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AFFINE STRUCTURES ON LIE GROUPOIDS

HONGLEI LANG, ZHANGJU L1U AND YUNHE SHENG

We study affine structures on a Lie groupoid, including affine k-vector fields,
k-forms and (p, g)-tensors. We show that the space of affine structures is
a 2-vector space over the space of multiplicative structures. Moreover, the
space of affine multivector fields with the Schouten bracket and the space of
affine vector-valued forms with the Frolicher-Nijenhuis bracket are graded
strict Lie 2-algebras, and affine (1, 1)-tensors constitute a strict monoidal
category. Such higher structures can be seen as the categorification of mul-
tiplicative structures on a Lie groupoid.

1. Introduction

Geometric structures on a Lie groupoid that are compatible with the groupoid mul-
tiplication are called multiplicative structures. They have been studied intensively
and their infinitesimal correspondings have been developed. See [Iglesias-Ponte
et al. 2012; Mackenzie and Xu 2000; Xu 1995] and [Bursztyn and Cabrera 2012;
Bursztyn et al. 2009; Crainic et al. 2015] for multiplicative multivector fields and
multiplicative forms, respectively, and see [Bursztyn and Drummond 2019] for
the theory of multiplicative tensors. Beyond this, there are also multiplicative
Dirac structures [Jotz Lean 2019; Ortiz 2013], multiplicative generalized complex
structures [Jotz Lean et al. 2016], multiplicative contact and Jacobi structures
[Crainic and Salazar 2015; Crainic and Zhu 2007; Iglesias-Ponte and Marrero
2003], multiplicative distributions [Jotz Lean and Ortiz 2014] and multiplicative
Manin pairs [Li-Bland and Severa 201 1], etc. We refer to [Kosmann-Schwarzbach
2016] for a survey on this subject.

Our purpose is to study geometric structures that are compatible with the affinoid
structure on a Lie groupoid. This is motivated by Weinstein’s work [1990], where he
studied Poisson manifolds also carrying affinoid structures. An affinoid structure on
a space X is a subset of X* whose elements are called parallelograms, with axioms
modeled on the properties of the quaternary relation {(g, &, 1, k) : hg~' =kI~'} on
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a group or a groupoid. Groupoids are affinoid spaces, but not every affinoid space
arises in this way. Mackenzie [1992; 2000] regarded affinoid structures as a type of
double groupoid. He gave the equivalence of affinoid structures, butterfly diagrams
and generalized principal bundles and studied their infinitesimal invariants.

The multiplicativity condition for a k-vector field (a k-form) on a Lie groupoid is
known as the graph {(g, i, gh) : s(g) = t(h)} of the groupoid multiplication being
a coisotropic (an isotropic) submanifold of G x G x G. A Lie groupoid G carries an
affinoid structure with the set of parallelograms given by {(g, &, 1, hg~'l)} when
hg~'l is well defined. So the affine condition is naturally defined to be that the set
of parallelograms is a coisotropic or an isotropic submanifold of G x G x G x G for k-
vector fields or k-forms respectively. This gives the notions of affine k-vector fields
and affine k-forms on a Lie groupoid. This topic was first studied in [Weinstein
1990]. Then Lu [1990] studied the dressing transformation, Poisson cohomology and
also the symplectic groupoids of affine Poisson structures on Lie groups. For more
information on affine Poisson structures, see also [Dazord et al. 1991; Dazord and
Sondaz 1991; Urbariski 1994]. To define affine (p, g)-tensors on a Lie groupoid G,
we consider the tangent and cotangent groupoids of G. A (p, g)-tensor on G can
be viewed as a function on the Lie groupoid G := @ITG &P T*G = 1T M &P A*.
Then a (p, g)-tensor is said to be affine if it is an affine function (0-form) on the
Lie groupoid G. This definition coincides with the previous definitions for affine
k-vector fields and affine k-forms.

We shall first make clear the relations between affine and multiplicative structures.
For Lie groups, Lu [1990] obtained two multiplicative bivector fields from an affine
bivector field by using the right and left translations. We generalize this result to the
case of Lie groupoids and obtain two multiplicative k-vector fields (k-forms, (p, g)-
tensors) from an affine k-vector field (k-form, (p, g)-tensor). Furthermore, we show
that the space of affine structures is a 2-vector space over the vector space of mul-
tiplicative structures. Thus affine structures can be viewed as the categorification of
multiplicative structures and affine structures define an equivalence relation on mul-
tiplicative structures. For some cases, multiplicative structures are functors, as mor-
phisms of Lie groupoids; then affine structures are natural transformations between
these multiplicative structures. Moreover, for affine multivector fields, the Schouten
bracket gives rise to a graded strict Lie 2-algebra structure on the aforementioned
2-vector space. This recovers the strict Lie 2-algebra structure on 1-vector fields in
[Berwick-Evans and Lerman 2016] and is equivalent to the graded Lie 2-algebra in
[Bonechi et al. 2018]; see also [Ortiz and Waldron 2019]. We give the geometric sup-
port of this graded Lie 2-algebra structure. We also prove that affine vector-valued
forms are closed under the Frolicher—Nijenhuis bracket and thus constitute a graded
strict Lie 2-algebra. For affine (1, 1)-tensors, the composition of affine (1, 1)-tensors
defines a strict monoidal category structure on the aforementioned 2-vector space.
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We remark that on Lie groups, affine (p, g)-tensors and multiplicative (p, g)-
tensors are the same when g # 0. In particular, the affine k-forms and multiplicative
k-forms are the same. An affine k-vector field differs from a multiplicative k-vector
field by an element in AXg, where g is the Lie algebra of the Lie group. Affine
k-vector fields, k-forms and (1, 1)-tensors on pair groupoids are also analyzed in
detail.

The organization of this paper is as follows. In Section 2, we recall Lie 2-algebras,
monoidal categories, tangent and cotangent Lie groupoids. In Section 3, we intro-
duce the notion of affine k-vector fields and clarify the relation with multiplicative
k-vector fields. We show that the space of affine k-vector fields is a 2-vector space.
Moreover, affine multivector fields are closed under the Schouten bracket; we thus
get a graded strict Lie 2-algebra structure on this 2-vector space. In Section 4, we
introduce the notion of affine k-forms and study their properties analogously. In
Section 5, affine tensors on a Lie groupoid are introduced. We obtain a graded strict
Lie 2-algebra structure on the space of vector-valued forms and a strict monoidal
category structure on the space of affine (1, 1)-tensors.

2. Preliminary

2A. Strict Lie 2-algebras. Lie 2-algebras are the categorification of Lie algebras,
whose underlying spaces are 2-vector spaces. See [Baez and Crans 2004] for more
details. Let Vect be the category of vector spaces.

Definition 2.1 [Baez and Crans 2004]. A 2-vector space is a category in Vect.

Explicitly, a 2-vector space is a category V; =2 Vy whose spaces of objects and
arrows are both vector spaces, such that the source and target maps s, ¢ : V1 — Vj,
the identity-assigning map ¢ : Vo < V), and the composition o : V| xy, V1 — V|
are all linear.

A 2-vector space is completely determined by the vector spaces Vy, V| with the
source, target and the identity-assigning map. Actually, given f € V|, define its
arrow part by f = f —(s(f)). Then s(f) =0 and t(f) = t(f) —s(f). So we
can identify f :x — y with the pair (x, f ). With this notation, the composition of
f:x—>yandg:y—>zisdeﬁnedasgof=(x,f+§). Any arrow (x,f) has
an inverse (x + ( f ), — f ), S0 a 2-vector space is always a Lie groupoid.

A 2-vector space is equivalent to a 2-term chain complex of vector spaces. On
the one hand, given a 2-vector space V| = V), the corresponding 2-term complex
is t : kers — V. On the other hand, given a chain complex C; — Cj, the 2-vector
space is Co @ C; — Cy. We refer to [Baez and Crans 2004] for the details.

