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A UNIVERSAL ENVELOPING ALGEBRA FOR
COCOMMUTATIVE RACK BIALGEBRAS

ULRICH KRAHMER AND FRIEDRICH WAGEMANN

ABSTRACT. We construct a bialgebra object in the category of linear
maps LM from a cocommutative rack bialgebra. The construction does
extend to some non-cocommutative rack bialgberas, as is illustrated by
a concrete example. As a separate result, we show that the Loday com-
plex with adjoint coefficients embeds into the rack bialgebra deformation
complex for the rack bialgebra defined by a Leibniz algebra.

CONTENTS

INTRODUCTION

A shelf is a set X with a composition (z,y) — x < y which satisfies the
self-distributivity relation (x <y) <z = (x < 2) < (y < z). More generally,
this condition makes sense for coalgebras in braided monoidal categories, as
was observed by Carter-Crans-Elhamdadi-Saito [3] and further studied by
Lebed [10]. In the present article, we will focus on shelves in the category
of vector spaces with the tensor flip as braiding:

Definition 1. A linear shelf is a coassociative coalgebra (C, A) together
with a morphism of coalgebras

CRC—=C, (ry)—zx<y
1



2 ULRICH KRAHMER AND FRIEDRICH WAGEMANN

that satisfies

(1) (r<dy)<z=(r<zq) <Y< 22) Vr,y,2€C.

A counital and coaugmented linear shelf (C, A\, <, ¢, 1) for which
r<dl=z, 1<z=c¢(x)l, €e(z<y)=-¢€)e(y)

holds for all z,y € C will be called a rack bialgebra.

Here and elsewhere, all vector spaces, coalgebras etc will be over a field
k, and we use Sweedler’s notation A(z) = z(1) ® z(2) for coproducts.

If C' is spanned by primitive elements (together with the coaugmenta-
tion), the definition of a rack bialgebra reduces to that of a Leibniz alge-
bra [[11]. Lie racks provide another natural source of examples with a rich
structure theory and applications in the deformation quantisation of duals
of Leibniz algebras, see [1]], [2].

An important step in the theory of Leibniz algebras was the definition
of their universal enveloping algebras [12]. Here, we extend this construc-
tion to all cocommutative rack bialgebras. The result is a cocommutative
bialgebra U(C') in the category of vector spaces, see Theorem [T below.

One application of universal enveloping algebras is to express cohomo-
logy theories as derived functors. Our motivation for the present article
was the article [3]]. Therein, the authors develop a deformation theory of
linear shelves. To this end, they defined cohomology groups H} (C, C') for
n < 3. However, it remained an open question how to extend this to a fully
fledged cohomology theory including an interpretation as derived functors
in an abelian category. In [4], this was further studied in the special case
where < is also associative.

The present article is meant as a first step towards a possible answer to
this question. Our initial goal was to apply our results from [9]: therein,
we constructed examples of rack bialgebras from Hopf algebras in Loday-
Pirashvili’s category of linear maps LM [11]]. Therefore, Gerstenhaber-
Schack cohomology [7] in the tensor category £M could be used to define

7 (C, C) if all linear shelves arose in this way.

Let us describe the content of the present article section by section. Sec-
tion 1 contains preliminaries on coalgebras and points out that counitisation
does not provide an equivalence between linear shelves and rack bialgebras.
Section 2 recalls from [9] the construction of rack bialgebras from Hopf al-
gebras. Section 3 introduces the notion of a Yetter-Drinfel’d rack which
guides the construction of U(C') in the main subsequent Section 4. Therein,
we define U(C') and establish its universal property. We also reformulate
these results in terms of a bialgebra object in LM and give some examples.
The construction of U(C') does extend also to some non-cocommutative
rack bialgebras. This is demonstrated with an explicit example in Section 5.
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In Section 6, we describe this example as a deformation of a cocommutative
rack bialgebra. Furthermore, the Loday complex with adjoint coefficients
is embedded into the deformation complex of the rack bialgebra associated
to a Leibniz algebra. The article concludes with an outlook and some open
questions.

Acknowledgements. We thank Alissa Crans for interesting discussions that
motivated us to work on the topic of this paper.

