us give some notation. For a Lie groupoid £2 — M we denote £2, = s~ 1({x}), 2% =+~1({x}) and 27 the
Lie group £2, N £2*.

Now fix a basepoint ug in P and for every i € I choose a u; € P; and an arrow &; € TLZJ". Define o; : P; — 1, by

oi(u) =0;(u,u;)-§.
This is a section of the principal bundle 7, (P, T,,”OO). Consider the Lie group H = TM”OO and define a (left) G-action
pi G x H— H by

pi(g () =o0i(uig) ™" - (Eig) - (hg) - (i)™t - 0y (uig).
Last, consider the sections v; : P; x H — 1£2p, of 12 defined by

Vi, h) =o0; () - h - o; ().

The proof of the following proposition is an immediate calculation.

Proposition 5.5. The sections v; are equivariant in the sense that

Vi (ug. pi(g™H (W) = Yi(u, h) - g.
Their transition functions &;; : P;; — Aut (H) are equivariant in the sense

&ij(ug)(pji (g H () = pi (g1 (@ (w)(h)).

These sections clearly differentiate to sections ¥ : P; x h — LTp, of LY. To show that these ¥;s, as well as their
transition functions ¢;; are equivariant in the sense of Proposition 5.3 (thus they give rise to equivariant transition data
for AT = P(M, G)), we need to show that the G-actions p; are local expressions of the canonical G-action on the
PBG-LGB I7.

For every i € I, consider the action groupoid P; > G = P;(U;, g) (recall Example 2.4) and define a map p; : P; >
G*ITPI. — [Tpi by

pi((u, &) n e Tp) =i (ug. pi (g™ (Vi (m)).
Obviously, 7 (o; ((u, g),n)) =ug =t(u, g) and p; ((u, eg), n) = n. It is a straightforward exercise to verify that

Iai ((ugls g2) : (Lt, gl)s 77) = Iai ((ugls g2)7 ﬁi(u’ gl)s 77)
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Also, each p; (u, g) is an automorphism of 7°“, therefore it is a representation of the Lie groupoid P; > G on the Lie
group bundle I7p,, in the sense of [7]. The foIIowmg proposition allows us to “glue” the p;s together to a global map.

Proposition 5.6. For all i, j e I such that P;; # @, u € P;;, g € G and 5 € £2) we have
i (e, 8).n) = pj((u, ), n).
Proof. The equivariance of the «;;’s gives:

pi (e, 8).n) = Vi (ug. pi (¢ (Wit () = Vi (ug. pi (1) (@i ) (¥4 (1))
=i (ug, @ () (0j (¢ Wiy ) =¥ (ug. pj (e H (¥, ) =pj(@. ). n). O

Now define p: (P > G) *x 12 — 122 by p((u, g).n € 2}}) = pi((u, g),n), if u € P;. This is a representation
because each p; is. As a matter of fact, p is a lot simpler than |t seems. Since the sections {v;};<; are equivariant we
have:

p((u. 8).n) =i (ug. pi(g (Wi, (1)) = Vi (u. ¥, () -g=1n"g.
So p is, in fact, just the PBG structure of 17
Conversely, it is possible to retrieve the local representations {p;};c; from the PBG structure of 7. Suppose
{oi 1 Pi = Ty, lier is afamily of sections of Y. Consider the charts y; : P; x H — I7p, defined as v; ,, (h) = I, ) (h)
and define g; : P; > G — Aut(H) by

pi u, @) (h) =Yy (Wi () - g)

forall g € G, h € H and u € P;. This is a morphism of Lie groupoids over P; — -. For every i € I choose u; € P; and
define

pi(@ M) = pi (i, &) (W) =i (Viu(h) - g)-
Then,

pi(8 () = I, 01 (Toy ) () - 8) = 03 (i) ™+ (07 (wi)g) - (hg) - (07 (ui) ' g) - 0 (uig).
The latter is exactly the original definition of the p;’s. Finally, these considerations prove Theorem 1.2,

6. Holonomy

In this section we introduce isometablic path connections for PBG-groupoids and prove that they correspond to
isometablic infinitesimal connections in the transitive case. Then we use isometablic path connections to study the
holonomy of transitive PBG-groupoids. In the following we restrict to transitive PBG-groupoids 7" = P (M, G) over
a principal bundle P(M, G). Let us fix some notation first. We denote C(Z, P) the set of continuous and piecewise
smooth paths in P. Moreover, Pj(Y") denotes the set of continuous and piecewise smooth paths §:7 — 7° which
commence at an identity of 7" and s o §: I — M is constant. These sets obviously admit right actions from G.

