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1 Introduction

Leibniz algebras were introduced by Loday and Pirashvili [17, 18] as a non skew-symmetric
generalisation of Lie algebras. Leibniz algebras appear in differential geometry as the algebraic
structure on Courant algebroids [16] and in mathematical physics, for example in Chern—Simons
theory [5].

Loday and Pirashvili [18] observed that Leibniz algebras can be described as the canonical
map 7: g — grie Where g is a Leibniz algebra and gri is the Lie algebra which arises as the
quotient of g by the Leibniz ideal generated by elements [z, z]y for € g. This observation leads
to their definition [19] of the monoidal category LM of linear maps and to the construction of
a pair of adjoint functors between Lie algebras and Leibniz algebras. Note that the category LM
can be seen as the category of truncated chain complexes of length one.

In this paper, we focus on the interplay between Lie-Rinehart algebras [8] (Lie algebroids [20]
in a differential geometric context) and Leibniz algebroids [1, 10] which are generalisations of
Lie algebras and Leibniz algebras respectively. Our goal is not to define a differential geometric
counterpart of Loday and Pirashvili’s category of linear maps but to use their construction to
describe (and understand) some interesting relations between Lie-Rinehart algebras and Leibniz
algebras. In this sense, we describe Lie-Rinehart algebras in LM and then construct a functor
from Lie-Rinehart algebras in LM to Leibniz algebroids.

Throughout, let R be a unital commutative ring and let an unadorned ® denote ®g.

Theorem 1.1. Let (M % A) be a commutative R-algebra object and (N ER L) be a Lie algebra
object in LM. A pair ((M EN A), (N EN L)) is a Lie—Rinehart algebra object in LM if

o (A, L) is a Lie-Rinehart algebra with anchor pg: L — Derg(A),
e the A-bimodule M is a left (A, L)-module with action given by py: L — Homp(M, M),

*This paper is a contribution to the Special Issue on Poisson Geometry in Mathematics and Physics. The full
collection is available at http://www.emis.de/journals/SIGMA /Poisson2014.html
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e the right L-module N with action N ® L — N given by n®¢& — [n,&] for allm € N, { € L
is also a left A-module with [—, —] satisfying

[a'n,é]za-[n,g]—po(g)(a)-n, VaeA,
e both f and g are L-equivariant and A-linear,

and there exist
o an A-module map A\: M @4 L — N,
e an A-module map p1: N — Derg(A, M) satisfying
9(p1(n)(a)) = po(f(n))(a),  p1([n,€]) = [p1(n), (po + p2)(E)]
forallae A, me M,ne N, e L.

Our second result consists in the construction of a functor from the category of Lie-Rinehart
algebra objects in LM to the category of Leibniz algebroids.

Theorem 1.2. For a Lie-Rinehart algebra ((M 2 A), (N EN L)) in LM, the pair (A, M @& N)
1s a Leibniz algebroid with anchor

pymaN = —poo f: M &N — Dergr(A) (1.1)
and Leibniz bracket on the A-module M & N given by

[m1 + ni,ma + nolpen = —p2(f(n2))(ma) + [n1, f(n2)). (1.2)
for all my,my € M and ni,ne € N.

Since a very rich class of examples of Hopf algebroids [3, 13, 22] is the enveloping algebra
of Lie-Rinehart algebras, following the argument given by Loday and Pirashvili in [19], we
would expect a similar relation between the enveloping algebra of a Leibniz algebroid and Hopf
algebroids in LM. However this generalisation of [19] requires not only the definition of a correct
notion of enveloping algebra of a Leibniz algebroid (not yet defined in the literature), but also the
construction of a functor from the category of Leibniz algebroids to the category of Lie-Rinehart
algebras objects in LM, which goes beyond the goals of this paper.

2 Leibniz algebroids

In this section we first recall the definitions of Leibniz algebras as given by Loday and Pi-
rashvili [17, 18]. Secondly, we discuss Leibniz algebroids, see [10] for a differential geometric
description, and give some motivating examples.

2.1 Leibniz algebras

Leibniz algebras were first defined by Blokh [2], later rediscovered and more intensively studied
since [4, 18]. For motivation, definitions and basic examples see [17, 18].

Definition 2.1. A right Leibniz algebra g is an R-module equipped with a bilinear map, called
the right Leibniz bracket and denoted by [—, —|4: g ® g — g which satisfies the identity

[z, [y, 2lglg — [z, Ylg, 2lg + [z, 2]g, y]g = 0, for all z,y,z € g. (2.1)



Lie Algebroids in the Loday—Pirashvili Category 3

Correspondingly, a left Leibniz algebra structure [—,—] on an R-module V is defined by
[z,y] := [y, z]q for z,y € V where [—, —]; satisfies (2.1), see [17, 18].

