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Abstract

We study tensors on Lie groupoids suitably compatible with the groupoid structure,
called multiplicative. Our main result gives a complete description of these objects only
in terms of infinitesimal data. Special cases include the infinitesimal counterparts of
multiplicative forms, multivector fields and holomorphic structures, obtained through
a unifying and conceptual method. We also give a full treatment of multiplicative
vector-valued forms, particularly Nijenhuis operators and related structures.
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1 Introduction

Lie groupoids are present in several areas of mathematics, including foliations, group
actions and Poisson geometry. In these various contexts, Lie groupoids often come
equipped with additional geometric structures, suitably compatible with the groupoid
multiplication; such structures, referred to as multiplicative, are the main object of
interest in this paper.

The study of multiplicative geometric structures on Lie groupoids has by now a
long and rich history (see [38] for a recent survey). A basic example of multiplicative
structure arises in the definition of complex Lie groups, regarded as real Lie groups
endowed with a “compatible” complex structure; here, compatibility means that the
group multiplication map is holomorphic. Another class of multiplicative structures on
Lie groups arose in the early 80s with the emergence of Poisson-Lie groups, introduced
by Drinfel’d [19] (later extended to Poisson groupoids by Weinstein [60]). Around the
same time, the first examples of multiplicative differential forms on Lie groupoids
appeared with the advent of symplectic groupoids [32,59] (and in their connections
with the theory of hamiltonian actions [53] and equivariant cohomology; see [5,7,
62]). Multiplicative structures now abound in the literature, where one finds multi-
vector fields [29,46,49,50], differential forms [1,3,8,16], contact and Jacobi structures
[15,28,33], holomorphic structures [42,43], as well as distributions and foliations
[16,21,27,30], among others (e.g. [23,44,55]).

Any Lie groupoid corresponds to a Lie algebroid, which linearizes it at the units.
As in classical Lie theory, a central issue when considering multiplicative geomet-
ric structures is identifying their infinitesimal versions, i.e., finding their description
solely in terms of Lie-algebroid data. This problem has been studied in numer-
ous settings, through different approaches, leading to various “infinitesimal-global”
correspondence results. Examples include the correspondences between symplec-
tic groupoids and Poisson structures [9,13,51], Poisson groups/groupoids and Lie
bialgebras/bialgebroids [46,49,51], contact groupoids and Jacobi structures [14,15],
presymplectic groupoids and Dirac structures [7], complex Lie groupoids and holo-
morphic Lie algebroids [43], to mention a few (see also [1,10,29,57]). All these results
rely on defining a “Lie functor”, taking global to infinitesimal objects, and on an “inte-
gration” step, which reconstructs multiplicative structures from infinitesimal data.
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Lie theory of multiplicative tensors 1491

In spite of these various results in specific settings, the theory of multiplicative
geometric structures still lacked a complete treatment. The very notion of “multi-
plicativity” seemed to be adapted to each case at hand, and different techniques have
been employed to handle seemingly analogous results. In this paper, we introduce
the concept of multiplicative tensor on Lie groupoids, which agrees with the exist-
ing notions of multiplicativity in known situations, and devise a general method to
obtain their complete infinitesimal description. As a consequence, all aforementioned
“infinitesimal-global” correspondences can be naturally derived from our main result
(Theorem 3.19), with a unified proof and conceptual approach, and new applications
are obtained. Although we focus on ordinary tensors, our method adapts to more gen-
eral contexts (such as the study of 1-cocycles on VB-groupoids), including tensors
with values in representations (up to homotopy), see [20,22].

Main results Let G = M be a Lie groupoid with source and target maps s and t. We
denote its Lie algebroid by A, equipped with anchor map p and bracket [ -, -]. Consider
a (g, p)-tensor field! € T(APT*G ® NITG). Let

G:=(@'T9) & (&'T*G),

which carries a natural groupoid structure over M := (§PTM) & (&7A*) induced
from the tangent and cotangent groupoids of G; see Sect. 2.

Definition 1.1 The tensor T € T'(APT*G ® AT G) is multiplicative if the map c; :
G — R,

ce(Ur,....Up. 61,....8) =t(Ur,...,Up,&1,..., &), Ui eT,G, & € Tg*g,

is a groupoid morphism, where R is viewed as an abelian group; in other words, c; is
a differentiable /-cocycle on G.

To state our main result, consider the action of I'(A) on T'(APT*M @ A9 A) by
a-BOX)=Lpa)B®X+BR®Ia, X],

where [-, -] is the Schouten bracket on I'(A®A). The following theorem gives a full
description of the infinitesimal counterparts of multiplicative tensors:

Theorem 1.2 If G = M is a source 1-connected Lie groupoid, then there is a natural
one-to-one correspondence between multiplicative (q, p)-tensors T on G and triples
(D,1,r), wherel : A —> APIT*M @ N9A and r - T*M — APT*M @ A1 LA
are vector bundle maps covering the identity, D : T (A) — T'(APT*M ® A1A) is an
R-linear map satisfying the Leibniz-type condition

D(fa) = fD(a)+df nl(a) —a nr(df), [feC®M), aecl(A),

! The assumption of skew symmetry leads to some simplifications of the results, but it is by no means
essential.
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1492 H. Bursztyn, T. Drummond

and the following equations hold: for a, b € T'(A) and a, B € Q1 (M),

D([a,b]) =a- D) —b - D(a), (IM1)
I([a,b]) = a-1(b) — i, D(a), (IM2)
r(Lo@) =a-r(@) —ipD(a), (IM3)
o (b)) = —ipw)l(a), (IM4)
ipraT(B) = —ippr(a), (IMS)
ip@) T (@) =ipal(a). (IM6)

We refer to the Eqs. (IM1)-(IM6) as cocycle equations, or IM equations (Where
IM stands for “infinitesimally multiplicative”). A more detailed formulation of the
previous result can be found in Theorem 3.19 below.

The definition of the “Lie functor”, taking multiplicative tensors T to triples
(D, 1, r),relies on auseful characterization of multiplicativity proven in Theorem 3.11;
it asserts, in particular, that for any o € Q! (M),a € I'(A) and @ the corresponding
right-invariant vector field on G, the tensors i 7, it 7, and L 7 lie in the image of
the map

T:TNT*MQAN°A) - T(ANT*GR A TG),

—
defined on homogeneous elements by 7 (¢ ® X) = t*a ® X . The maps D, [, and r
arise from the equations

izt =T(a), irar=Tr@), Lzt=T(D()).

The IM-equations, combined with the 1-connectedness of the source fibers of G, per-
mit the reconstruction of t out of (D, [, r). Theorem 1.2, when restricted to tensors of
types (0, p) or (g, 0), directly recovers the infinitesimal descriptions of multiplicative
differential forms and multivector fields proven in [1,5,29], but using other methods.
For (1, 1)-tensors, it encompasses the correspondence of complex Lie groupoids and
holomorphic Lie algebroids of [43]. In these special cases, the operator D takes dif-
ferent guises, codifying k-differentials [29], IM-forms [5] (or the “Spencer operators”
of [16]), or flat partial connections defining holomorphic structures.

The content of Theorem 1.2 is discussed in Sect. 3, and its proof is presented in
Sect. 4, heavily based on our viewpoint to multiplicative tensors 7 on G as multi-
plicative functions c; on the “big” Lie groupoid G = M. Multiplicative functions
are simple to describe infinitesimally: they correspond to Lie-algebroid 1-cocycles,
i.e., sections of the dual of the Lie algebroid which are closed under the Lie-algebroid
differential. So the proof follows from a detailed analysis of 1-cocycles of the Lie
algebroid A of G. The key fact that A — M has a natural VB-algebroid structure over
A — M allows us to identify a special set of generators of the C° (M)-module I"(A),
parametrized by I'(A) and ' (M). We use these generators to describe 1-cocycles of
A by means of triples (D, [, r) as in Theorem 1.2, and we resort to classical lifting
operations to realize the cocycle condition as the Egs. (IM1)-((IM6).

@ Springer



Lie theory of multiplicative tensors 1493

In Sect. 5, we specialize our main result to the case of (1, p)-tensors, i.e., multiplica-
tive vector-valued forms. As observed in [6], the usual Frolicher—Nijenhuis bracket
preserves the multiplicativity condition, so it makes the space of multiplicative vector-
valued forms into a graded Lie algebra. One of our key results is the identification
of the corresponding graded Lie algebra at the infinitesimal level, in Proposition 5.4.
In Sect. 6, we focus on multiplicative vector-valued 1-forms, i.e., (1,1)-tensors. In
this case, we obtain an explicit infinitesimal description of their Nijenhuis torsions
(Corollary 6.3), which provides a broader viewpoint to the results in [43,57] con-
cerning multiplicative (almost) complex structures and Poisson (quasi-) Nijenhuis
structures. We also treat multiplicative projections and product structures, interpreting
their infinitesimal versions in terms of matched pairs.

2 Preliminaries

This section reviews some preliminary material, including tangent and cotangent Lie
groupoids; see e.g. [47,49]. We also discuss a convenient viewpoint to classical tensor
fields, regarded as real-valued functions on Whitney sums of vector bundles.

2.1 Tangent Lie groupoids

Let G = M be a Lie groupoid. We use the following notation: s,t : G — M are the
source and target maps, 1 : M — G is the unit map, i : G — § is the inversion map,
and m : Gsx¢ G — @ is the multiplication map. We will often identify M with its
image under the unit map.

The tangent groupoid of G is the Lie groupoid TG = T M whose structural maps are
all obtained by taking the derivatives of the structural maps of G; e.g., its multiplication
mapisTm : TG rsx7t TG — TG, where we have identified T (G sxtG) = TG 15X 1t
TG. We shall denote the multiplication on 7G by e.

We denote the Lie algebroid of G by A — M, or AG if there is any risk of confusion.
We identify A withker(7's)| s, so the Lie bracket on I"(A) is induced by right-invariant
vector fields on G, and the anchor p : A — T M is given by Tt|4. For a € T'(A),
we denote by @ € X(G) the corresponding right-invariant vector field, and by @ the
left-invariant vector field induced by a — p(a) € T'(ker(Tt)|y).

Note that each section a € I'(A) defines a bisection Ba : TM — TG of TG =
T™M,

Ba(X) =T1(X) + a(x), 2.1

for X € TyM, covering the map TM — TM, X — X + p(a)(x). This bisection
splits the exact sequence

0— A< 1"TG 5% TM —> 0. 2.2)
We refer to Ba as the translation bisection associated with a.
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1494 H. Bursztyn, T. Drummond

2.2 Cotangent Lie groupoids

The cotangent bundle of a Lie groupoid G = M also carries a natural Lie groupoid
structure, T*G = A*, where A* is the dual vector bundle to A. The source and target
maps 3, T : T*G — A* are defined by the restriction of covectors to the subspaces
tangent to the s- and t-fibers, respectively:

G a) = (5. T(g) and {E). b) = (. b (9)). (23)

for&, € T;g, a € Ag(g), b € Ag(g). The unit mapT: A* — T*@G is the vector bundle
morphism covering 1 : M — G, determined by

(. THX) +a) = (¢, a),

for (X, @,a) € TM xp A* xp A.

The multiplication on 7*@ is defined as follows: for &; € T;l Gand &, € Tg*zg such
that S(&1) = t(&»), their product & e & € T, 15,9 1s determined by
(§1 08, Uy o Uz) = &1 (Uy) + 62(U2), 2.4

for composable Uy € Ty, G, Us € Ty, G.
The source map s fits into the following exact sequence of vector bundles over M:

Tt)* 3
0— M & g = ax 0. 2.5)

Given a differential 1-form « € Q'(M) on M, the map Ba : A* — 1*T*G given by
(Ba(p), TI(X) +a) = (a(x), p(a) + X) + {p, a), (2.6)
forp € A}, X € TyM, a € Ay, provides a splitting of the sequence (2.5). It is a

bisection of 7*G = A* covering ¢ > ¢ + p*(a(x)), ¢ € A¥. We call Ba the
translation bisection corresponding to «.

2.3 Whitney sums

Tangent and cotangent groupoids satisfy the property that their Whitney sums as vector
bundles again carry natural Lie groupoid structures, defined componentwise.? In this
paper, we will be interested in Lie groupoids of the form G(74) = M9 where

G = (@PTG) ® (@1T*G) and MP9 = (@PTM) @ (874%), (2.7)

for non-negative integers p and g. When there is no risk of confusion, we omit the
indices (g, p) and write just G = M. We denote the source and target maps by

2 This property holds, more generally, for VB-groupoids, of which tangent and cotangent groupoids are
special cases (see e.g. [4]).
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s,t : G — M and the unit map by 1 : M — G. We keep the notation e for the
multiplication.

We shall denote by (X, ¢) and (U, &) the elements (X1, ..., Xp, ¢1,...,¢4) € M
and (Uy, ..., Uy, &1, o 51) € G,_res_pectively.

Remark 2.1 An important observation is that each source-fiber of G is an affine bun-
dle over a source-fiber of G, see e.g. [4, Rem. 3.1.1(a)]; it follows that G is source
connected, or source 1-connected, if and only if so is G.

2.4 Functions on the Whitney sum of vector bundles

A key viewpoint pursued in this work is that tensor fields should be regarded as
functions on the Whitney sum of the tangent and cotangent bundles. We now explain
this point of view from a general perspective. Let Eq, ..., E, be vector bundles over
N and consider their Whitney sum 7 : E1®--- ® E, — N.

Definition 2.2 A function F : E1 @ --® E, — Ris said to be componentwise linear
if Fy:(E1)y x -+ x (Ep)y — Ris multi-linear, foreach y € N.

Example 2.3 For p = 1, componentwise linear functions on a vector bundle £ — N
are fiberwise linear functions, i.e., those of the form £,,, where

Lu(e) :=(u(y),e), Vee€kE,,
for u € T'(E™).

Every tensor field 7 e T'(Ef ® --- ® E ;';) defines a componentwise linear function
¢t Ey®---® E, — Rby pulling back the linear function ; : E1®---® E, — R
by the natural map £, @ --- @ E, — E; ® --- ® E. The letter “c” in our notation
stands for “componentwise”, and it is used to distinguish ¢, from the linear functions
on E; @ --- @ E, defined by sections of its dual. In case T = u; ® --- ® pp, for
Mi € F(E;k),l' = 1,...,[),

1
et =Ly opr ... Ly, opr?,

wherepr/ : E\®---® E p — Ej is the projection on the j-th component.
The next result is a direct consequence of the properties of tensor products.

Lemma 2.4 The map t +— c; defines a bijection between I'(E} ® - - - ® E}) and the
space of componentwise linear functions on E1 @ - - - ® E, satisfying

cpe=(fom) ey, Y feCTWN),

wherew : E1 ® --- @ E, — N is the natural projection.

When E; = -+ = E, = E, we say that a function F € C®(®!_ E) is skew-
symmetricif F(eg (1, ..., es(p)) = sgn(o)F(ey,...,ep), forevery permutation o €
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1496 H. Bursztyn, T. Drummond

S(p). Under the correspondence of Lemma 2.4, the componentwise linear functions
on @” E which are skew-symmetric correspond to I'(AP E*). For t = i A+ A p,
with u; € T'(E™),

cr = Z sgn(o) Ly, © prl)- .- €y 0 PIP). (2.8)
oeS(p)

There is a natural projection C*°(®PE) — C*°(@PE) on the space of skew-
symmetric functions, defined by

1
Fr— > sgn(@)Foo. (2.9)
oeS(p)
where o : ®PE — @PE is given by o (e1, ..., ep) = (es(1)s - -1 €a(p))-

Remark 2.5 Functions which are skew-symmetric only on some components can be
defined similarly by considering Ey = --- = E, = E, p’ < p. Extending the
previous observations to this case is straightforward.

3 Multiplicative tensors

In this section, we introduce our main object of study, multiplicative tensors, and state
our main theorem, which gives their full infinitesimal description. As we follow the

idea of regarding tensors as functions on Whitney sums of the tangent and cotangent
bundles, we start by discussing multiplicative functions in general.

3.1 Multiplicative functions

Let H =2 N be a Lie groupoid with Lie algebroid AH.

Definition 3.1 A smooth function f € C*°(H) is said to be multiplicative if
f(hih2) = f(h) + f(h2), VY (hi, h2) € Hsx¢ H. (3.1

In other words, a multiplicative function f : H — R is a groupoid morphism from
H =2 N to the abelian Lie group R. As such, it defines a Lie-algebroid morphism
Af : AH — Rgivenby (Af, x) =df(x), for x € AyH and y € N; equivalently,

AL o) = (£77) ), (3.2)

for x € IT'(AH). When we view Af as a section of the dual bundle A*H, the condition
for Af to be a Lie-algebroid morphism is expressed by the cocycle equation
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Lie theory of multiplicative tensors 1497

da(Af) =0,
where dy : T(A®A*H) — T'(A*T1A*H) is the Lie-algebroid differential.

Example 3.2 The function f = t*y — s*¢ is multiplicative, for any ¢ € C*°(N).
The associated cocycle Af is da € I'(A*H), which is exact, i.e., a coboundary.

Example 3.3 Letm : E — N be a vector bundle, viewed as a Lie groupoid. A function

f € C*(E) is multiplicative if and only if it is fiberwise linear. Let u© € T'(E™*) be
such that f = £,,. The cocycle Af € I'(A*E) = I'(E*) is given by

ce) =1
el = —
e=0 de

So Af = p (which agrees with f itself, if seen as a function £ — R). The equation
dap = 0 is trivially satisfied since d4 = 0 in this case.

(u,ee) =(u,e), Yeek.
e=0

d
(Af.e) =df<E

The next result gives a useful formula relating the cocycle Af and the function f.

