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Abstract

Direct connections on Lie groupoids are smooth local right inverses of the anchor map which
preserve the units. They were introduced by N. Teleman and J. Kubarski as generalized paral-
lel transports on the frame groupoid of a vector bundle. We show that a Lie groupoid over a
connected base admitting a direct connection is necessarily a gauge groupoid, and that direct
connections generalize principal connections. Viceversa, we show that they induce infinitesi-
mal connections on the associated Lie algebroid, hence linear connections on associated vector
bundles, and that the transitive ones are exactly the parallel transports of their induced linear
connection. We study the curvature of a direct connection, which measures its failure to be
a groupoid morphism, and show that it refines the curvature of the induced infinitesimal con-
nection, thus completing a result announced by J. Kubarski. Finally we characterize the Lie
groupoids admitting a flat direct connection as the flat ones.

We then investigate the jet prolongations of direct connections. Using the new notion of
jet primitive bisection, we prove that the jet prolongation of a direct connection is entirely
determined by that of the trivial direct connection on the pair groupoid (the identity), and we
compute the associated infinitesimal connection. We exhibit three natural jet prolongations of
the identity on the pair groupoid, built from Jacobi fields of geodesic variations, one of which
recovers the exponential jet connection of I. Kolai and W. M. Mikulski. Finally, inspired by
the theory of regularity structures, we construct a higher-order direct connection on the frame
groupoid of a jet bundle which is not a jet prolongation. For this, we introduce a covariant
Taylor expansion of sections of a vector bundle induced by a direct connection. Besides the
usual local terms given by covariant derivatives, this expansion features new non-local integral
corrections governed by the derivatives of the curvature along geodesics, which vanish exactly
when the direct connection is a genuine parallel transport. We conclude with a local model for
jet regularity structures on vector bundles based on this covariant taylor expansion.
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1 Introduction

The symmetries of a vector bundle are of two different natures. On the one hand, the structure group
of the bundle acts along the fibres by relating its different frames, and rules the so-called internal
(or gauge) symmetries of the bundle. On the other hand, many geometric situations require to
compare fibres sitting over distinct points of the base manifold, and involve the so-called global
symmetries of the bundle. Such symmetries can no longer be encoded by a group, since they can be
composed only when the arrival point of one matches the departure point of the next, and they are
naturally described by a Lie groupoid. A Lie groupoid G = M consists of arrows, each attached to
a source and a target in the base manifold M, with the exact properties we need: the arrows with
equal source and target form a group above each base point, and code the internal symmetries, the
others can be composed whenever the target of the first coincides with the source of the second
and they are invertible, so they let the base manifold carry its own symmetries and finally code
the global symmetries of the bundle. Groupoids were introduced by H. Brandt in 1926 | |
and endowed with topological and differentiable structures by C. Ehresmann | |. They are
nowadays pervasive in mathematics, physics and computer science, see for instance | , |.

A connection is the tool that turns such symmetries into an actual comparison of nearby fibres,
by prescribing a parallel transport between them, that is, a specific arrow of the symmetry groupoid
with given nearby source and target points. In the classical setting of a principal bundle, a principal
connection selects, among the gauge symmetries, those that realize the parallel transport along the
paths of the base, and infinitesimally it is described by a Lie-algebra-valued differential form. In the
groupoid setting, the infinitesimal symmetries form a Lie algebroid, a fibred generalisation of a Lie
algebra whose sections generalise the vector fields on the base, and the corresponding infinitesimal
notion of connection, due to C. Ehresmann in 1952 | | and enhanced by S. Kobayaschi in
| |, is a section of its anchor map. Integrating these infinitesimal data to a finite parallel
transport on the groupoid has traditionally required a path lifting, as in the path connections
introduced by J. Virsik in 1971 | , Appendix| and thoroughly studied by K. Mackenzie | )
Chapter 6]. Such a transport therefore depends on the choice of a path on the base manifold.

An alternative notion of connection, defined more generally for a groupoid map G — H over M
which is a surjective submersion, is the multiplicative Fhresmann connection recently introduced by
R. Loja Fernandes and I. Méarcut in | | (and in previous works by other authors cited therein),
which compares to the path connection when the map is the anchor to the pair groupoid. This is a
horizontal distribution on G complementary to the anchor fibres, deviced to study local models of
Poisson submanifolds, and for this it is assumed to be compatible with the groupoid composition.
It is ruled by specific connection forms and therefore it is essentially an infinitesimal theory. Like
the path connections, then, a multiplicative Ehresmann connection produces its parallel transport
by the horizontal lifting of paths in the base, and is therefore path-dependent. Unlike a general
path connection, however, it is encoded by an intrinsic geometric datum on G and is by construction
compatible with the composition.

Path-independent notions of connection on a Lie groupoid were first developed by A. Kock in
the framework of Synthetic Differential Geometry | ) ) |, where they are required
to preserve the units and the inversion, and a curvature measures the obstruction to preserving
the composition. More recently, N. Teleman and J. Kubarski considered a relaxed version of such
connections on the frame groupoid of a vector bundle £ — M, no longer preserving the inversion,
suitable to capture the geometric content of the Chern classes of E, and called them linear direct
connections | , , |. The generalisation to arbitrary Lie groupoids was announced
by Kubarski in | |. As Teleman observed, and in contrast with path connections, a direct
connection need not be smooth, so that it can be defined also on singular or non-smooth base



manifolds. In this paper we take up this point of view and develop the theory of smooth direct
connections up to the level of jet groupoids and of a new covariant Taylor expansion of sections of
a vector bundle.

A direct connection on a Lie groupoid G = M is a smooth local right inverse I' : Pair(M) +— G
of the anchor map which preserves the units (Definition 3.1). It is flat if it preserves the composition,
and transitive if it preserves the composition along the geodesics. Its guiding geometric model is
the parallel transport of a linear connection on a vector bundle F along the small geodesics of a
base manifold M equipped with a torsion-free linear connection: to a pair of nearby points (y, x)
it assigns the arrow of G from x to y coding the transport along the unique geodesic joining them.
This is a transitive direct connection which is not necessarily flat. Compared with path connections,
a general direct connection dispenses with the choice of a path and need not be compatible with the
groupoid composition, hence it encodes geometric informations that are invisible at the infinitesimal
level.

In Section 3 we develop the general theory of direct connections on Lie groupoids. We show that a
Lie groupoid over a connected base which admits a direct connection is necessarily a gauge groupoid
(Proposition 3.4), that every direct connection induces an infinitesimal connection on the associated
Lie algebroid (Proposition 3.13) and hence a linear connection on the associated vector bundles
(Corollary 3.14), and we characterize the usual parallel transports as the transitive direct connections
(Proposition 3.5 and Theorem 3.18). We then introduce the curvature of a direct connection, which
measures how far it is from being a groupoid morphism, and show that its antisymmetric part
reproduces the usual curvature tensor of the induced infinitesimal connection (Theorem 3.24), while
its full expression carries finer, non-infinitesimal invariants. We close the section by characterizing
the Lie groupoids admitting a flat direct connection as precisely the flat ones (Proposition 3.26),
recovering in our language a class of groupoids largely studied by K. Mackenzie.

In Section 4 we study the jet prolongations of direct connections, building on the jet prolonga-
tion of groupoids and Lie algebroids after C. Ehresmann | | and I. Kolar | |. Attaching
to each direct connection on a jet groupoid its jet primitive bisection, we prove that the jet prolon-
gation of a direct connection is entirely determined by that of the trivial direct connection Id on
the pair groupoid, and compute its associated infinitesimal connection (Theorem 4.11). We then
exhibit three explicit jet prolongations of Id on Pair(M ), arising from three Jacobi fields of geodesic
variations that differ by the initial value of the field and of its covariant derivative (Theorems 4.15,
4.17 and 4.20). We also compute their infinitesimal connections and show that the first two are, in
a sense, orthogonal, while the third reproduces the exponential jet connection on J™T'M of 1. Kolar
[ | and W. M. Mikulski | ].

The last part of Section 4 is motivated by the theory of regularity structures for stochastic PDEs,
introduced by M. Hairer | ) | and further developed on manifolds by A. Dahlqvist,
J. Diehl and B. Driver | | and on vector bundles by M. Hairer and H. Singh | |. Starting
from a direct connection I' on the frame groupoid of a vector bundle F, we introduce a covariant
Taylor expansion of local sections of E whose displacement along the fibres is ruled by I' (Theorem
4.29 and Definition 4.24). Besides the usual local terms given by higher covariant derivatives, this
generalized Taylor expansion contains new non-local integral corrections based on the derivatives
of the curvature of I' along geodesics. These corrections vanish precisely when I' is the parallel
transport of a linear connection, so they are a genuinely new feature of general direct connections.
Using this expansion we build a higher-order direct connection on the frame groupoid of a jet bundle
which is not a jet prolongation of a direct connection on F (Theorem 4.34), and we sketch a covariant
local model for E-valued jet regularity structures.

The paper is organized as follows. Section 2 recalls the necessary background on Lie groupoids,
bisections, groupoid actions and Lie algebroids, with an emphasis on gauge and frame groupoids



and a systematic treatment of local maps and local bisections. Section 3 develops the theory
of direct connections on Lie groupoids, and Section 4 their jet prolongations and the associated
Taylor expansion. An appendix (Section A) collects the background on jet bundles and on the jet
prolongation of principal and vector bundles.

Acknowledgements: The authors are very grateful to the late Kirill Mackenzie and thank Alexan-
der Schmeding for their very helpful comments on a preliminary version of the paper. A. Frabetti
warmly thanks R. Loja Fernandes for pointing out an error in the interpretation of the gauge group
in terms of the gauge groupoid. Y. Boutaib thanks the DFG for the financial support within the
research unit FOR 2402.



2 Lie groupoids and Lie algebroids

In this section we recall basic facts and fix our notations on Lie groupoids, their bisections, their
natural actions on fibre bundles, and on their infinitesimal counterpart (Lie algebroids). For the
purpose of the present work, we only need to focus on gauge groupoids arising from principal bundles
and on the frame groupoids of the associated vector bundles. The only original part of this section
is the systematic treatment of local maps between groupoids, local bisections, and local actions
on vector bundles. Our main references are the standard textbooks by K. Mackenzie | .
I. Moerdijk and J. Mréun | | and E. Meinrencken | |, and the pedagogical introduction
by A. Kumpera | |.

2.1 Lie and gauge groupoids

Let M be a smooth manifold. A smooth groupoid on M is a manifold G together with the following
smooth structure maps:

(i) asources:G — M and a target t : G — M,

(ii) an associative multiplication (or composition) m: G X G — G, (92,91) — 9291, defined
on the set of composable elements G xyr G = {(g2,91), s(g92) = t(g1)},

(ii) aunit u: M — G, v+ u(z) =: 1; with t(1;) =s(1,) = z such that 1¢,) g = g = g 15, for
any g € G,

(iv) an inversion i : G — G, g — ¢! with s(¢g-!) = t(g) and t(g~!) = s(g), such that
g9t =1y and g7t g = 15(y.

The induced map a = (t,s) : G — M x M is called the anchor. From the axioms it follows that
the source and the target are surjective maps, the unit is injective and the inversion is bijective.
The manifold M is called the base of the groupoid and can be identified with the set of units
u(M) C G. A groupoid is compactly denoted by G = M and the structure maps (s,t, m, u,i) are
tacitely understood.

A group G can be seen as a groupoid G = * over a single point, with trivial source and target
maps. Hence groupoids generalise groups.

Given a groupoid G = M and points x,y in M, we use the following notations:

e G*:=s () for the s-fibre of z, with restricted target map t* := t|g= : G — M,
o G, = t~!(y) for the t-fibre of y, with restricted source map Sy :=s8|g, : Gy = M,
e Gy :=G*NG, for the (anchor) fibre of (y, ), whose elements are sometimes denoted by g; .

Similarly, for U,V C M, we set GV :=s™1(U), Gy :=t~}(V) and G¥ := GY NGy

For any « € M, the set G7 is a (non-empty) group with the composition and unit 1;, called the
vertex group (or the isotropy) at x. The non emptyness of the set g, above two distinct points
r,y in M defines an equivalence relation (z ~ y if and only if G is non empty), whose equivalence
classes are called orbits of G. The orbit of a point = in M is the set O, = t*(G*) = s,(G,) C M.
The orbit space of G, denoted M /G, is the quotient of M by the relation and gives a foliation of
M which is possibly singular. The groupoid G is regular if the orbits have all the same dimension,
that is, if the foliation is regular. The groupoid is transitive if it has a single orbit M, which
happens if and only if the anchor map is surjective.



A smooth groupoid G = M is a Lie groupoid if the source and the target are surjective
submersions. This guarantees the following nice properties | , Theorem 5.4], | , 81.5]:

1. The units u(M) C G form a submanifold of G and the composable elements G X 5y G form a
manifold.

2. The fibre G/ above each pair of points is a closed submanifold of G (possibly empty).
3. The vertex group GZ above each point is a Lie group'.

4. The orbit O, of each point is an immersed submanifold of M and the restricted maps t* and
s, are both principal GZ-bundles on O,.

5. If G is transitive then the anchor map is a surjective submersion.

Thanks to these properties, Lie groupoids admit an infinitesimal calculus (via Lie algebroids) anal-
ogous to that defined on Lie groups (via Lie algebras), and are suitable to study smooth actions on
fibre bundles and the related symmetries.

A groupoid can be seen as a small category whose objects are the points of the base manifold
and all morphisms are invertible. A morphism between two groupoids is a functor between the
(category-theoretic) groupoids. We focus on morphisms between two Lie groupoids G and G’ over
the same base manifold M, called morphisms over M. These are smooth maps ¢ : G — G’ such
that

(i) sop=sand t' op =t,
(il) pou=u,
(iii) ¢(g9g’) = ¢(g) #(¢') for any composable g,¢" in G, and therefore ¢ oi =1 o ¢.

A morphism ¢ is an isomorphism of Lie groupoids if the map ¢ is a diffeomorphism. A sub-
groupoid of a Lie groupoid G = M is a groupoid G’ = M together with an injective Lie groupoid
morphism ¢ : G’ < G over M, giving the inclusion.

Example 2.1 (Trivial Groupoid). Given a Lie group G, the cartesian product M x G x M defines
a Lie groupoid on M, called trivial groupoid with vertex group G, with source s(y, g,x) = =,
target t(y, g, z) = y and composition (z, h,y)(y, g, x) = (2, hg, x). Therefore the unit is 1, = (z, 1, )
and the inverse is (y,g,2)" ' = (2,971, 7). O

A Lie groupoid G = M is called trivial if it is isomorphic to a trivial groupoid. Any trivial Lie
groupoid is clearly transitive.

Example 2.2 (Pair groupoid). The pair groupoid of M is the trivial groupoid with trivial vertex
group G = {1}, namely the cartesian product Pair(M) = M x M, whose elements (y, x) have source

r, target y, composition (z,%) (y,z) = (z,z), unit 1, = (z,2) and inverse (y,7)~! = (z,y). The
set of units of the pair groupoid coincides with the diagonal of M, u(Pair(M)) = Diag(M) =
{(z,x), z € M}. O

For any Lie groupoid G = M, the anchor map a = (t,s) : G — Pair(M) is a Lie groupoid
morphism over M, which maps the units of G onto the units Diag(M) of Pair(M ), but is not globally
surjective in general.

"However, the vertex groups over distinct points & and y are not necessarily isomorphic, since the fibre G, can be
empty and the vertex groups can belong to separate connected components of G, even if M is connected.



Example 2.3 (Gauge groupoid). Let m : P — M be a principal bundle with structure group G
acting on the fibres from the right, transitively and without fixed points. The gauge or Atiyah
groupoid of P is the quotient manifold

G(P)=PxgP:=(PxP)/~

under the equivalence relation (p,q) ~ (pg,qg) for all p,q € P and g € G, whose elements are
equivalence class of pairs (p,q) in P x P denoted [p,q]. The source and target maps are given by
the bundle projection, namely s([p,q]) = m(q) and t([p,q]) = 7(p) for all p,q € P. The partial
composition is defined by [p, q] [p’,¢'] = [p, ¢ g] only if w(q) = 7(p’), where g is the unique element
in G such that ¢ = p’ g. The units are 1, = [p, p| for any p € P, = 7~ 1(x), and the inverse of [p, q]
is (g, p.

For instance, the trivial groupoid M x G x M is the gauge groupoid of the trivial principal
bundle P = M x G. This holds in particular for the pair groupoid Pair(M) whose structure group
is trivial.

Gauge groupoids are characterized by a very simple local structure. In fact, if the base manifold
M is connected, they are equivalently determined among Lie groupoids G by any of the following
conditions | , Lemma 2| | , Propositions 1.3.3 and 1.3.5] | , Theorem 3.10|:

1. G is transitive, i.e. there is a single orbit M (hence the anchor is a surjective submersion).

2. G is locally trivial, i.e. for any x in M there exists an open neighborhood U of z in M such
that gg is isomorphic to the trivial groupoid U x GZ x U.

3. G admits a section atlas, i.e. there exists a point g € M and a collection of local sections
of t¥0 : G¥ — M, that is, an open covering {U, } of M and smooth maps o, : Uy — g[’;z such
that t*° o o, = Idy,,, called local decomposing maps. This implies that the restriction t*°
of t is a surjective submersion (which is not a priori ensured in a Lie groupoid), and one can
define its transition functions g.g : Uy N Ug — G20 by gap(z) = 0a(2) tos(z).

4. The anchor a : G — M x M is a locally trivial fibre bundle with fibre gggg for any choice of
zo € M, and structure group G0 x G20 acting on the left on the fibres by (¢',9) -h = g’hg™*,
for any ¢', g, h € G30.

5. The source s : G = (J, 7, 6% — M is a locally trivial fibration in principal G-bundles on M,
with G = Qifg for any choice of zp € M. The principal GZ-bundle t* : G — M is called the
vertex bundle of G at the point x.

O

Example 2.4 (Frame groupoid). The frame groupoid of a vector bundle E is the set of linear
isomorphisms ¢y : By — Ey between its fibres

GL(E)= |J GL(E, E)=M
ryeM

with source s(¢j) = z, target t(¢y) = y and the usual composition nf oy : B, — E, — E. of linear
maps. The frame groupoid is isomorphic to the gauge groupoid of the frame bundle FE — M of
E. If F has fibre R", this is the principal GL,(R)-bundle with fibre F, E = GL (R", E;) given by
the set of linear isomorphisms ¢, : R” — E, (the frames of E,) and projection 7(¢,;) = . The
isomorphism

G(FE) = GL(E) = M



is given by [y, @z] = @y = @y 0 (o)t By - R" — E,.

If F = P xg R" is the vector bundle associated to a principal G-bundle P, throught a linear
representation of G on R”, then the structure group GL,(R) of E can be reduced to G and P — FE
is a reduction of the frame bundle. This means that each element p € P, can be seen as a frame
p: R" — E,. Then, there is an associated groupoid map G(P) — GL(FE), which is injective if and
only if the representation G — GL,(R) is faithful. O

2.2 Local maps and local morphisms

Being interested in jet prolongations of maps defined on groupoids, we will need to consider maps
possibly defined only locally. In a fibre bundle, an object is local if it is defined in an open neighbor-
hood of a base point. For a groupoid, this notion must be adapted to the fact that its very essence
is to relate distinct base points: locality then means that the points to be related are sufficiently
close to each other, wherever they are in the base manifold. This leads to the following definition,
which extends that of a local morphism given in | , Definition 6.1.6].

Definition 2.5. A local map between two Lie groupoids G and G’ over the same manifold M is a
smooth map ¢ : Y C G — G’ defined on an open neighbourhood U of the units u(M) C G, which
preserves the source, the target and the units, that is,

(i) Sop=sand t' o p = t,
(i) ¢pou=1.

If U = G, we call ¢ a global map. To distinguish local from global maps at a glance, we denote
local maps by ¢ : G +— G’. The local map ¢ is a local morphism of Lie groupoids if it also
preserves compositions, i.e.

(iii) ¢(g'g) = #(¢')@(g) for any composable g, ¢’ in U whose product ¢’g lies in U.

In this case, it also preserve inversions, i.e. ¢(g~1) = ¢(g)~! for all g € U such that g=! lies in U.
We denote local morphisms by ¢ : G o— G’; as in | , Definition 6.1.6]. A global morphism in
this sense is the same as a groupoid morphism of Section 2.1.

Example 2.6 (Local maps on the pair groupoid). Let G = M be a Lie groupoid. A local map
¢ : Pair(M) +— G is defined on an open neighborhood U of the diagonal Diag(M), that we shall
call a diagonal domain” in M x M. Since ¢(Diag(M)) = u(M) C G, the image ¢(U) C G is a
neighborhood of the units u(M) C G (not necessarily open). Since ¢ is invertible on Diag(M), by
the local inverse theorem there exists a diagonal domain V C U such that QS(V) is a homemorphic
image of V in G containing u(M). O

A local map between two Lie groupoids cannot always be extended to a global one, even if it
is a local groupoid morphism. Mackenzie proved in | , Theorem 6.1.10] that this is possible
under rather restrictive conditions, namely when G o— G’ is a local groupoid morphism of locally
trivial Lie groupoids over the same base manifold M, if the source-fibres of G are connected and
simply connected (or alternatively for the target-fibres). In particular, if M is connected and simply
connected, any local groupoid morphism ¢ : Pair(M) o— G over M can be extended to the whole
pair groupoid (but of course not any local map ¢ : Pair(M) = G).

2This terminology is borrowed from | , Def. 83|. Diagonal domains are called first neighbourhoods of the
diagonal in [ , §1].



2.3 Bisections and gauge transformations

Bisections of Lie groupoids play the role of sections of principal bundles, with the essential feature
that they reproduce not only groups of vertical transformations acting along the fibres (the gauge
groups), but also groups of horizontal transformations of the base manifold. For the purpose of this
work, local bisections are the key notion to define jet groupoids.