Since Loday and Pirashvili use right Leibniz algebra structures in their work [17, 18, 19], we
choose right Leibniz algebras as well, which we call from now on Leibniz algebras.

Remark 2.2. For a Leibniz algebra g there exists a corresponding Lie algebra, denoted by gre
and called the reduced Lie algebra of g, which arises by taking the quotient of g by the Leibniz
ideal generated by elements [z, z]y € g for = € g. Hence there exists a surjective map

T: @ — GLie-

Example 2.3 (see [15]). Let L be a Lie algebra over R with bracket [—, —|r. The bracket on
the second tensor power of L given by

(1 ® y1, %2 ® YolLer = [T1, [x2, y2)LlL @ y1 + 21 @ [y1, [x2, y2]LlL (2.2)
for all x1,x2,y1,y2 € L endows L ® L with a Leibniz algebra structure.

In the following example we reformulate the construction of the hemi-semi-direct product for
left Leibniz algebras introduced by Kinyon and Weinstein in [11, Example 2.2] and endow the
direct sum of a Lie algebra L and a (left) L-module V' with a (right) Leibniz algebra structure.

Example 2.4. Let L be a Lie algebra over R and V' be a L-module with left action L&V — V
given by £ ® a +— £(a) for all a € V and £ € L. The direct sum (of R-modules) V' @ L together
with the bracket

[a + £7b+ C]V@L = C(CL) - [gvg]La a‘ab € Vaé.?C €L

becomes a (right) Leibniz algebra since the identity (2.1) is satisfied

la+& b+ e+lvarlver—lla+ &b+ Cvar,c+vvaer +la+ & c+7var, b+ var
=la+&v(0) = [¢Llver — [C(a) = [, ClL, e +7var + [v(a) = [§,7]L, b+ (ver
= —[¢,Yela) + & (¢l —v(C(a) = [ Ce, 7] + C(yv(a) + [[€,9]e, ¢ =0. W

Definition 2.5 (see [17]). Let g and g’ be Leibniz algebras. A map of Leibniz algebras ¢: g — ¢’
is a homomorphism of R-modules satisfying o([z,y]y) = [p(x), ¢(y)]y for all 2,y € g.

Proposition 2.6. Let g be a Leibniz algebra over R and let M be a left module over its reduced
Lie algebra grie with left action grie @ M — M given by w(g) @ m +— 7(g)(m) for all m € M
and g € g. The direct sum (of R-modules) M & g together with the bracket

[m1 + g1,m2 + g2] prg = —7(g2) (m1) + [91, g2]g, mi,ma € M,g1,92 €9 (2.3)
1s a Leibniz algebra.

Proof. Since 7m: g — grie is a map of Leibniz algebras, a straightforward computation identical
to the one carried out in Example 2.4 yields that [—, —] /g4 satisfies (2.1) and is hence a Leibniz
bracket. |

2.2 Leibniz algebroids and related structures

While Lie algebras can be generalised to Lie-Rinehart algebras [6, 8, 21] (Lie algebroids [20] in
differential geometric context), Leibniz algebras [2, 18] give rise to different algebraic objects:
Leibniz algebroids, first defined in a differential geometric context in [10]; Loday algebroids [24];
Courant algebroids [16]; Courant—Dorfman algebras, a term coined by Roytenberg [23] to denote
a structure encompassing both Courant algebroids [16] and Dorfman algebras. See [12] for
a description of the historic development of these structures.
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2.2.1 Leibniz algebroids

We propose a definition of Leibniz algebroids in purely algebraic terms, following the definitions
given by Rinehart [21] and later by Huebschmann [8] for Lie-Rinehart algebras as an algebraic
description of Lie algebroids.

Definition 2.7. Let A be a commutative R-algebra and £ be a Leibniz algebra over R with
bracket [—, —]¢. The pair (A, E) is called a Leibniz algebroid if the Leibniz algebra £ has a left
A-module structure p: ARQE — £ given by a®e +— a-efor all a € A and e € &, and there exists
an A-linear Leibniz algebra antihomomorphism pg: € — Dergr(A), called the anchor, satisfying

[a-e1,e2]e =a-e1,ea]e + pele2)(a) - e, for ej,en €&, ac A (2.4)

Example 2.8. A Lie-Rinehart algebra (A, L), with anchor pr, is a Leibniz algebroid with
anchor —pry,.

Proposition 2.9. Let (A, L) be a Lie-Rinehart algebra, with anchor pr, and let M be a left
(A, L)-module with action L @ M — M given by £ @ m Vg(m). The pair (A, M & L) is
a Leibniz algebroid with anchor

pymoL(m + &) == —pr(§) (2.5)

and bracket on the direct sum M @ L given by the (negative) hemi-semi-direct product [—, —|pmaerL
of M by L with action L ® M — M (or equivalently L — Homp(M, M)) given by V*.