Definition 6.1. An isometablic C* path connection in 7" isamap I" : C(I, P) — Py ("), usually written ¢ > ¢, such
that:
(i) €(0) =1 and &(r) € Tg) forall t € 1.
(ii) 1f ¢:[0,1] — [«, B] [0, 1] is a diffeomorphism then co @ (1) = é(¢(1)) - [¢(p(0))] L.
(iii) If ¢ € C 1, P) is differentiable at 7 € I then ¢ is also differentiable at z.
(iv) If c1, c2 € C(1, P) have L2 (9) = %2 (1) then %L (19) = 92 (19).
(V) If c1,c2,c3€ C(1, P) are such that "”1 1 (1) + % dc? (to) = "‘3 3 (1) then L (10) + %2 (1) = 4% (1.
(vi) Forall g € G, R oc_R oc.
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The first five properties in the above definition constitute the standard definition of a path connection in a Lie
groupoid, as it was postulated in [6, 1187]. The isometablicity is expressed by the sixth property. This definition has
the following consequences which were proved in [6, 1187].

Proposition 6.2.
(i) iy =k, forall u € P (where «,, denotes the path constant at u).

(i) cE () =c@) ~_[E(t)]‘1 (where ¢ denotes the inverse path of ¢).
(iii) ¢’-c= (R o) - c forall composable paths ¢, ¢’ € C(1, P).

For every c € C(I, P) denote ¢ = c(1).
Corollary 6.3.

(i) %y = 1Lu.
(i) c= =@ L.
(i) - c=c-é.

Proposition 6.4. If 1, c € C(I, P) are such that %L (1g) = 1 %2 (1) for some 1o € I, then %L (1) = & - 42 (zo).

Theorem 6.5. If ¢: Py x (—e,&) — P is a local 1-parameter group of local transformations for P, where Py =
U x G is the image of a chart of the principal bundle P(M, G), thenthe map ¢: 7"V x (—¢, &) — T constructed in
[6, 1187] is a local 1-parameter group of local transformations on 7" and

(i) tog,=¢;otforall t € (—¢,¢). N
(ii) f gy =Ry o9, forall ge G,v e P, then g¢., = Ry 0 ¢ forall € e vV and g € G.

Proof. The first assertion was proved in [6, 1187]. For the second one we have:
(§g0¢s)(t)=¢g(t)~g=Rg 0 @z (1) = @z.4(1). O

Theorem 6.6. There is a bijective correspondence between isometablic C*° path connections I':c+ ¢ in 7" =
P (M, G) and isometablic infinitesimal connections y : T P — AT such that a corresponding I" and y are related by

d _ d

Ec(m) =T Rz |V EC(to) (1
forallce C(I,P)and e I.
Proof. Suppose given an isometablic C* path connection I". For v € P and X € T, P take any ¢ € C(I, P) with

c(to) = v and 4¢ 7r (10) = X for some #o € I and define y (X) = TR(E(ZO))—l[%(E(lo))]. The smoothness and R-linearity
of this connectlon are proven exactly as in [6, 11187]. We now prove its isometablicity.

d ——— d ~
V(T Rg(X)) =T R g oe) 1 E(Rg 0c(10)) | = TRE, o(c(10)) 1 E(Rg o &(t))

d d
= (T Rz(y))-1.g © TRg)[ (C(tO))} T'(Rz(15))-1.g © Rg)|: (C(tO))]
Forall £ € T we have

