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VB-ALGEBROID MORPHISMS AND REPRESENTATIONS UP
TO HOMOTOPY

T. DRUMMOND, M. JOTZ LEAN, AND C. ORTIZ

ABSTRACT. We show in this paper that the correspondence between 2-term
representations up to homotopy and VB-algebroids, established in [6], holds
also at the level of morphisms. This correspondence is hence an equivalence of
categories. As an application, we study foliations and distributions on a Lie
algebroid, that are compatible both with the linear structure and the Lie alge-
broid structure. In particular, we show how infinitesimal ideal systems in a Lie
algebroid A are related with subrepresentations of the adjoint representation

of A.
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1. INTRODUCTION

There are several definitions of ideals in Lie algebroids. The most obvious one

is the following: Let (q: A — M,p,[-,-]) be a Lie algebroid. An ideal in A is a

subbundle I C A over M, such that the space of sections I'(I) is an ideal in T'(A4)

endowed with the Lie bracket [-,-]. The first immediate consequence of this defi-

nition is the inclusion I C ker(p), which shows that I is totally intransitive. This

notion of ideal is hence not very useful. For instance, an ideal in this sense only
1
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corresponds to a surjective morphism of algebroids over the same base. Mackenzie
defines ideal systems in his book [I0] and shows that the kernel of a fibration of Lie
algebroids is an ideal system in his sense. Two of the authors define in [9] an infini-
tesimal version of this. Infinitesimal ideal systems appear naturally in the study of
multiplicative foliations on Lie groupoids, a subject which have drawn some atten-
tion in connection to geometric quantization of Poisson manifolds [7] and also in a
modern approach to Cartan’s work on Lie pseudogroups [5]. Multiplicative folia-
tions on a Lie group are in one-to-one correspondence with ideals in its Lie algebra
[13, B]. An ideal in a Lie algebra is a subrepresentation of its adjoint representa-
tion. Hence, with the proper notion of adjoint representation of Lie algebroids, one
expects infinitesimal ideal systems to be equivalent to some subrepresentations of
the adjoint representation. This paper explains how infinitesimal ideal systems and
the adjoint representation of Lie algebroid defined by Gracia-Saz and Mehta [6] and
independently by Arias Abad and Crainic [I] are related.

The approach of Gracia-Saz and Mehta to study Lie algebroid representations is
to view them as VB-algebroids. For instance, flat A-connections on a vector bundle
E — M are in one-to-one correspondence with VB-algebroid structures on

ApFE —— FE

l l

A —F M.

In general, flat A-superconnections correspond to splittings of a canonical short
exact sequence of vector bundles, that is associated to the given VB-algebroid.
The tangent prolongation of a Lie algebroid is for instance a VB-algebroid that
corresponds to the adjoint representation by splitting (via the choice of a connection
on A) the following exact sequence

0—T"M®A— J'(A) — A—0,

where J'A is the first order jet bundle of A. Note that flat superconnections are
the two-term case of the representations up to homotopy defined by Arias Abad
and Crainic in [J.

Our main result on VB-algebroids is the existence of a one-to-one correspon-
dence between morphisms of representation up to homotopy on 2-term complexes
and morphisms of VB-algebroids (Theorem [1.11)). This reflects that the correspon-
dence established by Gracia-Saz and Mehta in [6] is actually the correspondence of
objects in an equivalence of categories between the category of representation up
to homotopy of a given Lie algebroid and the category of VB-algebroids with this
Lie algebroid as side. Note that since the tensor product as in [I] of two 2-terms
representations up to homotopy is a 3-term representation up to homotopy, which
does not encode a VB-algebroid structure, this equivalence of categories is not an
equivalence of monoidal categories. There is no known notion of tensor products
in the categories of Lie algebroids.

We apply our results on morphisms to the inclusion of distributions inside the
tangent bundle (see Theorem . We obtain the equivalence of infinitesimal
ideal systems in a Lie algebroid with subrepresentations of its adjoint and double
representations up to homotopy. We also discuss the case of general (non-integrable)
subbundles of the tangent of a Lie algebroid. In that case, the representations
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up to homotopy lead to a new interpretation of the infinitesimal description of
multiplicative distributions obtained by [5] (see Theorem [5.17)).

This paper is organized as follows. Sections 2 and 3 recall background knowledge
on representations up to homotopy and double vector bundles. Section 4 establishes
the one-to-one correspondence between VB-algebroid morphisms and morphisms of
representations up to homotopy on 2-term complexes. We revisit Lie bialgebroids
and IM-2 forms from the perspective of morphisms of representations up to homo-
topy. Section 5 studies (integrable and non integrable) subbundles of the tangent
of a Lie algebroid, that are compatible with the linear and with the Lie algebroid
structure.

We show in the appendix that the dictionary between VB-algebroids and 2-term
representations up to homotopy is compatible with dualizations in each category.

It would be interesting to describe the VB-algebroid counterpart of a quasi-
isomorphism of 2-terms representations up to homotopy. In a work in preparation,
del Hoyo and the third author relate quasi-isomorphisms of Lie groupoid 2-term
representations up to homotopy to a proper notion of Morita equivalence of VB-
groupoids.

Acknowledgements: The authors would like to thank Henrique Bursztyn,
Benoit Dhérin and Jim Stasheff for useful comments that have improved the pre-
sentation of this work. The authors also thank the anonymous referees for their
comments. Drummond acknowledges support of CAPES-FCT at IST-Lisboa, where
part of this work was developed. Jotz was supported by the Dorothea-Schlézer pro-
gram of the University of Gottingen, and a fellowship for prospective researchers
of the Swiss NSF (PBELP2.137534) for research conducted at UC Berkeley, the
hospitality of which she is thankful for. Ortiz would like to thank IMPA (Rio de
Janeiro) for a 2012-Summer Postdoctoral Fellowship and its hospitality while part
of this work was carried out.

2. REPRESENTATIONS UP TO HOMOTOPY OF LIE ALGEBROIDS

We recall here some background material on representations up to homotopy.
We mostly follow [IJ.

2.1. Definition and examples. Let E' — M be a vector bundle and V' = @, ., Vi
a graded vector bundle. The space of V-valued E-differential forms, Q(E;V) :=
D(A®*E* ® V), has a grading given by

UE;V)e = D T(NE* V)
i+j=k

and a natural (graded-)module structure over the algebra Q(E) := T'(A*E*).
If W = @,z Wi is a second graded vector bundle, Hom(V, W) is the graded
vector bundle whose degree k part is

Hom(V, W) = @5 Hom(V;, Wi).
1EZL

Let now (A4, [, -], pa) be a Lie algebroid over M.
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Definition 2.1. A homogeneous A-connection V on the graded vector bundle V =
Drcz Vi is an A-connection V : T'(A) x I'(V) — T'(V) such that V, preserves
D'(Vi), for allk € Z and a € T(A). Equivalently, an A-connection on V' is given by
a family {V*}rez, where each V¥ is an A-connection on Vj.

From now on, we assume that all connections on graded vector bundles are
homogeneous.

Definition 2.2. Let V' be a graded vector bundle. A representation up to homotopy
of A on'V is a degree one map D : Q(A; V), — Q(A; V)., such that D*> =0 and

(2.1) D(aAw) =dsaAw+ (—1)*a AD(w), for a € QF(A), w € Q(A; V),
where da : Q°(A) — Q*FL(A) is the Lie algebroid differential

z+1
dAOé(a1,...,Clk+1 ‘CPA (as) (al,...,ai_l,ai+1,...,ak)

Z+J

M H'M;r

a’ua/j]aa/la sy @15 415 - - -5 Q5—15, Q5415 - - 'aa/k)-
<i<j

Definition 2.3. A morphism between two representations up to homotopy of A is
a degree zero 2(A)-linear map

QA V) = QA W)
which intertwines the differentials Dy, and Dy . We denote it by (A, V) = (A, W).

In this paper we are mostly concerned with representations up to homotopy
on graded vector bundles V' concentrated in degree 0 and 1. These are called 2-
term graded vector bundles and the representations up to homotopy of A on 2-term
graded vector bundles form a category which we denote by Rep?(A). We denote
by Rep?(A) the set of isomorphism classes of objects of Rep?(A).