Proof. First note that [m; + & ma|yer = 0 for all my,me € M, £ € L. Now, since M is an
(A, L)-module with action V*: L® M — M given by m® ¢ Vé (m), we endow the direct sum
M & L with the Leibniz bracket given in (2.3), that is

[m1 + & ma + (mar = —Ve(m) + € (e
We now check that the map in (2.5) is an antihomomorphism
pren(fmi + & me + C(uer) = prer(—VEe(ma) + (€, L) = —pr([6,¢]L)

= —[pr (&), PL(O)]Derp ()
= [pL(Q), PL(§)]Derp(a) = [PMaL(C); praL(E)]Derp(a)-

Lastly, we check that the compatibility condition beween [—, —]ysq 1, and the A-module structure
on M @ L given in (2.4) is satisfied

[a- (m+€), mer = —Ve(a-m)+a- &L
)

= —a-Vi(m) = pr()(a) -m+a-[£,{L —pr(C)(a)- &
=a- (=VEm)+[£.¢1) — pr({)(a) - (m+¢€)
=a-[m+¢ Quer + pmer()(a) - (m+E). u

Note that the Leibniz rule for [—, —]y;qz given by

[+ & a-CQuar = —Vac(m) + (6 a- (o= —a- Vi(m) +a-[€,¢1 + pr()(a) - ¢
=a-[m+¢& (mer — puar(§)(a) - ¢
for all a € A and &, ¢ € L implies that the Leibniz algebroid (A, M @ L) is local in the sense of
[1, Definition 3.4].
In general, the relations between Lie algebras and Leibniz algebras will not induce relations
between corresponding Lie-Rinehart algebras and Leibniz algebroids.
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Example 2.10. Let (A, L) be a Lie-Rinehart algebra, with anchor pr. The pair (A,L ® L)
where L ® L is the Leibniz algebra with bracket given by (2.2) will not be a Leibniz algebroid
in general. Since [—, —]1, satisfies the Leibniz rule (2.4), we have

[a- 21 ®@y1, 22 @ Yolrer = la- 21, [22,y2]L]L @ y1 +a- 21 @ [y1, [12,y2]L]L
=a-[r1, w2, y2]L]L ®y1 — pr ([22,92]L) (@) - 21 ® Y1 + a - 21 ® [y1, [2,92]L]L
= a- ([z1,[z2,y2]rle ® y1 + 21 @ [y1, [z2,y2]LlL) — pr ([22,92]1) (@) - 21 ® W1
=a-[r1®y1, 72 @y2lrer — pr[T2,¥2])(a) - 1 ®@ Y1,

but the map vy(z2 ® y2) = pr([*2,y2]r) is not A-linear since [—,—] is not, hence the pair
(A,L ® L) does not admit an anchor map induced by pr..

From [19] we know that to each Leibniz algebra g we can canonically associate a Lie alge-
bra grie by taking the quotient of g by the two-sided ideal [z, z] for = € g. This relation does not
generalise to a canonical relation between Leibniz algebroids and Lie-Rinehart algebras, so that
given a Leibniz algebroid (A, £), the reduced Lie algebra &r4e will not be compatible in general
with A.

Proposition 2.11. Let (A,€) be a Leibniz algebroid with anchor pg. If Ker(w) is an A-sub-
module of £, then the pair (A, Erie) is a Lie-Rinehart algebra with anchor denoted by pg, .. and
given by —pg.

Proof. First note that the anchor pg descends to an R-linear map ~g, . : Erie — Derr(A) since
pe (lesele) = [pe(e), pe(e)]e = 0 for all e € €. Let us assume that 7: &€ — Ee is A-linear. Then
we have

Veiie (a : 71'(6)) = VéLic (71‘(& : e)) = pg(a : 6) =a- pé‘(e) = Q- Y (7‘(‘(6)),

so that vg . : ELie = Dergr(A) is A-linear. Since pg is a antihomomorphism while the anchor
of a Lie-Rinehart algebra is a homomorphism, we set pg, .. = —7g.,. S0 that (A, &) is a Lie-
Rinehart algebra and the following diagram

E—" . Dera

Wl /
TPELie

5Lie
commutes. [ |

Note that given a Leibniz algebroid (4, ), the A-module structure on £ will not descend to
an A-module structure on the reduced Lie algebra &4 in general.