Definition 2.2 [Baez and Crans 2004]. A strict Lie 2-algebra is a 2-vector space V
together with a skew-symmetric bilinear functor, the bracket, [-,-]: V XV — V
satisfying the Jacobi identity.
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A strict Lie 2-algebra is equivalent to a strict 2-term L,-algebra. Namely, a
2-term complex d : C; — Cy with skew-symmetric brackets [ -, -] : Co x Co — Cyp
and [-,-]: Cop x Cy — C satistfying the Jacobi identity and [da, b] = [a, db] and
d[x,a] = [x,da] for x € Cyand a, b € C;. See [Baez and Crans 2004] for details.

When the spaces of objects and morphisms are graded vector spaces and the Lie
bracket is a graded Lie bracket, we call it a graded strict Lie 2-algebra. We refer to
[Bonechi et al. 2018] for the explicit definition.

2B. Strict monoidal categories. A monoidal category is a category C with a bi-
functor o : C x C — C, its product, which is associative up to a natural isomorphism,
and with an object which is a left unit and a right unit for the product up to natural
isomorphisms. For our purpose, we only consider the category with a product which
is strict associative and has a strict two-sided identity object.

Definition 2.3 [Mac Lane 1971]. A strict monoidal category (C, o, e) is a category C
with a bifunctor o : C x C — C, which is associative:

olox1)=o(l xo0):CxCxC—C,
and with an object e which is a left and right unit for o:
olex1)=id¢ =o(1 xe):C— C.

The bifunctor o here assigns to each pair of objects x, y an object x o y and to
each pair of arrows f :x — x’, g:y— y anarrow fog:xoy— x oy Thus o
being a bifunctor means that

lioly=1xy, (f'0g) - (fog)=(f"-fo(g g,

whenever f', f and g’, g are composable. Here - is the multiplication in the
category C. The associative law and the unit law in the definition hold both for
objects and arrows.

2C. Tangent and cotangent Lie groupoids. We recall the definition of the tangent
and cotangent Lie groupoids of a Lie groupoid.

Denote the source and target maps for a Lie groupoid G = M by s,t:G — M.
Two elements g, i € G are multiplicable or composable if and only if s(g) =¢(h) and
their product is written as g - h or simply as gh. Such a pair is called a multiplicable
pair. We denote the space of multiplicable pairs by G®. Let A be the Lie algebroid
of G. For u € I'(A), the right and left translations i/, i € X(G) are defined by

U(g) =dRy(s(g)), U (g) = —dLg(dinv(ug(y)),

where R, and L, are the right and left multiplications on G and inv : G — G is the
inverse map in G.
Throughout this paper, by abuse of notation, we use the same notations s and ¢
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to denote the source and target of any Lie groupoid and we adopt the same notation
to denote a map and its tangent map.

Given a Lie groupoid G = M, its tangent bundle 7G = T M with the differentials
of the structure maps of G is again a Lie groupoid.

Its cotangent bundle 7*G is also equipped with a Lie groupoid structure which
is over A*, written as 7*G == A* First we have the inclusion A* < T*@G since
T*Gly = T*M & A*. The source and target maps of an element & € Tg*g with
g € g are

(s€),u)y=(&, W), (tE),v)=( V) forallue Ayg, ve Ay,

So for any u € I'(A), seen as a function on the base manifold A* we get the formulas

(D s‘u="u, fu="Tu.

For a multiplicable pair (g, h) € G2, if £ € T;Gand n € T,7G are multiplicable,
the product is the element & - n € T;hg such that

E-mX-Y)=EX) +n(Y) forall (X,Y)eTG?,
where X - Y € T,,G is the product of X € T,G and Y € 7}, in the Lie groupoid 7'G.

See, for example, [Kosmann-Schwarzbach 2016; Lang and Liu 2018] for more
explanation of the cotangent groupoid.

3. Affine k-vector fields on a Lie groupoid

An affinoid structure on a space X is a subset of X* whose elements are seen as
parallelograms, with axioms modeled on the properties of the quaternary relation
{(g,h,1,k)| hg~" =ki~"} on a group or a groupoid [Weinstein 1990]. In particular,
a groupoid has an affinoid structure with parallelograms given by the relation

(g, h, 1, hg™ ') :s(g) = s(h), t(g) =t ()}

A k-vector field on a Lie groupoid is called affine when it is compatible with the
affinoid structure in the sense that the submanifold of parallelograms is coisotropic.
While a k-vector field is multiplicative when the graph {(g, i, gh) : s(g) =t (h)} of
the multiplication, or space of triangles, is coisotropic.
Let V be a vector space and IT € A¥V. A subspace W C V is coisotropic with
respect to IT if
&, ....5)=0 forall&,..., &eW°,

where W is the annihilator space of W, namely,
Wo={£eV*:&w)=0forall we W}.

More generally, for a manifold M and IT € X*(M), a submanifold S of M is
coisotropic with respect to IT if 7S is coisotropic with respect to I, for all x € S.



358 HONGLEI LANG, ZHANGJU LIU AND YUNHE SHENG

The following definition is motivated by Weinstein’s [1990] definition for affine
Poisson structures on a Lie groupoid.

Definition 3.1. A k-vector field IT € X (G) on a Lie groupoid § is called affine if
the submanifold

S:={(g. h,1,hg7'):5(8) =s(h),1(g) =t(D} CGxGxGxG
is coisotropic with respect to IT @ (—D*T!TT @ (— ) ' @ IT.

Comparatively, a k-vector field on a Lie groupoid G is multiplicative [Iglesias-
Ponte et al. 2012; Mackenzie and Xu 2000; Xu 1995] if it satisfies that the
submanifold {(g, h, gh) : s(g) = t(h)} C G x G x G is coisotropic relative to
MNee (—HFII.

It is shown in [Chen et al. 2013; Iglesias-Ponte et al. 2012; Weinstein 1990] that
a k-vector field IT € X¥(G) is multiplicative if and only if it is affine and the base
manifold M is coisotropic with respect to I1. We refer the readers to [Chen et al.
2013, Lemma 2.3], where the authors pointed out that some of the conditions listed
in [Iglesias-Ponte et al. 2012, Theorem 2.19] are redundant.

As shown in [Iglesias-Ponte et al. 2012] for the kK =2 case, for any p € Tg*hg , the
covector (—p, L% p, Ry, —L% Rju) is conormal to S, that is, an element in the
annihilator space of T S at (gh, h, g, s(g)), where X and ) are bisections passing
through g and /. Another two classes of vectors conormal to S are (—t*n, t*n, 0, 0)
and (—s*&,s5%€,0,0) for n € T;’Eg)M and & € T;g)M. We thus get an explicit
description of affine k-vector fields:

Lemma 3.2 [Chen et al. 2013, Lemma 2.3]. A k-vector field T1 € X*(G) on a Lie
groupoid G is affine if and only if the following two conditions hold:

(i) Forany (g, h) € G©®,
(2) [M(gh) = LxT1(h) + RyTI(g) — Lx o Ry(I1(s(g))),
where X and ) are any two local bisections passing through g and h respec-
tively.
(ii) Forany & € QY (M), g Il is right-invariant.

An equivalent description of (2) is that [IT, X ] is right-invariant for X € I'(A)
[Mackenzie and Xu 2000].

Remark 3.3. We emphasize that our definition of affine multivector fields is differ-
ent from that in [Iglesias-Ponte et al. 2012; Xu 1995], where they call multivector
fields satisfying (2) affine multivector fields. We have an extra condition.

On the other hand, we shall see that one affine k-vector field defines two multi-
plicative k-vector fields.
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The restriction on M for a k-vector field IT € X¥(G) has k + 1 components:
Oy eCATG ) ZTANNTMBA)) =T (MNTMSNT'TMRA)®---dAFA).

We denote by 7 the A A-component:
7 =pru Iy € T(AFA).
So the base manifold M is coisotropic with respect to IT € X¥(G) if 7 =0.