For a 2-term representation up to homotopy V' € Rep?(A), the derivation prop-
erty implies that the differential D : Q(A; V) — Q(A; V) is determined by

(1) a bundle map 9 : Vy — Vi;

(2) an A-connection V on V compatible with 9 (i.e. 9o VY = V!0 9);

(3) anelement K € Q%(A,End(V)_1) = Q%(A,Hom(V1, Vp)) such that dymma K =
0 and the diagram below commutes

Vo—2

v 1
Vo —F—>0

where Ry: is the curvature of V¢, for i = 0,1. We say that (9,V, K) are
the structure operators for V € Rep?(A).

We refer to [I] for a detailed exposition of the correspondence D — (9,V, K)
(pointing out that our sign convention for K is different from the one in [I]).

For V,W € Rep?(A), a morphism (A,V) = (A, W) is determined by a triple
(¢o, d1,P), where ¢ : Vo — Wy, ¢1 : Vi — Wi are bundle maps and ® €
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QY (A; Hom(Vy, Wy)), satisfying

(2.2) $1 00y = Ow o o,

(2.3) Vi (o, ¢1) = (Pg 0 Oy, Ow o ®,)  for all a € T'(A)
and

(2.4) dynom® = ¢g o Ky — Ky o ¢,

where V"™ is the A-connection on Hom(V, W) (see [I] for more details).

In the following, given vector bundles E, E" over M, we denote by Ejg @Efl] the
graded vector bundle consisting of E in degree 0 and of E’ in degree 1.

Example 2.4 (Double representation). Let B — M be a vector bundle and con-
sider the graded vector bundle V' = Bjo) © Bjy). Any connection V : T'(T'M) x
I['(B) — T'(B) induces a representation up to homotopy of TM on V by taking
0 = idp, V? = V! = V and K = —Ry, the curvature of V. The isomorphism
class of this representation does not depend on the choice of V and is called the
double representation of TM on B. We denote it by D(B) € Rep?(TM) and the
representation itself by Dy (B) € Rep?(A).

Example 2.5 (Adjoint representation). Let (A, [, ]a,pa) be a Lie algebroid over
M. Any connection V : T'(TM) x I'(A) — I'(A) on A induces a representation
up to homotopy of A on V. = Ajg) ® T My in the following manner. The map O
is just the anchor ps : A — TM. The A-connection V* on V (called the basic
connection) has degree zero and degree one parts given by

Vb . D(A) x D(4) — T(A)

(a,b) — [a,b}A +va(b)a.
an vhas . T(A) x T(TM) — T(TM)
(a’X) — [pA(a)vX]A“"PA(VXa)y

respectively. The element K is the basic curvature R € Q2(A,Hom(TM, A))
defined by

RY™(a,b)(X) = Vxla,b] = [Vxa,b] = [a, Vxb] + Ve x b — Vigpas x a.

As before, the isomorphism class of this representation does not depend on the choice
of V and it is called the adjoint representation of A. We denote it by ad € Rep?(A)
and the representation itself by ady € Rep?(A).

Given a 2-term representation V € Rep?(A) with structure operators (9, V, K)
of Aon V = V@V, its dual is the representation VI € Rep?(A), where V| = V}*,
V" = Vg, with structure operators given by

(2.5) Oyr =0, VYV =V*and Kyr = —K*
where V* is the A-connection dual to V, given by
(2.6) (VEE0) + (6, Vav) = L, () (&), Vo eT(V), £€T(VT).

Example 2.6 (Coadjoint representation). The coadjoint representation is the rep-
resentation of A on T* My & Aﬁ] dual to the adjoint representation. It is denoted

by ad" (A) € Rep?(A).
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2.2. Pullbacks. We define here morphisms between 2-term representations up to
homotopy of different Lie algebroids. Let (A’,[-,]a/, pa’) be another Lie algebroid
over M and T : A — A’ a Lie algebroid morphism over idy;. Choose W € Rep?(A’)
with structure operators (9, V, K).

Define VT : T'(A) x T(W) — T'(W) to be the A-connection given by

(2.7) VZU) = VT(a)w
for a € T'(A) and w € T(W) and T*K € Q?(A; Hom(Wy, Wy)) by
(2.8) T*K(ay,a2) = K(T(a1),T(az)), (a1,a2) € A x A.

Lemma 2.7. The triple (0,V',T*K) defines structure operators for a represen-
tation up to homotopy of A on W which is called the pullback of W by T and it is
denoted by T'W € Rep?(A).

Proof. We leave the details to the reader. O

Example 2.8. If T is the inclusion of a Lie subalgebroid A — A’, the pullback
T'W is just the restriction of the representation to A.

The usefulness of taking pullbacks is that it allows one to define morphisms
between representations up to homotopy of different algebroids.

Definition 2.9. Let W € Rep?(A’) and V € Rep?(A) be representations up to
homotopy. We define a morphism (A, V) = (A", W) over a Lie algebroid morphism
T:A— A to be an usual morphism (A, V) = (A, T'W) (as given in Definition

2.

Remark 2.10. The pullback operation can be defined for arbitrary representations
up to homotopy. It was already defined in this generality for representations up to
homotopy of Lie groupoids in [I]. Also, the pullback can be extended to morphisms
and we get a functor T : Rep?(A’) — Rep?(A).

3. DOUBLE VECTOR BUNDLES.

We briefly recall the definitions of double vector bundles, of some of their special
sections and of their morphisms. We refer to [I0] for a more detailed treatment
(see also [6] for a treatment closer to ours). We also classify subbundles of double
vector bundles.

3.1. Preliminaries.

Definition 3.1. A double vector bundle is a commutative square
D
D, B

T

A— M
qa

satisfying the following three conditions:

DV1. all four sides are vector bundles;
DV2. ¢E is a vector bundle morphism over qa;
DV3. + : D xg D — D is a vector bundle morphism over + : A X,y A — A,

B
where + 1is the addition map for the vector bundle D — B.
B
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Given a double vector bundle (D; A, B; M), the vector bundles A and B are called
the side bundles. The zero sections are denoted by 04 : M — A, 0° : M — B,
“0: A— D and ®0: B — D. Elements of D are written (d;a,b;m), where d € D,
m € M and a = ¢ (d) € A, b= q5(d) € By,.

The core C of a double vector bundle is the intersection of the kernels of ¢ and
¢B. Tt has a natural vector bundle structure over M, the projection of which we
call go : C' — M. The inclusion C' — D is usually denoted by

Cm 3 cr— T € (¢£)71(07,) N (a5) ™" (07,).

Definition 3.2. Let (D; A, B; M) and (D'; A’, B'; M) be two double vector bundles.
A double vector bundle morphism (F; Fyer, Fuor; f) from D to D' is a commutative

cube
Fhor

Dél}y/
A ) A’/

B/

M

/

ver

where all the faces are vector bundle morphisms.

Given a double vector bundle morphism (F'; Fyer, Flor; f), its restriction to the
core bundles induces a vector bundle morphism F, : C — C’. In the following, we
are mainly interested in double vector bundle morphisms where f =idy; : M — M.
In this case, we omit the reference to f and denote a double vector bundle morphism
by (F7 Fvera Fhor)~

Given a double vector bundle (D; A, B; M), the space of sections I'(B, D) is
generated as a C°°(B)-module by two distinguished classes of sections (see [I1]),
the linear and the core sections which we now describe.

Definition 3.3. For a sectionc: M — C, the corresponding core section ¢ : B — D
is defined as

(3.1) ¢(bm) =70, + c(m), m € M, by, € Bp,.
A

We denote the space of core sections by I'.(B, D).

Definition 3.4. A section X € T'(B, D) is called linear if X : B — D is a bundle
morphism from B — M to D — A. The space of linear sections is denoted by
I'v(B, D).

The space of linear sections is a locally free C°°(M)-module (see e.g. [6]). Hence,
there is a vector bundle A over M such that T'y(B, D) is isomorphic to F(A\) as
C°(M)-modules. Note that for a linear section X, there exists a section Xy : M —
A such that ¢§ o X = X o gg. The map X — Xj induces a short exact sequence
of vector bundles

(3.2) 0— B QC—A— A—0,
where for T' € T'(B* ® C), the corresponding section Te T'y(B, D) is given by

(3.3) T(bm) = "0p,, + T(bm)-
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We call splittings h: A — A of the short exact sequence (3.2)) horizontal lifts.

Example 3.5. Let A, B, C be vector bundles over M and consider D = A@B&C.
With the vector bundle structures D = ¢4(B® C) — A and D = q5(A® C) — B,
one has that (D; A, B; M) is a double vector bundle called the trivial double vector
bundle with core C'. The core sections are given by

b+ (05, by, c(m)), where m € M, by, € By, c € T(C).