Lemma 3.4 For a multiplicative function f : ' H — R, its corresponding cocycle
Af € T'(A*H) satisfies
Ly f=t(Af, x), Vx eT(AH). (3.3)

X

Proof First, by differentiating equation (3.1), one sees that
df(UeV)=df(U)+df(V), YU,V)e THrsx7tt TH.
Also, 7 (h) = x (t(h)) e 0 (where 0y, is the zero vector field on H at ). Hence
(L /) = df (X (h)) = df (x (t(h)) 8 O) = df (x (1)) = (Af, x)(t(h)),
as we wanted. O

It turns out that when H is source connected, Eq. (3.3) essentially characterizes
multiplicative functions:

Proposition 3.5 Let H =% N be a source-connected Lie groupoid. A function f €
C°(H) is multiplicative if and only if f|ny = 0 and there exists u € T'(A*H) such
that

Ly f =1t x), YxeTl(AH). (3.4
In this case, Af = L.
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1498 H. Bursztyn, T. Drummond

Proof If f is multiplicative, then f|y = 0 as a consequence of (3.1). Also, setting
u = Af, (3.4) follows from Lemma 3.4.
In the other direction, fix x1, x2 € I'(AH). Then

(. . xel) = Ligg ) f = L L f — Lo Ly f
=Lk (X2) — Lo (x1)),

which implies that

dap(xt, x2) = Lo (x2) = Loyt (x1) — ullxi, x21) =0.

So u is a Lie-algebroid cocycle. If H is a source l-connected integration of AH,
then there exists a multiplicative function f, € C*(H) such that Af, = p. The
Lie groupoids H and H correspond to the same Lie algebroid, so they are related by
a groupoid map o : H — 'H which is a local diffeomorphism (and restricts to the
identity map on N). To check that f is multiplicative, it is enough to check that o* f
is multiplicative. We will verify that o™ f = f},.

By (3.3), since o is a groupoid morphism (hence commutes with structure maps
and preserves invariant vector fields), one has that

Lyo*f=0"Ly f=0"t"u x)=t(Afu x) = Ly fu

where we have kept the same notation for the structure maps on H and ‘H. Since H
has source-connected fibers, it follows that c* f — f, is constant along the s-fibers.
Finally, since (6* f — fu)In = 0, one has that o* f — f,, = 0 everywhere. O

3.2 Definition and examples

Let G = M be a Lie groupoid and consider a (g, p)-tensor field T € T(A? T*G ®
AITG). Let ¢; : GP% — R be the corresponding componentwise linear function,

C'L'(UI"--vUp’él?-"’Sq):T(Ul"-~7Up7§17‘~"§q)’

as in Definition 2.2, where G7? — M%) is the Lie groupoid (2.7). In the following,
we shall omit the (p, ¢g)-indices.

Definition 3.6 A (g, p)-tensor field T € T'(A? T*G ® A1TG) on G = M is multi-
plicative if the function ¢; : G — R is multiplicative.

Note that the very same definition of multiplicativity makes sense for elements of
F'(®PT*G) ® (’YTG)) (or for their symmetric versions). Along the paper, we will
make some comments on how to adapt our results to this more general case.

The next examples relate our definition with known notions of multiplicativity for
special types of tensors.
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Lie theory of multiplicative tensors 1499

Example 3.7 A differential form v € QP (G) is multiplicative if it satisfies
m*w = priw + priw,

where pr; : GsxtG — G — G,i = 1, 2, are the natural projections. One can directly
check (see e.g. [3]) that this is equivalent to ¢, being multiplicative.

Example 3.8 A multivector field IT € X7(G) is said to be multiplicative [29] if the
graph of the multiplication map is coisotropic with respect to IT @ IT @ (—1)7*!IT:
for & € Ann(graph(m)) C T*(G x G x G),i = 1,..., ¢, we have

Mene (—HmeE,....&) =0.

It is shown in [29] that this condition is equivalent to ¢y being multiplicative.

The next result shows that our definition of multiplicativity for (1, p)-tensor fields
Kel Q\p T*G ® TG) agrees with the one given in [43]. Note that K can be seen as
amap K : PTG — TG.

Proposition 3.9 A (1, p)-tensor field K € T'(APT*G @ TG) is multiplicative if and

only if there is a vector-bundle map v : ®PTM — T M covering the identity such
that

&’7G —X - 16 (3.5)

I

®'TM —"~TM

is a groupoid morphism.

Proof 1t is straightforward to check that if (3.5) is a groupoid morphism, then K is
multiplicative. Conversely, let us assume that K is a multiplicative (1, p)-tensor field.
From Proposition 3.5, one knows that cx [y = 0. This implies that, for (X1, ..., X)) €
TM & ---dTM, f(Xl, ..., Xp) € TG|yu has zero component on A under the
decomposition 7G|y = TM & A. So, define ¥ = EI@pTM.

It is straightforward to see that once

TtoK =7o0Tt, TsoK =7oTs,

K will preserve the multiplication as a direct consequence of the multiplicativity of
K.So,leta € T M

s(g)
(TS(K(Uy, ..., Up)), ) =ck (Ui, ..., Up, (ds)g )
=cx(UyeTs(Uy),...,U,eTs(Up),0, 0 (dS);.k(g) )
= kUt Up, 0) + ek (TSWY), ..., TS(WU,), (ds) ) @)

(F(TSUL), ..., Ts(Uy)), a).
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Here, we have used the equality (ds)j; a=0g0 (ds):(g) o, which follows from (2.4).
The other equality follows similarly. O

We now consider a special class of multiplicative tensor fields on G, analogous
to the multiplicative functions in Example 3.2. Let S, 7 : (AP T*M ® AN1A) —
(AP T*G ® A1TG) be the R-linear maps defined on homogeneous elements as

- <
Ta@X) =ta® X, S@®X)=s5s«® X. (3.6)

Proposition 3.10 The maps S and T satisfy the following properties:

(D) T(fP) =) T(P), S(fP) = (s*f)S(P),

(2) t*co = cT (@)

(3) s'cop = c5(@),

for ® e (AP T*M @ AN1A) and f € C*°(M). In particular,

T-8)@®X) =ta® X —s*a® X 3.7

is a multiplicative (exact) (q, p)-tensor field on G.

Proof The formulas in (1) can be verified directly.
For @ of the formo ® X and &1, ...,§, € T;g, formulas (2) and (3) reduce to

— ~ ~ < ~
X(Er, .. &) = X6, ..., tE)) and X (&1, ..., &) = XG(E), ..., 5(&)),

respectively, and these identities are direct consequences of the definitions of the source
and target maps of the cotangent groupoid (see (2.3)). The case of arbitrary & follows
by linearity.

The last assertion follows from the fact that t*c¢p — $*cg is always a multiplicative
function (see Example 3.2). O

3.3 The main results: statements and first examples

We now present a complete infinitesimal characterization of multiplicative tensor
fields. Our first main theorem is an analog of Proposition 3.5 for general tensor fields.

Theorem 3.11 Let G = M be a source-connected Lie groupoid. A (g, p)-tensor field
T € T(APT*G ® N1 TG) is multiplicative if and only if

1(X.9) =0, V(X.9) €M, (38)
and there exist vector-bundle maps 1 : A — AP'T*M @ AN9A and r : T*M —

APT*M @A~V A, covering the identity map on M, and an R-linear map D : T'(A) —
T(APT*M @ AN1A), such that

D(fa) = fD(a) +df Al(a) —a A r(df), (3.9)
it =TU@), irat =T @), L=T1=T(D@), (3.10)

fora e T(A), « e T(T*M) and f € C®°(M).
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We refer to the triple (D, [, r) as the infinitesimal components of the multiplicative
tensor t and to Eq. (3.9) as the Leibniz condition for D.

Remark 3.12 Regarding the notation in Theorem 3.11 above, in (3.9) we view
C(A*T*M Q@ A®A) as a left module for the exterior algebras I'(A®A) and ['(A°*T*M),
and both actions are denoted by A: for 9 € T['(A®A), n € T'(A*T*M), and
w@X e '(NT*M ® A°A),

DAN(@RX) =0 (D AX), NAN(@®X)=mAo)®X.

In (3.10), the contraction operators are defined as follows: for U € I'(TG), & €
'(T*G)andt =AQ W,

gt =(GgN)QOW, it =U® (i W).

We mention some particular cases of interest.

Corollary 3.13 On a source-connected Lie groupoid G = M, a p-form w € QP (G)
is multiplicative if and only if there is an R-linear map D : T'(A) — QP (M) and a
vector-bundle morphism | © A — AP~YT*M such that the following holds:

I'w =0, Lpw=t'D(), ipw="t1a),

foralla € T'(A).

The next result recovers [29, Thm. 2.19] (showing that some conditions there are
redundant, cf. [11, Lem. 2.3]).

Corollary3.14 Let G = M be a source-connected Lie groupoid. A q-vector field
IT € X9(G) is multiplicative if and only there is an R-linearmap D : T'(A) — ['(A1A)
and a vector bundle morphism r : T*M — A9~'A such that the following holds:

—_— —
(g1, ...,9q) =0, LT =D(a), ipeIl=r(a),

forall (p1,...,04) € A" xpp - xy A*, a € T(A) and o € QY (M). (In the
terminology of [29,51], the first condition above expresses the fact that M is coisotropic
with respect to T1, while the other conditions express the fact that Tl is an affine
multivector field (see also [18,35]).)

In view of the previous corollary, Theorem 3.11 suggests a notion of affine tensors
on Lie groupoids, in which we retain all properties of multiplicative tensors described
in Theorem 3.11 except for (3.8) (cf. [61, Thm. 4.5]).

In the next example, we identify the infinitesimal components of a multiplicative
tensor field of type (3.7). To do so, let us consider, for a Lie algebroid (A, p, [-, ‘1),
the action of the Lie algebra I'(A) on ['(APT*M ® A9 A) given by

a-BRX)=Lya)f X+ B Rla, X], (3.11)

where [-, -] is the Schouten bracket on I'(A®A).
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1502 H. Bursztyn, T. Drummond

Example 3.15 For ® € I'(A?T*M ® A1 A), consider the multiplicative tensor given by

T = (7 —=8) (D) (see Proposition 3.10). As particular cases, forg = 0,7 = t*®—s*O,
— <«

while for p = 0,7 = ® — &. The infinitesimal components (D, [, r) corresponding

to T are

D(a)=a-®, l(a)=iya)®, r(a)=imu®.

Remark 3.16 For 1 € T((QPT*G) ® (®1TG)), there is a result similar to Theorem
3.11 characterizing multiplicativity. In this case we have infinitesimal components
(D, 1y, ...,1p,7r1,...,17¢), where D : T(A) — T((QT*M) ® (®1A)),1; : A —
(®P7IT*M) ® (®7A),and rj : T*M — (®”T*M) ® (891 A), defined by

Lot =TD@), 1(....d,..)=TUi@), (...t ... )=T(r@)).

i-th T G-entry jth T*G-entry
(3.12)

The Leibniz equation for D will change accordingly. For instance, for a multiplicative
T € I'(TG ® TG), the infinitesimal components (D, ry, 1) satisfy

D(fa) = fD(a) —a@ri(df) —rdf) a.

We now formulate our main result, which concerns the correspondence between
multiplicative tensors t and their infinitesimal components (D, /, r). The multiplica-
tivity of T is expressed by a set of equations satisfied by (D, [, r), described in the
next definition.

Definition 3.17 Let (A, [-, -], p) beaLie algebroid. AnIM (q, p)-tensoron Aisatriple
(D,1,r),wherel : A > APTIT*M @ A9A and r : T*M — APT*M @ A9 1A are
vector-bundle maps covering the identity mapon M, D : T'(A) — T(APT*M QA1 A)
is R-linear and satisfies the Leibniz rule

D(fa) = fD(a) +df Al(a) —a Ar(df), YfeC®M), acT(A),

such that the following equations hold:

D([a,b]) =a-D(b) — b - D(a), (IM1)
I([a,b]) = a-1(b) — i, D(a), (IM2)
r(Lp@ya) = a-r(a) —iyqD(a), (IM3)
ip@) (D) = —ipw) l(a), (IM4)
ipa 7(B) = —iprpr(Q), (IM5)
ip@) (@) =ipala), (IM6)

fora,b € T'(A) and a, B € Q' (M).

We refer to Eqs. (IM1)—(IM6) as the IM-equations of an IM (g, p)-tensor.
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Remark 3.18 (Redundancies) We observe that, in many cases, there are some redun-
dancies in the IM-equations. Note first that, if p > dim(M) 4+ 1 or ¢ > rank(A) + 1,
then any IM (p, g)-tensor is trivial. On the other hand, when p < dim(M) + 1 and
q < rank(A)+ 1, we claim that {(IM1), IM2), (IM6)} and {(IM1), (IM3), (IM6)} are
minimal sets of independent IM-equations. Indeed, in this case, (IM1) implies that

df A (la,b]) —a - 1) +ipw) D(@) =bA(r(Lp@(df)) —a-r(df)+is D(a)),

for all f € C®°(M),a,b € I'(A). This follows from the Leibniz rule for the Lie
bracket [, -], the Leibniz formula for D, and Proposition 4.3 below. Therefore,

(IM1) + (IM2) = (IM3) and (IM1) 4 (IM3) = (IM2).
Similarly, one can prove that (IM2) (resp. (IM3)) implies that

df A (ipl(b) +ipwml(a)) =a A (iqrl(b) —ipwyr(df))
(resp. a A (igrr(a) +ipeqr(df)) = df A (ipwr(a) —ipl(a))).

As aresult, (IM2) + (IM6) = (IM4) and (IM3) + (IM6) = (IM5).
Our main theorem can now be stated as follows:

Theorem 3.19 Let G = M be a source 1-connected Lie groupoid, and let A be its Lie
algebroid. There is a one-to-one correspondence between multiplicative (g, p)-tensor
fields T € T(NPT*G @ AN1TG) and IM (q, p)-tensors (D, 1, r) on A satisfying

i1 =T()
irg T =T(r(a))
Lyt =T (D).

where T is the map given by (3.6).

Remark 3.20 The correspondence in Theorem 3.19 can be naturally extended to mul-
tiplicative tensors T € I'((®”T*G) ® (7T G)); in this case, following Remark 3.16,
we have more infinitesimal components (D, [y, ... 1, r1,...,74), obtained as in
(3.12), satisfying analogous IM-equations.

We now show how Theorem 3.19, when restricted to (0, p) and (g, 0) tensors,
directly recovers the infinitesimal descriptions of multiplicative differential forms and
multivector fields, proven in [1,5,29]. It also recovers the correspondences in [43,57],
but we will leave this discussion to Sect. 6, where we present a more general treatment
of multiplicative (1, 1)-tensor fields.

Multiplicative multivector fields We start by illustrating our result in the simplest
context of multiplicative vectors fields on Lie groupoids, treated in [50] (see also [47,
Sec. 3.4]). In this case, our general notion of multiplicativity admits an alternative
formulation: a vector field Z on a Lie groupoid G == M is multiplicative if Z : G —
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TG is a groupoid morphism; in particular, it covers a map X : M — T M, which
is a vector field on M. To describe Z in infinitesimal terms, one considers the Lie-
algebroid morphism Z4 : A — T A obtained by differentiating Z : G — TG, and
note that Z 4 is a linear vector field on A; i.e., viewed as a derivation of C*°(A), Z4
preserves linear functions on A. By identifying linear functions on A with sections of
A*, we have an induced R-linear map A* : I'(A*) — TI'(A™), which is a derivation
on A* in the sense that it satisfies A*(f@) = fA*(p) + (Lx f)p, for ¢ € T'(A*),
f € C°°(M). We can alternatively consider the dual derivation A : T'(A) — T'(A),
defined by (¢, A(a)) = Lx{p, a) — (A*(p), a). It is then proven in [50] that the fact
that Z4 is a morphism of Lie algebroids is equivalent to A being a derivation of the
Lie bracket on I"(A),

A(la, b]) =[A(a), b] + [a, A(b)], a,bel(A),

and that one can obtain A directly from Z via m = [Z, 7], for a € T'(A).
Comparing to Theorem 3.19, we see that D = —A : ['(A) > '(A)and r : T*M —
R, r(df) = Lx f, are the infinitesimal components of Z. We will now see how this
result generalizes to multiplicative multivector fields, as in [29].

Since multiplicative g-vector fields are multiplicative (g, 0)-tensor fields, it follows
from Theorem 3.19 that their infinitesimal counterparts are IM (g, 0)-tensors: on a
given Lie algebroid A — M, these are pairs (D, r), where r : T*M — A971A is
a vector-bundle map (covering the identity), D : ['(A) — I'(AZA) is R-linear and
satisfies

D(fa) = fD(a) —a nr(df) = fD(a) + (=D)?r(df) Aa, (3.13)
fora € I'(A) and f € C°°(M), and the following compatibility conditions hold:

D(la, b)) = [a, D(b)] — [b, D(a)] = [D(a), b] + [a, D(D)]
r(Lowa) = la, r(a)] — iy D(a)
Lpral (B) = —ipxpr(a),

fora,b e T'(A), a, B € QL M).

In order to make the connection with the work in [29] (and following its ter-
minology), recall that a g-differential on a Lie algebroid A is an R-linear map
8 : T(A®A) — T(A*T971A) satisfying

ST AX2) =8(X) AX2+ (=DRUTDE A 5(Xy) (3.14)
S([X1, X)) = [8(X1), X2 + (—=DH*=D@=Dyx, 5(x,)] (3.15)

where X; € T'(A% A), i = 1,2, and [, -] is the Schouten bracket on I'(A®A) (which
makes it into a Gerstenhaber algebra). In other words, ¢ is a derivation of degree (g — 1)
of I'(A® A) which is also a derivation of the Schouten bracket. We denote the space of
g-differentials by A,. The space A = ®,>0.4, is naturally a Gerstenhaber algebra
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with respect to the bracket given by the commutator
[6,8] =808 — (—1)4 D@ DFo5,

where 8 € A, and § € Aj.
Note that a g-differential § is determined by its restrictions

80 : C¥(M) — (A7 TA), 8 :T(A) > I'(ATA).
For this reason, we may denote a g-differential by the pair (8, 81).