Example 2.12. On a manifold M, the bundle £ = T'M &T* M has a natural Courant—Dorfman
algebra structure with:

e a bilinear form given by (X + £, Y + () = tx( + ty(, where X, Y € TM, ¢,( € T*M and
tx& is the contraction of X with &,
e a derivation d: C*°(M) — T* X given by the differential of a function,

e a right Leibniz bracket given by [X + £, Y + (] = [X,Y] — Lx( + Ly& + d(1x() where
[—, —] is the commutator of vector fields and L is the Lie derivative.
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Note that we have [X + &, X + &] = d(ix§) so that the reduced Lie algebra Ef;e corresponding
toE=TM®T*M is

Erje = TM @& T*M/(exact forms)

with Lie bracket given by [X +&,Y + (] = [X,Y] — Lx( + Ly&. In particular, we see that the
map m: E — Ep;e is not C°°(M )-linear. Note also that while [X + &, df] = 0, we have

(X +&,a-df] = —(X,da) - df + (X, df) - da.

Note that the reduced Lie algebra Epje is not an C'°° (M )-module so that (C°°(M), EL;e) is not
a Lie-Rinehart algebra.

3 Lie—Rinehart algebras in the category £M of linear maps

Lie-Rinehart algebras [6, 8, 21] (Lie algebroids [20] in differential geometric context) were in-
troduced by Herz [6] under the name Lie pseudo—algebra (also known as Lie algebroid [20] in
a differential geometric context) and has been developed and studied as a generalisation of Lie
algebras. The term Lie—Rinehart algebra was coined by Huebschmann [8], a term which ac-
knowledges Rinehart’s fundamental contributions [21] to the understanding of this structure.
See [7, Section 1] for some historical remarks on this development.

We start this section by giving an overview of the category LM as defined by Loday and
Pirashvili [19]. In Section 3.2 we give the necessary tools and background to describe the
universal algebra of derivations of an algebra in LM (see Proposition 3.12). Lastly, in Section 3.3,
we describe Lie-Rinehart algebras in the category LM of linear maps.

3.1 The category LM of linear maps

We first recall some fundamental concepts and definitions about the category LM of linear
maps, introduced by Loday and Pirashvili in [19], that are relevant for our main constructions
later. We refer to [19] for further details. See [14] for results on Hopf algebras in LM.

Definition 3.1. The objects in the category LM are R-module maps (V = W), where u is
called the vertical map. The morphisms between objects in LM are pairs of maps h := (hy, hg)
such that the following diagram commutes:

h1

Vv Vv’
Ii/ hO > I/Il}/

Given two morphisms g := (g1, 90) and h := (hy, hg) in LM, their composition h o g is given by
hog = (h1,ho) o (g1, 90) := (h1 0 g1,ho© go). (3.1)

ul

A morphism ¢ := (¢1,¢g) is an isomorphism between objects (V = W) and (V! & W) if
and only if ¢1 and ¢ are isomorphisms of R-modules.
Proposition 3.2. The category LM is monoidal where the tensor product of two objects is

o ; u®lyyr+ly @u
T

VE3Me V' SW)=VeWaeWaV wWeWw'),

and the unit object is ({0} RN R). Moreover, given two morphisms g := (g1,90) and h := (hq, ho)
in LM, their tensor product g ® h is given by

g ®@h=(g1,90) ® (h1, ho) := (91 ® ho + go ® h1, 9o & ho). (3.2)



Lie Algebroids in the Loday—Pirashvili Category 7

Proof. See [19]. [

Furthermore, the monoidal category LM is symmetric, with interchange morphism denoted

u’ u’

by T: (VE W) (VLS W) - (V'EW)® (VS W) and given by 7o: W@ W' — W @ W
and T: VW oWV -V W e W @V, see [19] for more details.
Commutative diagrams in LM can be seen as commutative “cubes” in the category R-Mod.

Example 3.3. The commutative diagram in LM given by

WV 5wy — e (v 5w

¥ !

(M S Ay e (M S 4)

corresponds to the commuting “cube” given by

o Y v
M : J\//Sm !
oo,

’ QPO/W ¢0/W/
o - M ®0

We now describe some of the fundamental algebraic structures in LM. For further details
and proofs see [19].

Proposition 3.4.

e An associative algebra object (M EN A) in LM is a triple consisting of an associative
R-algebra A, an A-bimodule M and an A-bimodule map g: M — A. Moreover, the algebra
object (M EN A) is commutative, if and only if the A-bimodule M is symmetric and A is
commutative.

e A Lie algebra object (N i> L) in LM is equivalent to a Lie algebra L, a right L-modu-
le N with right action N @ L — N given by n ® £ — [n,&] for allm € N and § € L, and
an R-linear L-equivariant map f: N — L, i.e., f([n,&]) = [f(n),]L.