1. RACK BIALGEBRAS AND LINEAR SHELVES ARE NOT EQUIVALENT

One might expect that linear shelves and rack bialgebras are related by
counitisation. We begin by pointing out that this is not the case, so when
developing cohomology or deformation theories, one must be clear which
of the two structures one is studying. The construction from [9] inevitably
yields rack bialgebras, hence these are the objects we will focus on after-
wards.

More precisely, recall that if a coalgebra has a counit

e: C — /{J, 6(0(1))0(2) = E(C(g))C(l) =c Vcée C,
and is in addition coaugmented, i.e. has a distinguished group-like element
leC, A(l)=1®1,
then the vector space C' := ker e becomes a coalgebra with coproduct
Ale) i =N(c)—1®c—c®1,
or, in Sweedler notation,
(i) ®C(g) =ca) ®cp) — 1®c—c®1.

Furthermore, the map ¢ — (e(c)1,c — €(c)1) splits C' canonically into a
direct sum C' = k16 C. This shows that C' — C' is an equivalence between
the category of counital and coaugmented coalgebras and the category of all
coalgebras, withinverse C' — C':= k& Cand A(z) = A(z)+1®zr+r®1.

If C'is a rack bialgebra, then < does restrict to C' = kere, but it is in
general not self-distributive with respect to A\, so C' does not become a

linear shelf in its own right. Conversely, if C' is a linear shelf, then C'isin
general not a rack bialgebra with respect to A. In fact, we have:

Proposition 1. The counitisation functor does not lift to an equivalence
from the category of linear shelves to the category of rack bialgebras.

Proof. Consider linear shelves C' with vanishing coproduct A = 0. The
category of these has a zero object, the shelf of vector space dimension
dimg(C) = 0, and a unique simple object, the shelf of dimension dim(C') =
1 with <« = 0. For all other objects C' there is a morphism of shelves
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C — D with nonzero kernel and nonzero image D # 0. Indeed, the quo-
tient vector space C'/im < is a linear shelf with respect to A = < = 0, and
the canonical projection C' — C'/im < is a morphism of linear shelves.
Its kernel vanishes if and only if << = 0, that is, if C' is a direct sum
of 1-dimensional shelves with trivial coproduct and shelf product. In this
case, the canonical projection onto any quotient vector space DD of dimen-
sion dimy(C') — 1 has the desired properties. If instead <1 # 0, then we
can take the quotient C' — D := C/im < itself: for A = 0, the self-
distributivity condition reads (z < y) <z = 0 for all x,y, z € C'; in partic-
ular, im < € (), o ker (= <z) # C, hence D # 0.

In contrast, the shelf condition on the counitisation C' of a coalgebra C'
with vanishing coproduct says precisely that the subspace C' C C'is a Leib-
niz algebra. In particular, this means that among the rack bialgebras with
this underlying coalgebra structure, we have the (counitisations of) all sim-
ple Lie algebras, and these do not admit any nontrivial proper quotients. []

However, there are some subclasses of linear shelves which do admit
counitisations that can be turned functorially into rack bialgebras. The most
important one is obtained from linearised shelves spannned by group-like
elements:

Example 1. Assume that (C, A\, <) is a linear shelf with a vector space
basis GG consisting of group-like elements. Then {1,1 +z | x € G} isa
vector space basis of the counitisation C'. Now define a new rack product <«

on C by

(1+2)4(14+y) =1+ (x<y).
The self-distributivity for « follows immediately from the selfdistributivity
of <1 and thus C' becomes a rack bialgebra. A

2. FROM HOPF ALGEBRAS TO RACK BIALGEBRAS

Let (H, Ay, €n, pim, 1y, Sy) be a Hopf algebra over k. Then ker ey is a
(right right) Yetter-Drinfel’d module with respect to the right adjoint action

and the right coaction
h +—> h(o) X h(l) = h(l) X h(g) —1®h.