Before studying the relationship between g-differentials and IM (g, 0)-tensors, we
list here some properties of the Schouten bracket that we need (see e.g. [40,41]):

(1) For f € C®(N), X e T(A7A),
[X, f1= (=D ipegr X.
(2) ForX; e T(A%A), i = 1,2,
[%1, %2] = —(=D) @ D@ Dx, %],
(3) For X; e T(A%A),i = 1,2,3,
[X1, X2 A X3] = [X1, X2 A X3 + (=D @ 7D23x5 A (X, X3].

Lemma 3.21 There is a one-to-one correspondence between q-differentials (8o, 81)
and IM (q, 0)-tensors (D, r) via

Si=D, 8= (—Dirod, (3.16)

where d is the de Rham differential.

Proof Note that (3.14), (3.15) give rise to five equations involving 8y and &1, to be
compared with the four equations characterizing IM (g, 0)-tensors.

For k1 = k» = 0, (3.14) is equivalent to the existence of a vector-bundle map
ro: T*M — A9~L A such that ro(d f) = So(f). This guarantees that we can always
assume that § is of the form described in (3.16), i.e., we setr = (—1)9rg and D = §;.

For ki = 1 and k» = 0, (3.14) becomes

D@af) = D(@) f + (=D 'a A (=1)r(df) = fD(a) —a Ar(df),

which is just the Leibniz rule for (D, r).
Next, when k1 = kp = 0 (3.15) reads

0= (=DI(rdf), g1+ (=DI7'[f, r@dg)D.
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Because the Schouten bracket satisfies [X, f] = (—l)k’lip*df%, for f € C®(M)
and X € T'(A*A), we see that this last equation reduces to i yqgr (df) = —iyrarr(dg),
which is equivalent to the condition

i,o*ccr(,B) = _ip*ﬂr(a)

fora, B € Q' (M).
It is immediate that, for k; = k» = 1, (3.15) becomes

D(la, b)) = [D(a), b] + [a, D(D)].
Finally, when k; = 1, k; = 0, (3.15) amounts to
(=DIr(Lp@df) = (=D ipap D(@) + (=1)[a, r(df)],
which is equivalent to the condition
r(Lo@@) = —ipaD(a) + la, r(a)].

O

For a multiplicative g-vector IT on a Lie groupoid G = M, its infinitesimal com-
ponents are written in terms of the corresponding g-differential as follows:
LT = D(a) = d1(a),
. — P
ivegf 1T = r(df) = (=170 (f).
Since [@, 1] = L—TTand [IT, t* f] = (—l)q’lit*dfl'l, and using the fact that § is a

g-differential if and only if so is —&, we see that Theorem 3.19 recovers the following
correspondence (which is the central result in [29]; see also [5]):

Corollary 3.22 For a source 1-connected Lie groupoid G = M, there is a one-to-one
correspondence between multiplicative q-vector fields T1 € X9(G) and q-differentials
(80, 61), given by

— N — N
So(f) =MLt fl, di1(a) =111, a].

for f € C®°(M) and a € T (A).

Remark 3.23 In [29], it is verified that the space of multiplicative multivector fields
on a Lie groupoid G is closed under the Schouten bracket, so it is a Gerstenhaber
subalgebra of the space of all multivector fields on G. The correspondence in the
previous corollary is proven to give rise to an isomorphism of Gerstenhaber algebras.

The next example shows how the correspondence between Poisson groupoids and
Lie bialgebroids [51] fits into the framework of IM (2, 0)-tensors.
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Example 3.24 For the case ¢ = 2, there is a one-to-one correspondence between pairs
(D, r) satisfying (3.13) and pre-Lie algebroid 3 structures on A* given as follows:
s+ A* —> T M isthe dual maptor : T*M — A, and the bracket [, -], is determined
by the Koszul formula:

(lie1, mals, @) = Lo, (o) {1, a) — Lo, uy)(m2, a) — D(@)(uy, n2),  (3.17)

fora € T'(A) and u1, up € T'(A*). This is just another incarnation of the known
correspondence between pre-Lie algebroids structures on A* and linear bivector fields
on A [26] (see also Corollary 4.11).

Recall that a Poisson groupoid is a Lie groupoid G = M endowed with a multi-
plicative 2-vector field IT € x2 (G) such that [IT, IT] = 0. The IM (2, 0)-tensor (D, r)
on its Lie algebroid A corresponding to IT defines a pre-Lie algebroid structure on A*.
It has an associated operator § : I'(A®A) — I'(A*T!1A) which is the 2-differential
defined by (3.16). Now, the fact that [I1, IT] = O implies that 82 = 0, which says
that the Jacobi identity holds for the pre-Lie bracket [-, -]4; so A* is a Lie algebroid.
Finally, the IM-equation

D(la, b]) =[D(a), bl + [a, D(b)], a, b € T'(A),

gives the compatibility condition for (A, A*) to be a Lie bialgebroid. This is the only
relevant IM-equation because of the redundancies explained in Remark 3.18 (see [36]).

Multiplicative differential forms In parallel to what we did for multivector fields, we
start by briefly illustrating our general result in the case of multiplicative 1-forms,
building on [50]. For a 1-form w on a Lie groupoid G == M, being multiplicative is
equivalent to the map w : G — T*@G being a groupoid morphism; in particular, it
covers a section of A*. By differentiating w : G — T*G, we obtain a morphism of
Lie algebroids wy : A — T*A, which is in particular a linear 1-formon A — M
(in the sense that it is a bundle map from A — M to the cotangent prolongation
T*A — A*, see Sect. 4.2 below). The main observation now is that any linear 1-form
on A can be identified with a pair (i, v), with u € T'(A*) (the section of A* that it
covers) and a vector-bundle map v : A — T*M. To prove this, first note that, for
a linear 1-form on A, the corresponding map 7A — R is linear on the fibres of the
vector bundle TA — T M, and hence it is given by a section of the bundle dual to
T A over T M. But this dual bundle is naturally identified with T(A*) — TM [47,
Sec. 9.3], so it follows that linear 1-forms on A are in correspondence with sections of
T(A*) — T M which are linear, i.e., given by vector-bundles maps from TM — M
to T(A*) — T M. Finally, the space of linear sections of T (A*) — T M (which can
be also seen as sections of the first jet bundle of A*) admits a canonical decomposition
as '(A*) @ I'(Hom(A, T*M)) (see e.g. [16, Example 2.8]). If now w4 corresponds
to the pair (u, v), the fact that wg : A — T*A is a morphism of Lie algebroids
translates into suitable conditions on (i, v), described in [3]. By setting / = p and

3A pre-Lie algebroid structure on a vector bundle E — M consists of an anchor map pg : E — TM
together with a skew-symmetric bilinear bracket [, -] on I'(E) such that the Leibniz equation [u, fv] =
flu, vl + (LPE ) f) v holds (see [26]).

@ Springer



1508 H. Bursztyn, T. Drummond

defining D by D(a) = v(a) + du(a), we obtain the infinitesimal components given
in Theorem 3.19. We now extend the discussion to arbitrary multiplicative forms, as
in [3].

Since multiplicative p-forms are (0, p)-tensors, it follows from Theorem 3.19 that
their infinitesimal counterparts are IM (0, p)-tensors. Explicitly, on a given Lie alge-
broid A — M, IM (0, p)-tensors are pairs (D, [), where D : '(A) — T'(APT*M),
[:A— AP7IT*M, and these maps satisfy

D(fa) = fD(a)+df nl(a),
fora € I'(A) and f € C*°(M), and

D(la, b)) = Lp@ D) — Lpp)D(a)
I(la, b)) = Lp@! () —ipn)D(a)
ip(a)l(b) = —ip(b)l(a).
Note that IM (0, p)-tensors agree with Spencer operators with values in the trivial
representation, as considered in [16].

Example 3.25 On a Poisson manifold (M, IT), the cotangent bundle 7*M has a Lie
algebroid structure whose anchor is given by the contraction of covectors with IT,
IF : T*M — T M, and the Lie bracket is given by

[0, Bt = Ly oyB — Lrzpy@ — dlimeyB)s @, B € T(T*M).  (3.18)
There exists a canonical IM (0, 2)-tensor on T*M given by D = d, the de Rham

differential, and [ = id7+yy.

We have the following alternative way to express IM (0, p)-tensors, see [1,3,8].
We consider pairs (u, v) with o : A — AP"IT*M, v : A — APT*M bundle maps
(covering the identity) satisfying

v(la, b]) = Ly@yv(b) — iypmdv(a),
w(la, b)) = Ly@yn(b) —ipw(dula) +v(a)),
ip(@m(b) = —ipymyu(a),

foralla, b € I'(A). Such a pair (u, v) is called an IM p-form in [3]. The equivalence
between IM (0, p)-tensors (D, ) and IM p-forms (u, v) is given by the following
explicit relations:

D(a) = du(a) + v(a),
l(a) = u(a).

When (D, [) are the infinitesimal components of a multiplicative (0, p) tensor field
(i.e. a differential p-form) w € Q7 (G), we have that

Low=t"(du(a) + v(a)), izw="1t"u(a)
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for all @ € T'(A). It follows that
t'v(a) = Lo —t'du(a) = igdo+digzo —t ua)) =izdo.

In this way, we can see that Theorem 3.19 immediately recovers the main result of
[3], relating multiplicative and IM differential forms:

Corollary 3.26 For a source 1-connected groupoid G = M, there is a one-to-one
correspondence between multiplicative p-forms w € QP (G) and IM p-forms (u, v),
given by

t'u) =ipw, tva) =izdo,
fora € T'(A).

For a Poisson manifold (M, IT), if (T*M, [-, -]r1) is the Lie algebroid of a source 1-
connected groupoid G = M, then G has a canonical multiplicative 2-form integrating
the canonical IM (0, 2)-tensor of Example 3.25. In this case, note that v = 0, and this
implies that dw = 0. One can also verify that / = p being an isomorphism implies
that w is non-degenerate. So (G, w) is the symplectic groupoid integrating T*M.

Remark 3.27 Multiplicative differential forms on a Lie groupoid G form a subcomplex
of the de Rham complex. On the other hand, if (¢, v) is an IM p-form, one can directly
verify that (v, 0) is an IM (p + 1)-form. So (u, v) — (v, 0) defines a differential on
the space of all IM-forms, in such a way that the correspondence in Corollary 3.26 is
an isomorphism of complexes.

4 Proof of the Theorems

Before delving into the proofs of Theorems 3.11 and 3.19, let us briefly sketch the
general strategy to obtain the infinitesimal description of multiplicative tensors.

Given a multiplicative (g, p)-tensor field t € D'(APT*G® AYT G), our main object
of analysis is formula (3.3) applied to c;, the corresponding multiplicative function
on the groupoid G = M in (2.7):

L ¢ = t*(Ace, x). 4.1)

Our goal is to have a concrete description of the infinitesimal cocycle Ac; € I'(A*),
which codifies the infinitesimal information of 7.

The first key observation is that it is enough to check the identity (4.1) when x
varies within a special set of generators for the C°*° (IM)-module of sections of A. These
generators will be parametrized by I'(A) and Q! (M), and their pairing with Ac, will
give rise to maps from the space of parameters into C°°(M); more precisely, we will
obtain three maps, D, [, and r, taking values in the subspace ['(APT*M ® ATA) C
C°° (M) of componentwise linear functions. These maps, which completely determine
Acy, will agree with the infinitesimal components of 7.
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Considering the left-hand side of (4.1), we will see that the Lie derivatives of ¢
can be expressed in terms of contraction and Lie-derivative operations on the tensor
field 7 itself. In this way, the equality (4.1) is re-written as the relations involving
T and (D, [, r) in Theorem 3.19. The last step is expressing the cocycle condition
da(Acy) = 0,where dy is the Lie algebroid differential on I'(A*), in terms of (D, [, ).
This will lead to the IM-equations.

We will need a few technical tools to carry out this strategy, including the study of
lifting operations (Sect. 4.1) and an analysis of linear tensor fields (Sect. 4.4).

4.1 Lifting operations

As we now see, classical lifting operations (see e.g. [63]) of vector fields are essential
ingredients in relating Lie derivatives of tensor fields v with Lie derivatives of the
corresponding componentwise linear functions c;.

Let mg : E — N be a vector bundle over a smooth manifold N. Given a section
u € I'(E), its vertical lift is the vector field u¥ : E — T E on E defined by

u¥(e) = i (e+eu(y), yeN,eckE,. 4.2)
de|.—g

e=

For a section iy € I'(E™), we recall that the Lie derivative of its corresponding linear
function £y, € C*°(E) along u" is given by

Ly Ly = (Y, u)omg. 4.3)

In this paper, we are mostly interested in the cases where E = TN or E = A*,
the dual of a Lie algebroid (A, [+, -], p) over N. We denote the bundle projections by
w: TN — N and 7, : A* — N. In these cases, besides the vertical lifting, there
are two other important lifting constructions that we need to recall. For a vector field
X € X(N), consider its (local) flow ¢ : N — N. The rangent lift of X is the vector
field X7 on TN with flow given by € > T¢.. Fora € QI(N) and f € C®(N), the
Lie derivatives of the functions £, and f o 7 in C>°(T N) along X' are given by

Lyr by =1Lr,q and Lyr(fom) = (Lxf)om. (4.4)

The Hamiltonian lift of a section a € I'(A) of a Lie algebroid is the vector field
H, on A* defined by

H, = IT%._(dt,), (4.5)

lin
where IT;;, € I'(A>T A*) is the linear Poisson structure on A* (dual to the Lie algebroid
structure on A) and ¢, € C°°(A*) is the linear function corresponding to a. For
b eTl(A)and f € C®(N),
Lu, Ly =Lap) and Ly, (f omy) = (Lo f) o T (4.6)
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Note that (4.4) and (4.6) completely characterize X7 and H,, respectively. When
A = TN, the linear Poisson structure on 7*/N comes from the canonical symplectic
form, and the Hamiltonian lift Hyx of a vector field X € X(N) coincides with the
cotangent lift XT" € X(T*N), which is the vector field with flow € > (Td_c)*.

Our aim is to extend formulas (4.3), (4.4) and (4.6) to elements of the space
T'(APT*N ® A?A). Let us first introduce some notation. For Y € X(M), we define
vector fields on &7 T M as follows:

Yoy, .. X)) =@ (Xy), ..., YT (X,) 4.7)
Y(\;’)p(XI,...,Xp)=(OXI,...,0X,~_,,YV(Xi),OXi+],...,Ox]7), I = 1,_”’1),
(4.8)

Similarly, for a € T'(A) and u € I'(A*), we define vector fields on &7 A* by

H(p1. ... 9q) = (Hap1), ... Ha(&)) (4.9)
1y @1 s 0g) = Oy o Ogy 18 (@), 0y o0, 0g,), =1, 0.

(4.10)
Define

YISO (@ TN) @ (@94%) — (@' TN) @ (@74,
v (@PTN) @ (874%) — (@' TN) @ (@17 A%)

to be the projections

V((,{)(S;])(£7£) = (le MR Xl‘*lvxl.“rlv "-7Xp’ (pl’ ~--7¢q) (411)
V(X @) = (X1 Xp @1 01 @1 0, (4.12)

for1 <i < p,1 < j < g. When there is no risk of confusion, we simplify the
notation by omitting the superscripts (g, p) on the projections.

Proposition 4.1 Lett € T(APT*N ® A1A), and consider the corresponding compo-
nentwise linear function c; : (®PTN) & (®1A*) — R. Fora € X(A), u € T'(A*)
andY € I'(TN), one has that

Lip@rr, 1) €t = Cax
Liyyro) e = (=" ciyr 0 v4.0)
E(O,M‘(’]’.)") cr = (=D ei e 0 v0.5)
where - is the action (3.11).

Proof Let us consider the case T = w ® X, for w € QP(N) and X € X4(A). First
note that ¢; = (cy o pryy)(cx o pry«), where pry and pry« are the projections of
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1512 H. Bursztyn, T. Drummond

(®PTN) ® (@?1A*) onto ®”T N and @? A*, respectively. Using the Leibniz rule, it
suffices to prove that

i—1
Ey(r_),p Co = CLyw ‘CY(‘;’)” co = (=1)"""¢iyw © ¥i,0)
13

j—1
Lygex =caxr Lyaex =D eqx 0 v0.))-

Letus simplify matters once more by assuming thatw = a1 A- - -Aap, foray, ..., ap €
I'(T*N). On the one hand, we have that

Ciyo O Vi) (X1, ..., Xp) =iy (X, ..., Xi—1, Xig1, ..., Xp)
Za)(YaX]a "'7Xi715Xl'+17‘-'5Xp)
=D oXn, L XL Y X, X)),

On the other hand, by (2.8) and (4.3),

Lyvrco= Y s8n(@) ). ¥)(Layq 0 Prry) -+« (baygy © Pryy)
oeS(p)

e (g()lg([,) ° pr?]v),

where pr]% y i ®PTN — TN is the projection on the j-component, for 1 < j < p.
Hence,

(;CY&/_;P Cw) X1, ... Xp) =X, ..., Xi—1, Y, Xig1, ..., Xp)
= (=D eiyw o v (X1, ..y Xp).