The space of linear sections T'y(B, D) is naturally identified with T'(A) ®T(B* ® C)
via
(a,T) : by = (a(m), by, T(by,)), where T € T(B* & C), a € T(A).
The canonical inclusion T'(A) — T'p(B, D) is a horizontal lift.
Let A’, B',C" be another triple of vector bundles over M and consider the corre-
sponding trivial double vector bundle with core C', D' = A’ ® B’ ® C'. Any double
vector bundle morphism (F; Fyer, Fhor) from D to D’ is given by

(3.4) (a,b;¢) = (Fyer(a), Fhor(b), Fe(c) + Pa(b))
where F, : C — C' is a vector bundle morphism and ® € T'(A* ® B* ® C’).

A decomposition for a double vector bundle (D; A, B; M) is an isomorphism o
of double vector bundles from the trivial double vector bundle with core C' to
D covering the identities on the side bundles A, B and inducing the identity on
the core C. The space of decompositions for D will be denoted by Dec(D). We
recall now how this is an affine space over I'(A* ® B* ® C'). Given an element
® eT'(A* ® B* ® C), consider the double vector bundle morphism

Is: ADB®C — A®BoC
(a,b,c) — (a,b,c+ @y(b))

obtained from (3.4) by taking Fyer, Fhor, Fe to be the identity morphisms. For a
decomposition o,

(3.6) b.0:=00lg
defines the affine structure on Dec(D).

(3.5)

Remark 3.6. The space of horizontal lifts is also affine over I'(A* @ B* ® C') (this
follows directly from the definition of horizontal lifts). There is a natural one-to-one
correspondence between decompositions and horizontal lifts for D [6]. Concretely,
given a horizontal lift A, the decomposition o, : A@® B @& C — D is given by

(3.7) (s b ) = h(a) (brn) + (°0,  + ),

where m € M and a € I'(A) is any section with a(m) = a,,. Conversely, given a
decomposition 0 : A® B@® C — D, the map h, : T'(A) = T'y(B, D),

(3.8) he(a)(bm) = o(a(m),by,,0€), m e M,

is a horizontal lift. The map h — o}, and its inverse o — h,, are affine.

Example 3.7. For a vector bundle B — M,
T™B —— B

! l

T™ — M
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is a double vector bundle with core bundle B — M. The core section corresponding
to b € T'(B) is the vertical lift b' : B — TB. One has that

b'(Ey) = (¥,b) o qp and b'(foqp) =0,
where Ly, f o gg € C*(B) are the linear function and the pullback function corre-
sponding to ¢ € T'(B*) and f € C®°(M), respectively. An element of T'y(B,TB)
is called a linear vector field. It is well-known (see e.g. [10]) that a linear vec-
tor field X : B — TB covering x : M — TM corresponds to a derivation
L:T(B*) — T'(B*) having x as its symbol. The precise correspondence is given by

X(ly) =Llry and X(foqp) = La(f)ogs.

Hence, the choice of a horizontal lift for (TB;TM, B; M) is equivalent to the choice
of a connection on B*. For convenience, we shall prefer working with the dual
connection on B (see (2.6) ). In this case, one can identify Dec(T B) with the space
of connections on B.

Example 3.8. Let A — M be a vector bundle and consider TA — TM as the
horizontal side bundle of the tangent double,

TA —— TM

! !

A — M.

Foranya € T(A), Ta: TM — TA is a linear section covering a itself. Yet, the map
a — Ta splits only at the level of sections, as it fails to be C°°(M)-linear.
The choice of a connection V on A restores the C°°(M)-linearity and induces a
horizontal lift by

(3.9) h(a)(x) = Ta(x) + (T0(x) — Via), x € TM, a € T(A).

TM

The associated decomposition oy, € Dec(TA) coincides with the one induced by V
as in Ezample[3.7]

3.2. Dualization of double vector bundles. Given a double vector bundle
(D; A, B; M) with core C, its horizontal dual is the double vector bundle

Dy 2, B
(3.10) pg":l JQB

cr —— M,

qc*
where pp : D3 — B is the dual of ¢§ : D — B and, for £ € (pg) ! (bm),
(3.11) (PL2(€): em) = (€, "0n,, + ).

The core bundle of D3 is A* — M. Similarly, the vertical dual is the double vector
bundle

ver

Dy —<
(3.12) pAl lqc*

A — M
qA
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with core B* — M.
In the following, we are mostly interested in the horizontal dual. For ¢ € T'(A*),
the corresponding core section ¢ € T'.(B, D%) is just (¢§)*4. In particular,

(3.13) %, =0
for c € T'(C) and
(3.14) (i, h(a)) = (1, a) o qp

for a € I'(A) and any horizontal lift h : A — A
Given a decomposition 0 : A ® B @& C — D, the inverse of its dual over B,
(0%)"t: B® C* @ A* — D%, is a decomposition for D%.

Example 3.9. Let B — M be a vector bundle and consider its tangent double
(TB;TM,B;M). The projection of the cotangent bundle T*B to B* is given, for
§eTy B, by

d
W ©md = (6 5

Given a decomposition o : TM®&B®B — TB, let V be the corresponding connection
on B. The inverse of the dual of o over B induces a horizontal lift h : T'(B*) —
Ty(B,T*B) given by

W) (bm) = (05) ™ (b, ¥ (m), 03M) = dly (bn) = (Vg () ¥, bm) € Ty, B,

where £y, € C(B) is the linear function corresponding to i € I'(B*).

(b +tcm)> , forcy € By,, m € M.
t=0

4. VB-ALGEBROIDS AND MORPHISMS.

Gracia-Saz and Mehta show in [6] how representations up to homotopy of a Lie
algebroid on a 2-term graded vector bundle encode the Lie algebroid structures of
VB-algebroids. These are double vector bundles with some additional Lie algebroid
structure that is compatible with the double vector bundle structure. In this section,
we recall this correspondence and show how it can be extended to morphisms. We
also check in Appendix [A] that it behaves well under dualization.

4.1. VB-algebroids. We begin with the definition of VB-algebroids. We follow [6]
in our treatment of the subject.

Definition 4.1. Let (D; A, B; M) be a double vector bundle. We say that (D —
B; A — M) is a VB-algebroid if D — B is a Lie algebroid, the anchor pp : D — T'B
is a bundle morphism over pa : A — T M and the three Lie bracket conditions below
are satisfied:

(i) [Te(B, D),Te(B, D)]lp C I'e(B, D);

(ii) [[¢(B,D),Ie(B,D)]p C I'e(B, D);

(iii) [Ie(B,D),Te(B, D)]p = 0.

A VB-algebroid structure on (D; A, B; M) naturally induces a Lie algebroid
structure on A by taking the anchor to be p4 and the Lie bracket [-, -] 4 defined as fol-
lows: if X, Y € T'y(B, D) cover Xy, Vo € T'(A) respectively, then [X, V]p € T'v(B, D)
covers [Xp, Yola € T'(A). We call A the base Lie algebroid of D.

The next result from [0] relates VB-algebroid structures on trivial double vector
bundles and representations up to homotopy. Note that Arias Abad and Crainic
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show a related result on the relationship between representations up to homotopy
and Lie algebroid extensions [I, Proposition 3.9.].

Proposition 4.2. Let (A, pa,[,-|a) be a Lie algebroid over M. Let B — M and
C — M be vector bundles. There is a one-to-one correspondence between VB-
algebroid structures on the trivial double vector bundle A & B & C with core C
and A as side Lie algebroid, and 2-term representations up to homotopy of A on
V= C[o] S Bm.

Let us give an explicit description of the VB-algebroid structure on D = A@B&C
corresponding to a 2-term representation (9, V, K) of A on Cg@ Bpyj. Fora € I'(A),
let h : T'(A) < I'4(B, D) be the canonical inclusion of Example[3.5] Define as follows
the anchor of D, pp : D — B, on linear and core sections:

(4.1) pp(h(a)) = X1, pp(©) = d(c)",

where Xv1, d(c)T € X(B) are, respectively, the linear vector field corresponding to
the derivation V1" : T'(B*) — T(B*) and the vertical vector field corresponding
to d(c) € T'(B) (see Example [3.7)). The Lie bracket [-,-]p on I'(D) is given by the
formulas below:

(4.2) [h(a),¢]p = Vi,
and
(4.3) [h(a1), h(az)]p = h([a1, az)a) + K (a1, az)

where a,a1,as € T'(A) and ¢, ¢y, co € T(C) and K (a1, as) € To(B, D) is the linear
section given by (3.3).