If C' C kerey is invariant under the adjoint action, then < restricts to a
product C®C — C which satisfies (I). However, z(1)®z() is the coproduct
in H, and in general, this does not restrict to C'. One situation where this
approach leads to linear shelves is the following:
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Proposition 2. Let H be a cocommutative Hopf algebra and C C ker ey
be a Yetter-Drinfel’d submodule. Then C' := kly & C is a rack bialgebra
with respect to the adjoint action <I and the restriction of Ny to C.

Proof. As C'is a (right) subcomodule, we have hy ® hy € C ® H. But
h(o) X h(l) = h(l) X h(g) — 1 ® h, thus we conclude that h(l) (029 h(g) =
h) ® hy + 1 ® h € C ® H. But by cocommutativity, this implies that
hay @ hey = he) ® by € H ® C'. In conclusion,
hay@hp e COHNH®C=C®C,
i.e. C'is stable under the coproduct of H.
The adjoint action is a morphism of coalgebras thanks to cocommutativ-

ity:

b)) © (a4 <b) )

(bry)abe)) @y © (S(ba))abe)) )

= (5(bw))maq) (b<2 )y @ (S ( ))(2)a(2>(b(2>)(2>
S(bey)anybe) @ S(bay)ae)bu

= S(bay)amybe) @ S(bs))a@ b
(a 1 < b(l))) & (a 2) < b(g ),

where we have used cocommutativity in the last step.
As mentioned before, the self-distributivity is the only property which

works independently of the cocommutativity of C'. Indeed, on the one hand,
we have:

(@ <) < e = 5(ca))Sbay)abece)
And on the other hand, we have:
(a <) < (b <)
S(S(e@)mbay (@) @) (Sleay)ace)) (S(e@)@be) (cw) @)
S(S(e)baye)(S(ew)ace) (S (C(s )b2)¢(6))
= 5(0(5 )5 (b ) ?(e())S(cay)aceyS(es)b@)ce)
= 5(c(3))S (b)) S(c@)S(c)a b( >C<4)
= S(c))S(bay)abe)ce) O
Example 2. If X is a shelf in the category of sets [6], then as discussed in

Example [I the counitisation C' = kX of its linearisation becomes a rack
bialgebra in which all x € X are group-like. Observe that this construction
differs slightly from the construction in [3]], Section 3.1. A

Example 3. Given a (right) Leibniz algebra b, the k-vector space C' := k@b
becomes a rack bialgebra by extending the bracket [z,y] =: z <y to a
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shelf product on all of k£ & . More precisely, we endow first of all C' with
a coproduct requiring that all elements of § are primitive, A(1) = 1 ® 1,
e(xr) =0forallz € hand e(1) = 1. Then putforall z,y € h <y = [z, y],
1<z =¢(z)l and 2 < 1 = . This gives a rack bialgebra. A

3. YETTER-DRINFEL'D RACKS

The question arises which rack bialgebras arise as in Proposition[2l Just
as the cocommutativity of H was therein a sufficient, but not a necessary as-
sumption, the construction of a bialgebra that we carry out now can also be
applied to certain noncocommutative rack bialgebras. Hence we consider
the following general setting adapted from [9, Proposition 5.5]:

Definition 2. Let H be a bialgebra. A Yetter-Drinfel’d rack over H is a
rack bialgebra C' together with a right H-module structure -: C' @ H —
C rendering C' an H-module coalgebra, and a morphism ¢: C' — H of
counital coaugmented coalgebras such that

2 a<b=a-qb)
and
3) hayg(a - b)) = qla)h

hold forall h € H and a,b € C.
In the cocommutative setting, we have, as the name suggests:

Proposition 3. Let H be a cocommutative bialgebra and C be a Yetter-
Drinfel’d rack. Then C' becomes a Yetter-Drinfel’d module with respect to
the coaction C — C ® H,

T = o) @ xa) = (rq) — €(z0))) @ q(r2) + €(r) @ 1.

Proof. The above formula defines a right coaction, as it is constructed using
the coproduct, the counit and the morphism of coalgebras g.