Proposition 3.4. Let I1 be a k-vector field on the Lie groupoid G with w =pr .« 4 I1| .
Define

(3) N,=MI0-7, =IN-7%.

Then I1 is affine if and only if T1; or I1, is a multiplicative k-vector field on G. Here
the right and left translations are

T(g) = Re(mi(y), T (g):=—Lg(inv(my))  forall g €g.

Proof. Tt is known from [Mackenzie and Xu 2000] that a k-vector field IT on G
satisfying [T(gh) = LxI1(h)+ RyT1(g) — Lx o Ry(I1(s(g))) is equivalent to saying
that [IT, )?] is right-invariant for any X € I'(A).

For any X € I'(A), [I1,, }_f] is right-invariant if and only if [IT, )?] is right-
invariant. So IT satisfies (2) if and only if II, satisfies (2). Besides, since o R, =1,
it is clear that ;« 77 is right-invariant for & € Q' (M). Also it is obvious that M is
coisotropic with respect to I1,. We conclude that I1, is multiplicative if and only if
IT is affine.

For I, since [I1;, }_f] =[I1, )_f], 1+ = 0 and M is coisotropic with respect
to I1;, we obtain the conclusion that IT is affine if and only if I1; is multiplicative. [J

Example 3.5. Multiplicative k-vector fields on R” are linear k-vector fields. An
affine k-vector field is of the form

. . 0 d . .0 0
Iseens Tk R PP L ER e oo
Zf (x)axil A /\axik+zcl i A /\axik’

where fi++#(x) is a linear function on R" and ¢/~ is a constant. Namely, an
affine k-vector field is a sum of a linear k-vector field and a constant k-vector field.

Example 3.6. Multiplicative k-vector fields on the pair groupoid M x M = M all
have the form (I1, —IT) for IT € X¥(M) and affine k-vector fields on M x M are
of the form (IT, IT’) for two k-vector fields IT, IT' € X*(M).

Example 3.7. Let G be a Lie groupoid with Lie algebroid A. For any 7 € I'(AA),
the k-vector field I1 = 77 is affine and the associated two multiplicative k-vector
fieldsare [1, =0and [, =7 — 7.

The space x’gff(g) of affine k-vector fields is a vector space with the space
Xk 1(G) of multiplicative k-vector fields as a linear subspace.
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Theorem 3.8. We have a 2-vector space
Xkp(9) = X5,

where the groupoid structure is as follows: the source and target maps are given by
s(IT) = I, and t (I1) = I1; as defined in (3), and the multiplication * is
<«
OxI'=I+7x’,
for a pair T1, IT" of affine k-vector fields such that T1, = I1;. Here &' = pr s 4, 11'|
is the Nk A-component of TT' | .

Proof. We ﬁrsE_ verify the groupoid structure. It follows from II, = II; that
[1—7 =II"—n’. Then

e
v

<«
s(MxM)=M+7n —7 —
and «

(M) =M+7 -7 — 7' =T = ().

Here we have used the fact that

e

Praka T | = (_l)kprA’fAinV(ﬂ'/) =pru (' —p(')) =n',
where if 7’ = X A--- A X, we have
(—DMnv(r) = —inv(X ) A+ - A (=inv(Xp)) = (X1 — p(XD) A+ -+ (Xi — p(X).
For the associativity of this multiplication, let I[1” be another affine k-vector field
such that IT), = IT/. We see
<~ <«

MM« =047 +7" =T IT' = 11").
Also, it is immediate that all the groupoid structures are linear. This gives a 2-vector
space structure on xﬁff(g). O

The inverse of Il € %ﬁﬁ(g) in this 2-vector space is
4) N'=n—(7+%), 7 =pru 0|y

Remark 3.9. Lu [1990] considered the case when IT € X%(G) is an affine Poisson
vector field on a Lie group. This affine vector field TT~! is also Poisson and is
called the opposite affine Poisson structure of T1. We see here that it is actually the
inverse of IT in the 2-vector space given above.

Corollary 3.10. The associated 2-term chain complex of vector spaces for the
2-vector space in the above theorem is

r(A*A) - xk (@), 77 -T7.
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In addition to this, since affine multivector fields are closed under the Schouten
bracket [Iglesias-Ponte et al. 2012], we further obtain a graded strict Lie 2-algebra
on this 2-vector space. See [Baez and Crans 2004] for the details of Lie 2-algebras.

Theorem 3.11. We have a graded strict Lie 2-algebra structure on
B X} (G) = Bk Xfy, (9),
where the bracket is the Schouten bracket.

Proof. The Schouten bracket defines a graded Lie algebra structure on @kae’;ff(g).
It suffices to check that it is a functor. Let ITy, IT) € ngf(g) and I, IT), € ngf(g)
be two multiplicable pairs, that is (IT;), = (IT}); and (T1), = (IT});. The Schouten
bracket [ -, -]: %ﬁff(g) X %fo(g) — xﬁg’*l(g) being a functor means

() [(ITy, Tp) s (T}, TT5)] = [Ty, TTo] * [T}, 5]
Actually, by Theorem 3.8, the left-hand side of (5) is equal to
v s s SV
[T1) + 7, M + 5y | = [Ty, TIo] + [Ty, 7wy | + [y, TIo] — [Ty, 751,

where | = pr,I1}|y and 7} = pr,4I15]y. And the right-hand side of (5)
amounts to

[TT1, To] 4 praesi-1 4 [T}, TI5] | as

By straightforward calculation, we have
<« <« <~ <«
[T}, T15] = [(XT});, (T15);] + [y, (T15), ]+ [(TT});, 7051 + [y, 705]
<« «~ “— <«
= [(IT))y, (T1Y)] + [y, (T12), 1+ [(TTh) -, 705 ] + [y, 705]
<« — —
= [(TT))s, (T15)/] + [, Ta] + [Ty, 3] = [y, 73],

where we have u§gd the fact that [)? , )7] =0 f((g any X, Y € I'(A). Moreover, IT;
is affine so [I1;, né] is left-invariant and so is [n{, I1,]. From this and the fact that
(IT}); ((IT);) has no component in AKA (ATA), we see

<~ <~ —
Pr -1 4 [T, T5] g = [y, o] 4 [Ty, 73] — [y, 73]

Thus we get (5). This finishes the proof. ([

Remark 3.12. In [Berwick-Evans and Lerman 2016; Ortiz and Waldron 2019], the
authors constructed a strict Lie 2-algebra on the multiplicative 1-vector fields and
their natural transformations. They proved the Morita invariance of this construction
and obtained a strict Lie 2-algebra structure on the differentiable stack. Actually, this
is our case for k = 1 when writing the strict Lie 2-algebra as a Lie algebra crossed
module. Another remark is that our graded Lie 2-algebra is actually the same as
the one in [Bonechi et al. 2018], where they wrote it in the 2-term L,-algebra
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form I'(A*A) — X3 ,(G). Moreover, this Lie 2-algebra is Morita invariant and is
used to define multivector fields on a differentiable stack in [Bonechi et al. 2018].
Here we see affine multivector fields as the geometric support of this graded Lie
2-algebra structure.

Now we move to consider the infinitesimal of affine k-vector fields.
For an affine k-vector field IT € ngf(g), by Lemma 3.2, define ép f € I'(AKTA)
and 8 X € I'(AFA) for any f € C*®(M) and X € I'(A), such that

©6) Suf =1 fl, onX=I[I, X].

Recall that a k-differential [Iglesias-Ponte et al. 2012] on a Lie algebroid A is a
pair of maps

80: C®(M) — T'(A¥TA), 8, :T(A) = I['(AkA),
satisfying
S0(fg) =380(flg+ fdo(g), 81 (fX)=380(f)X+ fé1(X)

forall f,g e C*(M), X €I'(A), and
Si[X, Y]=[861(X), Y]+I[X,6:1(Y)], X,Y eTI(A).