R @(19))1.g © ﬁg(g) =(¢-9)- ((E(IO))il g)=(&- (E(IO))il) ‘8= ﬁg ° Rz(t))-1(8)-
Therefore,

d d ~
TR0 Ro)| §560) | = TRAT Ry )| 5, 60) | = TR 00)
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Conversely, suppose given an isometablic infinitesimal connection y : TP — A7 . It was shown in [6, 11187] that
given a path ¢ € C(I, P) such that ¢(0) = uo the re is a unique path ¢ € Pj(Y") which satisfies (7). For any g € G the
path R, o c has initial data (R, o ¢)(0) = ug - g. Thus there is a unique path R o c € Py (T) satisfying the differential
equation

d — d
TRy 00)(10) = T Rz [y (E(Rg o C)(to)ﬂ

with initial data R, o ¢(0) = 1,,,.,. The path R, o also has initial data Ry 0¢(0) = Ry (L4g) = 1ug - & = lug.¢. Therefore
it suffices to show that it also satisfies the differential equation (7). Indeed:

d ~ ~ (d ~ d ~ d
E(Rg 00)(10) =TRy (55(t0)> =(TRgo TRc(to))[y (Ec(m)ﬂ =T(Rgo Rc(to))[V(EC(t0)>:|~

Itis easy to see that R; o Rewg) = R(f, 051 therefore

~ d _ d 4
T(Rg 0 R"("’))[V (Ec(m))} =TR R o0 t0) [(TRg ° V)<EC(10)>} = TR Ryo0)10) [(V ° TRg)<Ec(to))}
d
=TR(R,00)(t0) |:V (E(Rg o C)(lo))]- O

Corallary 6.7 (Of the proof). Let y : TP — AT be an isometablic infinitesimal connection in T and I" the corre-
sponding isometablic path connection. Then:

(i) Forall X e I'T P, Exp(t - y(X))(v) = I' (¢, v)(t) where ¢, is the local flow of X near v and I' (¢, v) :R — 7,
is the lift of r —~ ¢, (v).
(if) The restriction of the exponential map on the image of y is equivariant.
(iii) The restriction of the exponential map on y (I"® T P) is equivariant.

Proof. The first was proved in [6, 11187]. For the second assertion consider {¢;} a local flow of X € 'T P nearv € P.
Then {y; = Rgo@; 0 Ry-1} is a local flow of T R, (X,). Therefore,

Exp(r - TRy (v (X)) () = EXp(7 - y (TR (X)) (v) = I' (W, v - g)(t)
=TI (RgogoR,1,v-2)(1)=[RL o I'(p,0)](t) = RL o Exp(t - ¥ (X)) (v).

The third assertion is immediate because if X € I'CT P then both {¢;} and {y,} are flows of X at v and v - g,
respectively. 0O

Definition 6.8. Let I" be an isometablic C*° path connection in 7. Then ¥ =¥ (I') ={c(1): ce C(I,P)} C T is
called the holonomy subgroupoid of I". The vertex ¥, is the holonomy group of I" at v.

We know from [6] that ¥ is in general an s-connected Lie subgroupoid of 7" = P(M, G). We will finish this
section by showing that in case I" is isometablic then it is in fact a PBG-subgroupoid of 7.

Proposition 6.9. Let T, 7’ be PBG-groupoids over P(M,G) and ¢:Y — 7’ an (equivariant) morphism of PBG-
groupoids over P(M, G). Let y be an isometablic infinitesimal connection in Y and I" its corresponding path
connection. The isometablic path connection I’ corresponding to the produced connection y' =g, oy isI'' =¢@o I’
and its holonomy subgroupoid is ¥’ = ¢ (¥).

Proof. Take ¢ € C(I, P). Then, since c satisfies Eq. (7) for y it immediately follows that ¢ o ¢ satisfies Eq. (7) for
pxoy. Thus I =¢pol'. O

Definition 6.10. Let 7, 7 be PBG-groupoids over the principal bundle P(M, G). The PBG-groupoid 7" is called
a PBG reduction of 7 if there is a morphism of Lie groupoids ¢:7’" — 7" which is equivariant and an injective
immersion.
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Corollary 6.11. If 77 is a PBG reduction of 7" and the isometablic connection y : TP — AT takes values in AY"’
then v < 7.

Theorem 6.12. Let I" be an isometablic path connection in 7. Then the holonomy subgroupoid ¥ of I" is a PBG-
subgroupoid of 7.