Let G = M be a Lie groupoid. A local bisection of G is a smooth local section ¢ : M s G
of the source s defined on an open subset U C M, that is, s o 0 = Idy, whose composition with
the target t is a diffeomorphism ¢, = t o o between U and an open subset ¢,(U) C M (which
might not intersect U). If U = ¢,(U) = M, o is a (global) bisection. The space B(G) of global
bisections of G is a group with the following operations:

(i) multiplication of o and ¢’ given by (¢’ @ 0)(x) = o'(ps(x)) o(x) for any x € M, which
corresponds to a semidirect product law on pairs (¢s,0),

(ii) unit bisection given by the unit map u: M — G of the groupoid G,

(iii) inverse o~! given by o7 !(2) = (0((,0;1(1:)))_1 for any # € M, where ¢_,' denotes the inverse

diffeomorphism of M while the external ( )_1 denotes the inverse in the groupoid G.

See | | (and in particular Theorem 2.8) for the topological properties of the group B(G). The
subspace Bys(G) of bisections o : M — G such that ¢, = Idys is a subgroup of 5(G). The map

¢ :B(G) - Diff(M), o0+ s =too (1)

is a group homomorphism to the group of diffeomorphisms of M (not necessarily surjective), which
sends By (G) to {Idys}. In fact, 0’ e 0 = (0’ o )0 (seen as a pointwise groupoid multiplication),
and therefore

Pares =t ((0'0@5)0) =to (0" 0ps) = (to0’) o po = o 05

The space of local bisections Bi,.(G) is a pseudo-group with the above operations, because the
product ¢’ e o of two local sections defined respectively on two open sets U’ and U is defined only
if the target space ¢ (U) of o has a non-empty intersection with the source space U’ of ¢’. The
subspace By loc(G) of local bisections o : U — gg such that ¢, = Idy is a sub-pseudo-group of
Bioc(G). The map in Eq. (1) descends to a pseudo-group homomorphism

¢ : Bioe(G) — Diffjpe(M), 0 ¢, =too

from local bisections of G to the set of diffeomorphisms between open subsets of M, that we improp-
erly call local diffeomorphisms, which sends By 10c(G) to the collection Idjo. (M) = {Idy, U C M open}
of local identity maps.

To summerize, we have the following group or pseudo-group maps between (local) bisections of
G and (local) diffeomorphisms of M:

By (G) — B(G) Bitioc(G) = Bioc(G)
{Idy} — Diff(M) Tdie (M) —— Diffioc(M)
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Example 2.7 (Bisections of gauge groupoids and gauge transformations). Given a principal G-
bundle P — M, a principal automorphism of P is a bundle isomorphism ® : P — P above a
smooth diffeomorphism ¢ : M — M (that is, if p € P, for some x € M, then ®(p) € P,(,)) such
that ®(pg) = ®(p)g for any g € G. Principal automorphisms can be composed and their set Aut(P)
forms a group. Principal automorphisms above Idj; are usually called gauge transformations and
form a subgroup Auty(P). All such automorphisms can be considered in a local version, defined
on the subbundle Py above open subsets U C M. The collections Autjoc(P) and Autpyjoc(P) of
local automorphisms form two pseudo-groups with the composition. The elements of Aut s joc(P)
are usually called local gauge transformations. A principal automorphism ® € Aut(P) can be
identified with the bisection of the gauge groupoid G(P) given by

o : M — G(P), z+— og(x) =[P(p),p] for any choice of p € P,.

This gives a series of group and pseudo-group isomorphisms | , Examples 3.5]
Aut(P) = B(Q(P)) AutloC(P) = Bloc(g(P))
Autp (P) = Bu(G(P)) Autasioc(P) = Baroc(G(P))

which recover the (local) gauge transformations of P as (local) bisections of G(P) fixing M. In
particular, we have B(Pair(M)) = Diff (M) and Bje.(Pair(M)) = Diffjo. (M), via the correspondence

o(z) = (¢o(x), ). 0

A smooth (global) map ¢ : G — G’ between two Lie groupoids over M induces a pushforward
on their bisections

B(¢) = ¢s : B(G) — B(G"), o+ ¢ooa, (2)

above the same diffeomorphism of M, i.e. @0 = @s. Moreover, B(¢) is a group morphism if ¢ is
a groupoid morphism, in fact

B(¢) (0" e 0)(x) = ¢(0'(ps () (x))
= ¢(0' (o (@))p(0(x)) = (B(9)(0") & B(¢)(0)) (),

for any ¢,0’ in B(G) and for any z in M. If ¢ : G > G’ is a local map, the composite map ¢ o o is
only defined for a local bisection o of G taking values in the domain of ¢. Therefore, if ¢ is defined
on a neighborhood U of the diagonal u(M) C G, the pushforward

Bloc(qb) = QS* : Bloc(g) = Bloc(g,)a o ¢ o0 (3)
is a local map defined on the subspace
Bioc(Uh) = {0 € Bioc(G) | o is defined on U C M such that o(U) C U}. (4)

This is an open neighborhood of the unit bisection u in Bj,.(G), endowed with the graph topology
| , §4.4] or with the compact open topology [ , Definition A.6|, because the set of diffeo-
morphisms ¢, is open in smooth maps | , Corollary 5.7] and the map (1) sending bisections
to diffeomorphisms is continuous.
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2.4 Groupoid actions

Groupoids naturally act on fibre bundles both with fibrewise transformations (as their structure
groups) and between fibres on distinct points (as a parallel transport induced by connections).

Let G = M be a Lie groupoid and 7 : E — M a fibre bundle. A left action of G on F is a map
[ , Definition 1.6.1], | , §5.3. Semi-direct products]

ngXME—>E, (g,e)r—>g-e (5)
defined on the set of composable pairs in G x E, namely

G xar E = {(g.¢) € G x E, s(g) = m(e)} = J 7 x {e},

eclE
such that
(i) p respects the fibres, i.e. w(g-e) = t(g) for any e € E and any g € G,
(ii) p is unital, i.e. 1) e =e for any e € E,

(iii) p is associative, i.e. ¢’ (g-€) = (¢'g) - e for any e € E, any g € G composable with e and any
g’ € G composable with g.

In other words, for any z,y € M, the action map Gy x E; — E, relates the fibres of £ above x to
those above y, in pretty the same way as the structure group of the bundle acts on each fibre.

If £ is a vector bundle, the action p is called linear if, for any g € Gy, the induced map
pg . By — Ey is linear. Since g is invertible in G, the map p, is invertible, and therefore it belongs
to GL(E;, Ey). In other words, linear actions of G on E are equivalent to groupoid morphisms
G — GL(FE) over M | , Definition 1.7.1] | , 85.3]. In this case, the bundle E is also called
a linear representation of the groupoid G. As usual, the representation is called faithful if the
corresponding groupoid morphism G — GL(FE) is injective.

Definition 2.8. An action p : G Xy E — FE is local if it is defined on a subspace U x ) E of
G Xy E where U is an open neighborhood of the units u(M) C G. A local action is denoted by
p:G Xy E o E.If Eis a vector bundle, a local linear action p is equivalent to a local groupoid
morphism G o— GL(E).?

Examples 2.9. Let £ — M be a vector bundle.

(a) The frame groupoid GL(FE) = M has a natural faithful linear representation on E given by
the evaluation

ev:GL(E) xp E — E, (py,ex) = py(ex) = ¢y - ex. (6)

(b) If the structure group of E reduces to a Lie group G, let P — M be the principal G-bundle
obtained by reduction of the frame bundle F'E. Then the gauge groupoid G(P) acts linearly
on E, with action p : G(P) x)y E — E given by composing the map G(P) — GL(E) of
Example 2.4 with the evaluation ev : GL(E) xyy E — E.

3Note that local groupoid maps G % GL(E) are equivalent to non-associative linear actions G Xar E — E, that
is, maps of the form (5) satisfying the axioms (i) and (ii) above, but not (iii).
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(c) A linear representation of the pair groupoid Pair(M) on E is equivalent to a global trivial-
ization of E, because all fibres are identified by the linear isomorphisms pj of the associated
groupoid morphism p : Pair(M) — GL(E), cf. | , §5.3]. If M is connected and simply
connected, a local linear representation p : Pair(M) o— GL(E) is enough to trivialize E,
either by extending it to a global one as at the end of Section 2.2, or by identifying far away
fibres by composing isomorphisms among nearby fibres covered by the diagonal domain of p.

0

2.5 Lie algebroids

Lie algebroids are fibred analogues of Lie algebras over a manifold, and play for Lie groupoids the

role that Lie algebras play for Lie groups. They were introduced by J. Pradines in | | and
are nowadays used, for instance, to study foliations | |, Poisson geometry | | and sigma
models in string theory | |. We are mainly concerned with the Lie algebroid defined by a

Lie groupoid, but there are many other interesting examples of Lie algebroids which go beyond our
scope, cf. | I, 1 | and | |.
A Lie algebroid on a manifold M is a vector bundle ¢ : A — M endowed with

(i) a vector bundle map a : A — T M over M called the anchor, which can be seen as a C*° (M )-
map from the sections of A to the vector fields on M,

(ii) a Lie bracket [, Ja: T'(A) x T'(A) — I'(A) on its space of sections (that is, an antisymmetric
R-bilinear map satisfying the Jacobi identity), which satisfies the Leibniz rule

(& fnla=fl&CJa+al©)(f)n
for any £, € T'(A) and f € C°°(M), that is, the bracket [, ]4 is a derivation.

It then follows that the anchor is a morphism of Lie algebras from I'(A) to the space X(M) of vector
fields on M, i.e. a([§,n]a) = [a(€),a(n)]. The Lie algebroid A is regular if a has constant rank, it
is transitive if a is fibrewise surjective and it is totally intransitive if « = 0. A Lie algebroid on
M is often denoted by its anchor map A — T'M, instead of its bundle map to M.

A morphism between two Lie algebroids A — T'M and A’ — T M on the same base manifold
is a morphism of vector bundles ¢ : A — A’ which commutes with the anchors and preserves the
brackets.

Example 2.10 (Atiyah algebroid of a principal bundle). The Atiyah algebroid of a principal G-
bundle 7 : P — M plays the role of the Lie algebra of the Lie group G: it contains the right
invariant vector fields on P, which are then determined by their value on any chosen element p, of
each fibre (which represents the unit in G above the point = € M).

The key fact to implement this analogy is that the group G acts on the tangent bundle TP — P,
with action obtained by differentiating the principal action on P. The space of sections of the
quotient bundle

A(P):=TP/G— M (7)

is isomorphic to that of G-invariant vector fields on P | , §3.5], and therefore it is closed under
the Lie bracket of vector fields. Hence A(P) is a Lie algebroid, called the Atiyah algebroid of
P, with anchor a : A(P) — TM induced by dr : TP — TM. The anchor is fibrewise surjective,
hence A(P) is transitive. The quotient map fj : TP — TP/G = A(P) is a fibrewise isomorphism
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between the two bundles TP — P and A(P) — M over different base manifolds, and therefore it is
fibrewise invertible with multi-valued inverse ! : A(P) — Upep IpP. The Atiyah algebroid A(P)
is also called the bundle of connections of P in | |, because sections of dr : TP — TM
determine horizontal distributions in T'P, and the G-invariant ones, which are equivalent to principal
connections on P, are exactely the image under 1! of the sections of the anchor a: A(P) — T'M.

Being transitive, the Atiyah algebroid fits into a short exact sequence of Lie algebroids over M,
called the Atiyah sequence,

0 — Ker(a) = (P x g)/G =: Ad(P) — A(P) =TP/G - TM — 0, (8)
obtained by taking the quotient under the right G-action of the analogue sequence

0— VP =ker(dnr) = P x g — TP -5 TM — 0,

where the action of G on P X g is obtained by differentiating the action of G on P x G given by
(p,g)-h = (ph,h~'gh) for pin P and g, h in G, cf. | , 83.2], | , §6.4]. The kernel Ad(P)
of the anchor is the so-called adjoint bundle of P and it is a totally intransitive Lie algebroid. It
is in fact a Lie algebra bundle on M, that is, a bundle with Lie algebras as fibres (isomorphic to
g), which is fibrewise isomorphic to the vertical subbundle VP C TP. O

Unlike for principal bundles, a Lie groupoid G = M does not globally act on itself, nor on its
tangent bundle TG — G, because the right multiplication by a given element g € G is only defined
on the subspace G'9) with source depending on the target of g, and defines a diffeomorphism
Gt — Gs(9) between s-fibres of G. To obtain a subspace of G-invariant vector fields, determined
by their value at the units 1, € G and giving rise to a true bundle over M, the suitable analogue of
TP is the s-tangent subbundle of T'G

T°G :=ker(ds : TG — TM) = | | 7,659 — g,
9€g

made of vectors tangent to the s-fibres, which inherits the differential of the target dt|psg : T°G —
T M serving as anchor. Indeed, G acts on T°G on the right and the space of sections of the quotient
bundle T°G /G on M is isomorphic to that of right-invariant vector fields on G (with values necessarily
in 7°G) and therefore it is closed for the Lie bracket | , 83.5] | , §4.1]*. Finally, the Lie
algebroid of G is the quotient bundle 7°G/G on M, which can also be described as the pull-back
of T°G — G along the embedding u : M — G, that is,

A(G) :=T°G/G = u*(T°G) = | ] T1,G".

zeM

The bundle projection onto M is given by the source, with constant value x on the fibre 77, G”.
The anchor is the composite map a = dt|rsg oi : A(G) — TM, where i : u*(7°G) — T°G C TG
is the natural map on the pull-back. The Lie bracket on I'(A(G)) is that of right-invariant vector
fields on G.

From the definition it follows that any vector Y € A,(G) determines a t-horizontal lift of
a(Y)=X € T, M to T*G above any g € G*, namely the vector

b, (Y) € T,G* C T°G,

*An equivalent definition of the Lie algebroid A(G) is given by | , §9.2] or again | , §4.1] as the normal
bundle TGy /Tu(M) of M in G (cf. | , §8.2]).
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where 71 : A(G) — T*G is the multi-valued inverse of the quotient map of bundles

TG~ T5G/G = A(G)

| I

G—t v M
which is a fibrewise isomorphism.

Remark 2.11. As recalled in Example 2.3, transitive Lie groupoids G on a connected base manifold
M are equivalent to gauge groupoids G(P). The analogue property for Lie algebroids does not hold:
there are transitive Lie algebroids A which are not Atiyah algebroids A(P) of a principal bundle,
cf. | , Example 6.9]. This is related to the integrability of a Lie algebroid A to a Lie groupoid
G such that A = A(G): the cohomological obstruction to integrability is described by C. Mackenzie
in | , Ch. 8| for transitive Lie algebroids and by M. Crainic and R. Fernandes in | | for
general ones, see also | , §10.2]. O

If a Lie algebroid A(G) is assumed to come from a Lie groupoid, then the transitivity of A(G) (on
a connected base manifold) implies the transitivity of G | , Corollary 3.5.18]. Then G = G(P)
for a principal bundle P and one can compare A(G(P)) to A(P).

Examples 2.12 (Lie algebroids of gauge groupoids). The Lie algebroid of a gauge groupoid G(P) =
M is isomorphic to the Atiyah algebroid of the principal bundle P | , Example 9.5 (¢)], i.e.

A(G(P)) = A(P) ~ TM. 9)

Therefore gauge groupoids give rise to various classical examples of Lie algebroids, which all play a
role in the theory of connections.

(a) The Lie algebroid of the pair groupoid Pair(M) = M is isomorphic to the tangent bundle
TM — M equipped with the vector field brackets and the identity TM — T M as anchor, i.e.
A(Pair(M)) 2 TM | , Example 3.5.11].

(b) If P = M x G is the trivial principal G-bundle, then G(P) = M x G x M is the trivial groupoid
and A(M x Gx M) =AM xG)=TM @ (M x g) is called the trivial Lie algebroid with
structure Lie algebra g = Lie(G). The anchor is given by the projection to T'M, and the
bracket is

[X +0, Y + w] = [X7 Y]f(M) + (X(w) - Y(U) + [U’w]9)7

where X, Y € X(M), v,w € C*°(M,g) and X (w) denotes the Lie derivative of w with respect
to X | , Example 3.5.13]. When G = {1}, this gives back A(Pair(M)) = TM.

(c) Let G and H be two (unrelated) Lie groups, and let @ be a principal H-bundle over M. Then
P =@ x G is a principal (H x G)-bundle over M, and its gauge groupoid is

G(P)=(QxG) xgxag (QxG)=G(Q) x G, (10)
with structure maps inherited by G(Q) and multiplication extended to G. Its Lie algebroid is

AP) = AQ) & (M x G), (11)
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and not A(Q)® (Q x G), because on the tangent bundle TP = TQ & (Q x g) the group H x G
acts on both factors of @ x g (and on T'Q it acts by H). The anchor is given by that of A(Q)
and the bracket is

(€ + v+ wlap) = [§nla@) + (al&)(w) — a(n)(v) + [v,w]),

where &,m € T'(A(Q)), v,w € C*®(M,g) and a(§) € X(M) is the anchor of A(Q). Note that
the previous example of the trivial bundle P = M x G corresponds to H = {1}, not G = {1}.

(d) If 7 : E — M is a vector bundle, the Lie algebroid of its frame bundle F'E and of the frame
groupoid GL(F) is the bundle of linear vector fields of E, TR — M, with fibre above
x given by the linear sections of the canonical projection TE|g, — E,, that is, smooth maps
& @ By — TE|g, of the form &,(e) = %(e + tfw)‘tzo for e € E,. The projection of &, to
M through 7 is then a well defined tangent vector Xe, = dme(&,(e)) = £ (m(e + tfﬂf))‘t:m
independent of the choice of e € E,. The assignement a(§,) = X¢, € T, M defines the anchor

a:TE — TM.
In other words, the fibre of TH"E at 2 € M is made of pairs of maps (€z, X¢,) which make

the following diagram commute

ﬂl ldﬁ :

X,
{z} == T,M
The sections of the bundle TH*E — M are then sections of the canonical double bundle

E+—TFE

{0 e

M<+—TM

that is, pairs (§, X¢) where § is a vector field on £ and also a bundle map £ : E — T'E above
the vector field X¢ : M — T'M given by (X¢), = X¢, for § = {|g,. These pairs are closed
for the Lie bracket of vector fields on E and on M, so T"E is a Lie algebroid. Details can
be found in | , 83.4] or in | , Example 2.3|.

Since dm o § = X¢ o, the field £ is a horizontal lift of X¢ and the anchor a : T"E — TM is
just the projection of a linear vector field £ on E to its base vector field X¢ on M. Then, the
kernel of the anchor is the bundle VIi"E — M of linear vertical vector fields of E, that
is, the linear vector fields  : E — TE with values in the vertical subbundle V E = ker(dr) of
TE. Since the vertical fibres V. E are canonically isomorphic to Er () (by translation of the
0 vector), there is a canonical bundle isomorphims V" E = End(E). This bundle fits in the
Atiyah exact sequence of algebroids

0 — VIE =~ End(E) — TWE % TM — 0. (12)
U
Example 2.13 (The algebroid of derivative endomorphisms). The Lie algebroid A(GL(E)) =

A(FE) = T"™E — TM is suitable to describe horizontal lifts in TE of vectors tangent to M, i.e.
Ehresmann connections on the vector bundle E. Linear connections on F, that is, R-linear smooth
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maps V : X(M) x I'(E) — I'(E), (X,v) — Vx¢ which are C>*(M )-linear in X and C*(M)-
derivations in 1, are equivalent but not equal to Ehresmann connections, since they describe the
vertical variation of sections once a horizontal distribution in T'F is fixed. Linear connections on £
are also related to a Lie algebroid, which is not the Lie algebroid of FE or GL(E), although it is
isomorphic to T E.

A linear derivation on E at = € M is an R-linear map D, : ['(E) — E, satisfying the Leibniz
rule

Do (fv) = Xp,(f)¥(z) + f(x) Doy Vf € CF(M), Vo € I(E), (13)

for a given tangent vector Xp, € T, M associated to D,, which acts as a derivation of functions on
M at z. The bundle of derivative endomorphisms of F | , Example 3.3.4], also called
the bundle of linear derivations on E | , §2.1], is the collection Der(FE) of the vector
spaces Der,(E) of derivations of sections of E at each point of M. Its sections are the first order
differential operators D : I'(E) — T'(F) satisfying the Leibniz rule (13) for an associated vector field
Xp € X(M) defined by (Xp), = Xp,, with D, (¢) = D(¢)(z). The vector bundle Der(E) inherits
a Lie bracket from the commutator of linear operators, and the anchor a : Der(E) — T'M is given
by the symbol map a(D,) = Xp,. Therefore Der(E) — T'M is a Lie algebroid over M, and it is
clearly transitive.

The kernel of the anchor at € M is given by the R-linear maps D, : I'(E) — E, which are
also C°°(M)-linear. Hence ker(a) is isomorphic to the Lie algebra bundle End(F) and gives rise to
a short exact sequence similar to the Atiyah sequence (12),

0 — End(E) — Der(E) % TM — 0. (14)

Note that, for a given vector field X € X(M), the covariant derivative Vx of a linear connection
on F is precisely a section of Der(E), with D = Vx and a(D) = X. The relationship between the
two algebroids 7" E and Der(F) mimics the relationship between a horizontal lift to E of X € X(M)
and a covariant derivative V x, which is a vertical-valued operator in T'E: the isomorphism

T E = Der(E), (6. Xe,) — De, (15)
is given by

De,(¢) = d]o(Xe,) — &(¥(2)) VY € I(E), (16)

where di|, : TyM — Ty, E is the total differential of ¢ at x (its tangent map), with symbol
a(Dg,) = X¢,. The operator Dg, is indeed a linear derivation on E at x, because di|, is subject to
the Leibniz rule and therefore, for any f € C*°(M), we have

De, (1) = d(f9)],(Xe,) — &(f(2)1(x))
= X, (F)v(x) + f(2)dlo(Xe,) — f(2)&a(th(2))
= Xe, (f)v(x) + f(2)De, ().

See | , Proposition 3.4.4| or | , Example 2.3| for an alternative definition of this iso-
morphism using the canonical non-degenerate pairing between E and its dual vector bundle E*,
and | , Theorem 3.6.6] for an alternative isomorphism based on an exponential map from
A(GL(E)) to GL(E). O
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Remark 2.14. The Lie algebroid Der(E) — T'M can be related to the Lie groupoid GL(E) = M
through an alternative construction of a Lie algebroid A’(G) — T'M from any Lie groupoid G = M,
obtained by swapping the source and the target everywhere along the construction of A(G). It is
immediate to show that A(G) and A’(G) share the same Lie algebra bundle L(G) as kernel of the
respective anchors, i.e. there are two exact sequences

0 — L(G) = Ker(a) — A(G) = TM — 0,
0 — L(G) = Ker(a') — A(G) - TM — 0.