Let us check the Yetter-Drinfel’d property. The two sides in the YD-
property have three terms. Let us reason term by term. For the first term,
we have forz € C'and h € H

(- he)a ®haq(z-he)e =
=z he) @ hayq(ze) - he) =
=z - ha) @ q(z@2))h2),

where we were able to apply the above Condition (@) in the last step only
thanks to cocommutativity.
For the second term, we have

—1 ® h(l)q(x . h(g)) = —1 . h(l) ® Q(l')h(g)
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thanks to Condition (3) and 1 - @ = €(a)1. The third term is simply
6(.75 . h(g))l (029 h(l) = 6(1’)1 . h(l) X h(g),
which is simply true again by 1 - a = €(a)1. O

Remark 1. Note that for elements h = ¢(c) in the image of ¢, the H-
module coalgebra property (x - h)) ® (2 - h)@2) = zq) - ha) ® 22) - b
is satisfied automatically by the fact that < is a morphism of coalgebras.
Hence the H-module coalgebra condition in Definition [2| can be omitted if
H is generated as an algebra by im q. JAN

If H is a Hopf algebra (admits an antipode), then ker € is a Yetter-Drinfel’d
module with respect to the right adjoint action, and (3)) and the coalgebra
morphism condition on ¢ are equivalent to ¢|c: C' — ker € being a mor-
phism of Yetter-Drinfel’d modules.

4. THE UNIVERSAL ENVELOPING ALGEBRA U(C)

Given any rack bialgebra C, let T = k@ C @ C®* @ . . . denote the tensor
algebra of C = kere and i: C — T be the canonical inclusion, which is
the identity on C' and maps the distinguished group-like 1 € C'to the scalar
1 € k = C®. As we will also consider the tensor product T ® T, we
denote the product in 7" by . rather than ®. By the universal property of 7T,
the linear map

C —T®® T, €T +— i(x(l)) (29 i(l’(g))

extends uniquely to an algebra map Ar: T"— T ® T'. The coassociativity

of the coproduct in C' implies that of Ap. That is, 7" becomes a bialgebra

and ¢ yields an embedding of counital coaugmented coalgebras C' — T'.
Using once more the universal property of 7, the rack product

<: C = End(C), z+ (y—y<z)

extends to an algebra homomorphism 7" — End(C'), so C' becomes a right
T-module coalgebra such that x <y = z - i(y).

However, 7 does not turn C into a Yetter-Drinfel’d rack over H = T, as
the commutativity relation (3)) is not satisfied in general. Hence we add the
relations manually:

Definition 3. For any rack bialgebra C' we denote by U(C') the symmetric
algebra of C' with respect to the vector space braiding
T:CRC—=CC, 10y—yu @z <Yeq),

thatis, U(C) :=T/J where T' = T'(C') and
T o= (ily)-ile D)) — i(@)i) | 2,y € O)
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We call U(C) the universal enveloping algebra of C' and denote the canon-
ical map C' — U(C) by q.

A key observation is that in case C' is cocommutative, the coproduct A
descends to U(C):

Lemma 1. The ideal J is also a coideal in case C is cocommutative.

Proof. As A\t is an algebra map, it is sufficient to prove that the coproduct
of a generating element of J belongsto 7'® J + J @ T'.

Ar(i(yw).i(z <ye) —i(z).i(y))
= i(y)-i(r Qye)a) @ iYye)ir ye)e)
—i(z@)-i(ya) ®i(z@)-1(ye)
= i(y))-i(ra)y Qya) @i(Yye)i(Te <yu)
—i(z)-i(yo) @ i(zr@)-i(ye)
By cocommutativity, this is an elementof 7' ® J 4+ J @ T
i(ym) iz Q) @i(Ye)i(re <Qyw)
—i(z)i(ym) ® i(2(2)-i(ye)
=i(y@)-1(za) Qyu) @i(yw)-i(ze <ye)
—i(zw)-i(ya)) ® i(z@)-i(ye)
= (i(ye)-i(za) <Qy@) —i(zm))i(ye)) @i(ya))i(ze Qye)+
+i(z))-i(ye) @ i(ya)-i(ze) <ye)
—i(z)i(ya)) ® i(zm)1(Ye)
= (i(y)-i(z) <Qy@) —i(zq))i(ye)) @i(ya)i(ze Qye)+
+i(zay)-i(yw) ® (i(ye)- (e Qye) —i(2@)i(Ye))
eJRTH+T®J OJ