Proof. The fact that ¥ is a Lie subgroupoid of 7" is proved in [6, 11187]. We will only show that the action of G on T
can be restricted to W. Let £ =¢(1) forsome ce C(I, P). Then& - g=R,0c(l) =Rgoc() e¥. O

Corollary 6.13. For each X € I'T P and all ¢ sufficiently near 0, y(X) € ' AW and Exp(t - y (X)) e ¥.
Proof. These are reformulations of Corollary 6.7. O
7. Deformable sections

The aim of this section is to prove an Ambrose-Singer theorem for transitive PBG-groupoids. The result passes
through the study of deformable sections for representations of vector bundles on PBG-groupoids (see Definition 4.7).
Again, all groupoids regarded in this section are considered to be transitive.

Definition 7.1. Let ¥ = M be a (transitive) Lie groupoid, E — M a vector bundle and p:7 x E — E a smooth
representation of " on E. A section u € I'E is called T"-deformable if for every x, y € M thereisa & e 13 such that

o, 1nx) =uy).

If « € 'E is T-deformable then the isotropy groupoid of ¥ at u is @ (u) ={& € T: £(u(s(&))) = n (&)}
A section u is T -deformable iff its value lies in a single orbit. The condition ensures that the isotropy groupoid is
transitive.

Theorem 7.2. Let Y = P(M, G) be a (transitive) PBG-groupoid and E — P (M, G) avector bundle on which G acts
by isomorphisms. Let p: T « E — E be an equivariant representation and x € I"% E. Then the following propositions
are equivalent:

(i) The section w is T -deformable.
(if) The isotropy groupoid @ (u) is a PBG-subgroupoid of 7.
(iii) The PBG-groupoid 7" has a section atlas {o; : P; — 7, }ies Such that p(o; ()~ (u(u)) is a constant map
Pl' — Euo-
(iv) The PBG-groupoid 7" possesses an isometablic infinitesimal connection y such that

(px0y) () =0.

Proof. (i) = (ii) It was shown in [6, 11187] that @ (u) is a closed and embedded Lie subgroupoid of 7. It remains to
show that if £ - g € @ () forall £ € @ () and g € G. Indeed,

p(E-g.u(s@E-2))=n( g u(s®) g)=pE u(s@)) g=n(t®) g=n(t¢-g).

(i) = (iii) Since @ (w) is a Lie subgroupoid of 7", the principal bundle (& (), (P, (qb(u))fjg, t) is a reduction of
Yo (P, Y2, t). Therefore there is a section atlas {o; : Py, — Yuolier OF T such that o; (u) € (@ (1))y, forall u € Py,.
S0 0 (u) ™t € (@ (1)), forall u € Py,. Equivalently, p(o; ()™, w(u)) = u((up)) for all u € P;.

(iv) = (i). Suppose ¥ < 7 is the holonomy PBG-subgroupoid of y and ¥’ < ®(E) the holonomy PBG-
subgroupoid of p, o y. Then ¥’ = p(¥) and from [6, I1187] we have:

(proy)=0=&u(s®)=mu(t&) Ve € P(E)
= p(n. mn(sm)) =u(tm)Vner.
Therefore u is T-deformable.
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(ii) = (iv) The isotropy subgroupoid is a PBG-groupoid, therefore it has an isometablic connection y : TP —
A® (). This is also a connection of 7. From [6, 11184] we have that T'A® (u) = {X € T'AT: p.(X)(n) = 0}.
Therefore p,.(y (X))(w) =0forall X e I'TP. O

Proposition 7.3. Let L be a vector bundle over P(M, G) on which G acts by isomorphisms and [ ] a section of the
vector bundle Alt>(L: L). Then the following three conditions are equivalent:

(i) The fibers of L are pairwise isomorphic as Lie algebras.
(if) L admits an isometablic connection V such that

Vx[V, WI=[Vx(V), W]+ [V, Vx(W)]

forall XerrrPpand V,WerllL.
(iii) L is a PBG-Lie algebra bundle.

Proof. Let p: @ (L) x Alt’(L, L) — Alt>(L, L) denote the representation defined by

pE p)=Eopo(ttxe™h

forall £ € & (L) and ¢ € Alt>(L, L). We have already discussed why this is an equivariant representation. Now, (i) is
the condition that [ ] is @[L]-deformable and (iii) is the condition that @[L] admits a section atlas {o;};; such that
the corresponding charts for Alt?(L, L) via p map [ ] € I" Alt>(L, L) to constant maps P; — Alt?(Ly,, Ly,)- SO, (i)
and (iii) are equivalent by the equivalence (i) < (iii) of Theorem 7.2.