Remark 4.3. A VB-algebroid structure on a general double vector bundle (D; A, B; M)
induces a representation up to homotopy of the base Lie algebroid A on Cjg @ By
once a decomposition ¢ : A ® B ® C — D is chosen. The structure operators

(0,V,K) are obtained from exactly the same formulas (4.1]), (4.2) and (4.3) by
taking h : T'(A) — T'y(B, D) as the horizontal lift corresponding to ¢. The iso-

morphism class of this representation does not depend on the choice of the decom-
position. More precisely, if o is another decomposition, then ¢ = ® - o, for some
P e T(A* ® B* ® C) and the structure operators (9, V, K) corresponding to & are
given by

(4.4) d =0
(4.5) VO=V)—®,08and V: = V! — 9o d,;

(4.6) K(a,b) = K(a,b) + dgrom®(a,b) + @, 00 0 D, — Dy 09 0 By,

for a,b € T'(A). Moreover, (id¢,idp,®) are the components of an (A)-linear
isomorphism Q(A, Cjo) @ Bpyj) — Q(A, Cjg) @ Byyj) which intertwines D and D (see
[6] for more details).

The next two Examples recall how the double and the adjoint representation
arise in this way from VB-algebroids.
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Example 4.4. The tangent double (T B;TM;B; M) of a vector bundle B — M
is canonically endowed with a VB-algebroid structure (IT'B — B;TM — M) with
prp = idp, pry = idryr and [+, ] given by the Lie bracket of vector fields. A
horizontal lift h : TM — TM is equivalent to a connection V : IN(TM)xT'(B) —
I'(B) (see Ezample . Equations and imply the equality 0 = idp and
show that the connection on Bjg® Byy) is given by V in degree 0 and 1. The equality
K = —Rvy, with Ry the curvature of V, follows from . Hence, the element
on Rep*(TM) associated to (TB — B;TM — M) is the isomorphism class of the
double representation of TM on B @ B (see Example ,

Example 4.5. Let (4, pa,][,-]a) be a Lie algebroid over M. The tangent prolon-
gation (TA; A, TM; M) of A has a VB-algebroid structure (TA — TM;A — M).
We refer to [10] for more details about this. Gracia-Saz and Mehta show that the el-
ement on Rep®(A) associated to such a VB-algebroid structure is exactly the adjoint
representation of A [0].

Given a VB-algebroid (D — B; A — M), one can prove (see [I1I]) that the
vertical dual (D% — C*; A — M) is a VB-algebroid. By choosing a decomposition
o € Dec(D), the inverse of its dual over A, (0%)~!, is a decomposition for D%. In
Appendix[A] we prove that the representations up to homotopy associated to o and
(0%)~! are dual to each other.

Example 4.6. Let (A,[-,-]a,pa) be a Lie algebroid over M. By Proposition
the VB-algebroid structure of (T*A — A*; A — M) obtained from taking the vertical
dual of the tangent prolongation (TA — TM; A — M) gives rise to the coadjoint
representation ad' e Rep?(A), the isomorphism class of the representation up to
homotopy dual to the adjoint representation of A. We refer to [10] for more details
concerning the cotangent Lie algebroid T*A — A*.

4.2. Lie algebroid differential. Let (A, pa,[,]a) be a Lie algebroid over M.
Given a 2-term representation up to homotopy of A on V' = Cig) @ Byy), we inves-
tigate how the Lie algebroid differential dp of D — B, where D = A® B @ C,
is related to the structure operators (9,V, K). Let h : T'(A) — T'y(B, D) be the
natural inclusion considered in Example

First of all, it is straightforward to check that, for f € C*°(M),

(4.7) dp(foap) = (pacas)* (df) = q5*(daf),

where d 4 is the Lie algebroid differential of A.
In the following, recall the identification I'y(B, D) = T'(A* @ B*) @ T'(C*) (see
Example .

Lemma 4.7. Let {y, € C°°(B) be the linear function associated to 1 € T'(B*). The
map dp(Ly) : B — D7 is a linear section given by

(4.8) dp(ly) = (dv-1,0"¢)

where V* is the A-connection on V* = Bl & Cfy; dual to V and dy- : Q(A; V") —
Q(A; V*) is the Koszul differential.

Proof. The result that dp(€y) is a linear section follows from the fact that d¢, :
B — T*B is a linear section of the cotangent bundle (covering v itself) and



VB-ALGEBROID MORPHISMS AND REPRESENTATIONS UP TO HOMOTOPY 13

pp : D — TB is a double vector bundle morphism. Also, for b,, € B, one has

(P (dply), em) = dly(pp (O, +Cm)) = % B (p(m), b +t0(cm)) = (0%1p(m), cm).

Finally, since pp(h(a)) is the linear vector field on B which corresponds to the
derivation V, on I'(B), it follows that

{dp(ly), ha)) = Loy naply = tv; -

Formula (4.8)) follows immediately. O

Now let us consider the degree one part of dp (i.e. dp : T'(D%) — T'(A2D%)).
As D = gi(A® CO) as a vector bundle over B, one has
(4.9) A2 Dy = qu(A2A* @ (A* @ C*) @ A2C™).
Lemma 4.8. Choose @) € T'(A*) and consider the corresponding core section IZ €
L.(B, D). With respect to the decomposition (4.9), one has
(4.10) dp®) : by — (dath(m), 04 =" 0477,
Proof. Choose a1, as € T'(A). As pp : D — TB is a vector bundle morphism over
pa: A — TM,one has that Tqgopp(h(a;)) = paoqX (h(a;)) = pa(ai), fori=1,2.
Also, it follows from (3.14)) that (¢, h(a;)) = (¥, a;) o ¢p, for i = 1,2. Tt is now
straightforward to check that

dpp(h(ar), h(az)) = (dat(ar,az)) 0 g5 — (¥, K(a1,a2)) = (dat(ar,az)) o g5.

As for the component on A* ® C*, we have

dpp(h(a1),€) = Ly n(ar)(¥: ©) = Lppe) (¥, hla1)) — (¢, [h(a1),c]p) =0.
The first and the last term on the right hand side vanish because of . Also,
since pp(C) is a vertical vector field, it follows with that the second term on
the right hand side vanishes. One can prove in a similar manner that the component
on A2C* is also zero. O

Lemma 4.9. Let Q € T'(A*®@B*) and vy € T'(C*). With respect to the decomposition

4.9), we have

(4.11) dp(Q,0) : by — ((dv+Q, b)), —(ida- ® 9°)(Q), 05,"),
and
(412) dD(O”Y) : bm — (_<K*73bm >7 dV*’% 0;\?0*)7

Proof. Fix ay,a2 € T'(A) and ¢ € T'(C). We have
dp(Q,0)(h(a1), h(az2)) = Lop(h(ar)) £Q(az) =Lop (haz)) €Q(ar) =((Q;0), [A(a1), h(az)]p) -
As pp(h(a;)) € X(B) is the linear vector field corresponding to V,,, we have
Lop (@) taay) = €9z Qay), for 1 <izj <2
Also, by (3.13) and (4.3), we get
<(Q’ O)a [h(al)a h(G'?)]D> = <(Q70)7 h([al’GZ]A)> = EQ([ahaﬂA)'

The formula for the component on A2A* now follows by assembling the terms.
Similarly, using that ((Q,0),) = ((@,0), [A(a1),¢]p) = 0, we get

dp(Q,0)(h(a1),¢) = —L,, @) %0 ) = (Q(a1), —0(c)) o gB.
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It is straightforward to check now that the component in A2C* is zero. The proof
of (4.12)) is a similar computation that we leave to the reader. O

4.3. Morphisms.

Definition 4.10. Let (D — B;A — M) and (D' — B A — M) be VB-
algebroids. A VB-algebroid morphism from D to D' is a double vector bundle
morphism (F; Fyer; Fhor) from D to D’ such that F is a Lie algebroid morphism.

Our aim is to relate VB-algebroid morphisms with morphisms of representations
up to homotopy. Using decompositions, it suffices to consider morphisms F' between
trivial double vector bundles D = A@B®C and D' = A’® B’ @®C’. From Example
we know that a double vector bundle morphism F' : D — D’ is determined
by vector bundle morphisms Fyor : A — A’, Fpor : B - B’, F. : C — C’ and
® € Q'(A,Hom(B, C")).

Theorem 4.11. F : D — D’ is a VB-algebroid morphism if and only if Fyer : A —
A’ is a Lie algebroid morphism and (Fe, Fyor, ®) are the components of a morphism
(A, V) = (A, W) over Fyer between the associated representations up to homotopy
V = Clg @ Bpy) € Rep?(A) and W = Cloy® By € Rep?(A’).