When G = GL(FE), swapping source and target essentially corresponds to swapping horizontal
and vertical vectors tangent to E, at the instar of Eq. (16), which can be written as

di](Xe) = (V) + Dathla, a(§z) = a/(Dx) = Xa, (17)

and presents the decomposition of the vector di[;(Xe,) € Ty, E into a horizontal part &, (¢) €
Ty (z)E (obtained through A(GL(E)) = T"™E)) and a vertical part D, (1) = Vx, 9|, € E, = Vi) E
(obtained through A’(GL(E)) = Der(E)).

To conclude this section, we complete the Lie functor from groupoids to algebroids by recalling
the construction of the algebroid map induced by a groupoid map. Just as the tangent map of a
morphism of Lie groups, at the unit, induces a Lie algebra morphism between the corresponding
Lie algebras, there exists a tangent map of a local morphism between Lie groupoids, at the units,
which gives rise to a Lie algebroid morphism. More generally, one can differentiate at the units any
local map between Lie groupoids, and obtain its infinitesimal part along the diagonal.

Let ¢ : G =+ G’ be a local map between two Lie groupoids on M, defined on an open neighbour-
hood U C G of the units. For any x € M, we denote by d*¢|, the target or t-differential of ¢ at
1, € U given by

. d
d*|.(7(0)) = %ﬁb(”r(tmt:o,
where 7 : (—g,e) = U N G” is any smooth curve living in the source-fibre of  such that v(0) = 1,.

Proposition 2.15. The t-differential at the units of a local map ¢ : G x> G’ between two Lie
groupoids induces a vector bundle morphism

d*ola + A(G) — A(G)

between their associated Lie algebroids. If ¢ is a local groupoid morphism, then d¢|y is a Lie
algebroid morphism.

Proof. By assumption, the t-differential d*¢ is defined on vector fields tangent to the source fibres
of G at the units, which span the fibres of the vector bundle u*(7°G) = A(G). Since ¢ preserves
the source and the units, by Definition 2.5, the map d*¢ maps u*(7°G) to (u')*(T*G’) and gives a
vector bundle morphism dt¢|y; : A(G) — A(G’). The second assertion is proved in [ , §3.5,
(40) and (41)]. O

Remark 2.16. Using the alternative Lie algebroid A’(G) described in Remark 2.14, one can define
the source or s-differential of a local groupoid map ¢ : G »+ G’ at the units, giving rise to vector
bundle morphism

|y : A(G) — AY(G),
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by setting

P (5(0) = Lo (1(1) o

where v : (—€,e) — U N G, is any smooth curve living in the target-fibre of x such that v(0) = 1,.
O

If G and G’ are two Lie groups, a Lie algebra morphism g — g’ between their Lie algebras
always integrates to a Lie group morphism G — G’ if G is connected and simply connected. The
same does not hold true for morphisms of Lie algebroids, the obstruction to integrability is studied
in | |, see also | , Ch. 8|.
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3 Direct connections on Lie groupoids

In this section we consider direct connections on Lie groupoids as generalizations of parallel transport
along small geodesics, seen as a local map from the pair groupoid of a base manifold to the frame
groupoid of a vector bundle, in the spirit of N. Teleman and J. Kubarski | , , ) ].
We show that a Lie groupoid which admits a direct connection is a gauge groupoid (Proposition 3.4),
that direct connections generalise principal connections on principal bundles (Proposition 3.5 and
Example 3.8), that they induce infinitesimal connections on the associated Lie algebroid (Proposition
3.13), and consequently that they induce a linear connection on associated vector bundles (Corollary
3.14). Finally, we characterise direct connections that are exactly the parallel transport of their
linear connection (Theorem 3.18). Then we introduce the curvature of a direct connection, which
measures how much the direct connection deviates from being a groupoid morphism, and show that
its antisymmetric component gives rise to the usual curvature tensor of the induced infinitesimal
connection (Theorem 3.24), whilst producing finer invariants than just the infinitesimal ones. We
conclude with a strong characterization of groupoids admitting a flat direct connection (Proposition
3.26), largely studied by K. Mackenzie as a groupoid morphism | |.

Assumption: We suppose that the base manifold M is equipped with a linear connection V
on TM, so that one can consider geodesics on M. We further assume that VM is torsion-free, and
therefore around each point © € M there exists a uniformly normal neighborhood U,, where every
two points are linked by a unique geodesic | , Theorem 8.7].

3.1 Direct connections and generalized parallel transports

Recall from Example 2.6 that a diagonal domain in Pair(M) is any open neighbourhood U
of the diagonal Diag(M) = {(x,z), z € M}. For further convenience, from now on we assume
that U is symmetric, that is, if (y,z) € U then also (z,y) € U. We call normal diagonal
domain in Pair(M) a symmetric diagonal domain U = J, ¢, Uz X Uz covered by uniformly normal
neighborhoods.

Definition 3.1. A direct connection on a Lie groupoid G = M is a smooth local right inverse
of the anchor which preserves the units, that is, a smooth local map I" : Pair(M) s«— G over M,
defined on a symmetric diagonal domain U C Pair(M ), which preserves the source, the target and
the units, i.e.

(i) T'(y,x) € Gy for all (y,x) €U,
(ii) I'(x,z) = 15 € GF for all x € M.
We call the direct connection antisymmetric if it also preserves the inversion, i.e.
(iii) T(y,x)"! =T (x,y) for all (y,z) € U,
transitive if it is a groupoid morphism along geodesics, i.e.

(iv) I'(z,y)I'(y,z) = I'(z,2) for all (y,z) € U and z belonging to the geodesic from z to y, or
viceversa: (z,z) € U and y belonging to the geodesic from z to z,

and flat if it is a local groupoid morphism, i.e.

(v) I'(z,y)I'(y,z) =T'(z,z) for all x,y,z € M such that (y,x), (z,9),(z,x) € U.
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Note that transitiveness implies antisymmetry, by taking z = x the initial point of the geodesic
from x to y. Therefore we have

flatness = transitiveness = antisymmetry.

Finally, a direct connection is called global if it is defined on the whole pair groupoid Pair(M ).

The only direct connection on the pair groupoid is the identity map Id : Pair(M) — Pair(M),
and it is clearly flat.

Example 3.2 (Trivial direct connection). Any smooth map ¢ : M — G with values in a Lie group
G gives rise to a global direct connection I', on the trivial gauge groupoid M x G x M = M, by
setting

—i

Lo (y, .I) = (yaa(y)a(x) 7'7;)

for any (y,x) € Pair(M). This direct connection is flat, we call it trivial. O

Definition 3.3. Let G be a locally trivial groupoid with section atlas o, : U, — Q;}i with respect
to a fixed point z¢ (cf. Example 2.3). A direct connection I' on G, defined on a diagonal domain U,
is called locally trivial if its restrictions to the charts of the section atlas are trivial (cf. Example
3.2), ie.

Ul 0o o) @) = 0a(y) gal@) . (18)
Such a direct connection is automatically flat.

Before giving more examples of direct connections, let us prove a necessary condition for Lie
groupoids to admit direct connections.

Proposition 3.4. If the base manifold M is connected, a Lie groupoid G = M equipped with a
direct connection is a gauge groupoid.

Proof. On a connected base manifold, for G to be a gauge groupoid it is enough to show that it
admits a section atlas, cf. Example 2.3. Let I' : Pair(M) *— G be a direct connection defined on a
diagonal domain ¢/, and let (U )aca be an open cover of M such that |J,c4(Ua X Us) CU. Then
I" is well defined on any pair of points laying in the same open set U,,.

Fix an arbitrary point xg in M. Since M is connected, for any x € M one can choose a path
v :[0,1] — M connecting zp and z, and a finite number & of open sets Uy,,’s which cover the path.
Order the indices aq, ... in such a way that the consecutive intersections are not empty, with
2o € Uy, and x € Uy, and choose a point x; € Uy, NU,,,, for any i =1,...,k. Then the element

oo, (@) =T(z, 2)Nag, xp—1) ... T'(z2, 21)(21, 20)

belongs to G7 , and gives a section atlas (00 :Us — Q[I]‘;)QEA based at zg. O

If the manifold M is not connected, one can work separately on its connected components.
Thus, from now on we only consider connected base manifolds M and gauge groupoids G(P) = M
associated to a principal G-bundle P — M.

Proposition 3.5. Any principal connection on P defines a direct connection on G(P), through its
parallel transport along small geodesics on M. Such a direct connection is transitive, and it is flat
if and only if the principal connection on P is.
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Proof. For any two points 2 and y of M joint by a unique geodesic, let P¥(y,z) : P, — P, denote
the parallel transport on P along this geodesic. The direct connection I'" is defined on the pair

(y, ) by
I'”(y,z) = [P (y,z)p,p] for any choice of p € P,. (19)

The map I'” is well defined on the normal diagonal domain, and has values in G(P) because for
any other element p’ € P, there exists a unique element g in G such that p’ = pg, and the equality
[PE(y,z)p',p'] = [PF(y,z)p, p] follows from the G-equivariance of P¥ (y,z).

The direct connection I'P is transitive, because parallel transports are. It follows from the

Ambrose-Singer theorem | I, | , Theorem 8.1], that I" is flat if and only if the principal
connection on P inducing PF is flat. O
Principal connections always exist on principal bundles | , Ch.II, Proof of Theorem 2.1],

therefore any gauge groupoid on a base manifold M equipped with a linear connection admits a
direct connection.

Example 3.6 (Parallel transport on the trivial groupoid induced by a global section). Example 3.2
corresponds to the case of a trivial principal bundle P = M x G with global section o. Each fibre
P, is diffeomorphic to G through o(z) — lg, so any p € P, can be written as p = o(x)g for some
g € G. The g-valued 1-form on P given by w(o(z)g) := d(o(x)g) (¢(x)g)~! yields the principal
connection on P with parallel transport

PP (y,x)o(x)g = o(y)g.

The induced direct connection I'y on G(P) = M x G x M is precisely that of Example 3.2, namely
Loy, 2) = (y,0(y)o(x) ! z). O

3.2 Direct connections on frame groupoids

When the principal bundle is the frame bundle F'E of a vector bundle £ — M, direct connections
on the frame groupoid GL(E) = G(FE) = M are called linear direct connections on E by N.
Teleman and J. Kubarski | , ; |-

Example 3.7 (Parallel transport on a vector bundle). Let £ — M be a vector bundle with a
linear connection V. Then the parallel transport P¥ of V along small geodesics of M is a linear
direct connection on the frame groupoid GL(E) | |. The linear connection V is equivalent to a
principal connection on the frame bundle FE, and P¥ is precisely the direct connection induced on
GL(E) by the parallel transport P in FE: for any x € M and any y € U,, the linear isomorphism

PE(y,x) :Ey — By

is the composite ¢, o ¢! where ¢, : R" — E, is any frame at x (assuming that E has rank r) and
oy = PFE(y,z)(¢;) : R" — E,, is its parallel transported frame at y. O

We borrow from | , Example 5| an easy and illustrative example of a direct connection
which is not induced by parallel transport.

Example 3.8 (Direct connections which are not parallel transports). On the base manifold M = R,
with global vector field 0, = fich’ let us fix the flat linear connection whose geodesics are the segments
parametrized by z. Let E = M x R be the trivial bundle, with global section e;(z) = (z,1) € E,.
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A linear connection V : I'(T'"M) @ I'(E) — I'(E) on E (necessarily flat) is given by its Christoffel
symbol A € C*°(M) such that Vg, e1(z) = —A(x)ei(z). The induced parallel transport along
geodesics defines a global direct connection P¥ : Pair(M) — GL(E) by

PE(y,x) : B, — By, e1(z) — P(y,z)e1(x) = A=A ¢, (), (20)

where A(x) = [ A(z)dz is the primitive function of the Christoffel symbol. Note that e¥)~A®) =
o(y)o(z)~t = PFE(y, ) is also the parallel transport on the frame bundle of E, which is the trivial
principal GL1(R)-bundle as in Example 3.6, with global section o(z) = £eA®)

In contrast, the smooth maps of the form

where A : R — R and 7 : R? = R are any smooth functions, and 7 is not identically zero,
define all possible global direct connection on GL(E) which are not a parallel transport. In fact, if
[(y,z) = ") is a global smooth direct connection, the condition I'(z, z) = 1, and its consequence
(% + g—g) y=2 = 0| , Proposition 6] determine F’ at~ the 1st order o{ expansion in y — x, in
terms of A(z) = [ g—;‘\y:z dz = — [ 9|,—, dz. Indeed, if F' is of the form F(y,z) = A(y) — A(z) +

(y — 2)H(y,z), with H : R? = R a non-zero smooth function, its expansion at y = x gives
oh .
a—y|y:x = AN (z) + H(z,x).

Then, if H(z,z) = 0 for all z € M, one can write H(y, z) = (y—x) H(y, z) and the direct connection

can be put in the form (21) of . Instead, if H(x,z) # 0 for some & € M, then I is again of the

same form (21) for A(z) = A(z) + [ H(x, ) dx related to a modified linear connection
@axel(x) = —()\(:B) + ﬁ(:z:, x)) e1(x).
([l

Direct connections on frame groupoids are also related to the notion of parallelism used in
| , Definition 86]. A parallelism on E is a smooth local section U : M x M % Hom(FE) of
the bundle Hom(E) & EX E* — M x M of linear maps between fibres of E, defined on a diagonal
domain and such that U(x,z) = Idg,. Of course a direct connection on GL(E) is a parallelism.
The converse also holds.

Proposition 3.9. A parallelism on E yields a direct connection on GL(FE).

Proof. A parallelism U on E sends a pair (y,z) € M x M to a linear map U(y,z) : E, — E,. All
we need to prove is that this map is invertible if x and y are sufficiently close.

Suppose that E has rank r, choose a neighbourhood U, of z trivialising E, so that F, = R"
and B, = R" for any y € U,. Then compose the map U(_,z) : U, — End(R") = M,(R) with
the determinant map det : M, (R) — R. The real valued map det U(_,x) is continuous and has
value 1 on z, because U(z,x) = Idg,. So there exists an open neighbourhood V,, of = in U, where
det U(_,z) > 0. This means that U(y, z) is invertible for any y € V,, and therefore U is a direct
connection on GL(E) defined on the diagonal domain {(y,z) | x € M,y € V,}. O
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With this result, one can prove in an easy direct way that frame groupoids always have direct
connections.

Corollary 3.10. On a frame groupoid, local trivializations induce a direct connection.

Proof. Let {(Uy,04)}aca be a trivializing atlas of E, with trivializations 6, : Fy, — U, x R". For
any x,y € Uy, set

Fa(y’x) = (Ga’Ey)il °© 9a|Ew € GL(EJHE?J)

Then choose a partition of unity {xa }aca subordinated to the covering {Uy }ac4 and glue the maps
T, as

L(y,2) := > Xa®)Ta(y, 2)xa(@).

a€cA

This gives a parallelism on E defined on the diagonal domain (J, . 4 Uy X Uq, and therefore a direct
connection on GL(E). O

3.3 Infinitesimal connections induced by direct connections

A connection on a Lie algebroid A — M is a splitting of the anchor a: A — T'M, i.e. a vector
bundle map 0 : TM — A such that aod = Idpp, cf. | , Definition 5.2.5|. It is called flat if it
is a morphism of Lie algebroids, i.e. [0(X),d(Y)]a = d([X,Y]) for any X, ¥ € TM.

The existence of a connection on A forces A to be transitive (the anchor is surjective), however
this does not imply that A is the Atiyah algebroid A(P) = T'P/G of a principal G-bundle P — M,
cf. Remark 2.11. If we assume that A = A(G) comes from a Lie groupoid, then the existence of a
connection on A implies that G is a gauge groupoid and A = A(P) is an Atyiah algebroid. In this
case, a connection on A(P) is also called an infinitesimal connection on P and it is equivalent
to a principal connection on P | , Ch. IV]. In fact, § gives a splitting of the Atiyah sequence
given in Eq. (8),

A 0
05— Ad(P) == A(P) =S TM =0

where A : A(P) — Ad(P) is a bundle map such that .o A+doa = Id4(p), that is, A\(§) = £ —d(a(§))
for any & € A(P) and in particular ) is the identity on vertical vectors v € Ad(P) | , §85.2, 5.3].
Lifting to TP by h~! yields a splitting TP = VP @ HP into vertical and horizontal subbundles,
with

VP =ker(dr) =4 'Ad(P) and  HP=1f'§(TM).
In other words, given § and A, we recover the horizontal lift of any X € TM to TP as §'5(X),

and a principal connection w = 47!\ : TP — M x g. This motivates the alternative name of the
Atiyah algebroid A(P) in the literature, as the bundle of connections of P, cf. | , Ch. 1V].

Example 3.11 (Connection on the trivial Lie algebroid). If P = M x G is trivial, then A(P) =
TM @ (M x g) is the trivial Lie algebroid, with Ad(P) = M x g (cf. Example 2.12 (c)). Then,
an infinitesimal connection 6 : TM — A(P) splits a vector X +v € TM & (M x g) as X +v =
(X)) + AMX + v) with

AMX +v)=AX)+v and 6(X) =X — A(X),
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where —A(X) € M x g represents the vertical component of the horizontal lift of X in T'P fixed by
0, with respect to the given trivialization of P, and

A=Ay : TM — M x g, X — A(X) = X — §(X)

gives the connection 1-form on M representing the principal connection w on P in the given trivi-
alization, that is, a usual gauge boson. O

Definition 3.12. Following the classical terminology, we call infinitesimal connection on a Lie
groupoid G = M a connection ¢ : TM — A(G) on its Lie algebroid. The existence of such a
connection implies that A(G) = A(P) is an Atiyah algebroid, and therefore, again, that G = G(P)
is a gauge groupoid.

Proposition 3.13. Let G(P) = M be a gauge groupoid endowed with a direct connection T' :
Pair(M) = G(P). Then the t-differential of I' along the diagonal gives an infinitesimal connection
SV =d'T|p : TM — A(P) defined as

d
=—I
dt

where X € TyM and c: [0,1] — M is the integral curve of X at x. Moreover, T" is flat (it is a local
groupoid morphism) if and only if § is flat (it is an algebroid morphism,).

o' (X) (e(t), %)=, (22)

Proof. Apply Proposition 2.15 to the local map I' : Pair(M) +— G. Then, the vector 6" (X) =
d*T'|(¢(0)) certainly belongs to A(G(P)) = A(P). Moreover, ' yields a splitting of the anchor
a = dt|1, g= because, for X = ¢(0) € T M, we have

d d

(0" () =a ( GTel0) )lic0 ) = GEC,2) oo = Ge(Olo = X

t
The last statement follows from the fact that the tangent map along the diagonal of a local groupoid
morphism is a Lie algebroid morphism | , §3.5]. O

Corollary 3.14. With the above notations, if I is a direct connection on a frame groupoid GL(E) =
M or on a reduction G(P) — GL(E), the local expression

Vbl = DX = ST(e(t),2) v(e(t)) o (23)

where 1 is a local smooth section of E around x € M, defines a linear connection on E. Together
with the infinitesimal connection of Eq. (22), it yields a decomposition of the tangent map di|, :
Ty M — Ty E into its horizontal and vertical components

dip|o(X) = 6" (X ) () + Vi), (24)

where 0¥ (X) € TEVE acts linearly on ¢(z) € E,, and VY € Der,(E) is a linear derivation of ¢ at
x.

Proof. Apply Remark 2.16: the expression (23) can be obtained as the s-differential of I along the
diagonal, together with the evaluation of GL(E) on E of Example 2.9 (a), in the same way as in
Proposition 3.13, and finally using the equality

d

L, eft)) le(t))lmo = dt

dt tr(c(t)@)*l ¥(e(t))li=0
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of Lemma 3.15. Alternatively, this follows from the general relationship between a horizontal and
vertical components of the differential of 1, as in Remark 2.14. In particular, Eq. (24) is a refor-
mulation of Eq. (17):

A1a(X) = S9(e(t)emo

= %F(c(t), ) T(c(t), 2) " (e(t)) =0

= %F(C(t),:v)!t:or(m,x)—l )(x) + T (2, ) %F(c(t),x)_l b(c(t)) =0
= 0" (X)(2) + Vi tls

O
Lemma 3.15. [ , Proposition 6] Any direct connection T' : Pair(M) x— G satisfies the in-
finitesimal identities
d d
g (e), 2)le=0 = = T, e(t))le=o
d _ d d
CT(e(0),2) hmo = = FE(e(t), 2)lmo = D@, e)lemo

Proof. The first identity is a restatement of the fact that the directional derivative of I'(y, x) along
the diagonal vanishes, i.e. (aii + %)F(y, &)|y= = 0, which follows from I'(z, z) = 1,. The second
identity is the derivative of I'(c(t), ) 'T'(c(t), z) = Id,. O

A consequence of Proposition 3.13 and Corollary 3.14 is that one can recover the usual Christoffel
symbols of a linear connection on F in terms of the matrix elements of a direct connection on
GL(E), cf. also | , Theorem 3|. If {en(z)},—; is a basis of local sections of E at z € M,
and (z) = P*(z)eq(x) is a local section (with Einstein summation convention), then a direct
connection I’ on E is locally given by matrix elements I'; (y,z) =T'(y, x)g such that

Ly, ) (% (x) ea(x)) = ¥*(2) T5(y, z) es(y).

If {0, = %L’r}?:l is a basis of local sections of T, M, the expression

¥ cale = O,y €4(0) 1= 5 LRy )
defines the usual Christoffel symbols of the linear connecion V! on E as
I (7) = 015 (2, y)ly=- (25)
Therefore, by (24), for X = X?9; € T, M we have
Vil = X (807 (2) + 9% (2) 5 (2, ) = ) 5(2)

§(X)p(z) = =X (2) OTL (%, y)|y=a () (26)
= X1 (@) T8 (Y, 7)ly=a €5()-
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Proposition 3.16. Let § : TM — A(P) be an infinitesimal connection on P and let T be the direct
connection on G(P) defined by the parallel transport of § along small geodesics, as in Proposition
3.5. Then, the infinitesimal connection defined by T'° coincides with &, that is,

d

5(X) = S T(e(t),2) o, (27)

where ¢ : [0,1] — M s the integral curve of X at x.