We also have that p, : CDO(L) — CDO(AIt3(L, L)) is

px(DY(@)(V, W) = D(p(V, W)) —(D(V), W) — o(V, D(W)).

Therefore (ii) is the condition that L admits an isometablic connection V such that (o, o V)([ ]) = 0. Hence (i) < (ii)
follows from the equivalence (i) < (iv) of Theorem 7.2. O

Proposition 7.4. Let E and E’ be vector bundles over the principal bundle P (M, G) on which G acts by isomorphisms
and let ¢ : E — E’ be an equivariant morphism over P. Then the following conditions are equivalent:

(i) Themap P > u +— rk(g,) € Z is constant.
(i) There exist equivariant connections V and V' of E and E’ respectively such that V (¢()) = ¢(Vx (n)) for all
nwelEand X e I'TP.
iii) There exist atlases {y; : P, x V. — Ep.}ic; and {y//: P; x V' — E’, };c; for E and E’ respectively such that each
i i P;
w:Ey, — Ebi is of the form ¢; (x, v) = (x, f;(v)) where f;: V — V' is a linear map depending only on i.

Proof. This is also an application of Theorem 7.2. Consider the equivariant representation (®[E] x pxp ®[E]) *
Hom(E, E") — Hom(E, E’) we discussed in Section 3. The equivariant morphism ¢ : E — E’ can be regarded as an
equivariant section of the vector bundle Hom(E, E’), namely assigning to every u € P the linear map ¢, : E, — E,.
The following lemma shows that (i) is the condition that ¢ is (®(E) x px p @ (E’))-deformable:

Lemma. Let ¢1:V — V' and ¢2: W — W’ be morphisms of vector spaces such that dimV =dimWw, dimV’' =
dim W’ and rk(¢1) = rk(gz). Then there are isomorphisms s : V — W and s": V' — W' such that s’ o 91 = ¢ o s.

We also discussed in Section 3 that the induced representation p, : CDO(E) @ CDO(E’) — CDO(Hom(E, E")) is
(X XN (@)() = X' (p(r)) — (X (). Therefore (ii) is exactly the condition that @ (E) x px p @ (E’) possesses an
isometablic infinitesimal connection y such that (p. o ¥)(u) = 0. Finally, condition (iii) is clearly condition (iii) of
Theorem 7.2. O

Definition 7.5. Let E, E’ be two vector bundles over the principal bundle P(M, G) on both of which G acts by
automorphisms. Let ¢ : E — E’ be an equivariant morphism of vector bundles over M. Then, ¢ is
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(i) of locally constant rank if u — rk(g,) : P — Z is locally constant;
(ii) alocally constant morphism if it satisfies condition (iii) of Proposition 7.4.

The proof of the following proposition is analogous to the one of Proposition 7.4.

Proposition 7.6. Let L, L’ be PBG-LABs on P(M, G) and let ¢: L — L’ be a morphism of PBG-LABs. Then the
following conditions are equivalent:

(i) Foreachu,v € P there are Lie algebra isomorphisms «: L, — L, and «’: L/, - L/ suchthat g, ca =&’ o L,.
(ii) L and L’ posses isometablic Lie connections V and V' respectively such that ¢(Vx (V)) = Vi (¢(V)) for all
Vel'Land X eI'TP.
(iif) There exist Lie algebra bundle atlases {v;: P; x g — Lp}ic; and {¢/:P; x g’ — L;,l_},»el for L and L’ re-
spectively such that each ¢ : Lp, — L;,[_ is of the form ¢ (u, W) = (u, f;(W)) where f;:g — g’ is a Lie algebra
morphism depending on .

If P is connected then f; may be chosen to be independent of i as well.

Proposition 7.7. Let L be a PBG-Lie algebra bundle on P(M, G) and let L and L2 be PBG-subLABs of L. Then
LN L2 is a PBG-subLAB of L if there is a Lie connection V of L such that V(I"'L) c 'L and V(I"'L?) C I'L2.