Remark 4.12. Combining the results in [6] with Theorem we conclude that the
category of 2-term representations up to homotopy of a Lie algebroid A is equivalent
to the category of VB-algebroids with side algebroid A.

In the following, let dp and dps be the Lie algebroid differentials of D — B and
D’ — B’, respectively. Recall that F : D — D’ is a Lie algebroid morphism if
and only if the associated exterior algebra morphism, F* : T(A*D'y,) — T'(A*D%),
intertwines dp and dD’El Theorem will follow from the thorough study of
the relation F* o dpr = dp o F*, which we carry on in Lemmas and
below. First, we shall need a Lemma which gives useful formulas for F'* in degree
1, F*:T(D'y) — T(D%).

Lemma 4.13. Choose Q € I'(B* @ A™*), v € I'(C"™*) and ¢ € T'(A™). Then

F*) = Fip and FX(Q,7) = (Fioy ® Fior (Q) + (@,7), F27).

Proof. The result follows directly from Example We leave the details to the

reader. (I
Let now (0w, VW, Ky ) and (dv,VY,Ky) be the structure operators of the

representations up to homotopy of A on V' = Cip® By and of A" on W = C'[’O] @Bfu’

respectively, and let V™ be the A-connection on Hom(V, W) obtained from V"

and (VW)Fver (see (2.7)).

Lemma 4.14. F*odp = dp o F* holds on T'(A°D'%,) = C>(B') if and only if

(4.13) par© Fuer = pa,

(4.14) Fhor 00y = Oy o F.

and

(4.15) VHM B op = 0w 0 By, Ya € T(A).

1Recall that F* is defined by (F*w)(b)(d1(b),...,dn (b)) = wWr o, 0) (F(d1(D)), ..., F(dn (b))
for w € I'(A"D'}/), b€ B and di,...,dn € I'(B, D). In particular, we have F*(g) = g o F,oy, for
g€ C®(B)=T(A"D'}).



VB-ALGEBROID MORPHISMS AND REPRESENTATIONS UP TO HOMOTOPY 15

Proof. It suffices to consider f ogp/, for f € C°°(M) and linear functions ¢, for
B € T'(B"™). Now, (4.13) follows directly from (4.7). For the other two equations,
first observe that F'*({s) = (r: . The identity

dp(Lry, ) = (dyv=Fyo, B, (Fhor 0 Ov)*B) € (A" @ BY) @ I'(C”)

hor

follows from (4.8). On the other hand, due to (4.8) and Lemma we have
F*(dp(fs)) = (Q,7), where

Q = F:er ® Fl’Tor (de*ﬁ) + <(I)’8a/5>

7= (0w o F)"p.
By comparing the components in I'(C*) and I'(A* ® B*), one finds equations which
are dual to (4.14) and (4.15)), respectively. This proves the lemma. O

Lemma 4.15. F* odp/ = dp o F* holds on T(A'D’;)) if and only if
(4.16) dAOF* :FjerodA' m F(AI*),

ver

(4.17) viemp — ®,00y, Va € T(A)
and
(4.18) dyrom® = F. 0 Ky — (F, Kw) © Fior.

Proof. 1t suffices to consider core sections 1])\ and linear sections of the type (0,7),
where v € T'(C™) and ¢ € T'(A’™*). Equation is equivalent to F* o dp/ (1) =
dp o F*(ij)\) Now, according to the decomposition (4.9), we find F* o dp/(0,7) =
(A1, Ao, Az), where Az is the zero section of A2¢lC*,

A1 (bm) = = ((Fle: Kw )™, Fhor (bm) ) + (Frer A @% (b)) (dyw =y (m)),
and
Az(bm) = F:er ® Fz< (de*’Y(m))v

where m € M, b,, € By, and ®(b,,) is seen as a map from A to C’ with dual
®*(b,,) : C™* — A*. Similarly, by Lemma and formulas (4.11), (4.12)), it
follows that dp(F*(0,7)) = dp((®, ), Fvy) = (01,02,03), where O3 is again the
zero section of A2gLC*,

and

Oa(bm) = —(id5 © 07 (@,y(m)) + dv - Fy(m).

The equalities Ay = ©5 and A; = O are equivalent to the equations dual to (4.17))
an (4.18)), respectively. O

Proof of Theorem[[.11} Equations (4.13]) and (4.16) are equivalent to Fye, being a
Lie algebroid morphism. Similarly, equations (4.14), (4.15), (4.17) and (4.18)) are

equivalent to (F., Fior, ®) being the components of a morphism (A4,V) = (A", W).
This proves the Theorem. (]

Example 4.16. Let (A, [, ]a,pa) be a Lie algebroid over M. An IM-2-form [4]
on A is a pair (u,v) where p: A — T*M and v : A — N*T*M such that

(1) (u(a), pa(b)) = —(u(b), pa(a));
(2) p(la, b)) = L, @)m(b) — iy, (dula) +v(a));
(3) v(la,b]) = L, (v (b) —ip,mdv(a),
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fora,b e T(A). In[2] (see also [3] for the case where v =0), it is shown that every
IM-2-form is associated to a 2-form A € Q?(A) whose associated map Ay : TA —
T*A is a VB-algebroid morphism from (TA — TM;A — M) to (T*A — A*; A —
M) inducing p: A — T*M on the core bundles and —p* : TM — A* on the side
bundles. Let o € Dec(T'A) and o’ be its dual over the side bundle A. From [2] (see
Lemma 3.6 there), it follows that F =0y oAjoo: AGTM ®A — ADA*®T*M
has components given by Fyep = ida, Fhor = —p*, F. = p and

® = v+ dy-p* € Q(A; Hom(TM,T*M)).

where V is the connection on A associated to o and dg~ : Q(TM; A*) — Q(TM; A*)

the Koszul differential associated to the dual connection. Note that we are identify-

ing Q2(TM, A*) with Q' (A; A2T* M) and seeing A2T* M as a subset of Hom(T M, T*M).
So, as a result of Theorem one has that (u,v) is an IM-2-form if and only if

(1, —p*, v + dy+p*) are the components of a morphism from the adjoint represen-
tation ady (A) to the coadjoint representation ady,(A).

Example 4.17. Let (A,[-,-],pa) be a Lie algebroid such that its dual A* has also
a Lie algebroid structure (A*,[-, ]| a=, pax). It is shown in [12] that (A, A*) is a Lie
bialgebroid if and only if 77?4 : T*A — TA is a VB-algebroid morphism from the
cotangent Lie algebroid (T*A — A*, A — M) to the tangent prolongation (T'A —
TM;A — M), where 1o € T'(A2TA) is the linear Poisson bivector corresponding
to the Lie algebroid A*. For any decomposition o € Dec(TA), it follows from
[12] (see Corollary 6.5 there) that o=! o wg o(ch) ' A A T*M — A&
TM & A has components given by Fyey = ida, Fhor = pa~, Fe = —p%. and ® €
QY (A;Hom(A*, A)) defined by
(Po(), B) = —da-ala, B) + (B, Vp,.a) @) — (&, V, ) a), (a,B) € A" xpr A,

where da~ : T'(AA) — T'(AA) is the Lie algebroid differential of A*, V : T(T'M) x
I'(A) — T'(A) is the connection corresponding to o and o is the dual of o over A.
Note that

(®a(a). B)) = {a, T"*(a, B)),
where TP is the torsion of the basic connection
I'(A*) xT'(A*) — T(4%)
(o, B) — o Blas + V5 gy o
As a result of Theorem we have that (A, A*) is a Lie bialgebroid if and only if
(—=p%es pax, TP%) are the components of a morphism from the coadjoint represen-
tation ady to the adjoint representation ady .

5. DISTRIBUTIONS AND FOLIATIONS.

Let gp : B — M be a vector bundle. A linear distribution on B is a subbundle
A C TB such that
A —— B

(5.1) T(]BJ/ lqs

Ay — M

is a double vector bundle. It is called a linear foliation if A is integrable (or, equiva-
lently, A — B is a Lie subalgebroid of TB — B). Linear distributions and foliations
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are particular examples of double vector subbundles and VB-subalgebroids, respec-
tively. In this section we develop the general theory of these objects. Our goal is
to identify invariants of distributions and foliations on Lie algebroids.