Proof. Let P be the parallel transport of § along small geodesics. Then T : Pair(M) % G(P) is
given by T%(y, ) = [P(y,z)(p), p] for any choice of p € P,, and its infinitesimal connection is
d

o (X) = %F‘S(c(t),a:)

d

=0 = - [P(c(t),2)(p), pllt—0-

By uniqueness of the horizontal lift, the tangent vector at ¢ = 0 to the curve v(t) = P(c(t), z)(p)
gives the value of §(¢(0)). Taking into account the action of G on T'P, which makes the choice of p
irrelevant, one can identify 6™ (¢(0)) to the class of 4(0) in TP/G, from which it follows that

for any ¢(0) € T, M. O

The analogue statement holds for a linear connection V on E and the direct connection I'V on
GL(F) defined by its parallel transport.

The above result shows that infinitesimal connections can always be integrated to direct con-
nections: it suffices to consider their parallel displacement. However, the correspondence between
direct connections and infinitesimal connections is not one-to-one, as shown by next example.

Example 3.17 (Direct connections with equal infinitesimal connections). Consider the trivial vector
bundle £ = M xR on the flat base manifold M = R, as in Example 3.8. The two direct connections
on GL(E) given by Eq. (20) (a parallel transport) and by Eq. (21), namely

Py, ) ei(x) = "W =FE ¢ (y)

F(y, x) @1(;1;) = eF(y)*F(fE)JF(y*I)Q F(y,x) 61(y), h 75 0

have the same infinitesimal connection §(9;) = K'(z) = f(z). O

In fact, we can fully characterise the direct connections which are parallel transport: they are
exactly the transitive ones.

Theorem 3.18. Let I’ be a direct connection on a frame groupoid GL(E) defined on a normal diag-
onal domain U. If T is transitive, then it is the parallel transport of its associated linear connection

vE oon E.

Proof. For any (y,x) € U, let ¢ : [0,1] — M be the geodesic from x to y. The direct connection I'
restricted to ¢ gives a linear map I'(c(t),c(s)) : Ee) — B for any s,t € [0,1]. Its infinitesimal
connection &', restricted to ¢, is given by eq. (22) evaluated at every point c(t), namely
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Since I is transitive, for any s,t € [0, 1] we have the composition property

Differentiating it in the variable u at u = ¢, we see that I" satisfies the linear differential equation

d d
ST (e(), )] oy = 2

U

L(e(u), e(t))],—, T(e(t), e(s)) = 8" (é(t)) T(e(t), e(s)),

with initial condition I'(c(t), c(t)) = 1.
Now, the parallel transport induced by I' along the geodesic c is also a linear map P (¢(t), c(s)) :
E.(s) = Ec(+) which satisfies the same differential equation

Lprefu), c(8))] =y = 0" (&(1)) P(e(t), c(s)),

du
with the same initial condition P'(c(t),c(t)) = 1.y In fact, by definition, the parallel trans-
port PT(c(t),c(s)) is the linear map such that, for any e € B, the section t — (c(t)) =
PL(c(t), c(s))(e) along c is parallel, i.e.

Vi ¥lue = de(e) — 8" (&) (e(t)) = 0.

Since dy(¢(t)) = %Pr(c(u), c(s))‘u:t(e)7 this gives the above equation.
By uniqueness of the solution of ODEs, then, a transitive direct connection I' coincides with the
parallel transport P' of its infinitesimal connection on every points along the geodesic from z to v,

and therefore they coincide on the normal diagonal domain ¢/ in Pair(M). O

Remark 3.19. The fact that direct connections are not in one-to-one correspondence with infinites-
imal connections constrasts with path connections on groupoids, cf. | , Definition 6.3.1]. A
path connection is a horizontal lift to the groupoid of a curve on the base manifold M. This lift is
by definition so constrained that its initial direction (which is an infinitesimal connection on its Lie
algebroid) determines it all along the path on M | , Theorem 6.3.5], and finally identifies it
with the exponential map from Lie algebroids to Lie groupoids | , Corollary 6.3.6].

The situation changes if we consider flat connections: there is a one-to-one correspondence
between flat direct connections, i.e. local groupoid morphisms, and flat infinitesimal connections,
i.e. algebroid morphisms. This is proved by K. Mackenzie in | , Corollary 6.2.7] and can be
seen as a consequence of | , Proposition 6.1.8], that we recall in Section 3.5. ]

We conclude this section by collecting the characterization of flat connections in classical terms
and in terms of groupoids, which follows from Propositions 3.5, 3.13 and Corollary 3.14.

Corollary 3.20. Let M be a smooth manifold endowed with an affine connection.

1. If w is a principal connection on a principal bundle P — M and I is the direct connection on
G(P) = M induced by the parallel transport on P, then w is flat as a principal connection if
and only if U is flat as a direct connection.

2. If V is a linear connection on a vector bundle E — M and ' is the direct connection on
GL(E) = M induced by the parallel transport on E, then V is flat as a linear connection if
and only if I' is flat as a direct connection.
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3.4 Curvature of direct connections

The default of a direct connection to be flat is measured, as usual, by a curvature. Our definition
slightly differs from that given by N. Teleman and J. Kubarski in | , , , | and
by A. Kock in | , |. The difference measures the default of the direct connection to be
antisymmetric and has no infinitesimal counterpart. Therefore our notion of curvature is essentially
equivalent to those existing in the literature.

Definition 3.21. Let I' : Pair(M) %= G be a direct connection defined on a symmetric diagonal
domain U C M x M. For any x € M, we set

Ux) = {(zy) eU | (y,x), (2,2) € U}

and call curvature of I' at x the map K, : U(x) — G¥ given on (z,y) € U(x) by
Ky(2,y) = T(z,2) " T(2,9)L(y, 2). (28)

Then I' is flat, according to Definition 3.1, if K, = 1, for any € M, and it is transitive if
K, =1, along geodesics starting at z. The curvature is symmetric if K,(z,y) = K,(y, z) for any
points, that is, K,(y,2) 'K.(z,y) = 1., and it is antisymmetric if K,(z,y) = K,(y,z)"!, that
is, K;(y,2)K;(z,y) = 1. Note that, in general, we have

Ka(y,2)Ko(z,y) = T(y,2) " 'T(y, 2)L (2, ) (y, z)
— AdI‘(y,ax)*1 (F(ya Z)F(Za y)) )

therefore K is antisymmetric if and only if the direct connection I' is.

Examples 3.22 (Antisymmetric and flat direct connections). (a) Direct connections on G(P) of
the form I'(y, z) = g(y)g(x) !, induced by global sections g of P as in Example 3.6, are flat.

(b) Direct connections given by a parallel transport P¥ as in Proposition 3.5, or P¥ as in Example
3.8, Eq. (20), are transitive (hence antisymmetric) but not necessarily flat. Moreover, by
Theorem 3.18, parallel transports are exactly all transitive direct connections.

(c) The general direct connection I' on R x R — R of Example 3.8 Eq. (21) is not flat (and not
transitive), and it is antisymmetric only if the function A is antisymmetric.

0

The invariants of a direct connection I' are carried by the curvature operator K, € G and its
derivatives.

Lemma 3.23. The first derivatives of K, along a geodesic y(t) starting at x vanish:

SR y0)], g = K0, )],y = 5 Kaly(t),y(6))],_o = 0.

Proof. The first derivative vanishes because of Lemma 3.15. The second and the third ones because
K. (y(t),x) =1, and K, (y(t),y(t)) = 1, are constant. O

Note, however, that the first derivatives of K, computed not along a geodesic do not necessarily
vanish, for instance
d

(o), dt

: Kaly(0),2)] -y
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when z # x. Let us show that the second derivative of K is related to the curvature tensor of the
induced infinitesimal connections.

Let P be a principal bundle on M with associated vector bundle F, so that the gauge groupoid
G(P) is a reduction of the frame groupoid GL(E) (for instance P C FE). Let I' : Pair(M) »= G(P)
be a direct connection with infinitesimal connection 6 : TM — A(P) C T""E as in Eq. (22) and
linear connection V : TM — Der(E) as in Eq. (23). We recall that the curvature of § and of V
at a point x € M is given by

RUZ,Y)(z) = [6(2),0(Y)] acpyto(z) — 6([Z,Y])¥(x)
RY(Z,Y)$(2) = [V 2, Vy]per(m)¥lz — Vizy ¥l

for any Y, Z € T, M and for any local section ¢ of E around z. In terms of the Lie algebroids, both
curvatures are operators with values in the kernel of the anchor, that is,

RO RY :TM x TM — End(E) = L(T"E) = L(Der(E),

and measure how much the algebroid connections deviate from being algebroid morphisms. It was
proven in | , Proposition 5.3.14] that they coincide: R3(Z,Y) = RY(Z,Y).

The relationship between the curvature K of the direct connection I' and the curvatures R?
and RY of its infinitesimal and linear connections was described by J. Kubarski, N. Teleman in
| , Corollary 4| for frame groupoids. We extend their result to general groupoids and give a
comprehensive formula in terms of the operator which measures how much K deviates from being
symmetric.

Theorem 3.24. The curvature R® of the infinitesimal connection associated to a direct connection
T is
82

RYZ.Y) = 5= (Ku(y(t). 2(5) ™" Ka(2(5),y(8)) )l im0

where Y, Z € Ty M are two vectors tangent to M at x, y(t) = exp,(tY) is the integral curve of Y
and z(s) = exp,(sZ) is the integral curve of Z.

As a consequence, a direct connection which is infinitesimally flat is not necessarily flat: it is
only symmetric up to order 2.

Proof. The proof is a simple computation making use of the Leibniz rule, the infinitesimal properties
of I' given in Lemma 3.15 and the dictionary between direct connections and linear connections in
terms of Christoffel symbols given in Egs. (25) and (26). There is however a subtelty in the choice
of curves along which we compute the derivatives of I', let us give some details. For ¢ = 9% eq,,

Y =Y19;, Z = 7%9 and Ffa(:c) = 8zifg(w,y)|y:x, we have

. ) 0
Vythle = Y7 057 (x) ep(x) + Y7 9% (2) afyjrm Y)ly=z e5(x)

= L u(y) o + STy ()0 V(@)

The derivative of 1) at = disappears in the expression of the curvature R3(Z,Y) = RY (Z,Y), which
acts linearly on ¢(z), and can be neglected. It remains the linear part in (x), given by the
derivative of I". Now, as we just showed, the first-order derivative of I'(z,y) in the variable y, at
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y = x, gives the Christoffel symbol at 2. In the curvature RV (Z,Y), there appears a derivative of
the Christoffel symbols in their (unique) variable z: this corresponds to a second-order derivative
of T'(z,y) in the variable x. Then, the standard expression of the curvature RV (Z,Y) in terms of
the Christoffel symbols gives

0 0 9 5
0 k i
RNz, Y)=Z @T(af, 2)|z=a Y’ TMF(% Yly=2 — Y’ @F@’y)‘y:x A @r(% e
k~sJj - 5?2
T2 gL @ )lemyma = Y7 20 5 g Ty, 2l
Note that this expression coincides with that given in | , Corollary 4|. To relate this to the

formula given above, call y = exp,(Y) and z = exp,(Z) the end points of the geodesic y(¢) and
z(s) and consider the geodesic variation of Y along z(s) for small s, denoted Y;, and the geodesic
variation of Z along y(t) for small ¢, denoted Z;, as in Figure 1 (cf. | , Ch. 6] for geodesic
variations). The curvature can now be given in terms of the integral curves ys(t) = exp, 4 (tYs) and

Figure 1: Geodesic variations and related Jacobi fields

2(8) = expy(y (sZt) for small ¢, s namely

RI(ZY) = (@, ()= (@ y(O)lio = ST (z,y(1))lemo T, 2()lom
g 2
+ 8§6tr(2(8)=y8(t))|s=t=0 - é??&sr(y(t)’ Zt(S))|t:s:o
32 32
= 5oy e (2(9).y(O) =m0 — 5 = Ka(y(t). 2(s))
82

= 57t (Ealy(®) 2(5) ™ Kala(5),y(0) ) oo

The last two equalities are a direct computation from the definition of K;(z,y) using the Leibniz
rule for products and Lemma 3.15. O

3.5 Flat groupoids

A direct connection I' : Pair(M) = G is flat if and only if it is a local groupoid morphism. Such
maps have been extensively studied by K. Mackenzie in | , Chapter 6], in particular for what
concerns the relationship with their infinitesimal Lie algebroid morphisms. We collect here some
relevant results, in particular a strong caracterization of Lie groupoids which admit a flat direct
connection.

Definition 3.25. A Lie groupoid G = M is called flat if it is locally trivial and it admits an
atlas of local decomposition maps o, : U, — in (cf. Example 2.3) whose transition functions
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gap : Ua NUg — G20 given by gap(z) = oa(x) ' og(x) are locally constant, i.e. constant on each
connected component. A flat Lie groupoid G is called locally exact if furthermore it admits a
locally trivial direct connection I' : Pair(M) %= G (cf. Definition 3.3).

In essence, the subsequent statement is a reformulation of | , Example 6.1.7] in terms of
direct connections.

Proposition 3.26. A Lie groupoid on a connected base admits a flat direct connection if and only
if it is flat. In this case, it is locally exact.

Proof. (=) Assume G = M is a Lie groupoid endowed with a local groupoid morphism T' :
Pair(M) o— G defined on a diagonal domain U, in which case G is locally trivial by Proposi-
tion 3.4. We choose an open covering {U,} of M such that |J,(Us X Uy) C U and z9p € M. For
every a, fix a point ., € U, together with an element &, € G (which exists by the local triviality of
G). Then the collection of maps o4(x) := I'(x, 24) &, builds a section atlas with constant transition
functions gap(7) = £, T'(xa, 25) €. Moreover, for fixed a, the map

QUS — U, X Q;fg x Uy
g — (t(9),04(t(9)) " goals(g)),s(g))

is an isomorphism under which I'(y,x) is sent to (y, 1,,x) for all z,y € U,. Hence, G is locally
exact.

(<) Conversely, let 04 : Uy — g(ﬁg be a section atlas with constant transition functions o, (z) ! og(z) =
gaplsz on the intersections Uyp = U, N Ug, and set U := |J,(Uqy X Uy). Then, the map I' : U/ — G
given by Eq. (18), namely I'(y, 2) = 04 (y) 0a(x) ! for z,y € Uy, is well defined on Y. Indeed, on
every intersection U,z we have og(x) = 04 (2) gags, therefore

]-_‘|U,@><U,@(y7x) — O-B(y) Uﬁ(x)il
= 00(Y) 9ap Jug Tal®) ' = Tlu xv. (v, 2).

That I'|y, xv, defines a morphism is easily verified. O

Example 3.27. The trivial Lie groupoid G(M x G) = M x G x M is locally exact, because it
is clearly flat and any global section o : M — M x G gives a trivial direct connection I'y(x,y) =
(y;0(y) o(x) "L, x) as in Example 3.2. O

Since we don’t really use the fundamental groupoid, we’ve already cut its example in Section
2.1.Here we propose to cut the Example and the Proposition, or to make them understandable.

Example 3.28. The fundamental groupoid II(M) on a connected manifold M is flat, i.e. it has
constant transition maps. Hence, by Proposition 3.26, it admits a flat direct connection I'y :
Pair(M) o— TI(M) which can be constructed as follows. Let {U,} be a cover of M by simply
connected open subsets, then ¢ = |J,,(Uy x U, ) defines a diagonal domain. For any (y,z) € U, we
define T'g(y, z) as the homotopy class of any path in U connecting = and y. This is well defined as
any two paths in U, are homotopic, and clearly gives a local groupoid morphism. ([l

The importance of the direct connection I'y lies in a factorisation result shown in | |, which
we reformulate here in the language of direct connections. Let us call two direct connections germ
equivalent if they are germ equivalent as local maps, i.e. if they agree on some common diagonal
domain.
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Proposition 3.29. cut or change the exposition with just a reference to McKenzie [ , Prop.
6.1.8] Let M be connected.

1. The flat direct connection Ty : Pair(M) o— II(M) is uniquely determined up to germ equiv-
alence.

2. Any flat direct connection T' : Pair(M) o— G on a Lie groupoid G factorises in a unique
way through Ty, i.e. there exists a unique groupoid morphism H : II(M) — G, such that
I'=Holy.

The second result can be used to prove that a flat infinitesimal connection ¢ : TM — A(G)

integrates to a flat direct connection I'® on G, which is unique up to germ equivalence, ¢f. Remark
3.19.
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4 Direct connections on jet groupoids

Jet prolongations of groupoids were first considered by C. Ehresmann | | and later revisited
by I. Kolar | |. After reviewing the basic concepts regarding jet prolongation of Lie groupoids
and Lie algebroids, in this section we study the jet prolongation of direct connections. We start by
introducing the jet primitive bisection of any direct connection on a jet groupoid (Definition 4.8).
Using this tool, we show that the jet prolongation of a direct connection is determined by those
of the trivial direct connection Id on the pair groupoid, and describe their associated infinitesimal
connection (Theorem 4.11). We then exhibit three jet prolongations of Id on Pair(M), based on
three Jacobi fields of variation curves through geodesics which differ by the initial value of the field
and of its covariant derivative (Theorems 4.15, 4.17 and 4.20). In the three cases we compute the
associated infinitesimal connection and show that the first two are, in a sense, orthogonal to each
other, while the third one reproduces the exponential jet connection on the Lie algebroid J™I'M
given by I. Kolaf in | | and by W. M. Mikulski in | |.

Finally, we provide an example of a direct connection on the frame groupoid of a jet bundle that
is not the jet prolongation of a direct connection on the bundle (Theorem 4.34). The idea comes

from the theory of regularity structures in stochastic PDEs, introduced by M. Hairer in | | for
functions on R™ and further developed for functions on a manifold by A. Dahlqvist, J. Diehl and
B. Driver in | |, and for sections of a vector bundle by M. Hairer and H. Singh in | |.

To define this higher direct connection, we start with a direct connection I' on the frame groupoid
of a vector bundle E and give a local approximation formula for sections of £ with displacement
along the fibres ruled by I' (Theorem 4.29). This requires a generalized notion of Taylor expansion
determined by I', which contains new integral correction terms (non-local) based on the derivatives
of the curvature of I' along geodesics (Definition 4.24 and Example 4.31). Such derivatives vanish
systematically if I" is the parallel transport of a usual connection, so the non-local correction terms
to the Taylor expansion are a new feature of general direct connections. We conclude with the sketch
of a local model for E-valued jet regularity structures based on the generalized Taylor expansion
induced by a general direct connection on F (Remark 4.13).

4.1 Jet prolongation of groupoids

Following | I, | , 81, | , §4.5], we recall the definition and main properties of jet
groupoids, using local bisections of Section 2.3. The n-jet prolongation of G is the set of n-jets
of local bisections o : M %= G, that is, the jet space

J"G = J"Bioe(G) = {j"0 € J*(M,G) | soo =1d, p, =t oo is a difftomorphism}, (29)
together with the structure of a Lie groupoid on M induced by that of G:

(i) source and target maps s, t" : J"G — M given respectively by the surjective submersions
s"(jro) = x and t"(jl'o) = t(o(z)) = ¢, (z) for any z € M,

(ii) the multiplication ;% ¢'j%c = j!(c’ @ ) defined if 2’ = ¢, (x), where e is the product of
bisections given in Section 2.3,

(i) unit u”(z) =12 = j2u, where u: M — G is the unit bisection of G,

(iv) inverse (j%0)~! = j;‘_l ~1 where o~ is the inverse local bisection as given above.
o

@7
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From (i) it follows that
(J"G);, = {jzo | o is a local bisection on G defined around z such that ¢, (z) = y}. (30)

Since G is fibered over M by the source map, the jet prolongation J"G enjoys the same properties
as the jet bundle of a fibre bundle described in Section A.4. In particular:

e J"G is a closed submanifold of the jet space J"(M,G) | , §12.16],
e the jet projections 7'(']]:_1 2 J*G — JFIG, jEo s jklo for any 1 < k < n, give a sequence of
Lie groupoid morphisms | , Example 1.12]
JG = JG — ... - J¢ - J'G =¢. (31)

In particular, the natural projection wy : J"G — G is then also a groupoid morphism. In fact, for
any 0,0’ in Bjye(G) and for any = in M such that ¢’ is defined in 2’ = @, (), we have

o (Jpo’ jio) =g (j7 (o' e o)) = (o @ 0)(x)
= o'(a) o(x) = mg (j0") g (47 0)-

A smooth map ¢ : G — G’ between two Lie groupoids over M can be prolonged to jets using
the jet prolongation of the pushforward Bjye(¢) in (3) on local bisections, namely

TG J"G — G, fio > JG(jh0) = ji(é o o). (32)

If ¢ is a groupoid morphism, then J"¢ is also a groupoid morphism, because Bjoc(¢) is a morphism
of pseudo-groups (cf. Section 2.3). Thanks to the locality of the notion of jets, the jet prolongation
(32) actually extends to any local map ¢ : G *» G’. Finally, the n-jet prolongation J" is a functor
on Lie groupoids with smooth local maps, which preserves morphisms.

Proposition 4.1. Any smooth local map ¢ : G »~ G’ yields a local jet prolongation J"¢ : J"G s
J"G'. If ¢ is a groupoid morphism, then J"¢ is also a groupoid morphism.