Example 3.5. We give the following examples of objects in LM:

e The surjective map w: &€ — &L is a Lie algebra object in LM.

e Let I be a two-sided ideal in an associative algebra A. The identity map id: I — A is an
associative algebra in LM.

e Let B be the square-zero extension of an associative algebra A by the A-module M. Then
(M — B) is an algebra object in LM.

e Let A be a Poisson algebra with bracket {—, —}, and let Q'(A) be the A-module of Kihler
differentials over A. The pair (A4,Q'(4)) is a Lie-Rinehart algebra with anchor map
p: QY(A) — Der(A) given by da — {a,—} for all a € A and Lie algebra structure on Q!(A)
given by [da,dblg1(4) := d{a,b}. The differential map d: A — Ql(A) is a Lie algebra
object in LM, where A is a right Q!(A4)-module with action A ® Q'(A4) — A given by
a®b-dcw— b-{a,c} for all a,b,c € A.
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e Similarly, let A be a Jacobi algebra with bracket {—, —}, and let J*(A) be its 1-jet space.
Then the pair (4, 7'(A)) is a Lie-Rinehart algebra (see [22] for more details), and the map
j: A— JY(A) given by a + jl(a) is a Lie algebra object in LM with right J!(A)-action
on A given by a®b- jl(c) — b-{a,c}; for all a,b,c € A.

Note that a Lie algebra object (N i> L) in LM is a very similar object to a strict 2-term Lo,
algebra.
We now focus on the description of (M % A)-modules in LM:

Proposition 3.6. A left (M % A)-module object is a map (V =5 W) of left A-modules such
that there exists an A-module map py: WM — V satisfying go pi(m@w) = pup(g(m) @w) for
w e W and m € M, which descends to an A-module map a}/: M@ W —V (called structure

map of the left (M 2 A)-module (V = W)) satisfying

uwoay (m@aw) = o (g(m) @4 w). (3.3)
Proof. Since (V % W) is a left (M % A)-module, there exists a morphism

e (M3A)e(VESW) — (VSW),
that is, a commuting square

MeaWaeAeV — v
9®1w+1A®ul Lu (3.4)

AW al 1174

where p; and po satisfy some associativity conditions. From (3.4) we see that po and the
restriction of p1 to A® V turn W and V respectively into left A-modules, so that the vertical
map u becomes a map of left A-modules. Now, since M is an A-bimodule and W is a left
A-module, we can construct the tensor product M ® 4 W. Moreover, by the associativity of the
module action u, we deduce that py vanisheson m-a®@ w —m ® a - w where m € M, a € A,
w € W so that the map pi: M ® W — V descends to a map a}/: M @4 W — V yielding the
following diagram:

v

Ma,W—2t vy
lu (35)

Aga W 1 1474

9®alw

The commutativity of (3.5) ensures that the compatibility relation (3.3) is satisfied. [

Proposition 3.7. For any Lie algebra object (N ER L) endowed with an (M 2 A)-module
structure, the Leibniz bracket on N given by [n1,na]n = [n1, f(n2)] satisfies

[nl,a : [ng, ng]N]N =0, Vae A. (36)

Proof. By definition, a Lie algebra object (N i> L) carries a Leibniz algebra structure on
the L-module N with bracket given by [ni1,ns|n := [n1, f(n2)] so that [ni,na]y = 0 for all

ny € Ker(f). Now, since (N ER L) is an (M % A)-module, N and L are A-modules and the
vertical map f is A-linear, we deduce that Ker(f) is an A-module. Hence [—, —|x satisfies
condition (3.6). [
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3.2 The Lie algebra of derivations in LM

In this section we describe the Lie algebra of derivations of an associative algebra object in LM.
We start by describing morphisms between Lie algebra objects and Lie algebra actions.

Proposition 3.8. An algebra morphism ¢: (M 5 A) — (M' 2 A') in LM is given by a pair
of maps (¢1,Po) satisfying

¢1(armi + maaz) = do(a1)g1(mi) + ¢1(ma)do(ar), (3.7)
po(a1 - az2) = ¢o(ar) - po(az) (3.8)

for ai,a0 € A and my,mg € M.

Proof. Assume ¢ := (¢1,¢0) is an algebra morphism (in £LM). Then using (3.1) and (3.2),
a straightforward computation shows

O=dop—po(d@d)=(drop —po(dr®do), oo po— poo (¢o® o)),
that is

grop —p1o(d1®do) =0, oo po— poo (o ® o) =0 (3.9)
which yield the relations in (3.7) and (3.8). n

Proposition 3.9. A Lie algebra map a: (N 4, L) — (N 1 L") in LM is given by a pair of

maps (a1, ap) satisfying
a1([n,€]) = [a1(n),a0(€)],  ao([§, ¢l) = [ao(§), ao(C)] L (3.10)
forme N and &, € L.