5.1. Double vector subbundles and adapted decompositions.

Definition 5.1. Let (D’; A’, B'; M) be a double vector bundle. We say that (D; A, B; M)
18 a double vector subbundle of D' if
(1) (D;A; B; M) is a double vector bundle;
(2) DcD'; Ac A and B C B’ are subbundles;
(8) the inclusion i : D < D’ is a morphism of double vector bundles inducing
the inclusions 14 : A — A’ and i : B < B’ on the side bundles.

Note that the core C’ of D’ is a subbundle of C' and the map ¢ : D < D’ induces
the inclusion ic : ¢’ < C on the core bundles.

Example 5.2. Let D' = A’ ® B’ ® C' be the trivial double vector bundle with core
C'. Given vector subbundles A C A’, B C B’ and C C C’, the trivial double vector
bundle D = A® B @ C with core C is canonically a double vector subbundle of D'.

The inclusion of trivial double vector bundles of Example should be seen as
a model for general double vector subbundles. Let us be more precise.

Definition 5.3. Let (D; A, B; M) be a double vector sub-bundle of (D'; A’, B'; M).
We say that a decomposition o’ : A’ @® B' & C' — D’ is adapted to D if o'(A® B®
C) = D. In this case, the induced decomposition o := o'|aepec of D makes the
diagram below commutative

g

AeB e D'
J Ji
(5.2) AeBa&C D

g

where the left vertical arrow is the canonical inclusion of Example

A horizontal lift b : A" — A7 is adapted to D if its corresponding decomposition
o is adapted to D. Equivalently, h is adapted to D if and only if, for
a € T'(A), the linear section h(a) : B’ — D’ satisfies h(a)(B) C D. In this case, h|4
is a horizontal lift for D.

Example 5.4. A connection V : T'(TM) x T'(B) — T'(B) is adapted to a linear
distribution A if for every x € T(TM) the linear vector field Xy, : B — TB

corresponding to the derivation V, : T'(B) — I'(B) is a section of the distribution
A.

Recall that Dec(D’), the space of decompositions of D’ is affine modelled over
I'(A™ ® B”* ® C”). Define

(5.3) Tapc={Pel(A*®@B" (") | ®,(B)CC,Vae A}
Proposition 5.5. Let (D'; A, B'; M) be a double vector bundle and A, B and C

vector subbundles of A’, B’ and C', respectively. There is a one-to-one correspon-
dence

{ Double vector subbundles(D; A, B; M) of D’ } = Dec(D’)

having C' as core bundle. Tapc
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More precisely, for a double vector subbundle (D; A, B; M), the set of decompo-
sitions adapted to D is an orbit for I'a p.c. Reciprocally, given a decomposition
o’ € Dec(D'), the double vector subbundle D = o'(A® B ® C) only depends on the
T4 B,c-orbit of o' and any decomposition in this orbit is adapted to D.

Proof. For a double vector subbundle (D; A, B; M), we shall first prove that de-
compositions adapted to D always exist and then that they form an orbit for
I'ap,c. Begin with two arbitrary decompositions 0 : A ® B ® C — D and
o' :A@®B @©(C' — D' and consider 0’ loioc: AGB®C - A eB aC' Itis
a morphism between trivial double vector bundles inducing the inclusions on A, B
and C. Hence, there exists ® € I'(A* ® B* @ C') such that

o’ loioa(a,b,c) = (a,b,c+ D,(b)).

For any @ € I'(A™ @ B @ C') extending ® (i.e. ,(b) = ®,(b), Va € A,b € B),
the decomposition ®' - ¢’ is adapted to D. Now, if o1, 09 are arbitrary decompo-
sitions, there exists an unique ® € I'(A"™* ® B ® C') such that o1 = ® - 05. It is
straightforward to check that they lie in the same orbit if and only if Is = 05 Yooy
(see (3.5) preserves A @ B @ C. This implies that the decompositions adapted to
D is an I'4 p c-orbit and that the map

Dec(D")

T'aB,c
is well-defined. O

S l=d (Ao BaC)

Now we will use Propositionto classify linear distributions. Let (A; Aps, B; M)
be a linear distribution with core C' C B and consider the quotient map w :
B — B/C. In the following, we identify Dec(T'B) with the space of connections
V:I'(B) - T'(T*M ® B).

Lemma 5.6. The map

Dec(TB)

= {]D) T(B) > T(A%, o (B/c)) | DUV = [Da(b) + (LaS)(B). }
An,L,B,C

VfeC®(M),beTl(B), € T'(Am)

V] — (re@m)oV
is a bijection, where v : T*M — A%, is the restriction map.

Proof. The fact that the map is well-defined follows directly from the definition of
the affine action (3.6)) on the space of connections. Let us now prove that given
D:T'(B) = I'(A}; ® (B/C)) satistying the Leibniz equation

(5-4) D4 (fb) = fDx(b) + (Laf)m(b),

there exists a connection V € Dec(TB) such that D = (r ® 7) o V. For this, let s :
B/C — B be a linear section for the quotient projection = : B — B/C and identify
B with (B/C) @ C using s. Also, choose a connection V : I'(T'M) x I'(B) — I'(B)
which preserves both B and B/C.

First, note that formula (5.4) implies that, for x € I'(Apy), D, : T'(B) — I'(B/C)
is actually linear when restricted to T'(C). Second, note that (5.4) implies that the
map

Dyos: I(B/C) — T(B/C)
gl — Da(s(v))
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is a derivation on B/C having z € I'(Ay) as symbol. So, define ® € I'(T*M ®
B* ® B)

(]D)wos—%w)(’y), if vy € B/C; if o € D(An);

0, otherwise.

{ soD.(v), ifyeC;
@w(’y) =

It is now straightforward to check that the connection V : I'(B) — I'(T*M ® B)
given by V=V + & satisfies D = (r@m) o V. O

For a linear distribution (A; Ay, B; M) with core C, one can canonically con-
struct a map D2 : T'(B) — T'(A%; ® (B/C)) satisfying (5.4) as follows:

(5.5) D2(b) = 7o Lx(b), = € I'(Ap), b e I'(B),

where X : B — A is any linear section covering x, Lx : I'(B) — I'(B) is the
derivation defined by

(5.6) Lx(b)T =[X,b"], for b € I'(B).

It is straightforward to check that wo L x depends only on x and not on the particular
choice of X : B — A.

Theorem 5.7. A connection V : T'(B) — I'(T*M ® B) is adapted to A if and only
if

(5.7) (r@m)oV =DA.

In particular, the map A — D? establishes a one-to-one correspondence between
linear distributions (A; An, B; M) with core C' and R-linear maps D : T'(B) —
T(A%, ® (B/C)) satisfying the Leibniz equation (5.4).

Proof. If V is adapted to A, then the linear vector field Xy, : B — TB corre-
sponding to the derivation V, : I'(B) — I'(B) is a linear section of A. Hence, it
follows from the definition (5.5)) that

ID)IA:WOLXVZ =moV,,

for x € T(Ajps). On the other hand, if (5.7)) holds, then, for every « € T'(A ), there
exists a linear section X : B — A covering x such that § := V, — Lx € Hom(B, C),
where Ly is the derivation defined by (5.6]). In terms of sections,

Xy, =X +4".

As C' is the core bundle of A, one gets that Xv_ is a section of A and, therefore,
V is adapted to A. The last statement follows from Lemma ({5.6]). d

Remark 5.8. If one considers the Lie groupoid B = M, where the source and the
target are the projection qp : B — M and the multiplication is addition on the
fibers, then a linear distribution is just a multiplicative distribution in the sense
of [B,@]. In this situation, the one-to-one correspondence above was also obtained
in [5] for Ay; = TM. The map D? is called by the authors the Spencer operator
relative to .
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5.2. Infinitesimal ideal systems, distributions on Lie algebroid and sub-
representations. Let us recall the definition of an infinitesimal ideal system [7} [9]
on a Lie algebroid (A, [-,-]a, pa)-

Definition 5.9. An infinitesimal ideal system on A is a triple (A, C, %), where
C C A is a subalgebroid, Ay C TM 'is a integrable distribution and ¥V : T'(Apg) ¥
I'(A/C) = T(A/C) is a flat connection satisfying the following properties:

(1) if w(a) is parallel, then [a,T'(C)]a C T'(C).

(2) if w(a), w(b) are parallel, then 7([a,b]a) is parallel;

(3) if w(a) is parallel, then [p(a),T(Apn)] CT(Ar);
where a,b € T(A) and m: A — A/C is the quotient map.