Note that the action of 7" on C' passes to an action of U(C') on C, thanks
to the self-distributivity of <:

Lemma 2. Forall x,y, z € C, we have:
(z-i(y)) - i(z) = (z-i(z)) iy < 2)
Proof. We have
(- i(z)) iy < 22)
= (r<zm) < (¥ < 22)
=(z<y)<z
)

= (z-i(y)) - i(2). O
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We thus arrive at the following theorem, which realises C asin [9, Propo-
sition 5.5] as a braided Leibniz algebra:

Theorem 1. The universal enveloping algebra U(C) of a cocommutative
rack bialgebra is canonically a bialgebra, and C' becomes canonically a
U(C)-Yetter-Drinfel’d rack. If furthermore qy: C — H is any Yetter-
Drinfel’d rack structure on C, then there exists a unique morphism of bial-
gebras u: U(C') — H such that uw o ¢ = qg and hence

(4) Ty S =Ty u(s)
holds for all x € C,s € U(C).

Proof. The U(C)-Yetter-Drinfel’d rack structure of C' has been established
already. By the universal property of the tensor algebra, there exists a

unique algebra homomorphism 7'(C') — H such that

cr.c .= qu(er) - qu(a).

This is a morphism of coalgebras on the level of generators, and thus, by
multiplicativity, a morphism of coalgebras, i.e. a morphism of bialgebras.
As C'is a Yetter-Drinfel’d rack over H, we have

qu(2)au(y) = qu(yo))an(r <ye), =y eC.
Hence the bialgebra map induces a bialgebra morphism
u: U(C) — H.
The equality u o ¢ = gy is true by construction. U

Corollary 1. If C is a cocommutative rack bialgebra and U(C') is a Hopf
algebra, then C arises as in Proposition[2

Proof. Indeed, just take H = T x U(C) - taking the semidirect product is
necessary when ¢: C' — U(C) is not injective as in Example[S|below. [

We now construct a bialgebra object in Loday-Pirashvili’s category LM
out of the Yetter-Drinfel’d rack C'. Recall that LM is the monoidal cate-
gory of linear maps between vector spaces with the so-called infinitesimal
tensor product as monoidal product, see [11] for details. As explained in
[9]], a bialgebra object in LM consists of a bialgebra H, an H-tetramodule
M and an H-bilinear coderivation f: M — H. As is well-known [8, Sec-
tion 13.1.3], any Yetter-Drinfel’d module V' over a bialgebra H gives rise
to a tetramodule whose underlying vector space is H ® V. Its actions and
coactions are given by

g(h®@v)g = ghgy ® v - ga),

(h®@v))y @ (h®@v)o @ (h®v)a) = ha) @ (he) ®v0) @ heva).
Now we have:
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Theorem 2. If C' is a cocommutative rack bialgebra, then
UC)®C—U(IC), vy 1.q(y)

is canonically a bialgebra object in Loday-Pirashvili’s category of linear

maps LM.

Proof. In light of Proposition [3] and Theorem [I any cocommutative rack
bialgebra C' becomes a Yetter-Drinfel’d module over H = U(C'). Further-
more, the decomposition C' = k - 1 @ C' is a direct sum of Yetter-Drinfel’d
modules. Thus M := U(C) ® C is a Hopf tetramodule. That the linear map
given by s ® ¢ — sq(c) is a coderivation and a bimodule map is straightfor-
wardly verified. U

Example 4. Note that the bialgebra U(C') is not a Hopf algebra in general,
i.e. does not necessarily have an antipode. For example, for C' = k-1®k-g
with A¢(g) = g® g and g < g = g, we obtain for U(C') a polynomial alge-
bra in one group-like generator which does not have an antipode. This rack
bialgebra C' is the counitisation of the lin/e\arisation of the conjugation rack
of the trivial group. In general, if C' = kX for a rack X as in Example 2]
then the group algebra of the associated group of the rack X (see [6] for def-
initions) is obtained by localisation of U(C') at all group-likes. For the rack
bialgebra C' with group-like basis 1, g and g < g = 1, U(C) is the bialgebra
with one group-like generator g satisfying g> = ¢, so U(C) = k @ k as
algebra. If U(C') does admit an antipode, then at least over an algebraically
closed field of characteristic O it is as a Hopf algebra isomorphic to a semidi-
rect product of a group algebra and a universal enveloping algebra of a Lie
algebra (see e.g. [5, Theorem 3.8.2]). Note further that there is an omission
in [9, Lemma 4.8] as the last statement only makes sense when H is a Hopf
algebra. A