The other equations follow similarly using (4.4) and (4.6). The case where 7 is arbitrary
follows from linearity of the Lie derivative. O

Remark 4.2 When A = TN, the action - of X € X(N)ont € ['(APT*N @ NITN)
is the Lie derivative of t along X, X - t = Lxt. In this case, Proposition 4.1 says that

‘C(XT"’,XT*"I) Ct =CLx1>

where XT and X7 are the tangent and cotangent lifts of X.
For our next result, we keep the notation as in Remark 3.12.

Proposition4.3 Lett € T'(APT*N @ AN1A) and a € T'(A). For f € C*®(N),

(fa)-t=fla-1)+df NipwT —a Nig,rT,

where d 4 is the Lie algebroid differential and d is the de Rham differential.
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Proof By linearity, it suffices to prove the result for t = w ® X, where w € I'(APT*N)
and X € I'(AYA). First,

Lo(fay @ = f Lop@@ +df Nipay®
and, by the properties of the Schouten bracket,

[fa,ff]:—[.'{,fa]=—[%,f]/\a—f[ff,a]
= —(=D7 Nig s X) na+ fla, X]
=—aNnig, X+ fla, X].

Hence, (fa) - (0 ®X) = f(a-1)+df A ((ip®) @ X) —a A (0 ® (iq, r X)), as
we wanted. |

4.2 The Lie algebroid of G = M

In this subsection, we discuss the Lie algebroid A — M of the Lie groupoid G = M
introduced in (2.7) and describe a special set of generators for the C°°(IM)-module
I'(A).

Prolongations of vector bundles Given a vector bundle 7g : E — M, we may view
it as a Lie groupoid whose source and target maps are equal to g, the unit map is
the zero section 0 : M — E, and the multiplication is fiberwise addition. In this
case, the tangent Lie groupoid is the vector bundle Tng : TE — T M, called the
tangent prolongation of E. Similarly, the cotangent Lie groupoid is the vector bundle
7g : T*E — E*, called the cotangent prolongation. The projection Tg has the

following description: for & € T,)E, Tg(§) € E ;E (¢) 18 the element defined by

~ . d . .
(TE(§), €) = (&, T (e+€é)), VeéeE Eq ).
e=0

The Lie algebroid AE is identified with E — M itself, with the zero anchor and

zero bracket; the right-invariant vector field corresponding to u € I'(E) is the vertical
lift u¥ € X(E), see (4.2). The exact sequence (2.2) becomes

0— E < 0'TE Z£ TM — 0. (4.13)

Fore € E,,

d
e=—| (ce) eTHE
de e=0

defines the inclusion £ < 0*T E in the exact sequence above. The translation bisec-
tion associated to u € I'(E) is given by
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1514 H. Bursztyn, T. Drummond

Bu(X) =T0(X)+ux), XeT.M. (4.14)
In the cotangent prolongation, the exact sequence (2.5) becomes the dual of (4.13),

T * T
0— 7m0 E TE Br 0,

For B € T}M, its image under the first map of the exact sequence is

B = (To,mp)*B e Ty E.
For a 1-form a € Q' (M), its translation bisection Ba : E* — T*E is given by
Ba(p) = 6¢, +a(x), ¢ € E}.

Note that since t = s = wg, Bu and Ba are sections of Ty : TE — TM and
Tg : T*E — E*, respectively. They are known as core sections in the general theory
of double vector bundles (see e.g. [47]).

Sections of prolongations For a section u : M — E, its derivative Tu : TM — TE
defines a section of the tangent prolongation. There is also an induced section R, :
E* — T*E of the cotangent prolongation, as we now explain.

Recall the reversal isomorphism R : T*(E*) — T*E (see e.g. [47] for details): in
local coordinates,

Rip, B.e) = (e, =B, ¢), (4.15)

where we are locally writing T*(E*) =S E*®T*M ®Eand T*E E EST*M D E*.
Globally, R is both a vector bundle morphism from the cotangent bundle of E*,
T*(E*) — E*, to the cotangent prolongation of E, T*E — E*, and from the
cotangent prolongation of E*, T*(E*) — E,tothe cotangentbundleof E,T*E — E.
It fits into the following commutative diagram of vector bundle morphisms:

Foru € T'(E) and p € T'(E*), let £, € C®(E*) and £, € C*(E) be the
corresponding fiberwise linear functions. Then the composition
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Ry:=Rodl,: E*—T*E (4.16)
defines a section of the cotangent prolongation. Note that the identities
Ru(pu(x)) = dly (u(x)) — (g d{p, u))(u(x)), (4.17)
and
R(—nj-a) = Ba, (4.18)
completely determine R, where g+ : E* — M is the projection of the dual bundle.
Let us fix positive integers p, g and consider the Lie groupoid (2.7), with G = E.
This is actually a vector bundle

E®»® — V@9,

As before, we will simplify the notation by dropping the superindices.
For a section u € I'(E), we denote by (T”u, R,]) : M — E the section given by

(TPu, Ri)(X, @) = (Tu(X1), ..., Tu(X,), Ru(p1), - ., Ru(gg)),  (4.19)
and by Bu;y : M — E the section given by

Bui (X, ) = (TO(X1), ..., Bu(X;), ..., TO(Xp), 0p,. ..., 0p,),  (4.20)

fori = 1,..., p. Similarly, for o € Ql(M), denote by Ba(j) : M — E the section
defined by

Baj(X.¢) = (TO(X1), ..., TO(X,). 0y, ..., Ba(g)), ..., 04,), (421)

for j =1, ..., g. The following result is proven in [48].

Proposition 4.4 The C°°(M)-module of section T'(E) is generated by (TPu, RY),
Bvy and Ba;), foru,v € I'(E) and o € QM) i = L,...,p,j=1,...,q.

Remark 4.5 [C°°(M)-linearity] One can check that

T(fu)=(fomg) -Tu +, £qr - Bu, (4.22)
where we used the notation +, and - for the sum and scalar multiplication on the
fibers of the tangent prolongation TE — T M, respectively, and £4r € C*°(T M) is

the linear function corresponding to df € Q'(M). Similarly,

Rfu = (fomgx) - Ru + Ly - Bf), (4.23)
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1516 H. Bursztyn, T. Drummond

where 4+, and - denote the sum and scalar multiplication on the fibers of the cotangent
prolongation 7*E — E™, respectively.

Brackets and anchors We now recall the main features of the tangent and cotangent
Lie algebroids, see e.g. [49] for details.
For a Lie algebroid (A, [-, -], p), consider its tangent prolongation TA — T M. It

has the structure of a Lie algebroid, where the Lie bracket [-, -] on the space of sections
of TA — T M is determined by the conditions

[Ta,Tb]l =T la,bl, [Ta,Bb]=Bla,bl, [Ba,Bb]l=0,
for a, b € T'(A), while the anchor p7 : TA — T (T M) is determined by
pr(Ta) = p@?'. prBa)=p@".
where ()7 and ()" are the tangent and vertical lifts, respectively.

The cotangent Lie algebroid is the Lie algebroid structure on 7*A — A* defined
as follows: the anchor p7* : T*(A) — T (A*) is determined by

pr+(Ra) = Ha,  pr+(Ba) = (p*a)",

where H, € X(A™) is the Hamiltonian lift of a € I'(A), see (4.5). The Lie bracket on
the space of sections of T*A — A* is determined by

[R01 Rb] = R[a,b]v [Ras Ba] = B (»Cp(a)a) ’ [Bav B/g] = O,

where a, b € T'(A) and «, B € Q' (M).
The Whitney sum

APT = (@'TA) @ (@1T"A) — (&'TM) @ (&7A")

inherits a Lie algebroid structure which is determined componentwise by the tangent
and the cotangent Lie algebroids. We give a detailed description here for convenience.
The anchor map is determined by

or(TPa, RE) = (p(@)"?, H)
pr(Bag) = (p(a);;)’, 0)
pr(Bag) = 0, p*a ;). (4.24)

for @ € Q'(M). The Lie bracket on the space of sections of A — M is determined
by what it does on generators according to the following formulas:
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[(TPa, RY), (TPb, RD] = (TPla, b, RY, ), [(TPa, RE), Bba)l = Bla, bl
[(TPa, RE), Bagj)]l = B(Lpw@a) ). [Bagy, Bbanl=0
[Ba(i), Bot(j)] = 0, [B()l(j), B,B(j/)] =0. (4.25)

For a Lie groupoid G =% M, let A — M be its Lie algebroid. There are natural
Lie-algebroid identifications A(TG) = T A as well as A(T*G) = T*A (see [49, §7]).
Hence, the Lie algebroid A(G7-9) — M@ of the Lie groupoid G749 = M(P-9)
is naturally isomorphic to

APY = (@PTA) @ (®IT*A) — (®'TM) @ (@1A%). (4.26)

The right-invariant vector fields on 7'G corresponding to the sections of type T'a, Ba
are given by

Ta=a" and Ba=7a", (4.27)

see e.g. [49, §7] for a proof. Similarly, the right-invariant vector fields on T*G corre-
sponding to the sections of type R,, Bu are

R,=2T and Ba = (t'a)". (4.28)

The proof of these last formulas can be found in Appendix B.
It is now a straightforward consequence of (4.27) and (4.28) that the right-invariant
—_—

— — .
vector fields (T7a, RY), Bagy and Bajy € X(GP+9) are given by

N )
(TPa,RH =@Tr,aT 9 (4.29)
Ba(i) =(d ‘(/i)v 0) (4.30)
I * \V
Bajy = (0, (ta)(;), 4.31)

fori=1,...,p,j=1,...,q.

4.3 Proof of Theorem 3.11

Let us begin with two important lemmas. For the first one, we need to introduce some
notation. Define n((p 9 Ggra) 5 Gl ((‘" 9 GP9) — GPa-D a5 the
natural projections

Al W.6) = (U1, ... Uit Upy1. ... Up. E1. ... &) 4.32)

TG D W) = (U1, ... Up Er o Ejor B ) (4.33)
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for1 <i < p,1 < j < g. When there is no risk of confusion, we will omit the
superscripts (g, p) on the projections. Observe that 7(; oy and 7o, ;) are groupoid
morphisms (covering (4.11) and (4.12), respectively).

Lemma 4.6 For any multiplicative tensor field T € T(APT*G @ N1TG), there exist
vector bundle maps 1 : A — APT'T*M @ A9Aandr : T*M — APT*M @ AN971A
covering the identity map such that

izt =T((a)), (4.34)
irg T =T (r(a)). (4.35)

Proof By formulas (3.3) and (4.30), we have that
t*(ACT, Ba(,’)> = £—> Cr = E(?‘('i),O) Cr = (—l)iilcigr o 7'[(,',0)

Ba(,-)

for a € I'(A), where the last equality is a consequence of Proposition 4.1. Similarly,
for a € Q'(M), we check that

t*(Acr, Bagj)) = (=1)/ i« 0 70,
Note that, for ({ , Q) e M,
(Acr, Ba))(X. @) = (=)' "'2(@ . X1, ... Xio1, Xigto o Xp 01 - 0g),

which shows that (Ac;, Bag)) is a componentwise linear function of y(; o) (X, ¢).
Hence (see Lemma 2.4) there exists [(a) € T(AP~1T*M ® A2 A) such that

(Ace, Bagy) = (=)' ey 0 v 0)- (4.36)
Now, note that

Cizr 0 m0) = (=D (Acr, Bag)) = t* (cia) © ¥4.0))
= (t"ciw) © 7.0) = €T (@) © 7(1.0)-
Formula (4.34) follows from the injectivity of the correspondence between tensors

and componentwise linear functions (Lemma 2.4).
To prove that [ is C°(M)-linear, we use Proposition 3.10 to see that

TU(fa) =igt =" igt = HTUa) =T(fl(a)),

for f € C*(M), so that C*>°(M)-linearity follows from the injectivity of 7.
Similarly, we can prove the existence of 7 : T*M — APT*M®A?~! A by checking
that (Ac;, Bay;)) is componentwise linear, so that (4.35) follows from
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(Ace, Bajy) = (=1) ey 0 v0,j)- (4.37)

O

Lemma 4.7 For any multiplicative tensor t € T'(APT*G @ N1TG), there exists an
R-linearmap D : T'(A) — ['(AP T*M ® A1A) satisfying the Leibniz condition (3.9)
and such that

L—1 =T (D(a)). (4.38)
Proof From (3.3) and (4.29), we see that

t*(Ace, (TPa, RE) =L

Tra R T Legrrgrea) Cc =Lyt

where the last equality relies on Proposition 4.1. In particular, for (X, ¢) € M,
(AC‘E’ (Tpas R3)>(§7 g) = Lﬁr(gv 2)5

which proves that (Ac;, (TPa, R € CPM) is a componentwise linear function.
By Lemma 2.4, there exists D(a) € T'(A? T*G ® AYTG) such that

(Ace, (TPa, RY)) = epy- (4.39)
Now (4.38) follows from Proposition 3.10 (and the injectivity part of Lemma 2.4):
cLor =t*(Acr, (TPa, RY)) = t*cpw) = cT(D())-
To prove the Leibniz condition (3.9), we use Proposition 4.3 to see that

T(D(fa)) =EJT;T =Lppat=CHLyr+df NigT -a Aldpdf T
= " HT (D)) +t*df AT ((a)) — A T (r(df))
=T(fD(a)+df ANl(a) —a nr(df)).

The conclusion follows from the injectivity of 7. O
We are now in position to present the proof of Theorem 3.11.

Proof of Theorem 3.11 If T is multiplicative, then the existence of the triple (D, [, r) is
guaranteed by Lemmas 4.6 and 4.7; condition (3.8) follows from the fact that, since ¢,
is a multiplicative function, it must vanish along groupoid units (see Proposition 3.5).

Conversely, assume the existence of (D, [, r). We claim that there is a unique
u € I'(A*G) defined by the following conditions:

(. Bagiy) = (=" ey 0 vi.0) (4.40)
(1. Bajy) = (=1 er@y 0 Y00, (4.41)
(, (TPa, RD) = cpay, (4.42)
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fora € T'(A) and o € Q' (M). Uniqueness follows from Proposition 4.4, so it
remains to verify that p is indeed well-defined. For local frames (@)=1.... rank(A)
of A and (a*)s=1,... dimm) of T*M, we observe that the collection of local sections
(TPd*, RZk), Baé‘i), and Bafj) form a local frame for A. We first define u on this local
frame using the formulas above (and extend it by linearity). In the following, we use
Einstein notation. To show that p is globally well defined, it suffices to verify that
(4.40), (4.41), and (4.42) hold for a = fra* and @ = gya®, where fi, g5 € C®(M).
One can check that
Bagy = (fi o pr) Baﬁ»), BO((/') = (g5 opr) Bafj)

where pr : Ml — M is the bundle projection. Using (4.22) and (4.23), one also verifies
that (see Remark 4.5 for notation)

(TPa, RE) = (f o pr)(TPa", RY) +, (L, o prippp)Bagy +y (g 0 pri) BB,

where ﬁk = dfk,andpriTM M — TM,pri* : M — A* are given by pr"TM(X, ¢) =
Xi, prg* ({, g) = @;. Using Lemma 2.4, we see that

(1. Bagy) = (fi o pr)(m. Bag;)) = (=)' (fi o pricyar) © v(i.0)
= (=D i) © ¥.0)s
which is (4.40). A similar argument verifies (4.41). For (4.42), note that
(1, (TPa, RY) = (fr o pr)cpary + (=D (lay o pri]‘M)Cl(ak) ° Y(i,0)
+ (=177 o pri)eras © V. ))-

By (2.8), it follows that the right-hand side above agrees with

Crp@k) F Cafini@®) ~ Cakardfy) = CD(frab)>

where the Leibniz condition for D is used in the last equality. Hence (4.42) holds and
w is well defined.

Now consider the componentwise linear function ¢; € C*°(G). It follows from the
third equality in (3.10), Lemma 3.10 and Theorem 4.1 that

Loraity €0 = CLgt = CT(0@) = t*cp@) = t* (., (TPa, RY)).

Similarly, we see that

— * ‘ ok _
LZ%CT = t*(u, Bby)), and Emc, = t" (i, Ba(j).

By linearity, one has that £7> cr = t*(u, x), forevery x € I'(AG). As G is source
connected (because G is, see Remark 2.1), the result follows from Proposition 3.5. O
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4.4 Linear tensor fields

For the proof of Theorem 3.19, we will need to specialize our study of multiplicative
tensor fields to Lie groupoids given by vector bundles g : E — M. As we already
saw, in this case the groupoid E = (®PTE) & (4T*E) in (2.7) is a vector bundle
over M = (P TM) @ (@7 E*), with Lie algebroid AE given by E — M itself with
zero anchor and zero bracket. A tensor field t € T'(APT*E @ AYT E) is multiplicative
if and only if the associated function ¢; : E — R is fiberwise linear on E — M. For
this reason, we refer to multiplicative tensor fields on E — M also as linear. Our
goal here is to show how one can reconstruct linear tensor fields on £ — M explicitly
from their infinitesimal components.
For a linear tensor t € T'(APT*E @ N1TE),

Ac; = ¢y,

noticing that since c; is fiberwise linear on E — M, it can be seen as a section of
E* — M, cf. Example 3.3. In particular, from (4.40), (4.41) and (4.42), we see that
the infinitesimal components (D, [, r) of a linear tensor 7 satisfy

clu © vi.0) = (1) Ner, Bugy),  cr@ o vo. ) = (=17 Ner, Bagjy),  (4.43)
cpwy = (o, (TPu, RY)), (4.44)

foru € T'(E), « € Q' (M), and where Y(i,0)» Y(o,j) are the projections in (4.11) and
(4.12).

Before presenting the main result of this subsection, we need two lemmas. We begin
with a useful property of multiplicative tensors on Lie groupoids with s = t, so in
particular linear ones.

Lemma 4.8 Let G = M be a Lie groupoid such thats = t. Ift €e T(ANPT*GR AITG)
is a multiplicative (q, p)-tensor field, then

iz i7)> T =0, (4.45)
ipqiprg T =0, (4.46)
iz ipgT =0, 4.47)

fora,beT(A)anda, € T'(T*M).