Proof. Suppose that ¢ is defined on an open neighborhood & C G of the units u(M) C G. We
only need to define an open neighborhood U™ C J"G of the units u"(M) C J"G on which the jet
prolongation (32) is well defined. Note that, being a local map in the sense of Definition 2.5, ¢
preserves the source, the target and the units. Then, since I is open in G, the subset

Bioe(U) = {0 € Bioe(G) | o is defined on U C M such that o(U) C U}
is open in Bjo.(G), by the topological properties in | , §4.4]. Therefore, the set
U := T"Bioc(U) = {ji}o € J"G | o is defined on U C M such that o(U) C U}

satisfies the required properties, and moreover the jet projection 7y restricted to U™ has image in
U. Indeed, U™ contains the units u™(M) = {j?u | v € M}, because u(M) C U, and it is open in
J"G in the Fréchet topology induced by the supremum norm in all derivatives of order no larger
than n on compact subsets, which corresponds to compact open topology in | , §4.3|. Finally,
the fact that J™ preserves groupoid morphisms can be easily verified with a direct computation. [

35



Example 4.2 (Jet prolongation of gauge groupoids). It was proved in | , §4] that the n-jet
prolongation of a gauge groupoid G(P) = M is isomorphic to the gauge groupoid of the n-jet
principal bundle W™ P, namely

J"G(P) = G(W"P). (33)

Furthermore, the jet prolongation of a morphism ¢ : G(P) — G(P’) yields a morphism of gauge
groupoids J"¢ : G(W"P) — G(W™P'). This gives rise to several examples:

(a)

(b)

For P =M x G we have W"(M x G) 2 F"M x T7G = F"M xgrn W"G, hence
JU M x Gx M) = F"M xTjG x F"M = F"M xgpn W"G xgrn F"M. (34)

In particular, for G = {1} we have T} ({1}) = {1} and W™(M x {1}) = F" M, therefore
J"Pair(M) = inv.J"(M, M) = G(F"M) = F"M Xz F"M. (35)

For n = 1, since GL} = GL4(R) and F'M = F(TM) is a frame bundle, the 1-jet groupoid is
a frame groupoid | , Example 1.12]

J'Pair(M) = G(FM) = GL(TM). (36)

The frame groupoid GL(FE) of a vector bundle E with rank r is the gauge groupoid of the
frame bundle F'E with fibre GL, := GL,(R). It follows that

J"GL(E) = G(W"FE) = W'FE xyrcr, W'FE. (37)

Suppose that a frame bundle F'E admits a reduction first to a principal G-bundle P, and
further to the trivial principal bundle M x {1} (which forces FE to be trivial, i.e. E = M xR").
Then we have a sequence of gauge subgroupoids

G(M x {1}) = Pair(M) C G(P) C G(FE) = GL(E).

The jet bundle J"E has structure group GL(P},), frame bundle F(J"E) and frame groupoid
GL(J"E), which all admit reductions to the jet prolongation of the starting objets: we have
a sequence of subgroups

Wi {1} = GL C WG = GLY x T}G (38)
C W}GL, = GL} x T}GL, C GL(P},),

a corresponding sequence of reduced principal bundles

W"™(M x {1}) = F"M C W"P = F"M x; J"P (39)
C W'FE = F"M x; J"FE C F(J"E),

and an induced sequence of subgroupoids

G(F"M) = J"Pair(M) C G(W"P) = J"G(P) (40)
C G(W"FE) = J"GL(E) C G(F(J"E)) = GL(J"E).
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O

Example 4.3 (Frame groupoid of a jet bundle). Let E — M be a vector bundle. The frame
groupoid GL(J"E) of the jet bundle of E is the gauge groupoid of the frame bundle F'(J"E) and it
is not a jet prolongation, since it contains J"GL(E) = G(W"FE) as a proper subgroupoid. Indeed,
by Lemma A.1, GL(P},) contains W} GL, as a proper subgroup, hence the frame bundle F(J"E)
contains the jet proloné;ation W"FE as a proper principal subbundle. Then, by (124) and (33) we
have

GL(J"E) = G(F(J"E)) = F(J"E) xapy,) F(J"E)
=~ W"FE xwpcr, F(J"E) (41)
XW"FE XWU?GLT GL(PCZT) XW(?GLT WnFE,

while by (37) we have J"GL(E) & W"FE xwnar, W"FE. The inclusion J"GL(E) — GL(J"E) is
given by [A, B]. — [A,1", B]. for any A, B € W"FE, where 1" is the unit in the group GL(POZT)7
with equivalence relations (AH, B) ~ (A,BH~!) and (AH,G,BH’) ~ (A, HG(H')™!, B) for any
G € GL(P},) and H,H' € W}GL,. O

Example 4.4 (Action of a jet frame groupoid on the jet bundle). The inclusion J"GL(E) —
GL(J"E) of Example 4.3 can also be understood as the canonical action of a jet ji' o € Ji GL(E)
on the bundle J"E, where o : U — GL(E) is a local bisection defined on an open neighborhood of
To € M, that is, as a linear map jy o : Ji B — J F, where yo = ¢, (). For any ji f € J E,

where f : U — Fy is a local section around xg, this action is given by
oo g = iy (1 0 (2 W) - £ (47 (1)) (42)
= i, (2 0(@)- £(@)) 0 dies,

where ¢! is the inverse diffeomorphism of ¢, and where we denote by - the linear action of

o(x) € GL(E)ZU(@ on f(r) € E;, as in eq. (6), and by o the jet composition as in eq. (100).

Indeed, the expression f(y) = o(o; ) - fes'(y)) of eq. (42) gives the section of E on ¢, (U)
making the following diagram commutative:

Ey 25 FE +(U)

T

U—— vo(U)

4.2 Jet prolongation of Lie algebroids

The n-jet bundle of a Lie algebroid A — T'M is the vector bundle J"A — M of its underlying
vector bundle A — M. It turns out | , Proposition 1] | , Example 6.11] that this jet
bundle is again a Lie algebroid J"A — T'M, with anchor and bracket given by

a"(jz X) = a(Xy)  and X, Y] ma = 57 ([X, Y]a) (43)
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for any smooth local sections X,Y of A defined around = in M. If ¢ : A — A’ is a smooth map
between Lie algebroids which commutes with the anchors, then there exists a jet prolongation

TG JA = JUA JIX o JG(EX) = (60 X) (44)

which commutes with the jet prolongation of the anchors. If ¢ also preserves the bracket, hence it
is a morphism of Lie algebroids, then by (43) the map J"¢ is also a morphism of Lie algebroids.

Example 4.5 (Jet prolongation of Atiyah algebroids). For a principal G-bundle P, the n-jet pro-
longation of its Atiyah algebroid A(P) is isomorphic to the Atiyah algebroid of its n-jet principal
bundle W"P | , 82 Eq. (8)]

JUA(P) = A(W"P). (45)

A morphism ¢ : P — P’ of principal bundles over M induces a morphism A(¢) : A(P) — A(P’)
between their algebroids | , Definition 3.2.8| and a principal prolongation (121) W"¢ : WP —
W™P’. One can check that the jet prolongation (44) J"A(¢) : J*A(P) — A(P’) coincides with the
algebroid map A(W"¢) : A(W"P) — A(W"P’). O

Example 4.6 (Lie algebroid of jet groupoids). If G is a Lie groupoid with Lie algebroid A(G), there
is an isomorphism of Lie algebroids | , Proposition 1 and Theorem 1|, | , Example 9.5

(e)]
A(J"G) = J"A(G). (46)

A smooth local map ¢ : G = G’ of Lie groupoids over M induces a vector bundle map d*¢|y; :
A(G) — A(G’) between their Lie algebroids by Proposition 2.15, and a local jet prolongation J"¢ :
J"G > J"G' by Proposition 4.1. One can check that the jet prolongation J"(d¢|y) : JPA(G) —
J"A(G') coincides with the t-differential d*(J"¢)|ps : A(JG) — A(J"G). O

Examples 4.7 (Summary on jet algebroids and jet groupoids). The previous results relate in many

ways Atiyah algebroids, gauge groupoids and their jet prolongations:

(46) (33) 9 (45)
JTA(G(P)) 2 A(J"G(P)) = A(G(W"P)) = A(W"P) = J'A(P).

—~
=

These isomorphisms give some key examples:

(a) | , Proposition 1], | , §2 Eq. (6)] For P = M x {1}, we have A(M x {1}) = TM,
W™(M x {1}) = F"M and G(M x {1}) = Pair(M), therefore

A(J"Pair(M)) = A(F"M) = J"T M. (47)

The case n = 1 is particularly important for connections, and gives a sequence of key isomor-
phisms from J'T'M to the bundle T""T'M of Example 2.12 (e):

LT © (36) ;
JITM = A(FM) = A(J'Pair(M)) = A(GL(TM)) = T™TM. (48)

Using the isomorphism of Example 2.13, we also have J'T'M = Der(TM).
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(b) For P = M x G, we have AIMM x G) =TM & (M x g), W'(M x G) = F"M x T}G and
G(M x G) =M x G x M, therefore

J'(TM & (M x g)) = A(J"(M x Gx M)) 2 A(F'"M x T}G).
Since F™M is a principal GL}}-bundle, this algebroid fits in Example 2.12 (d), and we have

JN(TM & (M x g)) 2 A(F"M) ® (M x Lie(T}G)) = J"TM & (M x Tjg).  (49)

(c) If P = FE, then A(FE) = T"E is the Lie algebroid of linear vector fields of E, which

is isomorphic to that of derivative endomorphisms Der(E), W"(FE) = F"M X J'FE and
G(FE) = GL(E). Therefore

4.3 Jet prolongation of direct connections

Let ¥ : Pair(M) *— J"G be a direct connection on the jet prolongation of a Lie groupoid, for
n > 1, defined on a diagonal domain & C Pair(M). From the description of (J"G)y given in
(30), it follows that for any (y,z) € U the groupoid element X(y,r) € (J"G); is necessarily of the
form X(y,z) = jjoy, where oy is a local bisection of G defined around z whose associated local
diffeomorphism @5 = t o oy satisfies ¢y (z) = y (which follows from (30)) and ¢7(z) = 2 (which
follows from X(x,z) = 17). Direct connections on J"G can be studied via the collection of their
associated local bisections.

Definition 4.8. Consider on Bj,.(G) the graph topology | , §4.4] or the compact open topology
| , Definition A.6], as in Section 2.3. A jet primitive bisection of ¥ is a smooth local map

oy : Pair(M) = Bioe(9), (y,7) — oy
defined on the diagonal domain ¢ C Pair(M) of ¥ and such that, for every (y,z) € U,
() S(ysw) = jio
(ii) the local diffeomorphisms ¢y =t o oy satisfy ¢y (z) = y and ¢f = id.
A direct connection ¥ on J™G determines:
e a direct connection on G given by the composite map
Yo =my o X Pair(M) > G, (y,z) = o, (x) € Gy, (50)
where 72 : JG — JYG = G is the jet projection described in §4.1,
e an n-th order direct connection on Pair(M) given by the composite map
Ay, = J"ao X : Pair(M) = J"Pair(M), (y,r) — j; oy, (51)

where a : G — Pair(M) is the anchor of G, J"a : J"G — J"Pair(M) is its transform under
the jet functor J" defined in (32), and &y(2) = (¢ (2),2) is the jet primitive bisection on
J"Pair(M) induced by oy on J"G.
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These two direct connections are related by the equality
ao Yo = ldpai(ar) = ajy 0 Ay, (52)

where afl, : J"Pair(M) — Pair(M) is the anchor of J"Pair(M), as defined in section 4.1. In other
words, we have a commutative diagram

0

%
Pair(M) —=—— J"G Pair(M)
w‘ y

As, J"Pair(M)

Definition 4.9. Given a direct connection I' : Pair(M) *— G on the groupoid G and a direct
connection A" : Pair(M) s J"Pair(M) on the jet pair groupoid, we call n-jet prolongation of
I' along A" the direct connection on J"G given by composite local map

' =J"T o A", (53)
where J"T" : J"Pair(M) — J"G is the transformed of I under the jet functor J" given in (32). We
then have (I')p =T and

Arn = J"aol™ = J"ao J"To A" = J"(ao) o A" = A",
Moreover, the jet prolongation I'" is compatible with the filtration on J"G, that is,
=1 (54)
where m_; : JJ"G — J"1G are the canonical projections.

Hence a direct connection on a groupoid G admits several jet prolongations to J"G, determined
by direct connections on J"Pair(M).

Example 4.10 (Direct connections on the jet pair groupoid). Since the anchor on Pair(M) is
the identity map, any direct connection A™ : Pair(M) s— J"Pair(M) is the jet prolongation of
A% = Id : Pair(M) — Pair(M) (along itself), and it is uniquely determined by its jet primitive
bisection oy, that is, by a smooth collection of local diffeomorphisms ¢y from a neighborhood of
r € M to a neighborhood of a nearby point y such that oy(z) = (py(2),2). In the next section
we give three examples of direct connections A™ on J"Pair(M), associated to three different jet
primitive diffeomorphisms. O

The jet primitive bisections of direct connections on J"Pair(M) allow us to give explicit for-
mulas for the jet prolongations of direct connections on any groupoid G, and for their infinitesimal
connections on A(J"G) = J"A(G), cf. eq. (46).

Theorem 4.11. A direct connection 3 on J"G is the jet prolongation of a direct connection I' on

G if and only if its jet primitive bisections oy are (up to contact order n) of the form

ay(2) = T(py(2), 2),

40



where y, are the local diffeomorphisms of some jet primitive bisections of Ay, on J"Pair(M), that
18,

As(y,z) = jy (2= (gy(2),2)) -

In this case, its infinitesimal connection 8 : TM — A(J"G) = J"A(G) is given on any X €
T.M by

65 (X) = jm <z — oF <dtg0y(t)(z)‘t0>> = J"% 0 622(X),

where 8% is the infinitesimal connection of T, y(t) is a small geodesic with y(0) = z and y(0) = X,
and

§AS(X) = 4m (2 — %wg(t) (z)\t:()) (55)

is the infinitesimal connection 625 : TM — A(J"Pair(M)) = J*T'M of the direct connection Ay,
on J"Pair(M).

Proof. The first assertion is an easy direct computation: on one side we have 3(y,z) = Jz 0y, and
on the other side we have

J'"T(Ag(y, ) = J'T (ji6y) = J'T (42 (= = (y(2),2)) =57 (2 = T(gy(2), 2)) -

For the second assertion, let y(t) be a small geodesic starting at x in the direction of X € T, M.
Then, according to Proposition 3.13, we have

d

05 (X) = 8(u(t),2)| = = %j;‘ (z = L(ey (2), z)> =0

- (Z ~ %F((’Dy(t)(z)’z)‘t:(J) =Ja (z =60 <(ﬁ"0y(t)(z)‘t:0>> ’

where the equality between the first and the second line is due to the fact that the derivatives in ¢
and in the coordinates of z commute since all the maps are smooth and the variables ¢t and z are
mutually independent. O

Example 4.12 (Jet prolongation of direct connections on frame groupoids). Let I' : Pair(M) %
GL(F) be a direct connection on a frame groupoid defined on a diagonal domain U C Pair(M).
Then, for any (yo,zo) in U, I'(yo,xo) : Ezy = Eyy, €z, — I'(yo,T0) - €4 is a linear isomorphism.

Let A™ : Pair(M) %= J"Pair(M) be a direct connection on the jet pair groupoid defined on the
same diagonal domain U, with jet primitive diffeomorphisms ¢70.

(a) The jet prolongation I'" : Pair(M) = J"GL(E) along A" is best described by linear operators
acting on the jet bundle J"FE, as in Example 4.4. For (yo,x¢) € U, the linear isomorphism
[ (yo, o) : J3, B — J; E is given by
I (o, 20) - o f = gy (3= Do, 00 () - F(620()) )
— i (= Dlppa (@), ) - f(2)) o jgyute,

Z0

where f is a local section of E around x and 95 is the inverse diffeomorphism of Do
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(b) If E = M x R" is the trivial bundle on M = R? with constant global section a 1 : 2
1, = (z,(1,...,1)), consider the trivial direct connection on GL(FE) given by I'(y, z) -1, = 1,,.
Then, for a section f: M — E, x +— f(x)1,, we have I'(y, ) - f(x)1, = f(x) 1,. It follows
that

™ (yo, 20) - Joo f 1xo = duy (= Ty, 02 () - F(L (1)) 1y)
= iy (3= TR W) L)
= (j;Oij;LO gg) 1, € J;LOE‘

(c) If moreover M = R% is equipped with the trivial connection V, then ¥¥(y) = y + 2o — yo and
the above formula boils down to:

Fn(y()al‘l)) : ];:Lof ]-Cto — jgoflyo’ (56)
]

We conclude this section by showing that the existence of a direct connection on a jet groupoid
forces it to be a gauge groupoid, but it does not force the direct connection to be a jet prolongation.

Remark 4.13. If a jet groupoid J"G admits a direct connection ¥, then by Proposition 3.4 it
is the gauge groupoid J"G = G(Q) of some principal bundle ¢ — M. On the other hand, since
Y. induces a direct connection ¥y on G, the latter is also the gauge groupoid G = G(P) of some
principal bundle P — M. The isomorphism (33) then implies that @@ = W"P, and therefore J"G
is the gauge groupoid of a jet prolonged principal bundle.

However, this result does not ensure that the direct connection ¥ on J"G is necessarily the n-jet
prolongation of its 0-th order projection ¥y on G. In fact, the identity (53) is non-trivial: using the
fact that g = I" and the definition of Ay, = A", the equality

Y=J'ToA"=J%ngoXoa)oX

implies that J" (7 0Xoa) = Id j»g and therefore that 7( 0¥ oa = Idg locally on G and up to order n,
while the definition of direct connections only ensures that ao ' = Idpg(ar) and a" o3 = Idpyir(ar)-
A counterexample, inspired by the theory of regularity structures, is given in section 4.7. U

Before that, we show that there are canonical direct connections on J"Pair(M) constructed from
torsion-free linear connections V on T'M. The key idea is to exploit the isomorphism GL(TM) =
J'Pair(M) given in (36): we find a jet primitive bisection of V seen as a direct connection on
J'Pair(M), and use its jets to define the direct connections on J"Pair(M). Then, by the defining
equation (53), n-jet prolongations of a direct connection I' on G are also determined canonically
from torsion-free linear connections V on T'M.

4.4 Jet prolongation of direct connections on the pair groupoid

In this section we construct three canonical direct connections on J"Pair(M) starting from a given
torsion-free linear connection VM on TM, and their associated infinitesimal connections.

To define them, we adopt the general strategy outlined in Theorem 4.11, which amounts to find
jet primitive bisections oy(2) = (¢ (2),2) of A™ on J"Pair(M), given by local diffeomorphisms
¢y, of M such that ¢j(z) = y and ¢7(2) = 2. In particular, A% is necessarily the identity map
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on Pair(M), and A' : Pair(M) — J'Pair(M) = GL(TM) is given by the differential of ¢} at z,
namely

Al(y,x) = (dg), : TM = T, M. (57)

Let us fix some notations. For any point € M, denote by exp, : Vo, C TxM — M the
exponential map along geodesics. As in Section 3.1, let U, be a uniformly normal neighborhood
of z, so that any y € U, is linked to « by a unique geodesic: denote by P(y,x) : T, M — T,M
the parallel transport of V along that geodesic, and by U = |J,c; Uz X Uz the normal diagonal
domain in Pair(M). In the sequel, we will use Jacobi vector fields and related variational curves
through geodesics, see | , Ch.6 and Ch.10] or | , Ch.5]°. For this, let us denote by RM the
curvature tensor of VM, and by D,V (t) = V)V () the covariant derivative along a curve y(t) of
a vector field V(t) = V(y(t)) defined along the curve. We recall that a Jacobi field is any vector
field J(t) along a geodesic y(t) = exp,(tX) such that

DEJ(t) + Ryl (J(£),5(t) 4(t) =0 for all t € [0,1], (58)
which is uniquely determined by its initial conditions J(0) and D;J(0) | , Definition 2.1]. In the

sequel, we denote Jx z(t) the Jacobi field (along a given geodesic) with initial conditions J(0) = X
and Dy J(t)|,_, = Z.
m

4.4.1 Parallel jet direct connection

Definition 4.14. We call parallel direct connection on J"Pair(M) the local map P™ : Pair(M) s
J"Pair(M) defined on any (y,x) € U by

P (y,2) = (2 = a2(2)), (59)
with jet primitive bisections oy : Uy — Pair(M), z + (aj(2), 2) given by the local diffeomorphisms
ag : Uy = M, 2z a;(2) = exp, (P(y,2)Z), (60)

where Z € T, M is defined by z = exp, (7).

Theorem 4.15. The parallel direct connection P™ on J"Pair(M) is the jet prolongation of the
parallel transport along geodesics, that is, P*(y,x) = P(y,z) : TuM — T, M.

Its infinitesimal connection 67 : TM — JTM is the jet prolongation of the Jacobi transport
map given for any X € T, M by

67 (X) =47 (2= Jx (1)), (61)

where Jx o(s) is the Jacobi field along the geodesic z(s) = exp,(sZ) from x to z € U, with initial
conditions J(0) = X and DsJ(s)|S:0 =0.

Proof. For the first assertion we use eq. (57). For z € U, let z(s) = exp,(sZ) be the geodesic from
x to z with Z = 2(0) € T, M. Then we have

Py, )2 = (dag)e(2(0) = - (a5 (2(6)) ], = = (ex0, (Ply,2)s2))|,_g = Ply,2) Z

®The references | , Ch.6 and Ch.10] or | , Ch.5] treat Jacobi fields for Riemannian manifolds and the
related Levi-Civita connection V, but the results hold for any torsion-free linear connection on a manifold.
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Note also that, by the isomorphisms of groupoids G(F M) = GL(T' M), this can equivalently be seen
as the jet composition with jla y and gives the parallel transport PEM(y x) : FuM — Fy,M on the
frame bundle of M, that is,

PFM(y, 2)(9) = jLaZ o jb = ji (aZ 0 )

where a frame 1) : R? = =t T, M is seen as the differential at 0 of a local diffeomorphism ) : R% <= M
such that w( ) = z, and therefore it is seen as a jet 301/)

For the second assertion we use eq. (55), and we need to compute the derivative %a‘;”( t)(z) ‘ Y

To do this, we consider the variational curve of the geodesic z(s) along the geodesic y(t) = exp, (tX)
from x to y (cf. Fig. 2) given by

a(t, s) = ayy(2(s)) = expy( (sZ(1)), (t,s) € [0,1] x [0, 1] (62)
where we choose Z(t) = P(y(t),z) Z. This variational curve has
e initial data (0, s) = 2(s), a(t,0) = y(t) and end-point a(1,1) = exp,(P(y,r)Z) = ay(z),
e geodesic main curves s — a(t, s) in the direction of dsa(t, 5)‘320 = Z(t),

e geodesic transversal curves t — «a(t, s) in the direction of the Jacobi field J,(s) = dia(t, s | -0
along z(s), so that a(t, s) = exp, ) (tJa(s))-

X = Ja<0)

Figure 2: Variational curve a(t,s) of the geodesic z(s), with vertical main curves in the direction
of Z(t) = expy)(P(y(t), z)Z) and horizontal transversal curves in the direction of the Jacobi field

Ja(s).