Example 5. If C' = k- 1 @ § is the rack bialgebra associated to a Leibniz
algebra b as in Example[3] then U(C) is the universal enveloping algebra of
the Lie algebra hy ;. associated to b, that is, the quotient by the Leibniz ideal
generated by all squares [z, z]. Indeed, the generators of the ideal J are in
this case of the form
[yl +yx -y,

and J contains in particular all squares |x, z|. The bialgebra object in LM
obtained in Theorem [2]is the universal enveloping algebra of the Lie alge-
bra object (b, hri.) as in [11, Definition 4.3]. Thus Theorem [2] extends the
construction of the universal enveloping algebra of a Leibniz algebra. A

Example 6. Let g be a Lie algebra, H = U(g) be its universal enveloping
algebra, and C' C H be the image of k & g ® g ® g, that is, the degree 2 part
in the PBW filtration. This is a rack bialgebra following the construction



A UNIVERSAL ENVELOPING ALGEBRA FOR COCOMMUTATIVE RACK BIALGEBRABI

in Proposition [ (starting with C' C ker ey). The symmetric algebra U ()
is not H, but U(g & S%g), where S?g are the symmetric 2-tensors over g,
viewed as abelian Lie algebra, and the direct sum is a direct sum of Lie
algebras. The kernel of u: U(C) — H is the ideal generated by S?g. A

Remark 2. Before we continue, let us point out that U(C) differs from the
Nichols algebra associated to the braided vector space (C, 7). The latter
can also be defined as a quotient algebra of 7", but with homogeneous rela-
tions in degrees that can be of arbitrary degree, cf. [13] for a pedagogical
introduction and original references. In contrast, the generators of J are in
general inhomogeneous involving terms of degree two and one. They are
homogeneous if and only if <I vanishes. In this case 7 is the tensor flip and
U(C) is the classical symmetric algebra of the vector space C. This is the
only case in which U(C') agrees with the Nichols algebra. A

5. A NON-COCOMMUTATIVE EXAMPLE

Up to now, all examples of rack bialgebras were cocommutative, and this
was an essential assumption in our results. Also in our main reference [3],
all examples were cocommutative (note that the examples in Lemma 3.8
and Lemma 3.9 therein are isomorphic to each other). In this section, we
present a non-cocommutative example of a rack bialgebra that nevertheless
admits the structure of a Yetter-Drinfel’d rack and can be constructed from
a bialgebra object in LM.

Proposition 4. Let C' = Vect(1, z,y, z,t) be the coalgebra in which t,y, z
are primitives and A(x) = 1@z +2x® 14y ® z. Then C carries a unique
rack bialgebra structure in which — < x, — <\t: C — C are zero and

r<dz=t x<y=t, 2<z=0, z2z2<y=0,
y<z=0, y<y=0, t<z=0, ty=0.

Proof. The self-distributivity
(a<tb) <c = (a<dcay) < (b<dc)

is clear if one of the three elemer}ts is 1. Otherwise, it follows from the fact
that (a<1b) <tc = 0 for a, b, ¢ € C, as then both sides of the equation vanish.
Now let us check that

(CL < b)(l) &® (a < b)(g) = (a(l) < b(l)) X (a(g) < b(g)).
For b = 1, both sides are equal. For primitive b, the equation reads:

(@ <1b)qy @ (a<1b)2) = (aq) <b) ® a@) + aq)y @ (a@) < b).
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For b = t, both sides are clearly zero. For b = y or b = z, the only non-
trivial case is a = x. We have for a = x and b = y for the LHS:

<y ®@ @<y e =ty Otey =10t+1® 1.
We have for a = x and b = y for the RHS:

() <Y) @z +tr0) @ (T2)<y) = (1<y)R@r+(r<dy)@1
+ 1@<y +rx(1<y)
+ (W<y)®z+y®(2<y)
= t®l+1et.