Denote by @k%’;ff(g) (resp. @k%’;uh(g)) and @A the spaces of affine (resp.
multiplicative) vector fields on G and k-differentials on A. It is straightforward
to check that they are graded Lie algebras with the Schouten bracket and the
commutator Lie bracket.

With these notions, by (6), we have a map

(7) 8 kX540 — DA, T+ 8p1.
The universal lifting theorem says that

3|€Bk3{’r<nuh(g) : @k%fnult(g) — ®r Ak

is an isomorphism of graded Lie algebras when G is s-connected and s-simply
connected [Iglesias-Ponte et al. 2012].

As a direct consequence of Proposition 3.4, we have the following isomorphism
of graded Lie algebras.

Proposition 3.13. We have an isomorphism
@k%];ff(g) — @k:{fnu]t(g)b(@kr(/\kA))v IT— (H_j_T)9 7T), T :Pr/\kAl_“M,

of graded Lie algebras, where the brackets on eakx’;ff(g) and @k%’;mh(g) are the
Schouten bracket, the bracket on ®; ' (A¥A) is the graded Lie bracket induced by
the Lie bracket on A, and the mixed bracket is

[[, 7] =68r(m) e D(AFT71A), T eXxk (G), 7 eT(AA).
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Proof. By Proposition 3.4, this map is an isomorphism of graded vector spaces
whose inverse is (I', 7) — I' + 7. Identifying an element 7 € I'(A*A) with the
affine k-vector field 77, we see that the Lie bracket on the right-hand side is actually
induced by the Schouten bracket on the left-hand side under the isomorphism.
Hence the right-hand side is a graded Lie algebra and this map is an isomorphism
of graded Lie algebras.

We could also check directly that this map is a morphism of graded Lie algebras.
The key point is

(8)  prawi-14[TT, ]| ps
=on() = (D Vs () — [z 7'l M e Xip(G). ' € Xy (G).
The proof of this is similar to the proof of Theorem 3.11 for the right translation. [
The map é defined in (7) is not a bijection on eakae’;ff(g). In fact, for IT e x’;ff(g),
we have
) dp_w =dén—Im, ], dpg_s=96n, m=pruslim.

Proposition 3.13 together with the universal lifting theorem for multiplicative
multivector fields tells us that the kernel of the map § is ®r(A*A) and we obtain
the universal lifting theorem for affine multivector fields.

Theorem 3.14. Let G be an s-simply connected and s-connected Lie groupoid with
Lie algebroid A. We have a graded Lie algebra isomorphism
DXy (G) = BeAr > (BT (AA)), T Gn—[7, -1, 7), 7w =pryallly,

where the brackets on @kae’;ff(g) and @ Ay are the Schouten bracket and the
commutator bracket, the bracket on ®;I'(AXA) is the graded Lie bracket induced
by the Lie bracket on A and the mixed bracket is

[8, 1 =8(w) e T(AFTT1A), 8 e A, m e T(NA).
Here § acts on w as a degree k — 1 derivation.

Proof. This follows from (9), Proposition 3.13 and the universal lifting theorem for
multiplicative multivector fields [Iglesias-Ponte et al. 2012]. ]

Next, we consider the case when an affine bivector field IT on a Lie groupoid G
is also Poisson. We shall generalize Lu’s results for Lie groups [1990].

Proposition 3.15. Let I1 be an affine bivector field on a Lie groupoid G, and T1,, T1;
be the multiplicative bivector fields given by (3). Then
(1) II, (resp. Iy) is Poisson if and only if [I1, [1] is right (resp. left)-invariant;
(i1) if I, is Poisson, then I1 is Poisson if and only if 26n, w + [, w] = 0, where
T =pr, | y.
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Proof. For (i), direct calculation shows that
[, I,]=[M—-7 10— 7]=[1,1]-2[I, 71+ [7, 7]
—_— —
= [IT, IT] — 26w + [7, 7 ].
Therefore if I1, is Poisson, [I1, IT] is right-invariant. Conversely, by (8), we have
pra4 I, ]|y = 26pm — [7, w]. If [I1, 1] is right-invariant, we must have
—_—
[IT, 1] = 28p7 — [, 7]
and hence [I1,, IT,] =0.
For (ii), following from
— — P —
(I, ] = [T1, + 7, I, + 7 ] = [IL,,, [1,] 4+ 28, 7 + [, 7],
we get the result. O

As a corollary, if an affine bivector field IT is Poisson, the associated two multi-
plicative vector fields IT, and I1; are also Poisson.

Corollary 3.16. Let I1 be an affine Poisson structure on a Lie groupoid G with
7w = pr2y 1| y. Then its inverse as introduced in (4),

n'=0- (7 +7),
is also an affine Poisson structure on G.
Proof. TI™! is obviously affine. To see that it is Poisson, we have
M- 0 = =7 +570), 0=(7 +%)]
= —2[I1, 7 ]-2[I1, ¥ 4+[ ¥ . ¥ |+[7 , 7 ] =11, T ]+[I1;, T1,].

Therefore, by Proposition 3.15, IT~! is Poisson. ([

Example 3.17. Let G be a Lie groupoid with Lie algebroid A. For w € I'(A2A),
the bivector field [T =7 is affine. It is Poisson if and only if 7 satisfies the classical
Yang-Baxter equation [, 7] = 0. Moreover, we have I1, =0, [, =7 — 7 and
n'=-x.

Besides, given any y € ['(A%A), define [T=7 +%. Thenwe getI1, =y —
and IT; =7 — 7 and [1"! = —% — ¥ . Furthermore, direct calculation shows that

[T is Poisson if and only if
% %

[7, 7] =1[y, vl
which implies that [, 7] = [y, y] € A3kerp and both of them are Ad-invariant.

Affine Poisson structures give rise to a natural equivalence relation between
multiplicative Poisson structures on a Lie groupoid (Poisson groupoids), which
further give an equivalence relation on Lie bialgebroids.
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4. Affine k-forms on a Lie groupoid

A k-form © € QX(G) on a Lie groupoid G is multiplicative if the graph of multipli-
cation {(g, h, gh) : s(g) = t(h)}, or space of triangles, is an isotropic submanifold
of G x G x G with respect to ® & ® @ —0. Algebraically, a k-form ® on G = M
is multiplicative [Bursztyn and Cabrera 2012; Bursztyn et al. 2009; Crainic et al.

2015] if it satisfies
m*® = pr;® + pr; 0,

where m and pry, pr, : G®) — G are the groupoid multiplication and the projections
to the first and second components, respectively.

One consequence of the multiplicativity condition is that ® is isotropic on M,
namely, (*® = 0, where ¢ : M < § is the natural inclusion. In other words, the
restriction of ® on M has no component in AeT*M. Relaxing this condition, we
shall get the notion of affine k-forms.

The restriction of a k-form © € Q%(G) on M has k + 1 components:

Oly € TN T*Gly) =T (A“(A* @ T*M))
=TMNA* e (AN TA*@T* M) & - A" T*M).

Denote by 6 the AKT*M-component: 6 = pr iz, | In other words, § = *®
fort: M — G.
Definition 4.1. A k-form © € Q*(G) on a Lie groupoid G is affine if it satisfies
(10) m*® = pri® + pr;® — pr;*s*0,
where 0 := pr 7+ Oy

Since s opr; =t opr, : G» — G, the affine condition has another expression:
(11) m*® = pr{® + pr;© — pr,*1*6.

One direct consequence of the definition is that the de Rham differential of an affine
k-form on G is an affine (k+1)-form.

Unlike the multiplicative case, it is not obvious from (10) that a k-form is affine
if the submanifold of parallelograms is isotropic in G X G X G x G.