Using eq. (55), we then have

67" (X) = 4m (z — %%(t )}t()) = ju (2 Ot 1) }t o) = Jn (2= Ja(1)).

The Jacobi field J,(s) satisfies the initial conditions J,(0) = d:«(t,0) ‘t _o=X and

Datalo)]y = D (Bualt, ], _y) |y = Di (Bt 9] _y) |y = DeZt) =0
where we used | , Lemma 6.3] and the fact that Z(t) is parallel along y(t). Therefore .J,
coincides with Jx g. O
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4.4.2 Jacobi jet direct connection

Definition 4.16. Similarly, we call Jacobi direct connection on J"Pair(M) the local map A™ :
Pair(M) = J"Pair(M) defined on any (y,x) € U by

with jet primitive bisections 8y : U, — Pair(M), z = Bj(z) = (b;(2),2) given by the local
diffeomorphisms

by : Uz — M, 2 by(z) = exp, (P(z,2)X), (64)
where X € T, M is defined by y = exp,(X).

Theorem 4.17. The Jacobi direct connection A™ on J"Pair(M) is the jet prolongation of the
Jacobi transport map A (y,z) : TyM — T,M, Z — Jz0(1), where Jzo(t) is the Jacobi field along
the geodesic y(t) = exp, (tX) from x to y with initial conditions J(0) = Z and Dt‘](t)‘t:o =0.

Its infinitesimal connection 6" : TM — JVIT'M 1is the jet prolongation of the parallel transport
along geodesics, that s,

(X)) =42 (z—P(z,2)X).

Proof. For the first assertion, we use again eq. (57) and get A'(y,x) = (dbj), : T.M — T, M. For
any Z € T, M small enough to have z = exp,(Z) € U, and a geodesic z(s) = exp,(sZ) from =
to z (if Z is not small enough we rescale it and consider a geodesic on a smaller interval of s), we
consider the variational curve of y(t) along z(s) (cf. Fig. 3) given by

Bls,t) = by (2(s)) = exp() (X (s)), (s,1) € [0,1] x [0,1] (65)
where we choose X (s) = P(2(s),z)X. This variational curve has
e initial data 8(0,?) = y(t), B(s,0) = z(s) and end-point 3(1,1) = exp,(P(z,7)X) = b;(2),

e geodesic main curves ¢+ (s, t) in the direction of 9;/(s, t)‘tzo = X (s),

e geodesic transversal curves s — (s, ) in the direction of the Jacobi field J3(t) = 0,0(s, t) ‘3:0
along the geodesic y(t), so that 8(s,t) = expy)(sJs(t)).

Then we have

Ay, 2)(2) = (@52 (2(0)) = B ()] g = 8505, D]y = Ja(1).

Since J(t) has initial values Jg(0) = Z and Dtjﬁ(t)‘tzo = DSX(S)}S:O = D,P(2(s),x)X|s=0 = 0,
it coincides with Jzg.

Finally, let us show that the map Al(y,z) : T,M — T,M, Z — Jz0(1) defines a direct
connection on GL(T'M) =2 J'Pair(M). In fact, it is well defined for (y,z) € U, it is linear in Z
because Jzo(t) = Jg(t) is the solution of an ODE whose initial conditions are linear in Z, and finally
it is invertible: its inverse is the linear map ®(x,y) : T, M — T, M, U + J(1) where J(t) := 8,5(s, t)
is the Jacobi field detemined by the inverse variational curve 3(s,t) = 8(s, 1 —t) ‘s:O of the inverse
geodesic x(t) = y(1—1t) from y to z, along the geodesic u(s) = exp, (sU), hence J(0) = U, and with
second initial condition

Dtj(t)‘t:o = Dy[—P(u(s), z(s) P(z(s), x) X]|s=0
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y(t) X

Figure 3: Variational curve (s, t) of the geodesic y(t), with horizontal main curves in the direction
of X(s) = exp,(5)(P(2(s),z)X) and vertical transversal curves in the direction of the Jacobi field

I3 ().

instead of Ds[—P(u(s),y) P(y, ) X]|s=0. The map ®(z,y) is indeed the inverse of Al(y, ), because
J(t) = J5(1 — ) if U = J5(1) = J(0), then J(1) = J5(0) = Z.
For the second assertion, we use again eq. (55) and get

(X)) = 4o <z — ibz(t)(z)‘tw) =2 (z — 8t5(1,t)‘t:0) =ji(z— X)) =42 (z— P(z,2) X).

O

Proposition 4.18. The local maps P™ and A™ define two generally distinct direct connections on
J"Pair(M). The two direct connections coincide if and only if V is flat.

Proof. As shown in the previous proofs, the primitive bisections of the two direct connections are
associated to two variational curves «(s,t) and §(¢,s) with the same initial data but distinct end-
points, velocity vectors and Jacobi fields. The two variational curves are necessarily distinct, that
is, a(t, s) # B(s,t) except for s = 0 or t = 0. In fact, the equality exp,) (sZ(t)) = exp,(,) (tX(s))
means that X (s) = Ju(s) is the variation field of a(s,t) and Z(t) = Jg(t) is the variation field of 3.
These equalities in general do not hold, because for generic points y, z € U, (hence generic "small"
tangent vectors X, Z € T, M) the fields X (s) = P(z(s),x)X and Z(t) = P(y(t),x)Z are not Jacobi
fields:

P(z(s),z) RY(X,Z) Z #0,
P(y(t),z) RM(Z, X)X #0.

DX (s) + Ri() (X (s), (s)) £(s)
DiZ(t) + Ry (Z(t), (1) 5(t)

In particular, the two end-points aj(2) = exp,(P(y,x)Z) and bj(z) = exp,(P(z,2)X) are distinct.

Finally, the two direct connections P™ and A" coincide if and only if we have P"(y, z) = A"(y, x)
for any points x,y € M sufficiently close to each other. This means that ay(z) = bj(2) for any 2
in a neighborhood U C U, of x, or equivalently that the two variational curves «(t, s) and (3(s,1)
coincide. Applying the argument above, this holds if and only if the curvature tensor RM (X, Z)
vanishes for the fixed tangent vector X = exp,(y) € T, M and for any other (small) tangent vector
Z = exp,(z) € T, M corresponding to any z € U. If this holds for any = € M and y € U,, it means
that V is flat. O
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4.4.3 Exponential jet direct connection
Definition 4.19. We call exponential direct connection on J"Pair(M) the local map Exp™ :

Pair(M) = J"Pair(M) defined on any (y,x) € U by

Exp”(y,2) = j; (2 = 75 (2)), (66)

with jet primitive bisections vy : U, — Pair(M), z + (¢ (2), 2) given by the local diffeomorphisms

¢y Uz = M, 2+ cy(z) = exp, (X—i—Z), (67)

where X, Z € T, M are defined by y = exp,(X) and z = exp,(Z).

Theorem 4.20. The exponential direct connection Exp" on J"Pair(M) is the jet prolongation of
the Jacobi transport map Exp!(y,z) = T,M — TyM, Z — Joz(1), where Jo z(t) is the Jacobi field
along the geodesic y(t) = exp,(tX) from x to y with initial conditions Jy z(0) =0 and DyJo 7z = Z.

Its infinitesimal connection §¥¥P" : TM — J"TM s the Lie algebroid exponential jet prolonga-
tion " : TM — J"T'M given in [ , §3 and [ , §5].

Proof. For the first assertion, by eq. (57) we have Exp!(y,z) = (dey)e : TeM — TyM. Consider
the variational curve of y(t) by a spray of geodesics starting at x in directions X (s) = X + sZ (cf.
Fig. 4), given by

+(5,1) = expy (X(5)) = expy (X + s62)); - (5,) € [0,1] x [0, 1]. (69)
This variational curve has
e initial data y(0,t) = y(t), 7(s,0) = z and end-point 7(1,1) = exp,(X + Z) = ¢;(2),

e geodesic main curves ¢ — (s, t) in the direction of dyv(s,t = X (s),

M=o

e geodesic transversal curves s — (s, t) in the direction of the Jacobi field J, () = 0s7y(s, t)|
along y(t), so that (s, t) = exp,)(s/,(t)).

s=0

X

Figure 4: Variational curve v(s,t) of the geodesic y(t), with radial main curves in the direction of
X (s) = exp,(X + sZ) and vertical transversal curves in the direction of the Jacobi field J,(t).

Since ¢ (2(s)) = exp, (X + sZ) = (s, 1), we have

Exp' (y,2)(Z) = (dey)a(2(0)) = %05(2(8))!820 = 0v(s,1)] ;o = (1)
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Since J,(t) has initial values J,(0) = 0 and D;.J, Dy(X + SZ)‘S = Z, it coincides with

Dy =

=0
JU, z.
Now let us look at its infinitesimal connection 6™P". Let us recall that W.M. Mikulski | ,
§3| and I. 1. Kolar | , §5] introduced a canonical exponential jet prolongation of the Lie

algebroid connection ¢ : TM — J'TM = A(GL(T'M)) associated to a torsion-free linear connection
V on TM: it is the Lie algebroid connection " : TM — J"T'M defined on a tangent vector
X €T, M as the n-jet

(X) 1= G, (dexp, (X)) (69)

where dexp, : T(T,M) — TM is the differential of exp, in a neighborhood of the null vector
0, in T, M and X is the vector field on T, M obtained by tramslation of X, that is, X (Z)
X+ 7Z € Tx(TyM) for any Z € T,M = Ty, T,M. This infinitesimal connection extends e =
Id =: TM — TM because e%(X) = (dexp,(X))(0,) = (dexp,)x(0,) = X. At higher orders, since
Z = DyJy(1)] Mo bY | , Corollary 2.5] we have

e"(X) = jo,(Z = (dexp,)x(2)) = jo,(Z = Jy(1)),
where the jet is computed using the derivatives of the curve s — sZ with values in T, M. On the

other side, using eq. (55), we have

n d
SEPT(X) = 4n <z'—>dtcy ’t O)—jx(zf—)@’)’lt‘t 0)—]x(2*—>J( ),

where the jet is computed using the derivatives of the curve s — z(s) on M. Since z(s) = exp,(sZ2),
the two infinitesimal connections e” and §¥*P" coincide. O

Remark 4.21. For a general manifold M and a generic linear connection V, the exponential jet
direct connection Exp™ is clearly different from the parallel one P™ and from the Jacobi one J". As
in Proposition 4.18, they coincide when V is flat. (|

4.5 Flat jet groupoids

According to Proposition 3.26, a jet groupoid J"G on a connected manifold M is flat if and only
if it admits a flat direct connection. Suppose that G is flat. Then, is J"G necessarily flat? In this
section we show that in general this is not the case, and give a sufficient condition (on M) to have
flat jet groupoids.

Example 4.22 (Non flat jet groupoid). Example of jet prolongation of a flat direct connection
which is not flat? g

Theorem 4.23. Assume that the manifold M is affine, i.e. T M is equipped with a flat torsion-free
linear connection. Then:

1. the groupoid J™Pair(M) is flat,

2. the jet prolongation J"G of any flat groupoid G on M is flat.
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Proof. 1. If TM is endowed with a flat and torsion-free linear connection V, then the parallel direct
connection P™ on J"Pair(M) given in Definition 4.14 is flat, that is, it is a groupoid morphism. In
fact, consider three nearby points x,y, 2z € M and

Py, z) = jr(ur (ay(u),u)) with a, (u) = exp, (P(y, x)U), u = exp,(U)
P (z,y) = Jy (v — (a Z(v),v)) with a?(v) = exp,(P(z,y)V), v =exp, (V).

Since V is flat, we have P(z,y)P(y,z) = P(z,z) and therefore
af(ay(u)) = exp,(P(z,y)P(y,2)U) = exp,(P(z,2)U) = a7 (u).

Then, the multiplication in J"Pair(M) gives

P (z,y)P" (y, x) = jy (u = (a(ay(u), w)) = jy (u = (a2 (u), v)) = P"(z,2).

This proves that the groupoid J"Pair(M) is flat.

2. Now let G be a flat groupoid, equipped with a flat direct connection I". Then its jet prolon-
gation along P™ is the composition I'" = J"I' o P™. Since J"I' is also a groupoid morphism, by
Proposition 4.1, the direct connection I'" is flat. Therefore J"G is a flat groupoid. O

4.6 Taylor expansion with respect to direct connections

Inspired by regularity structures on a manifold | |, in this section we introduce a covariant
notion of Taylor expansion of local sections of a vector bundle E induced by a generic direct
connection I' on E, which turns out to present the usual local terms given by higher covariant
derivatives and new non-local integral corrections, cf. Theorem 4.29. These extra integral terms
vanish if I" is transitive, that is, by Theorem 3.18, if T" is the parallel transport of its associated
linear connection, as in | |.

As before, consider a base manifold M equipped with a torsion-free linear connection VM on TM,
and a vector bundle E' — M of finite rank equipped with a direct connection I' : Pair(M) %« GL(E)
on its frame groupoid. Suppose that I' is defined on a normal diagonal domain U = J,c,; Uz X Uy
covered by uniformly normal neighborhoods. Denote by V := V! the linear connection on F
induced by T, see eq. (23), by V" : T'(E) = T*M®" @ E the higher covariant derivatives induced
by VM and V, recalled in (127), and by D% : T(E) — S™(T*M) ® E its associated symmetrized
covariant derivatives, as in (129).

Definition 4.24. Let o € M be a given point, U, a uniformly normal neighborhood of zy and
Y € T'y,, (M, E) a smooth local section defined on Uy,. We call generalized Taylor section of
order n of ¢ at o induced by I" the local section GTay;, 1 of £ defined on any x € Uy, as

GTayy, ¥(z) = Tayy ¢ (z) + Inty ¥(z), (70)
where we set

e n-th order Taylor polynomial of ¢ at zg

Tay2, ¥(z) = (. 20) Zk— Dl (X), ()
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e n-th order integral correction of ¥ at x(

n n 1
Int; v(z) = Tz, o) ZJ,( Zl) /0 (1= )" Quirr(t) D((t), 20) ™" DY (2(1)°") dt,

k=0
(72)
e n-th order remainder of ¢ at zg
1 ! — n 3 n
Remg0 (z) = I'(z,z0) o /0 (1 —1t)" T'(x(t), x0) 1 Dvﬂw‘x(t) (:c(t)® H) dt, (73)

where X € T, M is the initial velocity of the geodesic z(t) = exp, (tX) from x¢ to x and the
operator Qp,(t) € End(Ey,) is a polynomial in the correction terms

C1lt) = L a(s).2(0) .,
Co(t) = L), = 2o Ky (), () (74)
2T N =t T gyt v ’ s=u=t
Cult) % @) n>3
given by the recurrence relation
Q1 (1) = 5 @n() + Qu(t) C1() (75)

with initial condition Qg(t) = 1,. Note that the argument of the integrals in (72) and (73) are
usual vector-valued functions in E,, so the integrals are considered component-wise. Finally note
also that the symmetrized covariant derivatives D%w are evaluated on the same tangent vector k
times, therefore they coincide with the higher covariant derivatives V¥4).

The expression of the polynomials @,,(¢) in terms of the corrections C,(t) can be given in an
explicit closed form, but this requires heavy combinatorial notations and we omit it because we
don’t need it. Instead, we give some explicit examples.

Example 4.25 (Integral corrections). The first terms of the polynomial operators Q,,(t) solving
the recurrence (75) are:

Qo(t) = 14, Q1(t) = C4 Q2(t) = Co + Cf

Q3(t) = O3+ (2C2Cy + C103) + Cf

Qu(t) = Cy + (3C35C +3C3 4 C103) + (3CoCF +2C1CoCy + C3Cy) + CF
Qs(t) = C5 + (4C4Cy + 6 030, + 4 C2C3 4 C1Cy)

+ (60307 +3C1C5C, + CEC3) + (8 C3Cy + 4 CoC1Co + 3C1C3)
+ (40203 4+ 3C1CyCF + 2030501 + C3Co) + CF

where all the terms C, depend on t and do not necessarily vanish for a generic direct connection I'.
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The integral corrections for the expansions up to order 4 are:
2, o(z) = Dz, 20 / Orlt 20) " (a()) dt
Int}, ¥ (2) = I(,20) /O (1-1) [@2<t> D(a(t),0) ™ $(a(t)) + 2 Qu(t) D(a(t) 20) - Vel (0(1))] dt
1
tut2, (o) = L) [ (1= 07 |5 Qalt) Dlale)0) ™ w(a(0) + 5 Qalt) Dlalt) )" Vo, 30
0
+g Q1(t) T(x(t), = v%/)\ ( t)®?)| dt
1 1 2
Int? ¢)(x) = Iz, 20) /0 (1-1)° [6 Qu(t) T(w(t),w0) ™ Y(a(t)) 4 5 Qa(t) T((t),70) ™ V| (1)
+Qa(t) D((t), 20) ™ V2| ) (2 (D)%) + = Q1< ) D(a(t), 20) ' V20, (2(D)%°) | dt
1
tutt, (@) = Do) [ (10" [214 Qs() T(w(t), z0) ™ Yla(t)) + 55 @ult) T(a(t),0) ™" Vb, (5(0))
2 Qa(t) T (1), 20)™ V29 (%)
Qi) T (t), o) ™ VAl (E(1)) |

£ Qlt) Tla(t),20) ™ V20 (%) +

It should be noted that, unlike the Taylor polynomials Tayy v, the integral correction Intgg‘lw of
order n + 1 is not simply that of order n plus an additional term. O

Lemma 4.26. With the above notation, we have
Rem v (z) = O([|X]|*"+)
and therefore hm Rem;, ¢(x) = 0 at order n + 1, as usual.
T

Proof. Assume that xg is a fixed point in M, x € Uy, goes to xg and let z(t) = exp, (tX) be the
(unique) geodesic from xg to z, which has compact support in M. Let us give an upper bound for
every factor appearing in the definition (73) of the remainder:

e The operator I'(x,zp) is an isomorphism of vector spaces from E,, to E,. Since z is the
end-point of the geodesic x(t), the operator norm of I'(x, zp) is bounded by a finite constant

AL, o, ) := maxepo,1] [Tz (1), o).

e Similarly, the operator I'(z(t),2¢)~! is an isomorphism of vector spaces from By to B,
therefore its operator norm is bounded by a finite constant A(I'™!, z, 2) := maxe[o 1) [|T((£), zo) -

e The higher covariant derivatives V 1/)‘ ( t)®k) are vectors in E, ;) with bounded norm

vk ®l€ _ Vk k < Vk k“

IV Lo GO = 1956 o | 1@ < mmax [V, | max @]

On one side, set A(V*, xq,z) := max;eo, 1] Hvkw|x(t)u < 00 the upper bound of the operator
norm of the covariant derivatives of ¢) on the geodesic. On the other side, the velocity of
the geodesic at the point x(t) is @(t) = P(x(t),z)(X), and since the parallel transport is an

isometry (here we consider on the vector bundle E the canonical Euclidean metric), we have
[ = [1X1]-
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Putting all these bounds together, and knowing that fol(l — )" dt = we obtain an overall

estimate of the remainder:

_1
n+1

1
m A(T, zp, x) A(F_l,zg,$) A(V”"'l,xo,az) ||X||”+1.

[Remz ¢ (z)]| <
Now, in the limit x — x¢, the velocity X of the geodesic from zg to x goes to 0. Since I' is smooth,
we also have ||T(z(t), z0)|| — |14 = 1, hence A(T,zg,z) — 1, and similarly A(T"!, zg,2) — 1.
We have no explicit estimate for the limit of the upper bound A(V™*!, zq, ), but we can bound it
uniformly in = considering its sup for = in a compact set K C U,, containing all small geodesics
starting at xg. Finally, the above estimate shows that on every such compact set K there exist
constants A independent of x such that

1 — n
HR,emZO (.’L‘)H S m A(F,xO,K) A(F 171‘07K) A(Vk’xo,K) HXH +1’
and therefore Rem[ 1 (z) = O (|| X||"*!) for z — . O

Remark 4.27. Suppose I' is a transitive direct connection, which is equivalent to the parallel
transport of a linear connection V on E by Theorem 3.18. Then all the correction terms C,,(t)
vanish, and with them all the polynomials @,,(t) for m > 1 and therefore the integral corrections
Int}; +. Only the term for Qo(t) = 1, survives in the remainder, which then coincides with that

given in | , Definition 65| for the trivial bundle E = M x R (where the displacement from
E,, to E; can be omitted, since it is induced by the global trivialization of the bundle).
Asin | , Theorem 62|, for transitive direct connections one can then prove an approxima-

tion theorem for a section v in terms of the Taylor polynomial, which only contain local data given
by the jet of ¢ at xq:

(x) = Tay;,(z) + Rem} ¢ (z)
where z(t) = exp,, (£X) and Rem} ¢ (z) = O(||X|[|"*1). O

We now prove an approximation theorem for a section 1 in the case of a general direct connection.
The proof is presented in two steps: first we prove an approximation formula with a modified Taylor
expansion, which contains all the coefficients coming from successive derivatives, then we prove the
final approximation formula, by showing that some of the previous coefficients vanish.

Lemma 4.28. Let I' be a direct connection on GL(E) defined on a diagonal domain covered by
uniformly normal neighborhood, and let V be the linear connection on E induced by I'. Set

Tay. (x) = (x, z0) Z% o™ (wo) VR, (X2, (76)
k=0

where the coefficient a,(cn) (o) is an operator in End(Ey,) defined by

n—=k
n 1
al (z0) 1= 1, + S — Qm(0), (77)
m=1 '

where Q. (0) is the evaluation of the polynomial Qm,(t) given in eq. (75) at t = 0. Then, for any
x € Uy, and for any n > 0 we have

P(x) = '/T;yz(ﬂb(m) + Int}; p(x) + Remy, ¥ ().
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Proof. For any z € Uy, let z(t) = exp, (tX) be the geodesic from xg to x, with initial velocity
X € Ty,M. For any t € [0, 1], set

F(t) = T(2(t), 70) "' $(a(t)) € B,

so that $(z) = T(a,a0) F(1), $(ze) = F(0) and Vxv|, = 40((t),20) o(@(®)],_, = F/(0).
The usual Taylor’s theorem with integral remainder applies to the vector-valued function F' and
gives

F)y=>Y" L FM(0) + l, /01(1 — )" F (1) qt. (78)

1) Determination of %ZO@Z)(JE). The first task is to evaluate the expansion of F("™(0) in terms
of the homogeneous polynomials V’%Mmo (X ®k). For this, we expand the successive derivatives at
generic t € [0, 1]

_dam
Cdem

d

(T (@ (), w0) " o(a() = =

F(m)
(v !