Proof As s = t, it follows from (3.6) that i 7 () = 0 and iy 7 (P) = 0, for any
® e T'(A°T*M ® A®A). The result now follows from Theorem 3.11. O

The following lemma shows how the infinitesimal components of linear tensors

can be obtained by means of pointwise evaluation of the tensor on special vectors and
covectors .
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Lemma4.9 Lett € T'(APT*E Q AN1TE) be a linear (q, p) tensor field. For (X,9) €
M,, u € I'(E) and o € Q' (M), define

Uiy = (T0(X1), ..., TOX;-1), u(x), TO(Xi41), ..., TO(X)p)) € &"To E

§(j) =04, ..., 0p; ,a(m), Op;\\,....04,) € eaqTO*XE.

The infinitesimal components | : E — AP7IT*M @ AME, r : T*M — APT*M ®
NYE and D : T(E) — T'(APT*M ® A1E) satisfy

@ D)X, ¢) = T(Tu’, RO(X, 9)) }

(b) 160 (,0/(X. 9) = (~ 111 W5), By . Ty,

© r@0.)X. ) = (=D 12 (TOX1), ..., TOX ), &

Proof From (4.44), it is clear that

(j))'

D)X, ¢) = (cz, (T7u, R (x.9)
T(Tu(X1), ..., Tu(Xp), Ru(@1), ... Ru(@q)),

which proves (a). Similarly, from the first equation in (4.43),

1) (vi,00(X, @) = (cr, Bugiy)l(x,0)
= (=)' (TOX). ..., Bu(X;), ..., TO(Xp). 0y, ... Op,).

But since Bu(X;) = T0(X;) + u(m), we have that this last term equals

T(TO(X1), ..., TO(X}), 0y, ..., 0y,)
+T(TO(X), ..., TO(Xi—1), u(m), TO(X;11). ... TOX ). Oy, ... 0.
To conclude that (b) holds, note that T (T0(X1), ..., T0(X)), 6¢1, ... ,6%) =0, as
T is linear on [E — M. The verification of (c) is similar. m|
We can now present the main result regarding linear tensor fields.

Proposition 4.10 A tensor t € T(APT*E @ AN1TE) is linear if and only if there exist
vector-bundle maps | : E — APTIT*M @ AYE andr : T*M — APT*M @ A" E
covering the identity, and D : T'(E) — T'(APT*M ® A1E) satisfying the Leibniz
condition (3.9), such that, for Uy, ..., Uy € T,E, §1,...,&; € T)E,ec Ey,
t(U, &) = Dw)(X, 9) + (=)' () (vi,0/(X. 9))
+ (=D B) (. (X, ). (4.48)

where u € T(E) is any section such that u(x) = e, X; = Tng(U;), ¢; = 7)),
and e; € Eyx, Bj € T} M are defined by

(W, ei) = (Ui —, Tu(X:),0y), (B}, Y) = (&j — Rulg;), TOY)),
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fory e EXL,Y e Tx\M,andi =1,...,p, j=1,...,q.Inthis case, (D,1,r) are the
infinitesimal components of t.

Proof First note that the right-hand side of formula (4.48) is well defined, in the
sense that it does not depend on the extension u. Indeed, let (’/lk)kzl,‘..,rank(E),
(@®)s=1,....dim(m) be local frames of E and T*M respectively. One can write (see
notation in Remark 4.5)

Ui =t - Tuk(X;) +, hix - BuF(Xi), & =t - R (9)) +» gjs - Ba®(9)),

for tx, hik, gjs € R, where e = tkuk(x). For any section u = fkuk, fk € C®(M),
u(x) = e if and only if fi(x) = #. Also,

ei = (hix — Lx, fou®, Bj = gjse’ + (;, u*)dfi.

So, by using the Leibniz condition (3.9), one can rewrite (4.48) as

p
T(U.§) =t DU (X, @) + > (=" hir 1) (v.0) (X 9))

i=1

q
+ ) (=D g (@) (o) (X, @)
j=1

Let us assume that t € T'(APT*E ® AYTE) is a linear tensor, and let (D, [, r) be its
infinitesimal components. One may directly check that

Ui = Tu(X;) +, (TO(X;) + &) and & = Ru(p;) +, Oy, + B;) .
— ——

Vi 9]
Since 7 is linear, we have
T(U, &) = 1(TPu(X), R9(@) + 1(V, £) = Dw)(X, 9) + 1(V, {).

Now, using the multilinearity of the tensor t, one can expand ‘((K, 9 as a sum in
which every term is 7 evaluated on a string involving 7'0(X;), ¢; separatedly on the
TE partand Oy, B; separatedly on the 7*E part.

Claim The only non-zero terms on the expansion of (V, ¢) as a sum are the ones in
which the (-) terms appear exactly once (counting both the T E and T* E parts). Indeed,
if they do not appear at all, one has t(70(Xy), ..., TO(Xp),a(pl, ...,6%) = 0,
because 7 is linear on the fibers of E — M. If they appear twice or more, note that
e; = u?(0y) and E = (m;a;)(0y), where u; € T'(E) and a; € I'(T*M) satisfy
u;(m) = e; and oj(m) = B;. So, the claim follows from Lemma 4.8. Therefore,
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t(U,€) = DW)(X, ¢)

p
+ Y T(TOX1), ..., TOX;1), &, TO(Xit1), ..., TO(X,), Oy ..., Op,)
i=0

q
+ Y T(TOX1), ... TOX), Oy, 0y By Ogyy - Oy
j=0

Formula (4.48) now follows from Lemma 4.9.

Conversely, let us assume t € ['(APT*E ® A1TE) is a (g, p)-tensor field for
which (4.48) holds. It is straightforward to check that (4.48) is linear on the fibers of
E — M, so 7 is linear. To prove that (D, [, r) are exactly the infinitesimal components
of 7, one proceeds as follows: first substitute (U, &) with (T”u(X), R, (¢)). In this
case, ¢; = 0, 8; = 0 and formula (4.48) becomes (T u(X), R, (¢)) = Du)(X, ).
By substituting (U, &) with (e1, TO(X2), ..., TO(X,), 0y, ..., 0, ), one has that
X1=0,ep=---=¢, =0, B8; =0 and, therefore, formula (4.48) becomes

T(e1, TO(X2), ..., TO(Xp), Opy. ... Op,) = 1(en) (X2, ..., Xp, @1, ..., @)

Finally, by substituting (U, £) with (T0(X1), ..., TO(X ), B1, O, ..., Oy, ), formula
(4.48) becomes

T(TO(X1), ... TO(X ), B1. Opy. ... 0g)) = r(BOX1, ..o, Xpo 02, -, 0g).
The result now follows from Lemma 4.9. O
As an immediate consequence, we have

Corollary 4.11 There is a one-to-one correspondence defined by (4.48) between linear
tensors T € T(APT*E ® AITE) and triples (D, 1, r), wherel : E — APTIT*M @
N Eandr : T*M — APT*M @ A1~ E are vector bundle maps covering the identity
and D : T(E) - I'(APT*M ® N1 E) satisfies the Leibniz condition (3.9).

4.5 Proof of Theorem 3.19

We just saw in Corollary 4.11 how linear tensors T on a vector bundle are described
in terms of triples (D, [, r). Let (A, [, -], p) be a Lie algebroid, and consider linear
tensors T on A for which the corresponding fiberwise linear functions ¢; : A — R are
Lie-algebroid cocycles. We now see how to express this additional cocycle property
in terms of (D, [, r).

Proposition 4.12 There is a one-to-one correspondence defined by (4.48) between

linear (q, p)-tensors T € T(APT*A @ NITA) for which ¢; : A — R is a Lie-
algebroid cocycle and IM (q, p)-tensors (D, [, r) on A, as in Definition 3.17.
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Proof By definition, the cocycle condition dy ¢; = 0 is equivalent to the equation
(co, (U, V1) = Lopw)(er, V) = Lopvy(er, U) (4.49)

allU, V e I'(A). In order to prove that this equality holds, it suffices to consider U, V
varying on the set of generators given by Proposition 4.4, and this will be shown to be
equivalent to the set of IM-equations (IM1)—(IM6) in Definition 3.17. Let us first fix
U = (T?a,RJ), for a € T'(A). In the following, we shall use repeatedly the anchor
and Lie bracket equations (4.24), (4.25) for the Lie algebroid A — M.

Equation (IM1) Take V = (T?b, qu), for b € I"'(A). It follows from (4.44) that the
cocycle equation (4.49) is equivalent to

p(ab) = Lip@r, 1) 0B = L(pwyTr, 1) €D(@)
= Ca-D(b)—b-D(a)>

where the last equality follows from Proposition 4.1. So, in this case (4.49) is equivalent
to (IM1).
Equations (IM2) and (IM3) Take V = Bb(;), 1 <i < p.From (4.43), it follows that
the cocycle equation (4.49) for this pair U, V can be rewritten as
D" agann o v = (1L, o Ry (€1m) 0 V6.0) = Lor®Boy) D@

= (D! (‘C(p(a)TvP*l, 2 Cl(b)) ° V(i,O)_E(p(b)f;)”,O) CD(a)

= (=D ((ca1)) © Vi) — CiypyDia) © Y(i.0))
where y(; o) is the projection (4.11) and the last equality follows from Proposition 4.1.
So, for the given choices of U and V, (4.49) is equivalent to (IM2).

When V = Baj), 1 < j <gq,fora € QU (M), one can prove analogously that
(4.49) and (IM3) are equivalent.

Equations (IM4), (IM5) and (IM6) Let U = Bagyand V = Bb,),forl <i <k < p.
As [Bagy, Bby] = 0, it follows from (4.43) that the cocycle equation (4.49) can be
rewritten as

k-l il _
0=(-D (E(p(a)rl;)ﬂ—lyo)cl(b))OV(k,O) (=D (E(p(b)\(fl;fl—)l’o)cl(a))0)’(1,0)

(—1)ith=3

i+k—2 (p—1.9) (p—L.q)
= (D" i 1@ 0 V5o P o vao — Cipal(h) © V@ 1.0y © V(.00

j+k—2 -1, -1,
= (D't (Cip(b)l(a) o V((if)o) Do Yk,0) + Cipal(b) © J/((kp_l,oz) o V(i,O)) ,
where in the second equality we have used Proposition 4.1. One can now directly

check that y((l.p (5 Lo, Y(k,0) and y((kp:l]bq)) o ¥(,0) are the same projection from MP-9)

to M(P=2.9)which forgets the i-th and the k-th components on T M. Hence, for these
choices of U and V, (4.49) is equivalent to (IM4).
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In a similar way, one checks that, for U = Bajy, V = BB, 1 < j <k <gq,
one obtains the equivalence of (4.49) with (IMS), and for U = Bagy, V = Boyj),
1 <i <p,1<j<gq,onehas the equivalence of (4.49) with (IM6).

These 6 cases cover all possibilities of U, V varying in the set of generators, so the
result follows. O

Letnow G =% M be a Lie groupoid with Lie algebroid A — M. For a multiplicative
(g, p)-tensor field t € T'(APT*GR AYTG), consider the corresponding multiplicative
function ¢; € C*°(G) on the groupoid (2.7). Let Ac; € T'(A*) € C*®(A) be its
associated infinitesimal cocycle.

Lemma 4.13 The following holds:

(a) There is a linear tensor field t4 € T(ANPT*A Q@ ANITA) such Acy = c¢q,.
(b) The infinitesimal components (D4, la,14) of T4 satisfy

Da@)(X.9) = (L57) (X, )
A @ly0x.0) = (i77) lngo X
VA(O‘)|)/(0_]')(§,£) = (iraT) |”(0,j)(£’f)’
where (X, g) eM aeT(A), a € QUM) and Y(i,0) Y(0,)) Ta,0) and (o, j) are

the forgetful projections (4.11), (4.12), (4.32) and (4.33), respectively.
(c) The infinitesimal components (D, L, r) of T coincide with those of T4.

Proof 1t follows from Proposition A.3 that Ac; : A — R is a componentwise linear
function which is antisymmetric on the T A components as well as on the 7*A com-
ponents. Hence, there exists 74 € I'(APT*A ® AYT A) such that Ac; = cq,. This
proves (a).
By (3.2), (4.44) and Proposition 4.1,
DA(@ (X, 9) = (cry, (TPa(X), RE@)) = {Acr, (TPa(X), R ()

= Lz, X 9) = Ligro gy (X, 9)
= (L3 (X, 9).

Similarly,
(=DM a@) (Vi,0) (X, @) = (ery, Bagy(X, 9)) = (Acr, Bagy(X, ¢))
= (ﬁBT(;) Cr)(z, g) = (E(E)Z;)pﬁo) Cf)(z’ f)
= (_1)i_l(i—a>f)(77(i,0)({, ®)).

The equation involving r4 follows similarly, and we conclude that (b) holds.
If we now let (D, [, r) be the infinitesimal components of 7, the equalities D = Dy,
| =14 and r = r4 follow from Theorem 3.11. O

We can now finally proceed to the proof of our main result.
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Proof of Theorem 3.19 By Proposition 4.12, there exists a Lie algebroid (g, p) tensor
field T4 having (D, [, r) as its infinitesimal components. The fact that c;, : AG — R
is a Lie algebroid cocycle and G is source 1-connected implies that there exists a
unique multiplicative function F' : G — R satisfying AF' = ¢,,. By Proposition A.3,
F is componentwise linear and anti-symmetric on both the TG and T*G components.
Therefore, F = ¢, for a (unique) multiplicative tensor field T € T'(APT*G QR AITG).
The fact that the infinitesimal components of t are (D, [, r) follows from Lemma 4.13.

O

5 Multiplicative vector-valued forms

Given a manifold N, by a vector-valued form on N we mean an element of
Q*(N,TN) =T (A°T*N ® TN). The space of vector-valued forms is a graded Lie
algebra with respect to the Frolicher—Nijenhuis bracket [24]. On a Lie groupoid, the
space of multiplicative vector-valued forms is closed under the Frolicher—Nijenhuis
bracket [6], so it is also a graded Lie algebra. We now identify its infinitesimal coun-
terpart, in the spirit of Remarks 3.23 and 3.27. Before discussing Lie groupoids, we
briefly recall vector-valued forms on manifolds.

5.1 The graded Lie algebra of vector-valued forms

Let Q2°(N) be the graded algebra of differential forms on N. A degree k derivation of
Q°(N) is a linear map A : Q*(N) — QT4 (N) such that A(a A B)=A@)AB+
(—D¥a A A(B), fora € QJ(N). Any vector-valued form K € T'(APT*N ® TN)
gives rise to a degree (p — 1) derivation of Q2°(N) by

ixkw(X1, ..., Xprj-1)
1
=~ Z sgn(0) (K (Xo@)s > Xo(p)s Xo(p+1)s - -+ » Xo(p+j—1))>
p!(j — D! eSoms
5.1
forw € SZj(N), X1,..., Xp+j—1 € TN.Italso gives rise to a degree p derivation of
Q°(N) via
Lk =lig.d]=ixd — (—)"" di, (5.2)

where d is the exterior differential on N.
We extend i g to a contraction operationig : Q*(N,TN) — Q*tP—Y(N, TN) by

ixlw®X)=(igw) ® X, w € Q(N), X € X(N). (5.3)
Given K € QP(N,TN) and L € Qp/(N, T N), their Frolicher—Nijenhuis bracket

[24] (see also [34, Ch. 2]) is the vector-valued form [K, L] € Qrtr' (N, T N) uniquely
defined by the condition
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Lok =Lk, Lol =LxLy — (=P LiLk. (5.4)

When K and L have degree zero (i.e., they are vector fields on N), (5.4) agrees with
the usual Lie bracket of vector fields. More generally, for X € X(N),

[X,K]=LxK.

The Frolicher—Nijenhuis bracket makes 2°(N, T N) into a graded Lie algebra. It
is a natural bracket in the following sense: for a smooth map F : Ny — N, , let
K; € QP(N;, TN;), Li € QP (N;, TN;), i = 1,2, be such that K| is F-related to
K> and L, is F-related to L,.* Then [K;, L] is F-related to [K2, L]. There are
other important properties of the Frolicher—Nijenhuis bracket which will be recalled
in subsequent sections.

5.2 Infinitesimal description

Let G be a Lie groupoid. As seen in Proposition 3.9, a multiplicative vector-valued
form K € QP (G, TG) as defined by [43] is exactly a multiplicative (1, p)-tensor field.
From Theorem 3.19, one obtains a bijective correspondence between multiplicative
vector-valued p-forms on a Lie groupoid G and IM (p, 1)-tensors on its Lie algebroid
A. For this reason, we will refer to IM (p, 1)-tensors also as IM vector-valued p-forms.

We denote by Q° (G, TG) the space of multiplicative vector-valued forms on G.

mult

In the following, we will also need the following result proven in [6, Thm. 4.3]:

Proposition 5.1 On a Lie groupoid G, Q% (G, TG) is closed under the Frolicher—
Nijenhuis bracket.

Hence ?,,(G, TG) € Q°*(G, TG) is a graded Lie subalgebra. We now describe
the graded Lie bracket on IM vector-valued forms corresponding to the Frolicher—
Nijenhuis bracket on multiplicative vector-valued forms.

For a multiplicative vector-valued form K € Q7 (G, T G), consider its infinitesimal
components D : ['(A) = T(APT*M®A),l: A — APTIT*M®Aandr : T*M —
APT*M. Note that r can be seen alternatively as an element r € QP (M, TM). As
such, Proposition 3.9 shows that K is s, t-related to r.