Proof. An identical argument as in the proof for Proposition 3.8 and abusing notation so that p

is the Lie bracket on (N ER L) we obtain the relation in (3.9) which, in this case, yields the
relations in (3.10). [

Proposition 3.10. Given a Lie algebra object (N ER L), aleft (N ER L)-module (in LM) is

an object (V e W) such that V' and W are left L-modules with actions given by

ag: LW — W, az: LRV —V, (3.11)
and there exists an R-linear map

ar: NoW —V (3.12)
satisfying the following compatibility condition

ai([n, &l @w) =a1(n®@ ap(§ ®w)) — a2 @ aq(n @ w)). (3.13)
Moreover, the following compatibility conditions between u, f, a1, o and ag are satisfied

uoa; =apo (f®ly), uoay =ao(lp ®u).
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Proof. Since (V % W) is a left (N ER L)-module, we have a morphism
o (NLL)yeViSw) — (V5w

that is, a pair of maps (a1 + g, ap) where ag, a1, ag are given by the maps in (3.11) and (3.12),
such that the diagram commutes

(NLLyo (N D)o S w) 2o (daneeid <(N Lyews W))692
p.®idk ‘/cx (3'14>
(NLDewSw « V% W)

which can be seen as the following diagram in cube shape

N%1®£u®®W+L®N®W+L®L®V (NW + L® V)2
1 w 0 \%
NoW+L §V/ artas % fOlw+1L@u
o ;
fRlw+1L®u Ho®@lw LRLW oo ([doao)o(ro®ido) (L ® W)EBZ
/ /
LW

ao
where

B :=1id; ® ag — (idQ ®Oé1) o (Tl ®id0) +idg ® aq
— (id1 ® ap) o (11 ®1idp) + idg ® g — (idp ® a2) o (19 ® idy).

Using (3.1) and (3.2), a long but straightforward computation shows that the compatibility
relation making (3.14) commute can be expressed as

0=ao(d®a—(d®a)o(T®id)) — xo (LR id)
= (a0 (idy ® ) — ag 0 (idg ® 1) o (11 ® idp) + 2 0 (idg ® 1)
—aq 0 (id] ® ap) o (11 ®1idg) + e 0 (idg ® ag) — g 0 (idg ® az) o (19 ® idy),
ap o (idg ® ap) — ap o (idg ® ) o (19 ® idg))
— (a1 0 (11 ®idg) + a2 0 (o ®idy), g © (1o ® ido))
= (o 0 (idy ® ) — ag 0 (idg ® 1) o (11 ® idg) — v © (p1 @ ido)
+ (a2 o(idg ® 1) — g o (id1 ® ap) o (11 ® idg) — a1 o (1 ® idy)
+ (a2 o (idg ® arg) — a2 0 (idg ® 2) o (19 ® id1) — w2 0 (o ® idy),
ap o (idg ® ag) — g o (idg @ axg) o (19 ® idg) — g © (o ® idy)),

so that the following diagrams commute
e A diagram encoding the L-module action ag: LQ W — W

id —(id o(To®id
LaLoWw ido®ap—(ido®ag)o(To®ido) LoWaLoWw

po®@ly o

LoW a0 W
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e A diagram encoding the L-module action ag: LRV — V

ido®ag— (ido ®O¢2)O(T()®id1)

LRLRV LVPLRV
#0®1Vl lw
LoV e 1%

e And lastly

idy ®O¢07(id0®a1 )O(T1 ®id0)
+ido®a —(id1 @ )o (71 ®ido)

NOLIW+LQNQW (N@WaL®V)®

H1®@lyw a1taz
NoW - v
encoding the compatibility relation in (3.12). [

By the adjoint functor property of tensor products, the maps in (3.11) correspond to
ap: L — Homp(W, W), ar1: N — Homg(W,V), az: L — Homp(V,V)

that we can describe as the following commutative diagram

aq

N Homp (W, V)

I goh+hog (315)
L—2% . Homp(W, W) ® Hompg(V,V)
where h € Hompg (W, V).

Proposition 3.11. Let (M Iy A) be a commutative algebra object in LM. A Lie algebra object
(N EN L) is said to act on (M 2 A) by derivations if there exist two Lie algebra maps

po: L —Derg(4),  pa: L — H:= (Homg(M, M),[—, ~]g) (3.16)
satisfying the compatibility conditions

p2(§)(a-m) = a- pa(§)(m) + po(§)(a) - m, g (p2(§)(m)) = po(§)(g(m)) (3.17)
and an R-module map

p1: N — Derg(A, M)
satisfying

p1([n,€]) = [p1(n), (po + p2)(©),  g(pr(n)(a)) = po(f(n))(a) (3.18)

forallé e L,ae A andm e M.