Given an infinitesimal ideal system (Ajy, C, %) on A, it follows from Theorem
that there exists an associated linear distribution (A; Ay, A; M) on A having
core C' corresponding to an operator D : I'(A) — I'(A%, ® (A/C)) defined as zero
on C and equal to V on the quotient A/C. The paper [9] shows that the properties
of an infinitesimal ideal system are equivalent to A — Aj; and A — A being Lie
subalgebroids of TA — TM and TA — A, respectively. In this section, we prove
this in an alternative manner, using representations up to homotopy. Along the
way, we shall understand necessary and sufficient conditions on D for A — Ajs to
be a Lie subalgebroid of TA — T'M and for and A — A to be a Lie subalgebroid
of TA — A.

Let us start with the definition of VB-subalgebroids.

Definition 5.10. Let (D' — B’; A’ — M) be a VB-algebroid. We say that a
double vector subbundle (D; A, B; M) is a VB-subalgebroid of D' if D — B is a Lie
subalgebroid of D' — B’'.

Proposition 5.11. A double vector subbundle (D; A, B; M) is a VB-subalgebroid
of D' if and only if
(1) (D — B;A— M) is a VB-algebroid;
(2) the inclusion map i : (D — B;A - M) — (D' — B; A" - M) is a
VB-algebroid morphism.

Proof. 1t is straightforward to see that conditions (1) and (2) imply that D is a
VB-subalgebroid of D’. Conversely, assume that D — B is a Lie subalgebroid of
D' — B’. The fact that the inclusion ¢ : D — D’ is a bundle morphism over
ig : A — A’ implies that the anchor of D, pp = pps o, is a bundle morphism over
pa = par ois. To prove that (D — B; A — M) is a VB-algebroid, we still have to
check conditions (i), (ii) and (iii) of Definition These will follow from exactly
the same conditions on D’ if we prove that core (respectively linear) sections of D
can be extended to core (respectively linear) sections of D’. Now, implies that

I.(B,D)={¢|lp | cel(C)and ce (B, D)}
Also, for X : B — D, a linear section of D covering a € I'(A), choose any horizontal

lift b’ : A/ — A adapted to D (the existence of which is guaranteed by Proposition
. For b € B,
X(b) - hla)(b) = 0F + T,().
A

for some ® € Q'(A4,Hom(B,C)). Extend ® to ® € Q(A’,Hom(B’,C’)). The
horizontal lift A" = b’ + ®’ is still adapted to D and X = h”(a)|p. O
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Definition 5.12. Let W € Rep?(A) be a 2-term representation of a Lie algebroid
A and let (0,V,K) be its structure operators. We say that a (graded) subbundle
V C W is a subrepresentation if V € Rep?(A) and (iv,,iv,,0) are the components
of a morphism (A, V) = (A, W), where iy, : Vo — Wy and iy, : Vi < Wy are the
inclusions and 0 € T(A* @ V¥ @ Wy).

Remark 5.13. If (9,V, K) are the structure operators for W &€ Rep?(A), then
V C W is a subrepresentation if and only if

(5.8) 9(Vo) C Vi;
(5.9) V. preserves V, Va € T'(A)
(5.10) K(al,ag)(Vl) c Vp,Vay, ag € A.

In this case, the restrictions (9|v,, V]v, K|v,) are the structure operators for the
representation up to homotopy of A on V. This follows directly from equations

€. @3 ana &),

Let us give an example.

Example 5.14. Let V : T(TM)xI'(B) — I'(B) be a connection on B and consider
the double representation Dy (B) € Rep?(TM) (see Example , Given a vector
subbundle C C B, the graded vector bundle Cio) ® Byy) is a subrepresentation if and

only if V preserves C and the induced connection on the quotient v IN(TM) x
I'(B/C) —T'(B/C) is flat.

The following result shows how VB-subalgebroids and subrepresentations are
related.

Theorem 5.15. Let W = C[/o] e Bfl] € Rep?(A’) be the representation up to
homotopy corresponding to a VB-algebroid structure on (A’ & B' & C' — B'; A’ —
M). Then (A@ B® C — B; A — M) is a VB-subalgebroid if and only if A C A’
is a subalgebroid and Cio) © By is a subrepresentation of i'yW € Rep?(A), where
ia: A= A is the inclusion.

Proof. Assume A @ B @ C is a VB-subalgebroid of D’. By Proposition , it
follows that (A®@B&C — B; A — M) is a VB-algebroid, so there is a corresponding
Lie algebroid structure on A and V' = Cjg @ Byy) € Rep?(A). As the inclusion
i:A®B®C — A @ B @®C'is a VB-morphism, it follows from Theorem [£.11]
that the inclusion i4 : A — A’ is a Lie algebroid morphism and (i¢,ip,0) are the
components of a morphism (A,V) = (A, W) over the inclusion i4. Conversely,
assume that A C A’ is a subalgebroid and that V is a subrepresentation of i, .
The representation up to homotopy of A on V give (A®@ B®C — B;A — M) a
VB-algebroid structure and one can use Theorem once again to prove that
the inclusion i : A BHC — A’ @& B’ & C’ is a VB-morphism. This concludes the
proof. O

Corollary 5.16. [5,9] A linear distribution (A; Ay, B; M) on B with core bundle
C is involutive if and only if Ay is involutive and the associated map D : T'(B) —
L(A%Y, ® (B/C)) satisfies
(1) D?|p(e) = 0;
(2) the map induced on the quotient I'(B/C) — I'(A%, @ (B/C)) is a flat Aps-
connection on B/C.
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Proof. A is involutive if and only if (A;Ap; A; M) is a VB-subalgebroid of the
double (TA — A;TM — M). Choose any connection V : I'(T'M) x T'(A) — T'(4)
with
ToV, =D, Vz e T(Ay)

and consider the double representation Dy (B) € Rep?(T'M). It is the representa-
tion up to homotopy of TM associated to the VB-algebroid (I'B — B;TM — M)
decomposed by the choice of V. As V is adapted to A (see Theorem 7 it fol-
lows from Theorem that A is involutive if and only if Ay, is involutive and
Clo) @ Byy) is a subrepresentation of z'IAM Dy € Rep?(Any), where in,, : Ay < TM
is the inclusion. The result now follows from Example [5.14 d

Compatibility with the Lie algebroid structure. Let V : T(TM) x T'(A) — T'(A) be
a connection on the Lie algebroid A and consider the adjoint representation ady .
The graded subbundle Cg) & Apy, 1) C Ajo) © T'Myy) is a subrepresentation of ady
if and only if p4(C) C Ay and

(5.11) [a,c] + V(o) a € T(O);
(5.12) [pala),z] + pa(Vza) € T(An);
(5.13) Rpas(a,b)(An) C C;

for a,b € T'(A), c € I'(C) and = € T'(Ajps). In the case V is a connection adapted
to a linear distribution (A; A, Aps; M), equations (5.11)), (5.12)) and (5.13]) can be
reinterpreted in terms of the D? to give conditions for A — Aj,; to be a
Lie subalgebroid of TA — T M. In the following, we shall need the quotient maps
T:A— A/C and 7w TM — TM/A]V[

Theorem 5.17. Let (A; Apg, A; M) be a linear distribution on A with core C and
choose any connection V : T(TM) x T'(A) — I'(A) adapted to A. Then A — Ay
is a Lie subalgebroid of TA — TM if and only if pa(C) C Ay,

(5.14) Dpa(e) (a) = —7([a, c]);
(5.15)  pa(Da(a)) = —mrum([pala), z])
(5.16)  Da([a,b]a) = Ve*Da(b) = Vi*Dr(a) + 7(Vipa (4010 ~ Vipa(a).alb)
where é} i A/C — TM/Ap is the quotient map (i.e. paom™ = Trpr © pa) and
where VP is the A-connection on the quotient A/C given by

VEa(b) = w([a,b] + V,@ya) = 7(VE*b)
fora,beT(A), ceT(C) and x € T(Ap).