Using the Q°(M)-module structure of Q*(M, A) = I'(A°T*M @ A), we extend [
to an operator [ : A°T*M @ A — A*TP-IT*M ® A by

lla®a) =a Nl(a),
and D to an operator D : Q/ (M, A) — QPTI(M, A) by

D@®a)=aA D)+ (=) (da Al@) — (=1)/P Ve.a®a), (5.5)

4 K| € QP(Ny, TNy) is F-related to Ky € QP (N,, T Np) if
Ky (TF(X1), ..., TF(Xy) =TF(Ki(X1,..., Xi))s

forall Xq, ..., Xy € TyN,andx € N.
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with £, as in (5.2). This extension for D is well-defined as a consequence of the
Leibniz rule (3.9). Moreover,

D An) =aADm)+ (=D (danl@) — (~DIFIPDL.a Ay,
fora € QI(M), and n € Q/ (M, A).
Lemma5.2 Forn € Q*(M, A), we have it K =T (I(n)).

Proof For homogeneous n = @ ® a, one has that 7 () = t*a ® 7. So, by definition
of the contraction (5.3),

iTimK =tfaniz K =t'a AT((a) =T (@ Al(a) =T((xQ a)).
O

Let us consider the operation [-, K] : Q*(G, TG) — Q*tK(G, TG), where [-, -] is
the Frolicher—Nijenhuis bracket. The following result shows that [-, K] preserves the
image of 7 inside Q°(G, TG).

Lemma5.3 Forn € Q*(M, A), we have [T (n), K] =T (D(n)).
Proof If n = a ® a, foru € QJ (M), then one has (see [34, Sec. 8.7]):
Ca®d,Kl=tan[d,Kl+ (1) (t*da ®imK — (=D VP Ly (ta) @ @)
=t'a A T(D(a)) + (=) (t*"da @ T((a)) — (=) PVt (L,0) ® @

=T(aAD@+ (1) ([da®l@— (-7 V,a®a)
=T(D®)).

In the second equality, we have used the fact that K and r are t-related. O

Proposition5.4 Let K| € QP (G, TG), Ky € Q2P2(G, TG) be multiplicative vector-
valued forms, with infinitesimal components (D1, 11, r1) and (D3, 2, r2), respectively.
The infinitesimal components (D, 1, r) of their Frolicher—Nijenhuis bracket [K1, K»]
are

D =[D3,Di] =Dy o Dy — (=1)P'P2Dy o D, (5.6)
I =Dy, 1] — (=D)P'P2[Dy, 1], (5.7)

where the brackets on the right-hand side are the (graded) commutators of endomor-
phisms of Q*(M, A), and

r=1[r1,m], (5.8)

where the last bracket is the Frolicher—Nijenhuis bracket of rj € QPi(M,TM), i =
1,2
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Proof The equation (5.8) follows from the naturality of the Frolicher—Nijenhuis
bracket. As K is t-related to r; and K> is t-related to rp, it follows that [K, K3 ]
must be t-related to [r1, r2]. The identity (5.6) for D follows from the Jacobi equation
for the Frolicher—Nijenhuis bracket. Indeed, using Lemma 5.3:

T(D() =[d,[Ki, K21l = ([, Kil, K21+ [K1, @, K21
= [T(Di(a)), K21+ [K1, T(D2(a))]
=T (D2(D1(a))) — (=1)P'P2[T(Dy(a)), Ki]
= T(D2(D1(a)) — (=1)"'P2D{(D1(a))) = T ([ D2, D11(a)).

Now, recall the following general property of the Frolicher—Nijenhuis bracket (see
Theorem 8.11 in [34]): for K; € QPi(N,TN)and L € QP HL(N,TN),i = 1,2, we
have

iL[K1. K2) = [iLKy1. K2) + (=)P'7'[Ky. i K>)

_ ((_1)[71[” ik, Ko — (—1)Prr)r i[Kz,L]Kl) )
Using this identity and the previous lemmas, we obtain
iK1, Kol = lig K1, K21+ (=DP'[Ky, i K2]
— ((_1)1711-[1(1’7] Ky — (_1)(171—1)1721-[1(2’7] K1)
= (TU@), Kl + (=17 (=(=D" V[T (@), K1)

+ (=DPYiz(p @y K2 — (=1D)P17DP2r 0y K1)
=T (D2l (@) — (=D Dy (lr(a)) + (=P 1(D1(a))
— (=D)P1=DP21(Dy(a)))

=7 (ID2, 1](@) = (=) (Di (@) = (=DP P DDy @) )
=T (ID2. hl(@) = (=D)"'"7[Dy. b(@)),
as we wanted to prove. O

Corollary 5.5 The space of IM vector-valued forms is a graded Lie algebra with the
bracket defined by (5.6),(5.7) and (5.8):

[(D1,l1,71), (D2, 12, 2)] = ([D1, D21, [l1, I2], [r1, m2]).

The correspondence established by Theorem 3.19 between multiplicative vector-
valued forms and IM vector-valued forms is a graded Lie algebra isomorphism.

This last result should be regarded as parallel to Remarks 3.27 and 3.23.
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6 Multiplicative (1, 1)-tensor fields

We will now focus on multiplicative vector-valued 1-forms, or (1, 1)-tensor fields.

6.1 Infinitesimal components

Let K € Q1(G, TG) be a multiplicative (1, 1)-tensor field, with infinitesimal compo-
nents

D:T(A) ->T(T*M®A), :A— A, r:TM —TM.
Note that we have dualized the r component. For X € T M, we will use the notation
Dx :T'(A) »> T'(A), Dx(a) =ixD(a).
The I M-equations satisfied by the triple (D, [, r) take the form

Dx([a, b]) = [a, Dx(b)] — [b, Dx(a)] + Dipw),x1(a) — Dip@),x1(b)  (IM1%)

l([a, b]) = [a,l(D)] — Dy (a) (IM2%)
r(lp(a), X1) = [p(a), r(X)] — p(Dx(a)) (IM3%)
rop=pol. (IM6%)

Proposition 6.1 Let K : TG — TG be a multiplicative (1, 1)-tensor field on the Lie
groupoid G, with infinitesimal components (D, [, r). Then K" is also multiplicative,
and its infinitesimal components (D', ', r') satisfy

n
'=1r, r=r", D)= Zl-/_l o D(a)or"™/
j=1

Proof The equations for /" and r’ are straightforward to check. As for the equation for
D', the proof follows from an induction on 7 using the recursion formula

(@, K" =[d,K" "oK+K" ' o[d,K].
O

As a result, we obtain infinitesimal descriptions of multiplicative projections and
almost complex/product structures.

Corollary 6.2 Let K be a multiplicative (1, 1)-tensor field on a source-connected Lie
groupoid G = M with infinitesimal components (D, [, r). Then

@ Springer



1532 H. Bursztyn, T. Drummond

(a) K satisfies K* = K if and only if
loD(a)+ D(a)or = D), [*=1, r*=r.
(b) K satisfies K> = + idrg if and only if
loD(@) + D@ or=0, [>==ids, r>==xidry.
Proof In (a), the equations for (D, [, r) guarantee that the multiplicative (1, 1)-tensors
K? and K have the same infinitesimal components. As G has connected s-fibers, this
implies that K> = K. The same argument holds for almost product and almost complex

structures. O

We will now consider an additional integrability condition in terms of the Nijenhuis
torsion.

6.2 Nijenhuis torsion

Given a (1,1)-tensor field K on a manifold N, its Nijenhuis torsion is the vector-valued
2-form Nx € Q*(N, TN) given by

Nk(X.Y)=[K(X), KY)]— K(KX, Y]+ [KY,X])+ K*[X, Y],

for X, Y € T N. The Nijenhuis torsion has a well-known relation with the Frolicher—
Nijenhuis bracket via

%[K,K] = Nk. 6.1)

For a multiplicative (1,1)-tensor field on a Lie groupoid G = M, the following
description of the infinitesimal components of its Nijenhuis torsion is an immediate
consequence of this last formula and Propositions 5.1 and 5.4:

Corollary 6.3 Let K € Q'(G, TG) be multiplicative with infinitesimal components
(D,1,r). Then Nx € Q*G,TG) is multiplicative and its infinitesimal components
(D", I',r") are
D'=D* I'=[D1, 7+ =N,.
It will be useful to have a more concrete expression for

D?:T(A) » T'(A’TM ® A).

Recall [34, Cor. 8.12] the following expression for the Frolicher—Nijenhuis bracket of
K1, K> € Q1(G. TG):
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(K1, K21(U, V) = [K1(U), K21(V) = [K1(V), K21(U)
— Ki([K2(U), V] = [K2(V), U))
+ (K2K1 + K1 K)([U, V).

Since [@, 3[K, K1l = [[d, K1, K1, by taking K| = [@, K] and K> = K, and
letting U = X, V =Y be in T M, one readily obtains that

D(2X’y) = Dy o Dx — Dx o Dy — D(x),y] + Dir(v),x1 +1 0 Dix,y1 + Drx,v)
(6.2)

where both sides are seen as maps ['(A) — T"(A).

Corollary 6.3 gives a complete infinitesimal description of general multiplicative
Nijenhuis operators on Lie groupoids. In the next subsections, we will illustrate how
this general result can be specialized to various cases of interest.

6.3 Poisson quasi-Nijenhuis structures

Poisson—Nijenhuis structures [40,52] play a central role in the theory of integrable
systems. Their recent connections with Lie groupoids arose in quantization schemes
for Poisson manifolds, see e.g. [2]. In this section we revisit the more general Poisson
quasi-Nijenhuis structures [57]. We establish a link with the theory of IM (1, 1)-
tensors, which leads to an extension of the integration of Poisson quasi-Nijenhuis
structures in [57, Thm. 6.2] (originally based on the theory of Lie bialgebroids [37])
as a consequence of Theorem 3.19.

Given a Poisson manifold (M, IT), consider its cotangent bundle 7* M with the Lie
bracket [-, -]r7 as in (3.18). We say that a (1,1) tensor r : TM — T M is compatible
with T1 if

MFor*=rollf (6.3)

(equivalently, r o IT¥ : T*M — T M is skew-symmetric) and the following equation
holds: for all , B € Q1(M),

Cr(a, B) = o, Bln, — ([r*e, Bln + [e, r*Bln — r* (e, Bln)) =0,  (6.4)

where [-, -], is the bracket (3.18) for the bivector field I, defined by r o .

Remark 6.4 The condition Cf; = Oimplies that [IT, I, ] = O (here [-, -] is the Schouten
bracket), but the converse does not hold in general; it does if IT is symplectic, see e.g.
[58].

The following definition extends [57, Def. 3.3]:

Definition 6.5 A Poisson quasi-Nijenhuis structure is a pair (IT, r), where IT is a
Poisson bivector field, r : TM — TM is a (1, 1) tensor, such that IT and r are
compatible and the following condition holds:
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./\/'r*([ot, Bln) = ﬁnﬁ(a)/\/r*(ﬁ) - inﬁ(ﬁ)d-/\[r*(a) (6.5)
iz N (B) = —imzp) Ny (@), Va, B e (M), (6.6)

where N* : T*M — A2T*M is the adjoint of the Nijenhuis torsion of 7, given by
NF@)(X,Y) = (o, N-(X,Y)). We refer to a symplectic quasi-Nijenhuis structure
when IT is nondegenerate, i.e., a symplectic structure.

Note that (6.5) and (6.6) say that (N;*, 0) defines an IM 3-form on 7*M.

Remark 6.6 The Poisson quasi-Nijenhuis structures considered in [57, Def. 3.3] are
slightly more restricted than in our definition: they are required to satisfy the condition
N¥(a) = —i Mé(a)®» Or, equivalently,

N (X, Y) =TT*(p(X,Y, ), (6.7)

for a given closed 3-form ¢ € ©3(M). One may verify that this implies that NF
automatically satisfies (6.5) and (6.6). This difference in the definitions will become
more transparent when we talk about integration, see Theorem 6.11 and Corollary 6.12
below.

Following the previous remark, we shall refer to the structures satisfying (6.7)
as Poisson quasi-Nijenhuis structures relative to ¢; we will specify them by triples
(T, r, ¢) to make the dependence on the closed 3-form ¢ explicit.

The following proposition gives an alternative way to express the compatibility
between a (1,1)-tensor r and a Poisson structure IT in terms of IM tensors. Let D" :
'(T*M) — I'(T*M ® T*M) be defined by

(DY (@), Y) =da(X,r(Y)) — (Lra)(X,Y), (6.8)

where L, is the operator (5.2). (Note that (D", r*, r) are the infinitesimal components
of the cotangent lift of r.)

Proposition 6.7 The (1, 1)-tensor r and the Poisson tensor I1 are compatible if and
only if the triple (D", r*, r) is an IM (1, 1)-tensor on the Lie algebroid T*M (where
the bracket is defined by T1).

Proof The Leibniz equation for D" follows from the properties of d and L,. So one
only needs to check that the IM-equations for (D, r, r*) are equivalent to IT and r
being compatible. The IM equations in this case are:

Dy (e, Bln) = la. DY (B)In — [B. Dy (@)]n + Dz 1@ — Dliysiay 1 (B)-

(6.9)

r*(la, Bln) = [o, r*(B)In — Diy (@), (6.10)
r(( (@), X1) = [T (@), r(X)] — T*(Dy (@), (6.11)
roll* =% or*. (6.12)
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The compatibility equation (6.3) is exactly (6.12). Note that (6.10) is equivalent, for
df,dg € Q' (M), to

P(df, dgln) = [df, r*(dg)]n — insgdr* @df)
= [df . *(d®)]n — Lpyeagr™ (@) + dinggyr* (df)
= [df, r*(d§)In — (Lrisag)r @f) = Lrisoreapydg — dins g (@f)

[dg.r*(df)In

~ Lrizgearnds-

Using that [dg, df]n, = —EH;(r*(df))dg, it follows that (6.10) is equivalent to (6.4).
So, IT and r are compatible if and only if (6.10) and (6.12) hold. The remaining
equations follow from these two. Indeed, a long but straightforward computation
shows that (6.9) is equivalent, for « = df and = dg, to

d(Cr(df,dg)) =0.

Finally, the redundancies among the IM equations (see Remark 3.18) guarantee that
(6.11) holds. O

From now on, let us assume that the Lie algebroid (7*M, e, [ 1o integrates
to a source 1-connected symplectic groupoid (G, w) (see Sect. 3.3). Let IT,, be the
Poisson structure defined by w, so that

n’, :7°6 - TG (6.13)

is the inverse map to TG — T*G, U +— iyw. It follows from Theorem 3.19 and
Proposition 6.7 that any (1, 1) tensor r : TM — T M compatible with IT corresponds
to a multiplicative (1, 1) tensor K : TG — TG on G integrating (D", r*, r).

Lemma 6.8 Letr : TM — TM be a (1, 1) tensor compatible with T1. One has that
(N*,0) is an IM 3-form if and only if there exists a closed 3-form L € Q3(G) such
that

Nk (U, V)=TIE(M(U, V,-), YU,V eX(@Q), (6.14)

where K : TG — TG is the multiplicative (1, 1) tensor integrating (D", r*,r). In
this case, X is the multiplicative 3-form integrating (—N¥, 0).

Proof Following Corollary 6.3, the infinitesimal components ((D" )2, [D", r*], N,) of
the Nijenhuis torsion of K can be explicitly calculated using (6.2) and (6.8). Indeed,
using Cartan calculus and the Jacobi identity repeatedly, one may verify that, for
aeQ (M), X, Y € X(M),
[D", r*l(a) = =N (a),
(D" yy(@). Z) = —dN; (@)(X. Y. Z) + da(Z, N (X, Y)).
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Similarly, for any multiplicative closed 3-form A € Q3(G), consider the multiplica-
tive (1,2) tensor field € Q2(G, TG) defined by t(U, V) = HEJ(A(U, V, ). Its
infinitesimal components D: [(T*M) — Q3(M, T*M),T: T*M — T*M Q T*M
and 7 : T*M — A*T*M are:

T=u, 7=-—u, l~)(X,Y)(£>£) =du()(X,Y, ) +da(iuix,y, ),
~——

eTM

where p : T*M — A2T*M is such that (i, 0) is the IM 3-form corresponding to 2.
Zhe result now follows from the fact that (6.14) holds if and only if ¥ = N, [ = —N,.,
D = (D")2. o

Our aim now is to prove that 1, and K define a symplectic quasi-Nijenhuis structure
on G; the previous lemma shows that this structure will be of the more restricted type
of Remark 6.6. As I, is symplectic, following Remark 6.4, it suffices to show that

M o K* =K oIl¥, (6.15)
MMy, Mg] =0, (6.16)

where Ik is the bivector field defined by K o 1'[5).

Integration of Poisson quasi-Nijenhuis structures We start by analyzing conditions
(6.15) and (6.16) in general. Our setting will be:

e asource 1-connected Poisson groupoid (H, ﬁ) = N;
e a multiplicative (1, 1)-tensor K : TG — TG with (D, [, r) as infinitesimal com-
ponents.

Let (A*H, px, [+, ]+) be the corresponding Lie algebroid structure on AN*H and denote
by 8 : T(A*AH) — T'(A*T1AH) the 2-differential associated with IT. Define 8k :
'(AH) — T(A*H ® A*H) by the expression

Sk (a)(p1, pm2) = 8(a)(u1, I*(n2)) — (Dp,(upy (@), u2), a € T(AH), (6.17)
Lemma 6.9 One has that

ropsx=psol*

Koll! =117 0 K* &
° ° Sk (11, m2) = =8k (2, (1)

In this case, the IM (0, 2)-tensor on AH corresponding to the multiplicative bivector
field T g is given by [ o (py)* : T*N — AH and §g : T(AH) — T'(A2AH).