Proof. Without the PBG condition, this was proved in [6, I 1187]. All we need to show is that the intersection of two
PBG-subLABs is PBG, i.e. the action of G on L can be restricted to L N L2. This is immediate. O

We are now ready to proceed to the proof of the Ambrose—Singer theorem for isometablic connections. Consider a
(transitive) PBG-groupoid T = P(M, G) and an isometablic infinitesimal connection y on 7.

Proposition 7.8. Let L’ be a PBG-subLAB of LT such that

(i) Ry(X,Y)eL forall X,Y e TP.
(iiy vv(rrycrr'.
Then there is a PBG reduction A’ < AY defined by
F'A'={XeTlAYT: X —y(q(X)) e 'L}
which has L’ as adjoint bundle and is such that y (X) € A’ forall X e T P.

Proof. Again, without the PBG condition this is was proved in [6, 11187]. We only need to show that A" is a PBG-
algebroid. Indeed, if X € "' A’ then RgF(X) € I' A’ because:

RI(X)—y(a(RF 0))=RIX)(X —y(¢0)))erl. O

Proposition 7.9. There is a least PBG-subLAB denoted (L7")” of LY which has the properties (i) and (ii) of Propo-
sition 7.8.

Proof. It suffices to prove that if L and L2 both satisfy (i) and (ii) of Proposition 7.8 then L N L2 does also. The
only point that is not clear is that L' N L? is a PBG-subLAB, and since V7 is a Lie connection this is established by
Proposition 7.7. 0O

Theorem 7.10. Let ¥ = P(M, G) be a PBG-groupoid and y : TP — AT an isometablic infinitesimal connection.
Let I" be its corresponding C° path connection and ¥ its holonomy groupoid. Then AY = (AT)”.

Proof. We showed in Corollary 6.13 that y takes values in A¥. Hence LY satisfies the conditions of Proposition 7.8
and therefore L& > (L7)Y and A¥ > (AT)Y. On the other hand, y takes values in (A7) and A¥ < (AT)Y. O



1. Androulidakis / Differential Geometry and its Applications 24 (2006) 150-171 171

Acknowledgements

I would like to thank Kirill Mackenzie for the encouragement to write an account of connection theory in the PBG
setting, as well as his useful comments. Also many thanks to Rui Fernandes and Stavros Papadakis for the discussions
we had while I was writing this paper.

References

[1] I. Androulidakis, Classification of extensions of transitive Lie groupoids with prescribed kernel and cokernel, J. Math. Phys., submitted for
publication, math.DG/0402007.

[2] J. Dieudonné, Treatise on Analysis, vol. I1l, Academic Press, New York, 1972. Translated from French by I.G. MacDonald, Pure and Applied
Mathematics, vol. 10-I11.

[3] W. Greub, S. Halperin, R. Vanstone, Lie Groups, Principal Bundles, and Characteristic Classes, Connections, Curvature, and Cohomology,
vol. I1, Pure and Applied Mathematics, vol. 47-11, Academic Press (A subsidiary of Harcourt Brace Jovanovich Publishers), New York-London,
1973.

[4] PJ. Higgins, K. Mackenzie, Algebraic constructions in the category of Lie algebroids, J. Algebra 129 (1) (1990) 194-230.

[5] K. Mackenzie, Integrability obstructions for extensions of Lie algebroids, Cahiers Topologie Géom. Différentielle Catégoriques 28 (1) (1987)
29-52.

[6] K. Mackenzie, Lie Groupoids and Lie Algebroids in Differential Geometry, London Mathematical Society Lecture Note Series, vol. 124,
Cambridge University Press, Cambridge, 1987.

[7] K. Mackenzie, Classification of principal bundles and Lie groupoids with prescribed gauge group bundle, J. Pure Appl. Algebra 58 (2) (1989)
181-208.

[8] K. Mackenzie, P. Xu, Integration of Lie bialgebroids, Topology 39 (3) (2000) 445-467.



	On the connection theory of extensions of transitive Lie groupoids
	Introduction
	PBG-groupoids
	PBG-algebroids
	Infinitesimal connections for PBG structures
	Equivariant transition data
	Holonomy
	Deformable sections
	Acknowledgements
	References