Fn1)(s)| (79)

s=t

in terms of the homogeneous polynomials of eq. (128)
k . k
VP (@) = Vi (Ve (Vaw®) ) |

and of some corrections coming from the curvature of I' along the geodesic x(t), which can only
appear as coefficients of the homogeneous terms in degrees smaller then m. The computation of the
expansion of F(™) (t) is a non-trivial combinatorial issue, let us proceed by steps. Set

Ap(t) = T((t),0) " VY (2(6)%F) € Euy, k>0 (80)
Fm () = f;p,g%) Ag(t), m >0 (81)
k=0

where P,im) (t) are operators acting on FE,, that depend on the correction terms. With these no-
tations, we have Ag(t) = FO(t) = F(t) and A.(0) = V’%‘IO (X®*), so the principal part of the
expansion (78) becomes

n

> %F(m)(O) = %Zplgm(o) Ap(0) = % (Z ::!P,Em)(())> vEg[, (XY,

m=0 m=0 " k=0 k=0

and the finite terms

give the coefficients of the Taylor expansion of 1(z) near 1(zg) with the corrections produced by
the direct connection I', if it is not transitive. Let us prove that d,gn) (x0) agrees with the coefficient
aén) (o) given in (77). For this, we use equations (79), (80) and (81) to determine the generating

corrections and the recurrence relations for P,gm) (t).
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Order m = 0. We have F(O)(t) = Ay(t) = F(t) € Ey,, so Péo) (t) = 14,. It follows that EL((]O) (xg) =
P0) =1
0 zo-

Order m = 1. The derivative F'(t) = diF(s)| = 4 (T(z(s), m0) ' (z(s))) ‘s:t cannot be

S s=t ds
computed directly in terms of Vi), because x( is not the value of z(s) at s = ¢t. We introduce a

trick that we will apply at any order of derivation.

Trick to derive sections along a geodesic. Since x(s) and z(t) are points on the same geodesic,
using the transitive property of exp in time we can consider z(t) as the starting point of the geodesic
leading to x(s) = expy(y((s —t)(t)), and therefore we know the derivative

%(F(m(s), x(t))*%(w(s))) ozt = Ve ¥ o)-

For any section ¢ of E, this gives the value of a new section of E at the point (t), and I'(z(t) xo)_lvi(t)wz(t)

brings its value back to xg. To apply this derivative, we transform T'(x(s), z¢) ™! into I'(z(s), z(t)) !
using the curvature K, (z(s),z(t)), cf. eq. (28), and get

D(x(s), 20) ™" = Kao(2(5), 2(t)) T(x(t), 20) "' T(x(s), x(1)) ™.
Finally, we can write
D(x(s), z0) "' (z(s)) = Kuy(2(s), 2(8)) T(x(t),x0) ! T(a(s), ()" ¢(x(s)) (82)

and apply the Leibniz rule to compute its derivative at s = ¢.
Since I'(z(t),z0)~! does not depend on s, the derivative of F(s) expressed using (82) has two
terms:

F(t) = %Kzo(x(S),x(t))IS:t D(a(t), 20)~" I(x(t), 2(t)) ™" 9 ((t)

Koy (2(0) (1)) Da(), 20) ™ o (Do), 2() ™ la(s)],,

= Ky (2(6), 2(0)] oy T(0),20) ™ (2(0) + T (0),20) ™ Tt
d

= £K$O (:p(s),m(t))}sth(t) + T(z(t), 20) ! vi(t)mx(t)
= 1 () FO®) + A1 (1), (83)

where C'(t) is the first correction term defined in (74), which does not necessarily vanish for ¢ # 0
(it does for instance if T’ is transitive, cf. Definition 3.1 (iv)). Eq. (83) then gives the first term of
the recurrence:

FO () = C1(t) Ao(t) + AL(t). (84)
In other words, we have
Py =Ci(t)  and  PU(t) =1, (85)
It follows that a\" (z¢) = P{”(0) + PV (0) = 1, + C1(0) and @\" (o) = P (0) = 1,,.

Order m = 2. Now we compute F”(t) = %F’ (u)‘u:t. To make the recurrence explicit, start from

F’(u) given by eq. (83) and apply the Leibniz rule. On one side we need the derivative of Ci(t),
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which is Cy(t) by definition (74), and the derivative of F © )( t), which is FM(t). On the other side,

we need the derivative of A1(t) = T'(x(t), zo) 1V¢‘ (t)), that we compute using again the trick
(82), thus obtaining, as in eq. (83)
d d _1 .
Sa(t) = = (D (s), 20) Vo (6)) ] oy
d _ _
= %Kﬂﬁo(‘r(s)?m(t))}s:t D(z(t), zo) ! V"f(t)d}{x(t) + D(z(t), zo) A Vi(t)vi(t)lﬂx(t)
= C1(t) Au(t) + Aa(2). (86)

Putting all the terms together, we get

FO(t) = Co(t) FO(t) + Ci(t) FY + Cu(t) Ax(t) + Aa(t)
= (Ca(t) +Cl(t)2) Ap(t) +2C1(t) A1 (t) + Aa(t), (87)

that is,

PP =)+t PP)y=201(t) and  PP(t) = 1,,. (88)

ay (x0) = Py" (0) + P§V(0) + PS2(0) = Lyy + C1(0) + (C2(0) + C1(0)?)
i (w0) = P(0) + S AP (0) = Ly + C1(0)
35" (o) = P, (0) = L.
Order m. It is now clear that the operators P,gm) (t) defined by eq. (81) are polynomials of the

correction terms C(t), C2(t) and their derivatives Cp(t) of eq. (74). They satisfy a recurrence rela-
tion computed by applying the derivation rules of polynomials to obtain F(™*1(¢) from F (m) (t) =

o P]gm) (t) Ag(t). For this, we need the derivative of Ay (t) = I'(x(t), x0) 1ka‘ ( ®k), that
we compute again using the trick (82) as for (86), and gives
d
& A4) = Colt) Au(t) + A () (9)

We then have

=3 (P70 A0+ P70 (010 Ault) + v (1))
k=0
m m-+1

=S ( A1) + P (1) O (1) Ak<t>) 30 P Ak
k=0 k=1

We set PET) (t) = 0, which is meaningful because there are no possible terms Ag(t) for negative k,

and assume as inductive hypothesis that pim (t) = 14, for any m > 0 (hence %P,g,lm) (t) =0), which
is already confirmed for m = 0,1, 2. Then we can write

i = pm) (m)
F Z dt P () Ch(t) + P (1) ) A(t).
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Comparing this with the expansion F(m*1(t) = ZZL;Ol P,gmﬂ)(t) Ag(t), and knowing that Cy =
Pg(l), gives the recurrence relation

m m d p(m "
P :P]g_i(t)Jr%pé () + P (1) PV (#). (90)

Now let us prove that this identity implies
m m m—k
A= (1) B o)

Since PST) (t) =0 and Pr(:i)l (t) = 0, because there are no possible covariant derivatives of ¢ of order

m + 1 if we derivative F' at order m, from (90) we deduce that P]gk) (t) =1, = (]]z) Péo) (t). This,
in turn, implies that

k k d ok k k
R = BB @+ R0+ RO0 B0 = B0 + BV )
k— kE+1
=PIV 2RV = = (k) BV () = ( X ) PV (1)
By induction, suppose that (91) holds for m and k. First observe that, by (90), we have
m—k+1 d (m—k m—k 1
By = 2RV (0 + BTN (0 BV ().

Then, replacing the terms P,gm) (t) in the expression of P,gmH)(t) we get

m m m d m— m— m m m—
A =+ () [Gr R0 RPe| =p2o + (1) Ao

m— m—1 m—k m m—k
= ,5_21)(t)+(k_1> P )(t)+(k> PR ) =

_ [(m;k) A @_—11) . (7:)] P () <m— :+1> P

by the Chu-Vandermonde identity of binomial coefficients

(- ()

In conclusion, we have
Fm 0 =3 0 40 =3 (1) Qo) Al (92)

where the polynomials @, (t) := Po(m) (t) satisfy the simplified recurrence given by eq. (75), obtained
by inserting (91) in (90).

Conclusion. Finally we come to the equality d;n)($0) = a,(gn) (o). From the previous results, it
follows that

m!
m=k m=

_(n —~ kL m Sk ml m—k
W) = 3 L A0 = 3 L RO
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where we set j = m — k. The equality follows from (Q(0) = PO(O) (t) = 1g,.

2) Determination of Inty ¢(r) and Rem} ¢(z). To conclude the proof of the lemma, the
second task is to compute the integral remainder in eq. (78). We expand the derivative F("+1(¢)
inside the integral using eq. (92) and separate the last term, which depends on the derivative

anrlw‘x(t) (i.®n+1):

FOD @) =3 <n_l: 1> Qn1-k(t) Ar(t) + (Z i i) Qo(t) Ant1(t).

k=0

Substituting the terms A (t) given in eq. (80) and Qo(t) = 1,, we get

I n o(n ~1 (n+1) [! n _ :
i o e a= 325 (M) [ 0 Qua o Tl el (B0 @
L (n+1 ! n —1 gn+l L @ntl
o (000) [ 007 Q) ) T (05 d
=T (z, :L‘o)_llntgozb(x) + I'(z, :Uo)_lRemZO (x),
which concludes the proof of the lemma. O

Theorem 4.29. Let I be a direct connection on GL(E) defined on a diagonal domain covered by
uniformly normal neighborhood. With the notations of Definition 4.24, for any x € Uy, and for any
n > 0 we have

P(x) = Tayy ¢ (2) + Ity (z) + Remy, i (z).

In other words, the generalized Taylor section GTayy 1 (x) = Tayy, () + Inty (x) is an approzi-
mation of Y(x) of order n for x — xy.

Since for a general direct connection I' on GL(E) the term Int}; ¢)(x) does not necessarily vanish,
this result says that the approximation of a local section v at a point xy using a general direct
connection is not given by its local expansion Tay}, 1 (x), but requires the non-local correction term

Int}y ().

Proof. After Lemma 4.28, the only thing which remains to prove is that ;I‘—a\;fzodj = Tayj ¥, ie.

that all the coefficients a,(cn) (o) are equal to 1;,. This means that the polynomials @Q,,(0) vanish
at t = 0 for any m > 1. To see this, let us expand ¥ (x) at z¢ using Lemma 4.28 and evaluate the
expansion in 2 = xg. Since, by Lemma 4.26, we have Rem} 1 (xo) = 0, for any n > 0 we have

Tay,, ¢ (o) + Int? p(x0) = ¥(xo). (93)

For x = mg, both the initial velocity X of the geodesic x(t) from zy to x and the parallel trans-
ported velocity @(t) become the null vector. Therefore the terms on the LHS containing derivatives
ka‘mo (X®*) and de}|z(t) (:(t)®*) vanish for k > 0.

The integrals appearing in Int, 1 (2¢) must be understood as the limits for s — 0 of the integrals
along the new geodesic (in time t) from zo to the point x(s) = exp, (sX) of the original geodesic
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from xq to x. The new geodesic can be parametrized as x(st) = exp,,(sX), for ¢ € [0,1]. Then,
since I'(xo, z9) = 14, and a(()n) (20) = Lug + Yom—1 =@ (0), the identity (93) becomes

n n 1
aw) = ) + 3 21@n(0) van) + iy " [0 07 Qo) viatet)
m=1

s—=0 nl!

= () + 3~ Qu(0) $(w0) + 1 Quer(0) (o).
2 .

Now we observe that Q1(0) = C1(0) = 0, by Lemma 3.15. Therefore the sum over m can start at
m = 2, and we have

> Lo+ "0 ) =0

m=2

By induction on n > 1, it follows that @,,(0) = 0 for any m > 2, and therefore TAa&Zozp =
Tay? 1. O

Corollary 4.30. The correction terms Cy(0) due to the curvature of I' along geodesics, evaluated
at t =0, all vanish.

Proof. Lemma 3.15 directly implies that C7(0) = 0. For n > 2, this follows by induction on n from
the expression (75) of the vanishing polynomials @,,(0), which are of the form C,,(0) plus terms in
lower orders. For instance, for m = 2 and m = 3 we have

Q2(0) = C5(0) + C1(0)* =0

@3(0) = C5(0) + 2C5(0)C1(0) + C1(0)C(0) + C1(0) = 0

giving C2(0) = 0, then C3(0) = 0, and so on. O

Example 4.31 (Approximation of sections). Let ¢) : M — E be a smooth section, 29 € M a given
point and U,, a uniformly normal neighborhood. The expansion of order 0 of ¢ at z¢ is given, at
x € Uy, by

local but not approximation

—_— 1
b@) 2. Tom) P () /0 Oy (8) T(a(t), o)~ (a(t)) dt

good approximation but non local

1
+F(m,$0)/0 F(x(t),xo)_lvmm(t)(x'(t)) dt.

o(1x1h
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The expansion of order 1 of ¢ at xg is given, at z € Uy, by

Y(x) = I'(x, z0) ¥ (20) + I'(2, 20) V@Z)‘IO(X)

local terms but not a good approximation

o(|x])

1
D) [ (1=0) [(Calt) + €0 T(a(t). o)™ wAa(®) +2C1(0) Talt)san) Vol (0(0)]

-~

extra non-local terms for good approximation

1
+ (2, x0) /0 (1—1) I’(:U(t),mo)_lv2¢’x(t) (a'c(t)®2) dt.

O(1X][2)

Note that the term O(]|X||) in the second line could be affected to the reminder. We keep it in the
principal part of the expansion so that the reminder cancels out at the usual order n + 1. Other
choices of an integral correction and of a remainder could be done directly in Definition 4.24. [

4.7 Higher-order direct connections and jet regularity structures

The jet bundle J"E contains the higher covariant derivatives of the sections of F and therefore it
is of special interest in the context of regularity structures | , |. Inspired by | ,
Definition 80|, in this section we give an example of a higher-order direct connection on J"E which
is not a jet prolongation of a direct connection on F. We then show that it can be used to define a
covariant local model for an E-valued jet regularity structure.

Definition 4.32. Let I" be a direct connection on GL(E) defined on the diagonal domain U/. For any
n > 0, we call Taylor direct connection induced by I' the collection of linear map X" (yo, z¢) :
Jy B — J E defined for any 29 € M and any yo € Uy, such that (yo,zo) in U C Pair(M), by

0
S"(Yo, 70) iyt = Jyo (GTayy v),

where we recall from Definition 4.24 that GTay’ ¢(x) = Tayy v (z) + Int} ¢(z) is a local section
of E defined for any = € Uy,.

Example 4.33. At order n = 0, we recover the value of ¢ transported by I' plus a non-local
correction due to the curvature of I along the geodesic x(t) = exp, (tX) from zq to yo:

2 (yo, z0)¥(x0) = T'(yo, @0t (x0) +F(y079€0)/0 Ci(t) T(x(t), z0) " ¥(x(t)) dt.

To describe X" at order n = 1, we use the representation of jets by covariant derivatives recalled in
egs. (131) and (132). We have

S (Yo, 0) 2, ¥ = dy, (GTay, ¥) = [yo, GTay., ¥ (o), V(GTay}ml/J)}yo} ;
where

GTay,, ¥ (yo) = T'(yo, o)1 (x0) + T (yo, zo) v, (X)

1
+r@mm>4<1—o«mw+cmﬁﬁmﬂwmw*w@@»ﬁ

1
L) [ (1020 T a(t).20) 7 Vil (5(0) dr

29



FINISH: compute V(GTayiow)’yo (Y) for any (small) Y € T,,M with Jacobi fields for sprays of
geodesics centered at xo in starting direction of yo = exp, (X) with slope in direction of zy =
exp,, (Y).
I tryed to compute it, but it is more difficult then the previous cases and I don’t know how to do
it...

We fix three points xg, yo € Uy, and z9 € Uy,, the starting geodesic x(t) =.exp, (tX) from xq
to yo and the geodesic y(s) = exp, (sY) from yo to 2z along which we wantto differentiate (with
respect to s) the function of s with values in E,, given by

T (y(s), y0) ' GTay, b(y(s) = v (wo) + V|, (sY)

1

+ /0 (1 - t) (02(7(57 t)) + Cl (7(87 t)>2) F(’Y(Sﬂ t)> "L'O)il /l/)(’)/(s? t)) dt
1

+ [ L= 02000 IR0 0. 20) T, (Orr(5.0) .

Here the integrals are computed along the geodesics (in t) from g t0 y(s), given by the variational
curve of z(t)

’7(57 t) - eprEO (tX(S))
such that (s, 1) = exp, (X (s)) = y(s). Applying the theory of Jacobi fields, we have

— X(s),

e main curves ¢ — (¢, s) with unknown initial velocity dy(s,?)| -

e transversal curves s — (¢, s) with initial velocity 8s7(s,t)| _, = J(t) giving the Jacobi field

along the initial geodesic z(t), satisfying

s=0

D?J(t) 4 Ry (J (), 2(t)) &(t) =0  for any ¢ € [0,1].

Note that we-don’t know the initial conditions of this Jacobi field, namely J(0) and D;J(t)| —o =
DX (s)|,_,, because we don’t know X (s). Instead; we know the final value J(1) =Y, but I don’t
know how to use it to perform the derivative of the integrands with respect to s. O

Theorem 4.34. The collection of maps 3™ (yo, xo) defines a direct connection on GL(J"E) which
1s mot a jet prolongation of a direct connection on E.

Proof. For the first assertion, by Proposition 3.9 it is enough to show that ¥ is a parallelism. The

map " (yo, zo) is clearly a linear operator from J3! E to Jy, E, because the two operators Tay}; and

Int7 are linear on the derivatives of ). We only have to show that ¥(z¢,z0) = Idg,, that is,

Y™ (20,70) Jug¥ = Jug¥-
Since, by egs. (131) and (132), we can represent jets by higher covariant derivatives, this means
VHM(GTay} )|, = V[, forany k <n. (94)
Theorem 4.29 and Lemma 4.26 say that this equality holds for £ = 0, and therefore we have

GTay’ ¥(wo) = (o) for any n > 0. (95)
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Let us prove eq. (94) by induction. For n = 0, it means that GTay2 ¢ (20) = 1(z¢), which holds by
eq. (95). Now suppose that eq. (94) holds up to order n and consider it at order n + 1. We prove
separately, in the Lemma 4.35, that

VHGTayi )|, = VH(GTay} )|, (96)

for any k < n, therefore it only remains to compute the derivative at order n + 1. Using the
recursive definition (128) of higher covariant derivative, the equality (96) for £ = n and the inductive
hypothesis, we have

VI (GTayi )|, = V (VM (CTay% ) [, = V (V') [, = V™),

which concludes the proof.

To show that 3" is not the jet prolongation of a direct connection on F, it suffices to show that
it does not take value in the subgroupoid J"GL(E). This is due to two reasons: the first is the
presence in X" (yo, zo)Jy,1 of the integral correction Inty 1 (z), which is a non-local term, i.e. it
cannot be described by derivatives of a direct connection on F. This is clear already for the Oth
order direct connection Y° given above.

The second reason is that X" 73" 1) is not filtered in the order of jets of v, that is, the invertible
matrix associated to X" in the hnear basis of J F' spanning jets ]wow by the covariant derivatives
ka‘xo is not a triangular matrix. This can be seen in ¥!(yo, 20), since the 0-th order component

of the jet j;O(GTayiow) is
GTayz, ¢ (o) = I(yo, 20)¥(z0) + L'(yo, o) Ve[, (X
1
+T(n.a0) [ (1= 8)(Calt) + CuOD)Ealt), o) balt) e

0
which already contains Vlb‘xo (X), that is, the full data of j. ¢ (beside the extra non-local term
already mentioned). O
Lemma 4.35. With the above notations, we have

V*(GTayy )|, = V*(GTay; v)|

for anyn >0 and any 0 < k < n.

Proof. For any x € Uy, related to xq by the geodesic z(t) = exp,, (tX), and for any n > 0, set
Hy(x) = GTay; ! '4(z) — GTayg 9)(2).
We prove that Van‘mo (X®*) =0 for any k > 0. For k = 0, we have H,(zo) = ¥(z9) — ¢(20) = 0

by Theorem 4.29. For k = 1, we have VH"‘:;:O( = ds[‘( z(s), mo)_IHn@(S))’s:gv where
1
[(2(s), m0) " Hp(x(s)) = CE] n+1w} ((sX)®mt)
n+1 1 nao
1— n+1 3 A
- Z n+1 ( k > /(; ( t) Qn+2 k(tS) k(ts) dt

- Z <n N 1) /0 (1 —1)"Qny1-r(ts) Ap(ts) dt.

Here, as in the proof of Theorem 4.29, we integrate along the geodesic from z( to z(s), parametrized
by x(ts) = exp,, (tsX) for ¢t € [0,1]. The polynomials Q,(t) are defined by eq. (75) and the Ag(t)
by eq. (80). Let us compute separately the derivative of the three lines:
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e The derivative in s of the first line makes appearing powers of s and keeps the presence of
higher covariant derivatives evaluated in sX, therefore the whole term vanishes for s = 0.

e The derivative in s of the second line affects the integrand @Q,1o_(ts) Ag(ts): using eq. (75)
for the derivative of Q,12-(ts), and eq. (89) for the derivative of Ag(ts), for every k < n+1

we obtain
D o i(ts) An(ts)| = L Qura(t9)]_y Ak(0) + Quyz-1(0) LAy (ts)]
ds n+2—k S k S s:O_ds n+2—k S s=0 k n+2—k ds I& S s=0

=t (Qn13-£(0) = Qni2-£(0)) Ax(0) +Qny2-£(0) t (C1(0)A%(0) + Ax11(0))
which vanishes because @, (0) = 0 for any m > 0, by Theorem 4.29.
e The third line is treated as the second.