Proof Let 77, Tg € I'(T'H ® T'H) be (not necessarily skew-symmetric) tensor fields
on H defined by

(€1, &) = (&8, K(TF (&), TR, &) = — (&1, K(TF(&))),
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for &, & € T*H. Note that K o [1* = [1% o K* if and only if 7, = 7z. Now 17, Tx
are multiplicative and, therefore, 7, = t if and only if

‘C—a> L = Eﬂ) TR, TL(t*C(, ) = rR(t*a’ ')7 and TL(' ) t*a) = TR(' ) t*a)5

0) (i) (i)
a e T(T*M),

using that H is source 1-connected (see Remarks 3.16 and 3.20). Since

L (ta, &) = (&), lopi(), wrt'a,&) = {(E), pfor* (@),
1152, 1) = —tr (&1, 62),

it follows that (ii) and (iii) hold if and only if r o p, = p4 o [*. Finally, from

(Lot) (&1, 8) = (&, [d, KITTHE))) + (&2, K(L5TD ED),
(LoTR)(E1, &) = —(&1, [@, K1 (&) — (&1, K (L7 (&),

one can substitute & = u; € A*H C T*H and use that [T¥| 4+3y = — p, to show that
(i) holds if and only if 6 is skew-symmetric. m]

Let us assume that K o I1° :f[rI o K*. The IM (0, 2)-tensor on AH associated to
the multiplicative bivector field ITx defines a pre-Lie algebroid structure on A*H. It
follows from (3.17) and (6.17) that the pre-Lie bracket is given by

r, wolx = W (o)s pals + [n, ()l — ([, m2ls) + O, w2),

where © € I'(A?AH ® A*H) is defined by

(O(u1, n2), a) = (Dy, () (@), m2) + 8(@)* (1), ma) — 8(U(a))(pr, na).

For any element 2 € I'(AKAH ® A*H), one can define a contraction operator
io : T(ANAH) — T(A*TF"1AH) exactly as in (5.1). It is a graded derivation of
degree k — 1 of the graded algebra I"(A®* AH). Note that

Sk = lir+, 8] +io,
where [-, -] is the commutator of derivations of I'(A®*AH).

Lemma 6.10 The bivector fields ﬁ ﬁk satisfy [ﬁ, ﬁK] = 0ifandonly [§,ig] = 0.

Proof 1t is shown in [57] that [ﬁ, ﬁK] =0 < [, 8] = 0. The result then follows
from [, [i;+, §]] = O. O

We can now conclude the description of the integration of Poisson quasi-Nijenhuis
structures using Theorem 3.19:
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Theorem 6.11 Let (G, w) be the source I-connected symplectic groupoid integrating
a Poisson manifold (M, I1). There is a one-to-one correspondence between Poisson
quasi-Nijenhuis structures (I1,r) on M and symplectic quasi-Nijenhuis structures
(w, K, )) relative to A, where K : TG — TG is the multiplicative (1, 1) tensor
integrating (D", r*, r) and » € Q3(G) is the multiplicative closed 3-form integrating

(=N, 0).

Proof We know that IT,, the Poisson structure defined by w, makes G into a Poisson
groupoid. The dual Lie algebroid in this case is A* = T M, with anchor p, = idm
and bracket [-, -], given by the Lie bracket of vector fields. Note that § = d is the de
Rham differential.

Let K : TG — TG be a multiplicative (1, 1) tensor on G and X a multiplicative
closed 3-form. Consider the IM (1,1)-tensor (D, I, r) and the IM 3-form (u, 0) asso-
ciated to K and A, respectively. From Lemmas 6.9 and 6.10, one knows that K and I1,,
are compatible if and only if [ = r*, §g in (6.17) is skew-symmetric and, by writing
8k = lir, d] +ie, the condition [d, ig] = 0 holds (notice that this last condition says
that ® = 0). Hence, using that [i,, d] = £, and (6.17),

(Dx (@), Y) =da(X,r(Y)) =k (@) (X, Y) =da(X,r(Y)) = Ly (a)(X,Y)
= (Dy (), Y).

Therefore K and Il are compatible if and only if IT and r are compatible and,
moreover, K is the (1,1) tensor integrating (D", r*, r). Finally, from Lemma 6.8, the
equation Ng (U, V) = H,E)(A(U, V, ) holds if and if (i, 0) = (—N;¥, 0) is the IM
3-form associated to A. O

By restricting the previous correspondence to Poisson quasi-Nijenhuis structures
on M relative to closed 3-forms, we recover [57, Thm. 6.2] with a different viewpoint:

Corollary 6.12 Let (G, w) be a source 1-connected symplectic groupoid integrating
the Poisson manifold (M, I1). There is one-to-one correspondence between Poisson
quasi-Nijenhuis structures (I1, r, ¢) on M relative to a closed 3-form ¢ and symplectic
quasi-Nijenhuis structures (w, K, X) on G relative to » = t*¢ — s*¢ such that K is
multiplicative.

Proof It follows from the fact that t*¢ — s*¢ is the multiplicative 3-form integrating
the IM 3-form (« +— Iz ()P 0) (see Example 3.15). O

Our methods also work, more generally, to describe the infinitesimal counterparts
of multiplicative Poisson—Nijenhuis structures on Lie groupoids, not necessarily sym-
plectic; here one obtains compatibilities between the IM (1,1)-tensor corresponding
to a Nijenhuis structure and the Lie bialgebroid associated with the Poisson groupoid.
We will discuss this case elsewhere.
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6.4 Multiplicative (almost) complex structures

Our general results on multiplicative (1,1) tensors in Sects. 6.1 and 6.2 can be readily
applied to the study of complex structures on Lie groupoids, giving another viewpoint
to results in [43] concerning their infinitesimal versions.

Recall that, for a (real) vector bundle £ — M, a holomorphic structure is specified
by atriple (Jg, Ju, V), where Jg : E — E is an endomorphism satisfying J2 = —id
(which makes E into a complex vector bundle), Jy; is a complex structure on M, and V
is a flat 7(>-D_connection on E, in such a way that holomorphic sections u : M — E
are characterized by Vu = 0; see [56]. We shall call V the Dolbeault connection on
E. More generally, we will be interested in holomorphic structures on Lie groupoids
and Lie algebroids.

A holomorphic structure on a Lie groupoid G == M is a multiplicative complex
structure; i.e., a multiplicative J € Q! (G, TG) such that J 2 = _jdand N = 0. One
refers to (G, J) as a complex Lie groupoid. A holomorphic structure on a Lie algebroid
A — M is a holomorphic structure (J4, Jys, V) on its underlying vector bundle such
that the following compatibility conditions are satisfied:

(H1) [, -] restricts to a Lie bracket [-, -]po1 on the holomorphic sections;
(H2) [, “]hol is C-linear.

As we will now see, the following correspondence, proven in [43, Thm. 3.17], is a
consequence of Theorem 3.19, along with Corollaries 6.2 and 6.3.

Corollary 6.13 Let G == M be source 1-connected. Then holomorphic structures on
G are in natural one-to-one correspondence with holomorphic structures on its Lie
algebroid A — M.

The remainder of this section proves this result. By Corollaries 6.2 and 6.3, we
immediately see that the correspondence in Theorem 3.19 restricts to a bijective cor-
respondence between holomorphic structures J on G = M and IM (1, 1)-tensors
(D, 1, r) on A satisfying

loD(@)+ D(@)or=0, [>=—ids, r>=—idrpy. (6.18)
and
D*>=0, [D,]=0, N,=0. (6.19)

So we must verify that an IM (1, 1)-tensor (D, [, r), for which (6.18) and (6.19)
hold, is equivalent to a holomorphic structure on the Lie algebroid A. We start by
checking that (6.18) and (6.19) exactly say that the triple (D, [, r) defines a holomor-
phic structure on the vector bundle underlying A.

From (6.18), itis clear that r is an almost complex structure on M and [ is a complex
structure on the fibres of A (so we regard A as a complex vector bundle). Defining
V:T(T%) x T'(A) — T'(A) by

Vx+tirx)(a) := —1(Dx(a)), (6.20)
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we also see that the first equation in (6.18) says that
Vix+ircxna = i(Vx4irx)a)-

Moreover, this last property along with the Leibniz rule for D imply that

Vxtircn fa = fVxtircoa + Lxyirco fa,

for real functions f € C°(M).

Let us now consider (6.19). The third condition says that r is a complex structure
on M, while the second says that V is complex linear in A. It follows that 7% is a
(complex) Lie algebroid and V is a (complex) 7°!-connection. Finally, using (6.2),
one can also check that the first equation in (6.19) amounts to V being flat. In con-
clusion, conditions (6.18) and (6.19) say that (D, [, r) endow A with the structure of
a holomorphic vector bundle: J4 = [, Jyy = r and V given by (6.20). The result in
Corollary 6.13 now follows from

Lemma 6.14 The IM-equations for (D, 1, r) are equivalent to conditions (HI1) and
(H2) above.

Proof We saw that equations (6.18) and (6.19) say that (D, [, r) defines a holomorphic
structure on the vector bundle A; moreover, a section a € I'(A) is holomorphic if and
only if Da = 0.

(=): Note that (IM1*) implies that [-, -] restricts to a Lie bracket [-, -]Jpo] on the
holomorphic sections of A, and (IM2*) implies that [-, -]po1 is C-linear.
(«=:) Assume that (A, [-, -], p) is a holomorphic Lie algebroid, and consider

Ei(a,b) :=I([a, b]) — [a, (b)] + Dypw)(a)
Ey(a, X) :==r([p(a), X]) — [p(a), r(X)] + p(Dx(a))
Ep(a,b, X) := Dx([a, b]) — [a, Dx(b)] + [b, Dx(a)]
— Dip@).x1(@) + Dip(a), x1 (D).

One can check that E; and E, are C°°(M)-linear on both components and Ep is
anti-symmetric on the I'(A)-components. Moreover, for f € C*° (M),

Ep(a, fb,X) = fEp(a,b, X) + (Lx f)Ei(a,b) — (LE,@x)[)b.  (6.21)

Note that [-, -Jho1 being C-linear implies that Ej(a,b) = O for a,b € T'(A)
holomorphic. As I'(A) is generated as a C°°(M)-module by the holomorphic sec-
tions, it follows that E; = 0. The redundancies discussed in Remark 3.18 imply
that p ol = r o p, so p is a complex vector-bundle morphism. Furthermore, note
that p : A — T M sends holomorphic sections to holomorphic sections. Indeed, if
h € C*®°(M, C) is a holomorphic function and uy, up € I'(A) are arbitrary holomor-
phic sections,

(LowyMuy = hluy, uz] —luy, huzl = hluy, uzlnot — [u1, huzlnol
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is a holomorphic section, which implies that p(u>) is a holomorphic section of T M.
Using the C°°(M)-linearity of E,, one can argue as above to prove that E,(a, X) = 0
foralla € T'(A) and X € I'(T M) (use that r = J);, the almost complex structure of
M, and that T M with the Lie bracket of vector fields and the identity as anchor is a
holomorphic Lie algebroid). Finally, from (6.21) it follows that Ep is tensorial, and
the fact that [, -] restricts to [-, -]Jno] on holomorphic sections implies, as before, that
Ep=0. (]

As this section and Sect. 6.3 illustrate, Theorem 3.19 provides tools that can
be directly applied to treat multiplicative geometric structures on holomorphic Lie
groupoids, including holomorphic symplectic groupoids [42] or more general holo-
morphic Poisson groupoids, as well as multiplicative generalized complex structures
[31], offering complementary information about the latter in terms of infinitesimal
components. We will further discuss these cases in a separate work.

6.5 Multiplicative projections

For a Lie groupoid G =% M with Lie algebroid A, we consider a multiplicative (1, 1)
tensor field K € szl(g, TG) satisfying K 2 = K, referred to as a multiplicative
projection. In this section we apply our previous results to describe multiplicative
projections infinitesimally, making connections with the theory of matched pairs [39,
45,54].

We start by observing that projections can be used to treat other types of multi-
plicative (1, 1) tensors.

Example 6.15 Suppose that Q : TG — TG satisfies Q2 = id and is multiplicative;
i.e., Q is a multiplicative (almost) product structure on G. Then K := (Q +1id)/2 is
a multiplicative projection.’

We know that a multiplicative projection K admits an infinitesimal description
by its infinitesimal components (D, [, r). We start by discussing alternative ways to
express the operator D, that will be convenient when we consider the Nijenhuis torsion
of K.

Sincer> =r:TM — TM and > = : A — A (by Corollary 6.2), the bundles
T M and A decompose as

A=A@ A", TM=T"@T!,
where A9, T9 are the kernels of the maps!, r,and AL, T! are their images, respectively.
Lemma 6.16 One has that

p(AY c T° and p(AY) cT!. (6.22)

5 By working with complexifications, one can also cast (almost) complex structures as projections.
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Also, for a € T'(A),

Dx(a) € A; =im(l), if X e I(T?),
Dx(a) € Ag = ker(l), if X e I(T").

Proof The conditions in (6.22) follow from (IM6%*) (Sect. 6.1), whereas the statements
about D follow from Corollary 6.2, part (a). O

So, upon restriction, D gives rise to two operators:
DT :T(A) - I(T°*® AY), D™ :T(A) - I'(T'* @ AY).
Let us consider the operators

A+ - D+|F(AO)’ V+ == D+|F(A1) (623)
A = D_|1-*(Al), V™ = _D_|F(A0)' (624)

Proposition 6.17 A™, A~ are tensorial, whereas V', V™~ satisfy

Vi(fa) = fVt(a) +dflr ®a,
V7(fb) = fV~(b) + df ;1 ® b,

for f € C®(M), a e T(A%, b e,
Proof This follows immediately from the Leibniz rule for D (3.9). O

Vanishing of the Nijenhuis torsion Let N € Qz(g , TG) be the Nijenhuis torsion of
K. We say that K is a flat projection if Nx = 0. The next result gives an equivalent
description of the Nijenhuis vanishing condition.

Proposition 6.18 Letr K € Q(G, TG) be a multiplicative projection on a source-
connected Lie groupoid G = M. Then Ny = 0 if and only if

e AT=0,A"=0;
o TY and T are involutive distributions;
o V1 isaflat T°-connection, and V= is a flat T"'-connection.

Proof As G is source connected, the Nijenhuis torsion A vanishes if and only if
its infinitesimal components (D2, [D, 1], N,) are zero (see Corollary 6.3). A direct
verification shows that

AYl@ —a), ifXeT",

[D,llx(a) = Dx(l(a)) — (Dx(a)) = Ax((a)), ifXeT!.
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Hence, [D,I] = 0 if and only if both At and A~ vanish. Similarly, N, = 0 is
equivalentto 70 and 7! being involutive.® By Proposition 6.17, V* is a T%-connection,
and V™ is a T'!-connection. Using (6.2), we see that

Curv(ﬁ,,x)(a), ifX,Y e (T%, a e T(AY)
Diy yy(a@) = Curvy y (@), ifX, Y €T (T, a e T(A)
0, otherwise,

where Curv™ (resp. Curv™) is the curvature of V* (resp. V7). Hence, D? =0 if and
only if both V*, V™~ are flat. This concludes the proof. O

Remark 6.19 A distribution A C TG is said to be multiplicative if A is a Lie sub-
groupoid. As observed in [6], a multiplicative projection is equivalent to a pair of
multiplicative distributions A1, A, such that Ay @ A, = TG. Also, Nx = 0is equiv-
alent to both distributions being involutive. In this context, Proposition 6.18 agrees
with the integrability criteria for multiplicative distributions given in [16,30].

Example 6.20 Following Example 6.15, consider a multiplicative Q : TG — TG
satisfying Q% = id, and let K = (Q + id)/2 be the corresponding multiplicative
projection. Let (D, I, r) and (D’, ', r’) be the infinitesimal components of K and Q,
respectively. Then

I = +id)/2, r=@'+id)/2, D=D

The bundles 7, A° (resp. T', Al are now the —1 (resp. +1) eigenbundles of r and /’.
Also, D’ decomposes into tensors AT € T(T?*®@ A* @ AN, A~ e (T* @ A'*®
A% and connections V1 : T'(A!) - I'(T%* @ AD), V™ : (A" —» I'(T!* @ AY).
Noticing that Nx = 0 < N = 0, we see that Proposition 6.18 directly applies to Q
instead of K.

We now illustrate the infinitesimal components of a multiplicative projection in the
classical example of a projection defined by a connection on a principal bundle.

Example 6.21 Let P — M be a principal bundle for a Lie group G, and consider its
gauge groupoid G(P) := (P x P)/G = M (see e.g. [47, Sec, 1.1]). In [6], it is
shown that there is a one-to-one correspondence between principal connections 6 €
Q!(P, g) and multiplicative projections K : TG(P) — TG(P) such that im(K) =
ker(T's) N ker(T't). To explicitly describe this projection it is useful to identify the
tangent groupoid TG (P) with the gauge groupoid G(T P) = (TP xTP)/TG - TM
of the principal TG-bundle TP — T M. The quotient map TP x TP — G(T P) is
denoted by

6 In general, for a projection K € Q! (M, T M) a projection, the Nijenhuis torsion g can be written
as Ny = Rx + Rk, where Rg, Rg € QZ(M T M) are the curvature and co-curvature of K given,
respectively, by

Rk (X, Y) = K([(id — K)(X), (id = K)(Y)])
Rg (X, Y) = (id — K)([K(X), K(D)]).

In particular, Ny = 0 if and only if both ker(K) and im(K) are involutive distributions.
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X, Y)— (X,7).

The projection K is now defined as

K((X,Y)) = ©@X)p,0(Y)p),

where u p denotes the infinitesimal generator on P corresponding to # € g. One can
check (see [6]) that the Nijenhuis torsion of K is given by

Nk = S(Fg) — T (Fy),

where Fy € Q2(M, P xg g) is the curvature of 6, and the maps 7 and S are defined in
(3.6); here P x g is the associated bundle with respect to the adjoint representation,
and we are using the Atiyah sequence

00— Pxgg—TP/G—TM — 0,

to view P X g as a subbundle of A(G(P)) =TP/G.