12 A. Rovi

Proof. Let a Lie algebra (N EN L) act on (M % A) by derivations, then there exists a left

(N ER L)-module structure on (M % A), denoted by p: (N ER LYo (M % A) - (M5 A),
which by Proposition 3.10 endows M and A with left L-actions given by gp: L ® A — A and
02: L&M — M respectively, and induces a map 01: N®A — M satisfying (3.13). Furthermore,

the action of (N ER L) on (M % A) by derivations makes the following commute

(Nh Do S A)ye (% 4) LEHEEREED) - r 0 gy02 g (ar 4 4)02

o I

(NL Do w S a) i (M % A)

Since p = (01 + 02, 00), by (3.1) and (3.2) we find

0=po(p®id+ (id®@p)o(t®id)) —po (id @ u)
= (p1 0 (01 ®idg) + p o (ido ® 1) 0 (70 ®idy) — p1 0 (id1 ® o) + p1 © (02 @ idy)
+ p1 o (idy ® 00) o (11 ®idg) 4 p1 © (00 ©1d1) + 1 0 (idg ® 02) o (11 ® idp)
— 020 (id; ® o), po © (00 ® idg) + po © (ido ® o) © (10 ® ido) — 0o © (ido @ po)),
so the following diagrams commute:

e a diagram which encodes the universal action of a Lie algebra L on A by derivations

LoAsA 00®ido+(ido®eo0)o(To®ido) (A® A)®?
1L®HO\L iuo
LoA x A

e a diagram encoding the action of N on A

01®ido+(id1 ®e1)o(T0®ido)

NRA® A (M@ A A M)®?
1N®M0l lm
N®A o M

e and lastly, a commutative diagram encoding the action of L on both A and M

02®ido~+(id1 ®00)o(T1®ido)

id id o(To®id
LoM@A®L®Ae M2 0d@e0®d) o 4 g Ao M)
1L®/—’41i ‘L’ul
L®M = M

These maps make the following cube commute

AQATLOMO®A+LRASM —L ~ (Mo As A M)®?

M1® Atpo®1 g
/ ‘ bon . /

NRQA+LRQM 9R1a+10®g

f®la+1®g LRARA 20®ido— $ 00)o(To®ido)

y il/

©0

(A® A)®?

L®A
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By the adjoint functor property of tensor products, the maps g1, g2 and g3 are equivalent to the
maps in (3.16). [

Proposition 3.12. Recall (M ER A) is a commutative algebra object and H = Homp(M, M).
Let the R-module maps 71 : Derg(A, M) — Derg(A), ma: Dergr(A, M) — H be given by w1(0) =
god and m2(0) := Qo g respectively. The universal Lie algebra of derivations of the algebra
object (M EN A) is given by

Derga (M 2 A)) = (Dergr(A, M) T2 Derg(A) @ H),
where the Lie bracket on Derg(A) ® H is

[(a7 /8)7 (O/a ﬁ/)]DerR(A)EBH = ([0[7 O/]DerR(A)v _[/87 ﬂ,]H) )
and the right Derg(A) @ H-module structure on Derg(A, M) is given by
O® (a, ) — [0, (e, )] ;= Do — B o0. (3.19)

Proof. We first check that the action [—, —] in (3.19) endows Dergr(A, M) with a right Lie
algebra module structure over (the Lie algebra) Derr(A) & H.
On the one hand we have

[av [(aa B)a (O/a /3/)]DerR(A)69H] = [87 ([a7 O/]DerR(A)a [57 5/]H)}
=0do [a7 O/]DerR(A) - [/87 B/]H 0d.

On the other hand we have

[0, (a, B)], (o, )] = [(O 00— Bo0), (o), )]
:(aoa—ﬁo@)oa,fﬁ/O(aOa*ﬁOa)
=doaod —fBodod —f odoa+ ofod,

so that

0. (0 8], (', 8)] = [[01 (@', 8] , (0, B)]
=0oaod —Bodod —p odoa+p oBod—00cd o
+p 0foa+pBodod —Bop 0D
=0o [aaal]DerR(A) - [/875/][‘[08: [87 ([aaa/]DerR(A)a [/875/][‘[)] .

This shows that the right action of Derg(A) @ H on Dergr(A, M) is well defined. Hence, the

morphism p: (N EN L) — Derpam (M EN A)) is given by the following diagram, which follows

from (3.15)

N = Derg(A, M)
L—""" . Derp(A) @ H
which commutes. |

Remark 3.13. The morphism p: (N ER L) — Derpp (M 2, A)) given by (p1,po + p2) is
a morphism of Lie algebras in LM.
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Example 3.14. The universal Lie algebra of derivations of the commutative algebra object
(A9 4)is

(Derg(A) — Derp(A) @ Derg(A)).

Then, the action of a Lie algebra object (N EN L) by derivations on (A iq A) is given by

e a Lie algebra map pg = p2: L — Derg(A),
e an A-module map p;: N — Derg(A)

satisfying p1(n) = po(f(n)).