Proof. As V is adapted to A, Theorem [5.15] assures that A is compatible with the
Lie algebroid structure if and only if V' = Cjo) @ Ay is a subrepresentation of

ady € Rep?(A). So, one is left to prove that (5.11)), (5.12) and (5.13) correspond
to (5.14), (5.15) and (5.16). Now, by applying the quotient maps = and w7y to
E11) and (G-12

)
2|), one has
{ la,c] +V,, ) acT(C) — { T(Vpu(ea) = —m(la,c])
[pa(a),z] + pa(Vea) € T(Anr) Tram(pa(Vea)) = —mra([pala), z])

for every ¢ € T(C), a € T(A) and = € T'(Ap). The result now follows from
the fact that, for any adapted connection V, D, = 7o V,, Vo € T'(Ay) and
TTM © PA = PAOT.
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At last, using the explicit expression for RP®, one has that (5.13) holds if and
only if
(5.17) T(Vala, b] — [Vaa,b] — [a, Vb = Vgras, a + Vgras, b) = 0,
for a,b € I'(A) and = € T'(Apr). Now, note that
7[Vma, b] + vaasxb = [b, Vza] + V/JA(VIG)I) + v[pA(a),x]b = Vfasvra + v[pA(a),x]b
and similarly
bas
[a, V.b] + Vv};asza =V, Vb + v[pA(b),r]a'

So, by definition of @bas, one has that ((5.17) is equivalent to

D, ([a,b]) + VD, (a) — VESD, (b) + 7(V{pta).a1b — Vipap).2)@) = 0,

as required. O

Remark 5.18. In the particular case where Ay = T'M, one can get rid of the
choice of an adapted connection. Indeed, note that V" can be alternatively given
by

Vhash = 7([a, b)) + D) (a)
and (5.16)) becomes
Dy ([a,b4) = VE*D,(b) — VD, (a) + Djp, 0).01(@) — Dipa(a),e1 ()-

In this form, Theorem gives the infinitesimal counterpart of a result from
[5] characterizing (wide) multiplicative distributions in terms of Spencer operators
relative to 7.

Our last result explains how infinitesimal ideal systems and representations up
to homotopy are related.

Theorem 5.19. Let A be a Lie algebroid over M. A triple (AM7C’,%) s an
infinitesimal ideal system if and only if

(1) Ay CTM is integrable;

(2) Cio) ® Anrpy) s a subrepresentation of adv(A) and

(3) Co) @ Apy is a subrepresentation of i!AMDv(A),
iny ¢ Ay = TM is the inclusion and V : T(T M) xT'(A) — I'(A) is any connection
preserving C and inducing V on the quotient.

Proof. Define D : T'(A) — T'(A%, ® (A/C)) by
D, (a) = Vor(a), a € T(A), z € T(An).

By Theorem , there exists a linear distribution (A; Ay, A; M) with core C' such
that D = DA (5.5). We already know (see [9]) that (Ajz, C,V) is an infinitesimal
ideal system if and only A — A and A — A, are simultaneously Lie subalgebroids
of TA — A and TA — TM, respectively. The result now follows directly from

Theorem (5.15)). O
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APPENDIX A. DUALIZATION OF VB-ALGEBROIDS AND REPRESENTATIONS UP TO
HOMOTOPY.

Let (D; A, B; M) be a double vector bundle and consider its horizontal (3.10))
and vertical (3.12) duals. The vector bundles p?*" : D% — C* and pg‘f Dy — C*

are dual to each other via the nondegenerate pairing ||, | : D% X¢~ D — R given
by
(A1) 10, V]| :=(¥,d)p — (©,d)a

where d € D is any element with ¢5(d) = pa(©) and ¢5(d) = pp(¥) [10]. The
pairings on the right-hand side of are defined with respect to the fibers over
B and over A, respectively. Henceforth, we identify the dual of D} — C* with
D% — C* via the pairing in . Given a section © : C* — D%, we denote
by ¢§" € C°(D%) the function which is linear with respect to the vector bundle
structure D — C* and given by

57 () = ok (v)), v|.

o
In particular, for the core section 12 € I'(C*, D%) associated to some ¢ € I'(B*),
one gets by choosing d = 01?3(\11) in (A.1)):

Also, for T e T'(B* ® C),
(A.3) (e = —t5,

where T € Ty(B, D) and T* € T',(C*, D) are the lincar sections correspond-
ing to T and its dual T* € T'(C* ® B), respectively.

We shall need one more formula (which follows directly from (3.11))) for ¢ € I'(C)
and the corresponding core section ¢ € I'(B, D), namely

(A.4) bz =L, 0 phor.

Assume now that (D — B; A — M) is a VB-algebroid. Then (D% — C*; A —
M) has a natural VB-algebroid structure. The Lie algebroid structure on D% — C*
is obtained by noticing that the linear Poisson structure on D} — B associated to
the Lie algebroid D — B is also linear with respect to the vector bundle structure
Dy —C* H In particular, besides the usual formulas

E[X17X2]D = {€X17£X2}D*Bv Lpp(x)(f) opB = {gwf OPB}DE,
defining the Lie bracket [-, -] p and the anchor pp on D — B, for x, x1, x2 € I'(B, D)
and f € C*°(B), we have
E%l@ﬂqu = {Egr7£g; }DE’ £PD2(9)(9) Op}é'o*r = {Kg*,g Op}(li'o*r}DE’
defining the Lie bracket [-,-]ps and the anchor pp+ on D} — C*, for ©,0,,0; €
[(C*, D%) and g € C(C*). We refer to [10] (see also [6]) for more details.

2Let qg : E — M be a vector bundle. A Poisson bracket {-,-} on C°°(E) is linear if for all
£,¢ € T(E*) and f, f/ € C°°(M), the bracket {£¢,{¢ } is again linear, the bracket {q}f,q5f"}
vanishes and {{¢, g}, f} is the pullback under ¢g of a function on M. This defines a Lie algebroid
(B* = M,p,[,]) by setting £i¢ ¢/] := {€e,Ler} and g (Ly(e) f) = {€e, g f}. Conversely, a Lie
algebroid structure on E* defines a linear Poisson structure on E.
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Our aim here is to prove that the representations up to homotopy associated to
D — B and D7 — C* are dual to each other. Let us first consider how horizontal
lifts for (D; A, B; M) and (D%; A, C*; M) are related. Let h: T'(A) — T'¢(B, D) be
a horizontal lift for D. There exists a corresponding horizontal lift AT : T'(4) —
I'y(C*, D%) given as follows: take the decomposition o), € Dec(D) associated to h

by (3.7) and consider the inverse of its dual over A, (Uh)’;;1 € Dec(D%). Set h'
to be the horizontal lift corresponding to (O'h)ji(l via (3.8)). It is straightforward to
check that

(A.5) lhia) = fg;(a) € C*(Dp)

for every a € I'(A).

Let (0,V, K) be the structure operators of the representation up to homotopy
Clo) ® Bpj € Rep?(A) associated to (D, h) and (0¥, V¥, K¥°') be the structure
operators of the representation up to homotopy B[*o] &) C’[*l] € Rep?(A) associated
to (D%,h"). The next result relates the two representations.

Proposition A.1. The structure operators (0¥, Ve, KVe) coincide with the

structure operators (2.5)) of the representation (Clo) & B[l])T € Rep?(A) dual to
(0,V,K).

Proof. Let ¢ € T'(C) and ¢ € T'(B*). By (4.1 ., we have
(0" (),c) oqc- ope =L, g (le) o™ = {05, Lo D}y,
= —{lyopp, le}py, = Ly, @ (ly) o pB
= (¢,0(c)) ° 4 © pB-

Since g} o pF = qp o pp, the equality 9V°" = §* follows.
Let us prove the relation between the A-connections. By (4.1]) and (4.2)) together

with (A.2)) and (A.5)), one has that

_ _ypC* Cc* C* Cc* .
fv;ew; °pp = EV"erib g[hT(a)”L\]D* {ghT(a)a‘g 7 }DB

= {lh(a), by o PB} DL = Loy (h(a))(ly) ©PB = ly=y 0 PB-
Similarly,

gv‘fr*c op}éo*r = EPDZ(hT(a))(EC) ° pg?*r = {ﬁf;(a), leo plé&r}D*B = {‘eh(a)vgﬁ}D*B

=l ap = lome = v, 0 PEY.
Hence, we have verified the equality V¥ = V*.
It remains to compare the curvatures. For that, choose ay,as € T'(4) and let
K €Ty(B,D) and Kver € T'y(C*, D%) be the linear sections (3.3]) corresponding to
K(a1,a2) € T'(B*®C) and K¥°" (a1, az2) € I'(C* ® B) respectively. First note that,

by (A5),

*

C

O ey 17 (@l = {07 @ 6 ) . = {lnan)s frtan Y g, = lintanbianl
B

Therefore, by (4.3) and (A.3)), we find

C* Cc*
(s = U™ (@) 17 (@) by —h T ([an,a2)a) = Clhen) hla)l o —h(far.aa)a) = {7 =

This proves that KV' = —K*. O

o
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