The infinitesimal components (D, [, r) of the multiplicative projection K are given
as follows: » = 0, while/ : TP/G — P xg g C TP/G is the map induced by
0:TP — g,and D :I'(TP/G) —> I'(T*M ® T P/G) is given by

Dx(Y) =0(Xn,Y]),

where Xy € X(P) is the horizontal lift of X. Note that 7% = TM, T! = 0, A® =
H/G =TM, A" = P xg g, where H = ker(9) C T P is the horizontal distribution.
Under the splitting D = D% + D™, one may directly check that D~ = 0 and
VY :T(P xgg) — I'(T*M ® P xg g) is the natural connection on the associated
bundle P x¢ g, whereas AT : ['(TM) — I'(T*M ® P xg g) is

AL (Y) =0(Xu, Yul) = —Fo(X, Y).

Proposition 6.18 admits yet another geometric interpretation, that we discuss next.

Characterization via matched pairs In the remainder of this section we provide a
characterization of multiplicative flat projections using the theory of matched pairs of
Lie algebroids [54].

Definition 6.22 Let A, B — M be Lie algebroids. We say that (A, B) is a matched
pair if A has a representation on B, and B has a representation on A such that

[pa(a), pp(b)] = —pa(Vpa) + pp(Va D), (6.25)
Va b1, b2l = [Va by, bl + [b1, Vo b2l + Vv, a b1 — Vv, a b2, (6.26)

Vplar, a2l = [Vpai, arl + a1, Vy a2l + Vv, pa1 — Vy, paz.  (6.27)

Here we denote both representations by V.
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Definition 6.23 A morphism of matched pairs from (A1, By) to (A2, By) is a pair of
Lie algebroid morphisms F4 : Ay — A, Fp : B — Bj such that

Visa FB(b) = Fp(Vy b), (6.28)
Vgt Fala) = Fa(Vpa). (6.29)

A matched pair (A, B) is equivalent to a Lie algebroid structure on the Whitney
sum A @ B such that A and B are Lie subalgebroids, see [48,54]. From this viewpoint,
the representations are determined by the Lie bracket:

vab =prB([a’b])v Vba =prA([ba a])v

wherepry : A@ B — Aandpry : A@ B — B are the projections. In this context, a
morphism of matched pairs from (A1, Ay) to (B1, B2) is equivalent to a Lie-algebroid
morphism F : A} @ By — A @ B which restricts to Lie-algebroid morphisms from
A1 to Ay, and from Bj to B;.

For a flat multiplicative projection K € Q'(G, TG), Proposition 6.18 implies that
the decomposition TM = T @ T! defines a matched pair (TO, Tl). Also, fora, b €
I'(A"), the condition

I([a, b]) = [a,1(B)] = Dypy(a@) = —A (@) =0

implies that A C A is a subalgebroid. Similarly, one can check that A! ¢ Aisa
subalgebroid. Thus, the decomposition A = A%@ A! defines a matched pair (A°, A).
Fora € T'(A%), b e T'(4)), the representations are defined by

Vob=1I(a,b]), Vpa=la,b]—I(a,b]).

We obtain the following infinitesimal characterization of flat multiplicative projec-
tions:

Theorem 6.24 Let G be a source 1-connected groupoid. There is a one-to-one cor-
respondence between flat multiplicative projections on G and decompositions A =
A A and TM =T ® T, where

@) A% Al c Aand T°, T! c TM are Lie subalgebroids;
(i1) (AO, Y and (TO, AYY are matched pairs;
(iii) The sides of the commutative square

(id ,0, p)
(A0, ATy —A2 25 (40, 71y

(p,id,ml J'(p,idm

(1% A"y —— (1%, 7Y

(id70, p)

are morphisms of matched pairs.
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Proof Consider decompositions A = A@® Al and TM = T° @ T! for which (i),
(ii) and (iii) hold. We will prove that they define the infinitesimal components of a flat
multiplicative projection.

Define/ : A — A (resp. r : TM — TM) to be the projection on A' (resp.
T1) along A? (resp. T°). Using that Ann(7') = T°* and Ann(7°) = T'*, define
D :T(A) - I'(T*M ® A) to be the map

D(a) = VY ((a) — V™ (a — l(a)), (6.30)

where V' : (A —» I(T°* @ AY), V™ : (4% — I'(T'* @ A?) are the flat con-
nections (i.e., representations) corresponding to the matched pairs (A9, TH, (19, AD),
respectively. One may directly verify that D satisfies the Leibniz rule (3.9). We now
prove that the triple (D, [, r) satisfies the IM-equations (Sect. 6.1).

Equation (IM6%) From (iii), one has that p(A?) c T°, p(A') c T!, which is
equivalentto pol =r o p.

Equation (IM2*) The subbundle A C A is a Lie subalgebroid if and only if
[([a,b]) =0, fora,b € ['(AY%). Asl(h) =0 = D, ) (a), this implies that
[(la, b)) = [a,1(b)] = Dp@y(@). Va, beT(A).

Similarly, one can check that (IM2%*) holds for a, b € F(Al) using that Al Cc Ais
a Lie subalgebroid. It remains to verify that (IM2*) holds for crossed terms. Using
(i), let VT-0as - T(AY) x T(T9) — T(T9), V=22 . (A% x I(TH — I(TY) be
the representations of A!, A? on 79, T, respectively. For Eq.(6.25) to hold for the
matched pairs (AO, Tl), (TO, Al), one must have that
Vb X = [p(a), X1+ p(V a), 6.31)
v, Py = [pb), Y1+ p(Vy b). (6.32)
Now, (id 40, p) : (A%, AY) — (A%, T1) and (id41, p) : (A?, A)) — (T°, A') are
morphisms of matched pairs if and only if, for all a € T'(A%), b € (A1),
[(la, b]) = la, bl — Dpw)(a) = la, l(b)] — Dpw)(a),
[([b,al) = =Dpa)(b) = [b,l(a)] — Dp@a)(b),

respectively. Altogether, this proves that (IM2*) holds.

Equation (IM3%*) Similarly to the previous case, one can check that (IM3*) follows
from 79, T! being involutive and (p, idy1) : (A, T1) — (T°, T1) and (idyo, p) :
(1%, A"y — (79, T1) being morphisms of matched pairs.

Equation (IM1*) We recall (IM1*) for convenience:
Dx([a, b]) = [a, Dx(b)] — [b, Dx(a)] + Djpm),x1(@) — Dip@),x1(b).

There are 6 cases to check by taking X in 7° or T'!, and @, b in A? or A'.
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(1) X e (T% and a, b € T'(A?),
(2) X eI (T% and a, b € T(A),
3) X eI (T% anda € T(A%), b e T(A)).

The other 3 cases where X € I'(T'!) work analogously. For (1), both sides of (IM1%)
are trivially zero. For (2), using that D|ri1(a) = D|y1(b) = 0, one can show that
(IM1%*) is equivalent to (6.26) for the matched pair (19, AY). Finally, for (3), one has
that

IM2* 0
Dx(la.b)) = —V§ I(b.a]) "E " —v ([b,m - me)(b)) = ViVib.
On the other hand, using that D|zo(a) = 0, the RHS of (IM1%*) simplifies to

[a, Dx (D)] + Drpw),x1)(@) — Dip@),x1(b)
(IM3%)
= "[a, Dx(b)] — Dypyy) (@) — V[J;,(a),x] b

M2
T=7 1(la. Dx0)]) — V) 0y 5, b-
Using (IM2*) once again, one can prove that

I(la, Dx(D)]) = —I([Dx(b), al) = Dy@a)Dx(b) = V;(Q)V;? b,

so the case (3) follows from the flatness of V. Putting everything together, we have
proved that (D, [, r) defines an IM (1, 1)-tensor, so it integrates to a multiplicative
(1, 1) tensor K € Q'(G, TG) by Theorem 3.19. It then follows from Corollary 6.2
and Proposition 6.18 that K is a flat projection.

The converse, i.e., that the infinitesimal components of a multiplicative flat projec-
tion give rise to matched pairs as in the statement of the theorem, is proven by similar
arguments and is left to the reader. O

Following Example 6.20, an analogous result holds for product structures; see [42,
Thm. 4.8] for a parallel result in the context of holomorphic structures.
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Appendix A Lie theory of componentwise linear functions

In this appendix, we study componentwise linear functions on Whitney sums of VB-
groupoids. We start by presenting a useful characterization of these functions.

Let E; — M be vectorbundles,i =1, ..., p,andlet E = E1®---® E . Consider
the multiplication by non-negative scalars 2 : R>g x E — E, h)(e) = Ae. We shall
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refer to h as the homogeneous structure on E. The next result gives a characterization
of componentwise linear functions on E in terms of its homogeneous structure. This
is an extension of the characterization of vector bundle maps in [25], for p = 1.

Proposition A.1 A smooth function F : E — R is componentwise linear if and only
if

(1) Fohy =MAPF, forall » >0,
2) Fo0; =0,

where 0; : @1<j£i<pE; — @1<j<pkE; is the map
(vls ceey Ui, vi+l’ DR Up) = (U17 st vi—1901 Ui+l1 LR} Up), (A'l)

fori=1,...,p.

Proof We will consider the case p = 2, the general case being a direct generalization.
By restricting F' to the fibers of E| and E», we can assume that F' : R x R" — R
satisfies F/(Ax, Ly) = 22F(x, y),forall A > 0,and F(x,0) = F(0, y) = 0. Note that
this implies that (0, 0) = 0 and D F (0, 0) = 0. Now, one can use Taylor’s Theorem
and the homogeneity of F to prove that F(z) = Zlfi,j§m+n %BFZJ(O, 0)z;zj, for
z = (x,y) satisfying |z| = 1. Using the homogeneity once more, it is possible to
extend the equality to arbitrary z. The condition that F(x, 0) = F(0, y) = 0 implies
that the terms x;x; and y;y; do not appear in the sum. Hence F : R” x R" — Ris
bilinear. This completes the proof. O

We now consider VB-groupoids (see e.g. [47, Sec. 11.2] for details and original
references), following the viewpoint of [4].

Definition A.2 A VB-groupoid is a square

Y ——G

I

E——M,

whose horizontal sides are vector bundles, the vertical sides are Lie groupoids, satis-
fying the following compatibility condition: denoting by / and A% the homogeneous
structures on V and E, then, for each A > 0, k) : V — V is a groupoid morphism
over hf : E - E.

The Lie algebroid AV — E of a VB-groupoid inherits a vector bundle structure
over A by differentiation of &;. If h* is the corresponding homogeneous structure,
then hf : AY — AV is a Lie algebroid morphism over h;_ for each A.

In the following, we consider VB-groupoids Vi = E,...,V, = E,overG = M
and their Whitney sum V =V @ - - - @ V,, (as vector bundles over G). This defines a
VB-groupoid V = E over G = M, whose Lie algebroid AV — E splits naturally as
a Whitney sum AV @ --- @ AV, over AG.
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Proposition A.3 For a source 1-connected Lie groupoid G = M, a multiplicative
function F : V — R is componentwise linear if and only if so is AF : AV — R.
Moreover, in the case V| = - -- = V), F is skew-symmetric if and only if so is AF.

Proof We will treat the case p = 2, the general case follows similarly. Consider
Fohy, F:V—>Rand FoOy :V; > R, i=12.

These are multiplicative functions and their associated infinitesimal cocycles are: AF o
hit, M2AF : AV — Rand AF 004y, : AV; — R, where 04y, : AV; — AV is the
zero map (A.1) for the AV = AV; @ AV,, i = 1, 2. Note that 0y, is a Lie groupoid
morphism and A(0y,) = 04y,. The fact that G is source 1-connected implies that
is source 1-connected (see Remark 2.1) and, therefore, by uniqueness of integration,
one has that

Foh; =)*F & AF o hj) = A>AF
FoOpy =0& AF o004y, =0.

So, it follows from Proposition A.1 that F' is componentwise linear if and only if so
isAF.

When V| = --- = V), each permutation o € S(p) acts by groupoid morphism
onVviao(vi,...,Vp) = (Vs(1), -- -, Vo(p))- Applying the Lie functor, Ao acts on
AV = AV @ --- @ AV permuting the elements of AV by o itself. Hence, for a
function F € C*®(V),

A(py(F)) = pav(AF)

where py), p4y are the projections (2.9) for V and AV, respectively. The result now
follows exactly as before using the uniqueness of integration. O

Appendix B Right-invariant vector fields on cotangent Lie groupoids.

Let G = M be a Lie groupoid, with Lie algebroid 74 : A — M. Consider the
cotangent Lie groupoid 7*G = A*. In this appendix, we prove formulas (4.28)
describing the right-invariant vector fields on 7*G corresponding to sections of types
R and Ba, for a € T'(A), a € Q'(M) (see Lemmas B.2 and B.3). In the case of
R the formula follows directly from the description of the isomorphism between
A(T*G) and T* A coming from the symplectic groupoid structure of 7*G obtained in
[49, §71, and that we briefly recall here. The case of B« is more involved. We note that,
unlike for formulas (4.27) for the tangent groupoid, we could not find the analogous
formulas (4.28) for the cotangent groupoid in the literature.

Let weq, be the canonical symplectic form on 7*G. It well-known [12] that
(T*G, wean) is the symplectic groupoid integrating the linear Poisson structure of
A*. In particular, w¢,, is a multiplicative 2-form and its infinitesimal component
lean : A(T*G) — T*(A*), which satisfies
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@ean (A » ) = Clean(x), ¥ x € T(A(T*G)), (B.1)

is a Lie algebroid isomorphism, where the Lie algebroid structure on 7*(A*) comes
from the linear Poisson structure IT;;,, on A*.

Recall the reversal isomorphism R : T*(A*) — T*A (see (4.15)). We shall need
the following fact [49, Theorem 7.3]: the map

O =Rolwy : A(T*G) — T*A

is a Lie algebroid isomorphism from A(7*G) to the cotangent Lie algebroid.

Remark B.1 The isomorphism ¢ is used implicitly in §4.2 to talk about the right-

invariant vector fields corresponding to R, and Be, i.e. by 7€: and l?oi we mean the
right-invariant vector fields of 7*G = A* corresponding to ¥ "' (R,) and ® ~!(Ba),
fora € T'(A) and o € Q! (M), respectively.

Note that, from (4.16) and (4.18), one has that

9 Ry =1, (@), and o7 (Ba) =1} (—7k.a),

can can
where 4+ : A* — M is the projection of the dual bundle.

LemmaB.2 Fora € I'(A), consider {5 € C*(T*G). One has

— *
wean(Ra, ) = d€7 = Wcan (7T ), (B.2)
ar.

. —
where @ 1" is the cotangent lift of @ (4.6). In particular, R, =

Proof 1t is simple to check that the pull-back of the 1-form d¢, € Q'(A*) by the
target map t: 7%G — A* isexactly df-,ie., dl- :At*dﬂa. Then, by (B.1),

—
wean(Ras *) :?klcan(lil (dey)) = d87

can

The second identity in (B.2) follows from the fact that the cotangent lift of a vector
field is exactly its Hamiltonian lift with respect to w¢4,. The last statement follows
from the non-degeneracy of w¢qy, . O

In the following, we shall need the useful relationship between the sum and multi-
plication on the cotangent bundle known as interchange law’:

Er+n) e +m) = (1 e85)+ (11 en2), (B.3)

for &1, m1 € T;,G, &2, m2 € T,, G such that (&1, §2), (1, 12) are composable pairs.

7 Interchange laws hold more generally for VB-groupoids, where they express the compatibility between
the vector bundle and groupoid structures. See Ref. [47].
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LemmaB.3 Given a I-forma € Q! (M), we have that
Ba = (t'a)",
where the right-hand side is the vertical lift of ta € Q'(G).

Proof To simplify notation, denote t*o by 7. First note that S((g)) = 0,Vg € G.
Indeed, for any a € Ag(y), it follows from the definition of 'S that

(3(n(2)), a) = («(t(2)), Tt(a (g))) =0.

Hence, for & € Tg*g,

d -~ d ~
T3(n"(€)) = Jc SE+en@)=—| GG +e3n(g)) =0.
0 =0

de |,

Also, one has that
n(g) = n(t(g)) e Og. (B.4)
Indeed, for any U € T,G, using (2.4), one obtains
(n(t(g)) e 0g, U) = (n(t(g)) @ 0g, Tt(U) o U) = (n(t(g)), Tt(U)) = (n(g), U).

Let us now prove that " is a right-invariant vector field. For & € T*@,
p n g g

vy = & ® 4| g .
P© = | Gren@)= o) (g e+ ente) o0
d ~ ~
(G +en@) o & +09)] = dReln" (el
e=0

This proves that 1" is right-invariant.

To conclude the proof, we just need to prove that weq,, (1Y (¢), T) = Wean (l%)e(go), T)
forany T € TyA* C T(T*G), ¢ € A}, x € M. Choose any projectable vector
field Y € X(T*G) extending Y, with respect to the cotangent bundle projection
pr: T*G — G. Recall that pr is a groupoid morphism covering ma+ : A* — M. As
Wean = —dB.qy for the tautological 1-form 6., € Q1(T*G), one has that

~ d ~
Wean (" (@), 1) = =Ly Oean ()] = — T (p+enx), Tpr(Y(p +e€nx)))
e=0

= —n), Tpr(1)),
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where we have used that Ocan(mY) = Bcan((n’, Y1) = 0 and Tpr(?(go + en(x))) =
Tpr(Y (¢)). The proof now follows from (B.1)

Oean(Ba, ) = =T (1 je00) = —pr*(t'a).
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