Proposition 4.2. A k-form © on G is affine if and only if the space of parallelograms
F={(g h.1.hg™' D :5() =s(h), 1(g) =1()

is an isotropic submanifold of G X G X G x G with respectto ® @ —O G —O H O,
that is,

(12) (pri® — pr;® — pr3O + pr;©) =0,

where pr; : G x G x G x G — § is the projection to the i-th component and
1: T > GxGxGxGgis the inclusion.
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Proof. The tangent space of I" at (g, &, 1, hg~'l) consists of 4-tuples
(ng th Zlv Yh 'inV(X)gfl M Zl)

of tangent vectors, where Yy, -inv(X),-1-Z; means the multiplication of three tangent
vectors in TG. Applying (12) to k such vectors, we have

(13) O, - inv(X)y - Z, ..., Yy - inv(XOE - Z])
=-0X,.....XD+0F,,....YH+06(Z..... Z)),

where inv(X)' _, :=inV(Xi,). In particular, we choose (1,1)eG® and g= Liy=1sw).
Moreover, each (X;, Y,ﬁ, Z;) is chosen to satisfy t(Zf) = s(Y,’;) = X;. Then the
equation becomes

(14) ew! -z, ....vf-zH
=—O@EH,....s¥y+eu), ... .YyHh+ew!, ..., z5.

This is exactly (10).
Conversely, if © is affine, by setting / = 2~! and Zf = inV(Y)f in (14), we get

(15) O(nv(Y)/,...,inv(Y)5)
=06, ....s(Y) -0, ..., YH+euw),. ... t(xf)).
Applying (14) twice to the left-hand side of (13), we obtain
O, inv(X), 1-Z] ..., Yiinv(X)§ - Z])
=0, ... YD+OGV(X), - Z} ... inv(X)E - Z)=O(s(X), ..., (X))
=0,,.... YD+OGMV(X), 1., iv(X)s )+O(Z), ..., Z))
—O(Xp).....t(XP)—=O(s(X,).....s(X5))
=0(,,....Y)—-0(X},....X)+0(Z/..... Z}),
where we have used (15) in the last step. Hence, we get (12). U

Regarding the relation between multiplicative and affine k-forms, we have already
seen that a multiplicative k-form is an affine k-form which is isotropic on M. On
the other hand, an affine k-form is associated with two multiplicative k-forms.

Proposition 4.3. Let © € QK(G) be a k-form on G with 6 = pr 7+, 0| s € QE(M).
Define two k-forms on G:

(16) Q=0 —s5%0, Q, =0 —1"0.

Then © is affine if and only if ©; (resp. ©,) is a multiplicative k-form.
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Proof. By straightforward calculation, we have
m*®; =m*® —m*s*0, prj®; =pri® —prjs*0, pr;O; =pr;O — prys*o.

Following from s o pr, = s om : G — G, we see that the equation m*®; =
pr}®; +pr;©; holds if and only if (10) holds. Similarly, noticing that f opr; =t om,
we get that ®, is multiplicative if and only if ® satisfies (11), that is, ® is affine. [

Denote by Q’;ﬁ(g) and Q’;nuh(g) the spaces of affine and multiplicative k-forms,
respectively. It is immediate that Q’;ﬁ(g) is a vector space with anult(g) being a
linear subspace.

Theorem 4.4. We have a 2-vector space
Qi (9) = (D)
where the groupoid structure is given as follows: the source and target maps are
s(@)=0,, t(B)=0y forall ® e Qﬁff(g),

where ©, and ®; are defined in (16), and the multiplication is

Ox0 ' =0+s5%0", 0 =prury®lu
for a pair ®, ® € QX(G) such that ©, = ©)|.
Proof. The proof is similar to that for Theorem 3.8. ([

Corollary 4.5. The 2-term chain complex of vector spaces associated to the above
2-vector space sz’;ff(g) = anult(g) is

k(M) — @k L (©), 610 —5%6.

mul

It is seen from the definition that the affine and multiplicative forms are closed
under the de Rham differential. So we get two subcomplexes of the de Rham
complex on G:

(R (9), d) C (2(9), d) C (§2°(9), d).
Proposition 4.6. The map
D:Q(0) > QL (@ BQALM), O (O0—1760,0), 60 =prury®Olm,

is an isomorphism of cochain complexes, where the differentials are the de Rham
differential. Thus we get an isomorphism on the cohomology

H3(G) = Hpj,(G) @ H(M).
Proof. The inverse of @ can be defined by (A, 1) — A +¢*A forany A € Qk (9

mul
and A € Q¥(M). So @ is an isomorphism. Next, we check that it is a cochain map,
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namely, d o ® = ® od. Since § = 1*0 for 1 : M < G, we have d6 = pr s+17+,,dO.

Then we have
do®(®)=(dO —1t*df, dd) = ®od(O).

Thus it induces an isomorphism on the cohomology. U

Now we discuss the infinitesimal of affine k-forms. It is known from [Bursztyn
and Cabrera 2012; Crainic et al. 2015] that there is a one-to-one correspondence
between multiplicative k-forms on G and IM k-forms on its Lie algebroid A when G
is s-connected and s-simply connected.

A pair (u, v) of bundle maps

pwiA— AITTEMLD v A ANTM, k>,

is called an IM k-form on A if

Loy (Y) = —tpyn(X),

r(X, YD) = Loxyu(Y) — tprydin(X) — tpryv(X),

v([X, YD) =Lyxyv(¥) —1p,mdv(X) forall X,Y e I'(A).
The pair (@, v) determines a linear k-form on the vector bundle A. These conditions
are described in such a way that the induced map EBZ T A — Ris aLie algebroid mor-
phism with the tangent Lie algebroid structure on GBZTA — @*T M and the trivial
Lie algebroid structure on R — {x}. See [Bursztyn and Cabrera 2012] for details.

By Proposition 4.6, the infinitesimals of affine k-forms on a Lie groupoid G are
clear.

Proposition 4.7. If G is an s-connected and s-simply connected Lie groupoid, there
is a one-to-one correspondence between affine k-forms © on G and triples (i, v, 0)
of IM k-forms (., v) and 6 € QK(M). That is

QLH(G) = QL (6) ® QX (M) = 9k, (A) ® QX (M),

mul
O > (O, =0 — 10,0 :=prury Olyr) — (1, v, ).

Example 4.8. For a Lie groupoid G = M, given any 6 € Q(M), then s*6 and +*0
are affine k-forms on G and s*9 — t*0 is a multiplicative k-form on G.

Example 4.9. On a Lie group G, affine k-forms are multiplicative k-forms. They
are nonzero only when k is 0 and 1. This is because for any k > 2,

O(X1,0,X3,...,X1)-(0,Y2,Y3,..., Y1)
=O(Ry, X1, Lg, Y2, X3-Y3, ..., Xi - Yi)
=0(X1,0,X3,..., X)) +00,Y2,...,Y)=0

for X; €Ty, G, Y;€Ty;G. So multiplicative 1-forms on a Lie group are always closed.
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On the abelian group R", multiplicative 1-forms are constant 1-forms. They have
the form ® = Zi c;dx', where ¢; is a constant.

Example 4.10. For the pair Lie groupoid M x M = M, multiplicative k-forms
all have the form prja — prya for a € QK(M), where pr; : M x M — M is the
projection to the i-th component. Affine k-forms are of the form pr o + pr; B for
any two k-forms «, B € QK(M).

5. Affine tensors on a Lie groupoid

5A. Definition of affine tensors. A tensor on a Lie groupoid is said to be affine if
it is affine as a function on a more complicated Lie groupoid. This is motivated by
the notion of multiplicative tensors on a Lie groupoid introduced in [Bursztyn and
Drummond 2019].

Affine functions on a Lie groupoid G =% M are naturally defined as affine O-forms
ong.

Definition 5.1. A function F € C*°(G) is affine if it satisfies
(17) F(gh)=F(g)+ F(h)— F(s(g)) forall (g, h)eg®,

or F(gh) = F(g)+ F(h) — F(t(h)) as s(g) =1 (h).

In particular, if an affine function F satisfies F'|y; =0, it is called a multiplicative
function. By the definition, the space of affine functions is a vector space with the
space of multiplicative functions as a subspace.