For k > 1, this mechanism repeats and produces either higher covariant derivatives of ¥ at xg
evaluated in the null tangent vector, or vanishing polynomials @,,(0) = 0 for increasing indices
m. (]

I CHECKED on |HS23| and compared with [DDD19]:

e Personal comment: Hairer is very aggressive and does not recognize the value of others” work.
This is all he says about DDD’s paper: "At this point we mention the work [DDD19] which
builds a minimal framework to solve Equation (g-PAM) in the special case f = 0 and g = id
within regularity structures.", in [HS23, page 3|. Of course, he never quotes our unpublished
notes.

e DDD do not use jets; but properly consider only local functions defined on open neighborhoods
U, of p € M, and define models IT as producing local solutions of the PDE living in D'(U,),
cf. [DDD19, Definition 14|, using parallelisms and higher covariant derivatives on the trivial
bundle, c¢f./[DDD19, Definitions 76 and 80| and all intermediate Lemmas.

As a result, their polynomial model on a manifold is local, but completely covariant.

e Instead, Hairer-Singh use jets, but a general model for a regularity structure is a map II
producing global E-valued distributions D'(E) (cf. [HS23, Definition 4.13]).

They define a model for a jet regularity structure (in [HS23, Definition 4.20]) using an admis-
sible realization of J*E [HS23, Definition 3.21] which produces global sections of E by reading
in local coordinates the usual functions defined by the Taylor expansion extended globally
with a bump-like transition function.

e Hairer-Singh assume M to be a Riemannian manifold endowed with the Levi-Civita connection
(as DDD), and E to be a metric vector bundle endowed with a compatible linear connection.
The connection on E is used to define the topology on E-valued distributions [HS23, Par. 2.2
p.9], but it is not used to construct admissible realizations of J¥E. Therefore their model for
jet regularity structures is definitely not covariant.

e If the key point is how to produce approximated global solutions, the good covariant approach
is to ask how to glue the local covariant solutions produced by DDD. Instead, Hairer-Singh
produce directly global solutions (with compact support) by importing those on R" via local
charts.
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Remark 4.36. Given a direct connection I' on the frame groupoid GL(F), the generalized Taylor
expansion GTay" of sections of E and the higher direct connection X" induced by I' give a local
model for E- valued jet regularity structures, in the sense of | , Definitions 4.13 and 4.20], but
with maps I, : J3 E — T'(Uyg,, E‘U defined for any xg € M by

HF (]$0¢)($) = GT&YZOIZ)(m)a T e Uﬂﬁoa

which create local sections of E around xg instead of global sections, and with local transport maps
given, for any 2o € M and any yo € Uy,, by the direct connection X" (yo, o) : Jo, B — Jy, E, that
we recall to be

En(y07 ZEO) ];}ow = jgo (GTaYZOw)

In fact, the generalized Taylor expansion GTay” is a (local) admissible realisation, in the sense of
| , Definition 3.21], where the first condition j (GTay}, ) = ji ¥ holds by Theorem 4.34. O

A Appendix: Jet bundles and jet prolongations

In this appendix we review the basic definitions and results on jet bundles and jet prolongation of
principal bundles. Our main references are the standard books by P.W. Michor | |, by D.J.
Saunders | |, and by I. Kolar, P., Michor, and J. Slovak | ].

A.1 Jets and Taylor polynomials of smooth local functions

Let M and M’ be two manifolds of dimension respectively d and d’. Given a local map f : M = M’
defined around a point z € M, the n-jet of f in x, denoted by ;! f, is the equivalence class of local
maps from M to M’ having the same contact of order n of f in z, that is, the same value and the
same derivatives in x up to order n. Jets of functions can be defined for any integer order n > 0,
and JO(M, M’y = M x M'. Denote by J"(M, M'), the space of n-jets of local maps f : M > M’
defined around @ and such that y = f(), and set J;'(M, M) := U, epp J3 (M, M'),. The jet space

JUMMY) = ) THM, M), (97)
(z,y)EM x M’

has two natural projections to M (the source n") and to M’ (the target =(}).

As equivalence classes, jets are by definition independent of local coordinates in M and in M’,
but a representative of a jet involves derivatives which do depend on the choice of local coordinates.
Given a choice of coordinates on M and on M’, the identification of a local map f : M > M’ fixing
f(z) = y to its local coordinates expression f:R% s RY | fixing f(0) = 0, yields an isomorphism
| , §12.6] between J'(M, M'), and the real vector space

Ly, = Jp(R4RY)g @S’f (RY)") @ RY =R, [Xy, .., Xg] @ RY (98)

of dimension [(d;n) - 1} d’ which prolongs the matrix space L} ,, 2 My #(R) for n = 1 and contains
the matrix coefficents af, = ﬁ@a f7(0) € R. The space S*((R%)*) is that of symmetric k-covectors

on R?, cf. | , §12.10] and | , Theorems 5.1.7 and 6.2.9]. The collection (aé)j,a, with
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j = 1,..,d and |a| > 1, together with f(z) = (ag)j, gives the Taylor polynomial of f at x
in the chosen coordinates. Therefore J"(R% R?) = RY x Ly o x R¥. It follows that the jet
space J"(M,M') is a smooth manifold | , Theorem 1.10]: if® A/ has an atlas of local charts
{(U,u: U — R%} and M’ has an atlas of local charts {(U’,u’ : M’ — R%)}, then J2M, M’) has
atlas {(J™(U,U"), J*(u=*,u))} with local charts

J(u™ ) s JYU, U = T (w(U), ' (U) =2 u(U) x LY 4 x u{U") (99)
given by J™(u=t, u)(j2f) = % o fou™1) .

A.2 Higher jet groups and higher frame bundles

Jet composition is the key operation to express the invariance of jets under change of local coordi-
nates. For two local maps f : M %= M’ around x and f' : M’ += M" around f(z) € M’, the jet
composition of 57 f and j;}(x)f' is the n-jet | , §12.3]

Gty f g f =iz (f o f). (100)

The jet composition is associative, it preserves the inversion, i.e. if h : M = M’ is invertible then
(o)~ = j;z(x)hfl, and for M’ = M it has a two-sided unit 1, := j21dy.

Consequently, we can read the jets of local diffeomorphisms h : M s M’ as elements in the
space of invertible jets from M to M’

invJ"(M, M') := set of invertible n-jets j7h € J*(M, M") with respect to jet (101)

composition.
In particular, this gives the n-jet group in dimension d | , §12.6]
GL} = invLy 4 = invJ§ (R%RY), (102)

= group of n-jets at 0 of local diffeomorphisms h : R = R? preserving 0, with
jet composition.

This group extends the trivial group GLY = {14, ,(®)} and the general linear group GL} =~ GL4(R),
where a jet jih € GL) is identified with the differential dhg € GL4(R).
The jet of (the inverse of) a local chart ¢ : R x— M, which represents a choice of local

coordinates of M at « = ¢(0), belongs to the n-frame bundle of M | , §12.12]
F"M = invJ2(RE, M) 70 0 (103)

= set of n-jets at 0 of local diffeomorphisms ¢ : R? += M.

This is a principal GL7-bundle with right action given by the jet composition ji'¢ojgh = jg(poh),
where h represents a change of local coordinates on M at x and ¢ o h the new local chart. The
n-frame bundle is trivial for a flat manifold M = R? on which we can decompose ¢ = 7, o h
into a diffeomorphism h preserving 0 and the translation 7,(y) = = + y bringing 0 to = with jet
j7e = (x,1d): this gives the isomorphism F"R? = R? x GL" which identifies jip = (x,j#h). The
n-frame bundle is also trivial for n = 0, since FOM = M x {1}, but in general it is not. For instance,
F'M = FM = F(TM) is the usual frame bundle, since a jet jép € FLM is equivalent to the pair

S[we could decide to cancel this explanation]
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(0(0),dyo) € FyM with ¢(0) = x, where the differential dpg : R? S T, M gives a linear frame of
TM at x.

The simultaneous choice of a local chart ¢ on M and ¢’ on M’ is then represented on jets by the
two n-frame bundles F"M and F"M’, and the change of local coordinates h and h’ is represented
by the two n-jet groups GL); and GL7,. With the notations of the diagram

M *
1 / J |
@ o (104)

h G*RE > RI¥D p/

R

the group GL} x GL, acts on L ,, from the left by (jih, j"h') -jgf =jo(h' o fo h~1), and the jet
space J"(M, M') can be seen as a fibre bundle over M x M’ associated to F" M x F™ M’ with fibre
Ly | , §12.12], that is

JNM,M") = (F"M x F"M') xgryxarn, Ly Juf = 1309, 30" 30 Fle0)=2- (105)
The isomorphism holds because the local charts ¢ and ¢’ can be chosen arbirarly (with ¢(0) = z)
to define f = (/)" o f o ¢ from f and viceversa.
A.3 Higher tangent bundle

The local map f : R? »— M’ of diagram (104) reads f : M %= M’ in local coordinates on M. Its
jet belongs to a very useful jet space, the n-tangent bundle of M’ in dimension d, also called

the bundle of n-velocities on M’ in dimension d | , §12.8],
TPM' = JPRE, M) 2% M (106)
> set of n-jets at 0 of local maps f : R 5= M.
This is the fibre bundle” with fibre L? ., associated to the principal bundle F"M’ | , §12.12],
that is
Ty M = F"M' xgps, L i f e Loy dg f). (107)

Since T} M’ admits a left GLJ-action given by ji'h - j{)‘f = jg(f o h™1), it gives rise to a second
presentation of the jet bundle J™(M, M') as the fibre bundle associated to F™M over M with fibre
T7M' (from which it inherits the bundle projection to M’):

J"(M,M') = F"M xcry Ty M’ Ja f e 15005 30 fleo)=a- (108)

The isomorphisms (107) and (108) together imply (105).

"The higher tangent bundle 77 M’ is not a vector bundle for n > 1, unless M’ is a vector space [ , §12.8].
To have a vector bundle, one can consider the dual of the higher cotangent bundle T7* M’ = J"(M’,R%)o, which is
a vector bundle over M’ | , §12.14].
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A.4 Jet prolongation of fibre bundles and vector bundles
For a fibre bundle 7w : E — M, denote by I'?® (M, E) the set of its smooth local sections ¢ : M % E,

loc

with domain denoted by Uy, C M. The n-jet bundle of E is the set

JUE = J"T (M, E) = {jz¢ € J"(M,E) | 7ot =1dy, }. (109)
The space J"E is a closed submanifold of the jet space J"(M,E) | , §12.16] and it is a
bundle over M | , §6.2]. Moreover, the target jet projection 7y yields a fibre bundle also on

E. Forgetting the highest derivatives, one gets a filtered tower of affine bundles above E

n Tno1 n—1 WZ:% ™ 1 ™ 0
J'E S RS .. S J E3J'E=E. (110)
A bundle map ¢ : E — E’ between fibre bundles over M induces a bundle map between their n-jet

prolongations
S JUE — JE', g J"¢(jgab) = i (¢ o). (111)

If 7: E— M is a vector bundle of rank r, then the source jet projection 7™ : J"E — M is also
a vector bundle | , §12.17|, while the target jet projection g : J*E — E is an affine bundle.
The fibre of J"E over M is modelled on the vector space

P}, =TiR = JMRYRT) = R” @ Ly, (112)

~ (P SH(RY)) © R 2 Ry [ Xy, o, Xa] O R

of dimension (dzn)r that is, the space of R"-valued polynomials in d variables, which represent the

Taylor polynomials of sections of E in given local coordinates. With the notations of fig. (104),
an element of P can be written as the jet j5f = f(0) + j{ff where Jof € Lj,. In summary,
J'E is the Vecto7r bundle associated to its frame bundle F(J"E) on M with fibre Py, that is,
J'E = F(JnE) XGL(P(?,T) Pc?r'

A.5 Jet prolongation of structure groups

The structure group of the jet bundle J"FE is the subgroup of GL(P" ) which hosts its transition
functions, in particular the jets of transitions functions of E. If E has trivializing atlas {Us} with
associated local sections {f,} and structure group G C GL,(R), the transition functions are the
G-equivariant maps gog : U5|UQB>< G — U, X G, defined on the intersection U,g = U, N Ug

lu,s
of overlapping charts, which relate the local sections by fal|v,; = gagfslu.; Reading the points
z € U, in local coordinates # via the chart ¢ = @1 : R” = U,, and those of Uz in local coordinates
' = h(Z) via the chart gogl = poh: R+ U, where h = @, o 9051 : R” +> R" is the change
of coordinates, leads to define the n-jet prolongation of GG in dimension d as the jet space
| , §15.2]

WPG = set of n-jets at (0,1) € R? x G of G-equivariant local diffeomorphisms (113)
h:R?x G« R x @ defined around (0,1) and preserving 0 € R%.

Such maps h are necessarily of the form h(Z,a) = (h(Z),g(Z)a) = (h,1d) o §(&,a) for a local map
g : R? s+ @ defined around 0 and § : R? x G = R? x G given by §(%,a) = (#,g(¥)a). Then the
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jet g 71)i7, = (joh, 1) oj&l)g is equivalent to the pair of jets (ji'h, jig) € GL x T}G (cf. (102) and

0
(106)). The n-tangent space TG is a group with the pointwise product

—

Jog-Jog = 3o (99", (114)
and GLJ acts on TG on the right by composition. The jet composition of two jets jg) l)ﬁ and

j&l)ﬁ’ becomes the semidirect group law on their representative pairs

(s gi9) - G’ o) = (o (h o W), 55 (g 0 1)g))- (115)
In other words, there is a group isomorphism | , §15.2]
WiG = GL} x T} G, Jtonyh = (G5h1) 0 i 13 = (J5h, 59). (116)

The semidirect product law ensures also that W} G acts on Py, with left action given for j&l)ﬂ =
(7. 38 9) and 5§ f = F(0) + i f by
Joyh - 36 f = 9(0)F(0) + 35 (g o h™") - g (Foh™). (117)
Lemma A.1. For any subgroup G C GL,(R), there is a proper inclusion of groups
WiG =GLy x T{G — GL(FP,). (118)

Proof. Expressing jets in the standard basis of polynomials representing Py, , as after eq. (98),
shows that the action (117) is a matrix product and the action is linear. This defines the inclusion
(118). If we order this basis by increasing order of derivatives, we mimic the affine filtration (110)
of jets: the matrices associated to the jets jf(go h™!) and jg(fo h~1) are then upper triangular.

This corresponds to the results in | , §13, §21] on the filtration of jet subgroups and of their
induced actions. In other words, this means that the image of W}G by the inclusion (118) is a
proper subgroup of GL(P},.). O

A.6 Jet prolongation of principal bundles

The jet bundle J"E on M gives rise to the frame bundle F'(J"E), which is a principal GL(P}, )-
bundle on M. On J"E, we can consider to reduce the structure group to the subgroup W"GLT(R),
and more generally, if £ = P xg R" is the vector bundle associated to a principal G-bundle P, we
can consider a reduction of the structure group of J"E to W7G. The corresponding reduction of
the principal bundle F(J™F) is obtained by considering the jet prolongation of (the inverse of) the
local trivializations 6, : U, x G %= P, which are local G-equivariant bundle automorphisms giving
rise, on overlapping charts, to the transition functions g,g. Reading these maps in local coordinates
on M leads to define the principal n-jet prolongation of P as the bundle | , §15.3]

W"P = set of n-jets j?o 1)0 of local bundle automorphisms 6 : R? x G %= P (119)
above base maps ¢ : R% %= M,

which is naturally a bundle over P with the target projection 7, and becomes a bundle over M
with projection 7 o . The jet group W}G acts on W"P on the right by jet composition

~

j?{),l)e 'j&,l)h = j(%,l)(e oh)= j(%,l)(e o (h,1d) o g), (120)
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and W"P is a principal W} G-bundle over M | , §15.3]. A bundle map ¢ : P — P’ between
two principal bundles over M has a jet prolongation

W : WP — WP, gt 0 = W e(jfy 110) = jib 1) (60 0). (121)

Local trivializations of P are in bijection with local sections of P. This bijection survives on
jet prolongations up to a choice of local coordinates: since the choice of the local chart ¢ is totally
arbitrary (because of the quotient by the action of GLY), the principal prolongation W"P can be
expressed as the pullback bundle of the two bundles F"M and J"P over M, that is | , §15.4|

10109, Eq. (33)]
WP = F"M x5 J"P, Jo.n0 = (o'e, jzp) (122)

where 6 is the local trivialization determined by the local section p, modulo a local chart ¢ on M
such that ¢(0) = z, i.e. 0(Z,a) = p(¢(Z))a for any Z € R? close to 0 and for any a € G.

Examples A.2 (Jet prolongation of principal bundles). Some easy examples:

(a) When M = R?, every local chart at a point z is of the form ¢ = 7,0h, where 7,(y) = x4y is the
translation sending 0 to x and h is a change of coordinates respecting 0 | , §15.3]. This
trivializes the frame bundle FR?. Since ji't, = z, the expression (%, a) = (¢(7), g(F)a) =
(x 4+ h(Z), g(Z)a) gives

Wn(Rd % {1}) o Fan o~ Rd % GLg’ ]?071)9 — jggo — (."L‘,]gh)
WHR? x G) = F'R? xpa JU(R? x G)
~ R x W}G Jiont = (@, joh, jg9)

W™(FRY) = W™(R? x GLy(R)) =2 RY x WIGLg(R).
(b) For general M, the n-frame bundle F"M is not necessarily the trivial GL]j-bundle, the ex-
pression §(Z, a) = (¢(Z), g(Z)a) gives
WM x {1}) = F"M xp J*(M x {1}) = F"M, J{o,)0 — Jo e
WM x G) = F"M xry WiG, Jid > e, (b, 9]
In fact, we have
WM x G)Z F"M xp J"(M x G)
= F"M xp JU(M,G)
2 F"M xp (F"M xgrn T7G) follows from (108)
~ M XaLn wiG
The last line follows from the explicit isomorphism R : (¢, [ph,w]) + [p, (A~ w)] from
F™"M X (F”M XarLn TC?G) to F"M XarLn WC?G
Moreover, since J"(FM) is a principal T} GL4(R)-bundle on M, cf. | , Theorem 1], it
follows that

W™(FM) = F'"M x5 J*(FM) = F"M x T}GLyg(R).

68



A.7 Associated jet bundles and reductions

Let £ = P xg V be a fibre bundle with fibre V' associated to a principal G-bundle P — M. Then
J"E is the fibre bundle with fibre T}V associated to the principal W}G-bundle W"P | ,
§15.5], that is,

Example A.3. Let E be a vector bundle with typical fibre R" and structure group GL,(R). We
can consider three interesting jet bundles by reducing the structure group of J"E.

(a) Since the jet bundle J"E is a vector bundle with typical fibre P}, = Tj(R"), its frame bundle
F(J"E) is a principal GL(P},)-bundle and we have

J'E = F(JnE) XGL(P(?T) P;;,,.
(b) The frame bundle F'E is a principal G L, (R)-bundle such that E' = FE Xy, r)R". Then, by

(123), we have J"E = W"FE Xyngr, () Py, This means that the structure group GL(F},)
of J"E can be reduced to its subgroup W} GL,(R), therefore we have

(c) If the structure group of E can be reduced to G C GL,(R), so that there is a principal G-
bundle P such that F = P xg R", then (123) says that J"E = W"P xwre Py, In other
words we can further reduce the structure group of J"E to W}G C W} GL,(R), and therefore
we have

W"FE = W"P xyne WiGL,(R), (125)
F(J"E) = W"P Xy GL(P},). (126)

Note that by Lemma A.1 there is a proper inclusion of groups W;G C W}GL,(R) C GL(P},),

and therefore a proper inclusion of principal bundles W"P C W"FE C F(J"E). 0
A.8 Jets and covariant derivatives

Let M be equipped with a torsion-free linear connection VM on TM, and let E — M be a vector
bundle of finite rank equipped with a linear connection V. The higher covariant derivatives

V" :T(E) > T(T*M®" @ E) (127)

are defined as follows, cf. | , Ch.III, Section 2| or | , eq. (21)]. Let ¢ be a section of E.
For n—0 set V%) = 1. For n = 1 let V!4 = V4 be the given covariant derivative. For n > 1, first
recall that the linear connection VM on TM induces a linear connection V* on T*M such that the
Lie derivative Ly satisfies the Leibniz rule

£y<Oé,X> = <V§’OK7X> + <Oé, VYX>7

where a € QY(M) and X,Y € X(M). Then extend the tensor product V*®V to a linear connection
V) on T*M®" @ E satisfying another Leibniz rule

n
V(n+1)(a1®...®an®w):Za1®...®v*aj®...®an®w + al@...®an®v¢,
j=1
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for aq,...,a, € QY(M). Finally, compose these connections into
Vi = vy . g@gy,

This section can be contracted with n vector fields and evaluated at a point z, or evaluated at x
and contracted with n tangent vectors at x, since we have

VY| (Xa, Yoy Zo) = V(X Y, ..., Z))|

.

Note that, when V"1 is evaluated along a geodesic x(t) = exp,,(tX) and contracted n times with

the velocity vector @(t), applying successively | , Ch.III, Proposition 2.12] or | , Exercice
4.5, p.54] (or directly | , Definition 56|), we have
V| (@(8), 8(8) = Vi) (Vo ¥) Loy — V¥ (Vain@®) = Vi (Vaw )],
V%o (#OF) = Vi (Vi) -+ (Vawt) o 722 (128)

The symmetrized covariant derivatives
DY :T(E) = T(S"(T*M) ® E) (129)
are then defined as
Ly := [Sym" ® Idg] (V"¢),

where Sym” : T*M®" — S™(T*M) = (T*M®™)5» is the usual symmetrizing map given by

1
Sym" (a1 ® -+ @ ay) = h | Z Ag-1(1) @ "+ @ Qg—1(p)-
gEY,

The operators D provide a splitting of the jet bundle exact sequence | , Ch. IV, Theorem 7|
0= SYT*M)® E — J"E == J"'E 0.

As a consequence, see | , Ch. IV, Corollary, p.90], the given torsion-free linear connection V
on T'M, and the linear connection V on FE, provide a canonical isomorphism of vector bundles

J"E= @ SHT* M) o E (130)
k=0

under which jets are represented by covariant derivatives as

jxow'_) [$07¢($0),DV¢‘%7---aD%?ﬂ‘xo]- (131)

Note that Dwﬂmo = Vw‘mo, and when D%w‘mo is contracted with n equal vector fields X, it
coincides with V”w‘xo, that is,

D%w\xo(X,...,X) = v%\zo(x,...,X). (132)
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