3.3 Lie—Rinehart algebra objects in LM

A Lie-Rinehart algebra [8, 21] is an algebraic structure which encompasses a Lie algebra and
a commutative algebra which act on each other in a way that both actions are compatible. This
object can be described in any symmetric monoidal category.

In this Section we focus on the description of Lie—Rinehart algebra objects in the category LM
of linear maps. Based on [19, Lemma 3.6] we give a proof of Theorem 1.1.

Proof of Theorem 1.1. Assume the pair ((M 2 A), (N ER L)) is a Lie-Rinehart algebra

object. Then there exist

e aleft (M % A)-module structure on the Lie algebra object (N EN L),

e an action p of the Lie algebra object (N EN L) on the commutative algebra object (M EN A)
by derivations,

and a compatibility condition between these two actions. We now describe what these structures
involve.
Firstly, by Proposition 3.6, we deduce that a left (M EN A)-module structure on the Lie

algebra object (IV EN L) turns the L-equivariant map f: N — L into an A-module map. Also,
it yields an A-module map A := aév : M ®4 L — N. Moreover the Leibniz algebra structure
on N given by [—, —]y must satisfy [n1,a - [n2,ne|y|ny =0 for all a € A and ny,ns € N.

Secondly, by Proposition 3.11, an action p of the Lie algebra object (N i> L) on the commu-
tative algebra (M EN A) by derivations yields

e an A-linear Lie algebra map pg: L — Derg(A),
e an A-module map p;: N — Derg(A4, M),
e an A-linear Lie algebra map po: L — Homp (M, M)

satisfying conditions (3.17), (3.18), and turns g: M — A into an L-equivariant map. Lastly, the
following compatibility conditions between the two module structures are satisfied:

e the pair (A, L) is a Lie-Rinehart algebra with anchor po,
e the right L-action on the A-module N satisfies
[a-n,b-&=a-[nb-&{—b-po(&)(a)- n,

which provides a compatibility relation between the right L-action on N, given by [—, —]
and the A-module structure on .

Note that ps endows M with is a left (A, L)-module structure, see [9] for further details. |
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Example 3.15. Let (A, L) be a Lie-Rinehart algebra with anchor pr,: L — Derg(A). The pair
((A iq A), (L iq L)) is a Lie-Rinehart algebra object in LM with pg = p1 = p2 = pr and
A =id.

Example 3.16. The pair ((M 4 A, (Derp(A, M) T, Derp(A) ® H)) is a Lie-Rinehart
algebra object in LM with

po: Dergr(A) ® H — Derg(A), p1: Derg(A, M) — Derg(A, M),

p2: Derp(A)® H — H.

4 Leibniz algebroids and Lie—Rinehart algebras in LM

In this short section we prove Theorem 1.2. This result provides a functorial relation from
Lie-Rinehart algebras to Leibniz algebroids.

Proof of Theorem 1.2. First note that N is both a right L-module and a left A-module. Also,
recall from [19] that the right L-module N becomes a Leibniz algebra by defining the bracket
[n1,n2]n = [n1, f(n2)]. Furthermore, since M is a left (A, L)-module, by Proposition 2.6 we can
endow the A-module M @ N with a Leibniz algebra structure given by the bracket (1.2). Since
f: N — L and py: L — Dergr(A) are A-linear maps, the map pyrgn = —po © f is also A-linear.
We now prove that pyren is a Leibniz algebra antihomomorphism

pueN ([m1 + n1,me + nelmen) = puen (—p2(f(n2))(m1) + [n1, n2lN)
= —po(f([n1, f(n2)])) = —po([f(n1), f(n2)]L) = [po(f(n2)); po(f(n1))|Derp(a)

= [pran (n2), pren (11)|Derp(A)»
so the relations in (1.1) hold. We now prove that the Leibniz rule in (2.4) hold
[a - (m1+n1), m2 + nalpen = —p2(f(n2))(a-ma) + [a-n1, f(ne)]
= —a- p2(f(n2)) - m1 — po(f(n2))(a) - m1 +a-[n, f(n2)] — po(f(n2))(a) - m

=a- (—p2(f(n2)) -m1 + [n1, f(n2)]) + ppan(a) - (M1 +n1)
=a - [m1 4+ ni,ma + n2lpen + pruan(ma +na)(a) - (my + n1). u

Example 4.1. Given the Lie-Rinehart algebra

(M % A), (Derp(A, M) 272 Derg(A) @ H))
in LM, the pairs (A, Derr(A, M)) and (A, M & Derr(A, M)) are Leibniz algebroids.
Example 4.2. Given a Lie-Rinehart algebra (A, L), the pair

(A% 4), (L8 L)

is a Lie-Rinehart algebra object in LM with corresponding Leibniz algebroid given by (A, A® L)
with structure presented in Proposition 2.9.
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