As a corollary of Proposition 4.3 for O-forms, we have:
Lemma 5.2. Let F € C*(G) be a function on a Lie groupoid G = M and f =1*F €
C®(M) be the restriction of F on M, where 1 : M — G is the natural inclusion.
Define

Fi=F—s*f, F,=F—t*f.

Then F is affine if and only if F; or F, is a multiplicative function on G.

Example 5.3. For any function f € C°°(M), we see that s* f —t* f € C*°(G) is a
multiplicative function on G and s* f and ¢* f are affine functions on G.

Consider the Lie groupoid

G:ITGR’ TG =dITM PP A*.
A (p, g)-tensor F e T'(APTG® A1T*G) on G can be viewed as a function on G.

Definition 5.4. A (p, g)-tensor F € I'(APTG ® AYT*G) on a Lie groupoid G is
called affine if it is an affine function on G.

The following proposition ensures the consistence of this definition with Defini-
tions 3.1 and 4.1 for the cases of affine k-vector fields and affine k-forms.



370 HONGLEI LANG, ZHANGJU LIU AND YUNHE SHENG

Proposition 5.5. (i) An affine (p, 0)-tensor is an affine p-vector field as defined
in Definition 3.1.

(i1) An affine (0, g)-tensor is an affine q-form as defined in Definition 4.1.
Proof. Let F € I'(APTG) be an affine (p, 0)-tensor. Namely,

F& My EP ) =F (&g ED+ F(nje o omp) — F(s(8)), ..., s(ED)),

for £} € TG and nj, € T;*G such that s(§]) =1(n},), where s,  are the source and
target maps in the Lie groupoid T*G = A*,

Let f equal pr,, 4 F|u, the projection of F restricting on M to A¥A. We claim
that F is an affine (p, 0)-tensor if and only if F — f is a multiplicative (p, 0)-tensor,
that is,

(F=F)E nh, o 60y = (F = YEL €D+ (F = h D).

By (1), we have t* f = f, where ¢ is the target map in 7*G = A* The assertion
holds by Lemma 5.2.

By [Iglesias-Ponte et al. 2012, Proposition 2.7], F — f) is a multiplicative function
if and only if it is a multiplicative p-vector field on G, which is further equivalent to
F being an affine p-vector field by Proposition 3.4. So F is an affine (p, 0)-tensor
if and only if F is an affine p-vector field.

If F e '(A1T*G) is an affine (0, g)-tensor, then

F(X-Y)=F(X)+ F(X) - F(s(X)),
where X € A1T,G, Y € AIT,G, (g, h) € G® and s(X) = t(Y), which implies that
m*F =pr{F +pr5 F —pris*F
So F is an affine g-form as defined in Definition 4.1. ([l

Regarding the relation between affine and multiplicative (p, g)-tensors, we also
have the assertion as for affine k-vector fields and affine k-forms.
Let f e T(APAQR AYT*M). View it as a function on the base manifold of the
Lie groupoid
G:DITGD’ T*G = DITM & A*.
By Example 5.3, sg f and tg f are affine functions on G and hence affine (p, ¢)-

tensors on G, where sz and 75 are the source and target maps of the Lie groupoid G.

Lemma 5.6. Let f € T(APAQ ANIT*M). We denote f —s*f and f f,
wheref f e(ANPTGQR NIT*G). We have

————
(18) f(Xl,...,Xq):f(le,...,sXq), f(Xl,...,Xq):f(tXl,...,th),
for X; € TG.
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Proof. This follows from the definition and (1). U
If assuming f =u ® B foru e I'(APA) and 8 € QI(M), we get
F=w®s8 F=7orB
The following result is a direct consequence of Lemma 5.2.

Proposition 5.7. Let F e T'(ANPTG Q@ ANIT*G) and f = prpagrar+y Flu. Define
<~ —
FF=F—f, F,=F—f,

where ?and j? are defined in (18). Then F is an affine (p, q)-tensor on G if and
only if F; or F, is a multiplicative (p, q)-tensor.

Denote by Ta?f’q (G) and T”7(G) the spaces of affine and multiplicative (p, g)-

mult
tensors on G, respectively. It is immediate that T2:7(G) is a vector space with

aff
T!1(G) being a linear subspace.

Theorem 5.8. With the above notation, we have a 2-vector space
T (9) = T0(9),
where the source and target maps of the groupoid structure are
s(Fy=F,, t(F)=F  foral FeTRZ" (@,

and for a pair Fy, F; € Ta’;f’q (G) such that (F1), = (Fy);, the multiplication is

&
FixF,=F + f, f2=pr/\pA®/\qT*MF2|M.
Proof. The proof is similar to that for Theorem 3.8. ([

Corollary 5.9. The 2-term complex of vector spaces of the above 2-vector space is

T(ANPAQANIT*M) — TR (G),  f— 7) - ?

mult

An IM (p, q)-tensor ([Bursztyn and Drummond 2019]) on a Lie algebroid A is
atriple (D, [, r), where

[:A—> APAQATIT*M

and
riT*M — APTTAQAIT*M

are bundle maps covering the identity, and
D:T(A) > T(ANPAQANIT*M)
is an R-linear map satisfying

D(fX)= fDX)+df Al(X)— X Ar(df), feC®M), XeT(A).
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The following equations hold:
D[X,Y]1=X-D(Y)-Y - -D(X),
X, Y1=X-1(Y) —1,r)D(X),
r(Loxy) = X -r(a) — tpr@ D(X),
Lol (Y) = =1, (X)),
Lor? (B) = —tpr(pyr (@),
Lo T (@) = Lpr (X)),
for X, Yel'(A)and a, B € Q' (M). Here - denotes the action of I'(A) on

C(ANPAQ AIT*M)
by
X-Zoy)=[X.ZI®y+Z®Lyx)y, v eQM), ZeT(APA).

Denote by TI’;,iqA the space of IM (p, g)-tensors on A.

The universal lifting theorem for multiplicative (p, g)-tensors is given in [Bursz-
tyn and Drummond 2019] as follows: If G is an s-simply connected and s-connected
Lie groupoid, then there is a one-to-one correspondence between multiplicative
(p, g)-tensors on G and IM (p, g)-tensors on the Lie algebroid A of G.

Based on this result and Proposition 5.7, we have the universal lifting theorem
for affine (p, g)-tensors.

Proposition 5.10. If G is an s-simply connected and s-connected Lie groupoid,
then we have the following isomorphisms of vector spaces:

TPAG) ZTPIG) @ TN ARNT M) ZTRIAGT (NP AQ AIT*M),
Fis (F=f, )~ (D.Lr f),
where f =pr, pagnrarm Flu and]?is defined in (18).

5B. The Frolicher-Nijenhuis bracket on affine vector-valued forms. A vector-
valued form on a manifold M is an element in Q*(M, TM) =T(TM Q \°*T*M).
So a vector-valued g-form on M is actually a (1, g)-tensor. The space of vector-
valued forms relative to the Frolicher—Nijenhuis bracket is a graded Lie algebra
[Frolicher and Nijenhuis 1956].

In [Bursztyn and Drummond 2013], the authors proved that the multiplicative
vector-valued forms on a Lie groupoid are closed under the Frolicher—Nijenhuis
bracket. Thus they form a graded Lie algebra. We shall prove that affine vector-
valued forms are also closed under the Frolicher—Nijenhuis bracket. Moreover, the
space of affine vector-valued forms is a graded strict Lie 2-algebra over the space
of multiplicative vector-valued forms.
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One formula for the Frolicher—Nijenhuis bracket
[, 1N QKM TM) x QU(M, TM) - Q9(M, TM)
is as follows:

(19) X, YQVIN=[X.Y]I®OPANY+Y RPNLxY —XQLypAY

+ (DY @do A + X @ uyp Adi),
where X, Y € X(M), ¢ € QK(M) and y € Q4(M), and the bracket [ -, -] and d on
the right-hand side are the Schouten bracket and the de Rham differential. When
k = g = 0, this bracket agrees with the Schouten bracket on vector fields. We refer
to [Bursztyn and Drummond 2013; 2019] for an intrinsic definition of this bracket.

Now we discuss the vector-valued forms on a Lie groupoid G. Recall that Talﬂiq 9

and Tnllfh(g) are spaces of affine and multiplicative (1, g)-tensors, respectively.

Theorem 5.11. Let F € Talf%k (G)and N € Talf;q (G) be affine tensors. Then [F, N |pN
is an affine (1, k + q)-tensor on G.

Proof. By Proposition 5.7, from F and N, we get two multiplicative tensors:
FF=F—f, N=N-T,
where f =prygirpy Fly andn=pryg q7+p Ny and f and 17" are defined in (18).
Based on this, we have
=2 —
[F,Nlen=I[F,+ f, N+ 71 ]~

(20)
— [Fy, Nl + LF, Tl L F s Neen [ 7 T

By [Bursztyn and Drummond 2013, Theorem 4.3], we have [F,, N,]px € Tlk+p (9),

mult

a multiplicative (1, k 4+ p)-tensor. By [Bursztyn and Drummond 2019, Lemma 5.3],
we have

— —_—

[/, Nrlen = Dn(f),

where Dy : T(AQ AKT*M) — T'(A @ AKHT*M) is determined by the IM (1, g)-
tensor (D, [, r) of the multiplicative (1, g)-tensor N,. We refer to [Bursztyn and
Drummond 2019] for details. Now it suffices to check that

@1) (7. Tl =5,

for some s € T(A Q@ AKTIT*M). Assume f =u@Qa, n=v® p for u, v € '(A)
and o € QX(M), B € Q4(M). Then by (19),

(7. N =7 ®t'a, T %]
> * —> * — *
=[u, ]t (@ AB)+ U Q" (aALywyB) — U Q" (Lpwya AB)
+ (=DXT @ 1*(da A tywy ) + U @1 (Lpwmya AdB)),
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where we have used the relations ¢;;1*f =t*1,,)f and d o t* =" o d. Write

s=[u,v]QaANB+VRaANLyw)B—u® Loy AP
+ (=D ®da AtpywyB +u @ tywma AdB).

We get (21). Following (20), we have shown that

[F, Nlexn = [Fr, Ny Jen — (=DM Dr(d) + Dy () + 5

where Dr : T(AQ AYT*M) — I'(A ® A9 T*M) is determined by the IM (1, k)-
tensor (D', ', r’) of the multiplicative (1, k)-tensor F,.. Thus [F, N]gy is affine. [

Proposition 5.12. We have a graded strict Lie 2-algebra structure on
DT, (D) = DT (9):
where the bracket is the Frolicher—Nijenhuis bracket.

Proof. By Theorems 5.8 and 5.11, we only need to show that the Frolicher—Nijenhuis
bracket is a functor. This is similar to the proof in Theorem 3.11. We omit the
detail. O

5C. The strict monoidal category of affine (1, 1)-tensors. Another important case
is affine (1, 1)-tensors, which can be used to define affine Nijenhuis operators on
a Lie groupoid. On the space of affine (1, 1)-tensors, in addition to the 2-vector
space structure proposed in Theorem 5.8, we shall also construct a strict monoidal
category structure in this subsection.

A (1, 1)-tensor on a Lie groupoid G is multiplicative if the induced bundle map
TG — TG is a Lie groupoid morphism [Laurent-Gengoux et al. 2009], which
amounts to saying that the corresponding function on T*G TG = A* @ TM
is multiplicative by [Bursztyn and Drummond 2019, Proposition 3.9]. Thus the
composition of two multiplicative (1, 1)-tensors is still a multiplicative (1, 1)-tensor.
We shall show that the composition of two affine (1, 1)-tensors is also an affine
(1, 1)-tensor.

By (17),a (1, 1)-tensor N € I'(TG ® T*G) is affine if it satisfies

N(X : Y7 é,v: : 7]) = N(Xv 5) +N(Y9 77) —n(STgX, ST*géj)v n= prA®T*MN|M9

where (X, Y) € TG® and (&, ) € T*G® are multiplicable pairs in TG and T*G
covering the same pair (g, 1) € G. Here s7¢ and s7+¢ are the source maps of the
tangent and cotangent groupoids, respectively.

A multiplicative (1, 1)-tensor N corresponds to a Lie groupoid morphism

(N, nTM) . TQ — Tg’

where nyy : TM — T M is the map on the base manifold. Since N preserves the
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s-fibers, it induces a bundle map ny4 : A — A. Then we have N|y =nry +na.
For an affine (1, 1)-tensor N, from the difference of affine and multiplicative (1, 1)-
tensors, we have that the restriction of N on M is

Niy = <”TM 0):TM@A—> TM®A,
n na

where nyy : TM — TM andny : A— A and n =prygryNly.

Lemma 5.13. The composition N o N of two affine (1, 1)-tensors N and N’ is still
an daffine (1, 1)-tensor with

(NoN');=NjoN/, (NoN'),=N,oN. forallN,N' €T} Q).
Moreover, the A ® T*M-component of N o N'| is
Pragr+uNoN'|y =naon’+nonyy +nopon’,

where

/
N|M:<”TM 0), N'|M:<”T5VI 9) TMOA—>TMOA
n nj n.oony

are the decompositions of N and N’ restricting on M and p : A — T M is the
anchor map.

ﬁ
Proof. Write N =N, +n and N' = N/ + n’, wherg)n and n’ are the AQ T*M-
components of N|y and N’|y, respectively, and 77, n’ are defined in (18). Then

— —
NoN' =N,oN.4+N,on' + W oN + 7 on.

By Proposition 5.7, (N, ntum), (N/,n7,,) : TG — TG are morphisms of Lie
groupoids. So we have the formulas

— —_
N,.(i)=ns(u) foralluel'(A)

and t o N] = n’,, ot. Applying this to X € T,G, we get

N, o?(X) =Nn'(tX)=na(n'(tX)) =nson'(X),

7 oN/(X) =n(tN/ (X)) =n(nyy, (X)) =nonf,(X),
—> _? -/ I /
non(X)=nn'(X)=n(pn'(tX)) =nopon(X).

Thus we proved that

NoN'=N,oN/+npon +nonyy +nopon’.

Notice that the composition N, o N, of two multiplicative (1, 1)-tensors is still
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multiplicative. Then by Proposition 5.7, we obtain that N o N’ is an affine (1, 1)-
tensor with the properties as desired. ([

Actually, the 2-vector space Talf’f1 9 = Tnll{jt(g) from Theorem 5.8 with the
composition is a strict monoidal category.

Theorem 5.14. We have a strict monoidal category structure on the 2-vector space
1,1 1,1
Ty (9) = T (9)

with the product being the composition of two affine (1, 1)-tensors and the unit
given by the identity I : TG — TG.

Proof. 1t is obvious that the identity / : TG — TG, as a multiplicative (1, 1)-tensor,
is a left and right unit for the composition.

It suffices to verify that the composition o : Talfi»l (G) x Talf’f1 G) — Talf%l (G)isa
bifunctor. Let N, N, N3, N4 be four affine (1, 1)-tensors such that (N;), = (N3);
and (N,), = (Ny);. That is,

Ni—ni=Ns—i3 and Np—7n3=Ni— .
By Lemma 5.13, we see (N] o N2), = (N3 o Ng);. Then we prove
(22) (N1 % N3) o (N2 x Ng) = (NyoNz)*(N3oNy).
The left-hand side of (22) is equal to
(N1 +713) 0 (N2 + t4) = Ny o Na + Ny o g + 73 0 N2 + i3 0 g,

and by Lemma 5.13, the right-hand side of (22) amounts to

NioNy+ (n3gong+n3ongry +n3opony).

By the same calculation in Lemma 5.13 for the left translation instead of the right
translation, we get
Nioitg = (N3 — itz +11) 0 itg =34 004 + 11 0113 =34 074,

which follows from
—_
11 o fig(X) =i (na(sX) =n(tna(sX)) =0, X € T,G.

Similarly, we have
<~ e
ni3oNy)=n3onqry.

Observe that

< < <
Nn3 ong =n30 00Ny,

for the same reason as for the right translation proved in Lemma 5.13. This
proves (22). O
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Remark 5.15. This strict monoidal category from affine (1, 1)-tensors is related
to the 2-vector spaces constructed from affine 2-vector fields and 2-forms as in
Theorems 3.8 and 4.4 if we take into consideration the generalized tangent bundle
TGHT*G = TM @ A* Identify an affine 2-vector field IT € X2(G) with a matrix

(é 1;[) TGHAT*G—> TG T*G.

Then the addition in the vector space %iff(g) is actually the composition of two
affine 2-vector fields as matrices. Likewise, viewing an affine 2-form ® € Q%)
as a matrix

10 ¥ «
(® I)-TQGBT g—>TgeT g,

we get that the addition in ngf(g) is the composition of two affine 2-forms as
matrices.

Remark 5.16. As a multiplicative (1, 1)-tensor can be characterized as a Lie
groupoid morphism from 7°G to TG, a multiplicative p-vector field defines a mor-
phism of Lie groupoids from @”~!T*G to TG and a multiplicative p-form defines
a morphism of Lie groupoids from @”~!TG to T*G [Bursztyn and Drummond
2019]. In these cases, viewing multiplicative structures as functors, we see that
affine structures are actually natural transformations between these multiplicative
structures.

Example 5.17. One example of multiplicative (1, 1)-tensors on a Lie groupoid G
isn —nforany n € '(A® T*M). And 17’ and 7 are both affine (1, 1)-tensors on G.

Example 5.18. An affine (1, 1)-tensor on a Lie group G is a multiplicative (1, 1)-
tensor on G, which is a G-equivariant linear map from g := Lie(G) to g. Namely,

T, (G) = (N € End(g) | N(Adgu) = Adg N(u), g € G, u € g).

The product of two affine (1, 1)-tensors in the strict monoidal category structure
is the composition of linear maps and the groupoid multiplication is trivial, i.e.,
N x N = N, meaning that an affine (1, 1)-tensor can only multiply itself, which
results in itself.

Example 5.19. For the pair groupoid G = M x M = M, a multiplicative (1, 1)-
tensor on G is always of the form N — N for a bundle map N : TM — T M, where
by definition,

— <« —
(N=N)X,Y)=N(X)—-N)=(N(X),0)+ (0, N(¥)) = (N(X), NY)),

for all (X,Y) € T,M x TyM. In fact, for any u € X(M), we get i (x,y) =
%l,zo(d),“(x), x)(x,y) = (u, 0), where ¢/ (x) is a flow of u such that ¢;(x) = x.
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And i(x, y) = —%l,zo(x, V(. ¢/ (y)) = —(0, u), where the minus sign comes
from the convention that it(-) = —Lyinv(u).

By the relation between affine and multiplicative (1, 1)-tensors, an affine (1, 1)-
tensor is of the form N + N N’ for two bundle maps N, N" € End(T M). For simplicity,
we write an affine (1, 1)-tensor as (N, N'). The product in the strict monoidal
category structure is the composition of two (1, 1)-tensors:

(N], N2) o (N3, N4) = (N] oN3, —Njo N4) for all N; € End(TM),
which follows from
— <« — <« — <«
(N1 +N2)o(N3+ Ng)(X,Y) = (N + N2)(N3(X), =N4(Y))
= (N1 0o N3(X), Ny o Ny(Y)).

For the groupoid multiplication, two affine (1, 1)-tensors (N1, Ny) and (N3, N4)
are multiplicable if and only if N, = —N3 and the multiplication is

= e e >«
(N1, N2) * (N3, N3) = N1 + No+ N3+ Ny = N1 + Ny = (N1, Ng).

The next example we are interested in is the direct sum of the pair groupoid and
a Lie group: M x M x G = M. The following proposition tells us that this case
is just the direct sum of Examples 5.18 and 5.19. So the strict monoidal category
structure for this case is also clear.

Proposition 5.20. An affine (1, 1)-tensor N on M x M x G = M is of the form
NX,Y, g, u)=(N1(X), No(Y),g,L(u)) forall Nj, NyeEnd(T M), L €End(g)C,
forXeT M,Y € TyM, g € G and u € g. It is multiplicative if and only if Ny =
Proof. A multiplicable (1, 1)-tensor field on G is a bundle map

N=(Ni,No, N3) : TMxTMxTG—-TMxTMxTG

over the base manifold M x M x G and also a groupoid morphism over T M to
itself. We claim that a multiplicative (1, 1)-tensor field can only be of the form

NX,Y,g,u)=(N(X),N(Y),g,L(w)) forall XeT\M,YeT M, geG,ucg,

for some N € End(T M) and a G-equivariant linear map L € End(g)G. In fact, since
N preserves the s and ¢-fibers, the first and second components N1, N, have to be
the same. Then N being a groupoid morphism requires that

N3(X, Y, g, u)+Adg N3(Y, Z, h,v) = N3(X, Z, gh, u + Ad, v).

Since N3 is a bundle map, it follows that N3(X, Y, g, u) is independent of X and Y
and it is determined by a G-equivariant linear map L € End(g). We thus easily get
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that an affine (1, 1)-tensor field N on M x M x G = M is of the form
N(X,Y,g,u)=(N{(X),N2(Y), g, L(u)) forall Ny, N,€End(TM), L €End(g).

Hence the strict monoidal structure for this case is clear. O

At the end of this section, we provide a class of affine (1, 1)-tensors coming
from the composition of affine 2-vector fields and affine 2-forms.

Proposition 5.21. The composition [1o ® : TG — TG of an affine 2-vector field
I1 € ¥2(G) and an affine 2-form ® € Q2(G) is an affine (1, 1)-tensor with

Pragrspu(ITo®) |y =mg+00 + T 0bry +m0p* 00,

where 1 € T (A?A), ma+ e T(AQTM) and 07y € T(T*M ® A*) and 6 € Q*(M)
are the corresponding components of I1 and © restricting on M, respectively.
Moreover, the associated two multiplicative (1, 1)-tensors are

Mo®);=I1;00;, (10®),=1II,00,.

Proof. Denote [T =TI, +7 and ® = O, +*0, where I1, and ©, are the associated
multiplicative 2-vector field and 2-form. Then

(23) No®=1I1,00,+7 00, + 1,010 + 7 ot™.

Acting on X € T,G and pairing with § € TG, we find

7 - - = (7 0bru(1X)
7 00,(X), §) = (1, 10,(X) A1§) = (7, 6ry (1 X) A1§) = (T 0 Ors (1), ),

where we have used (1) and the fact that (®,, 87) is a Lie groupoid morphism
from TG to T*G. This implies that

% %
T O®r =7T09TM.

On the other hand, using (1) again and the fact that (I1,, w4+) : T*G — TG is a Lie
groupoid morphism, we have

(T, 0170(X), §) = —(0, tX AtI1,(§)) = —(0(1X), ma-1 (§)) = (a0 0(1X), §).

Thus,
—_—
[T, 01*0 = my+ 0 0.

At the end, observe that 177 (§) = pm (t€) since
(T(E), o) = ((tE), t*a) = (w(t§), p*a) forall a € Q1 (M).
We obtain

(7 ot*0(X), &) = —(0(tX), t T (€)) = —(0(tX), pr(t&)) = (7 0 p* 0 0(tX), E).
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Hence,

g * *
T ot"@=mop 06.

Coupled with (23), we get

No®=T1,00,+(mobry+ma08+mop o).

Since 1,00, : TG — TG is a Lie groupoid morphism and thus gives a multiplicative
(1, 1)-tensor, we have proved that IT o ® is an affine (1, 1)-tensor. The other
assertions are also clear. O
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