The case ¢ = x and b = z is similar. The last case is the case b = x. The
equation reads then:

0=an) ® (a@ <)+ (aq) <) @ ap) + (aq) <y) @ (a@) < 2).

The first two terms (and the LHS) are zero, because — < x is zero. Con-
cerning the third term, the only case where it is non-zero is when a(;) ® az)
contains a non-zero component proportional to x ® z. However, there is no
a with this property in C'. U

Since C' is not cocommutative, Theorem [I] can not be applied to con-
struct a canonical Yetter-Drinfel’d rack structure. However, C' is a Yetter-
Drinfel’d rack over the coordinate ring of the upper triangular unipotent
group in GL(3):

Proposition 5. Let H be the Hopf algebra whose underlying algebra is the
polynomial ring k| X, Y, Z] with the coproduct

AX)=10X+X®1+Y®Z

AYV)=10Y+Y®1, AZ)=10Z+2Z®1.

Then the rack bialgebra C' from Propositiondl becomes a Yetter-Drinfel’d
rack over H with q(z) = X,q(y) =Y, q(z) = Z,q(t) = 0.

Proof. The map ¢ is evidently a morphism of coalgebras as & - ¢ is a coideal.
As the linear maps — <z, — <y, — <z: C' = C' commute with each other,
there is a well-defined right H-module structure on C' such that a <<b =
a - q(b). The H-module coalgebra condition (¢ - h)qy ® (¢ - h)@) = (cq) -
hay) ® (c@2) - h2)) and @) is verified by direct computation when £ is one
of the generators X, Y, Z and hence holds for all h € H. L]

Thus C' can be constructed as in Corollary [1] inside the Hopf algebra

T(C) x H despite the fact that it is non-cocommutative, and as well from
the corresponding Hopf algebra object in LM.
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6. DEFORMATION COHOMOLOGY

In [3]], the authors define cohomology groups controlling the deformation
theory of linear shelves. The method is to define the operations (i.e. the co-
product and the shelf product) on C[[t]] instead of C, for a formal parameter
t, and then to impose self-distributivity and the coalgebra morphism condi-
tion on <1 as well as the coassociativity of A. These requirements up to
t"*1 then give cocycle identities up to t"*2. They are realised in a bicom-
plex whose differentials are given explicitly up to degree 3, see Section 6 in
[13]] for details.

On the other hand, in [2] a deformation complex for cocommutative rack
bialgebras C' is defined. Therein, the deformations involve only the shelf
product, and not the underlying coalgebra. Cochains are defined to be
coderivations with respect to iterates of the shelf product. In [1], [2], left
shelves and Leibniz algebras are considered, so we transpose the definitions
here to right shelves and Leibniz algebras.

Let C' be a rack bialgebra with a cocommutative underlying coalgebra.
Then the rack product u(x,y) := = < y can be iterated to

Pz, xn) = (o (1 Qpg) <L) < Ty,

with the convention that ;' = id and ;2 = p.
Note that in the following definition we moved the Sweedler notation to
the top to avoid confusion with the other indices.

Definition 4. Let C' be a rack bialgebra with a cocommutative underly-
ing coalgebra. The deformation complex of C' is the graded vector space
C*(C; C) defined in degree n by

C"(C;C) := Coder(C®",C, u™)
denoting the space of coderivations along ", i.e. of linear maps w : C®" —
C such that
Ncow=(wp" +pu" @w)o Agen,
endowed with the differential do : C*(C;C) — C**}(C;C) defined in
degree n by

n

&= (FD)FHE — ) + (Z1)"d,

i=1

where the maps d}'; and d}', are defined respectively by

diw(ry, o Tpg) =

1) 1) —i+2 (2 (2
W<T17 R R R P NS EI ,7’”+1) < :un ’ (Ti7ri+17 st 7rn+1)
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and

n — (1) (-1
dj70w(r1,...,rn+1) = (.U(’l“l <7’j N ] Q’l“j ,T’j+1,...,7“n+1)

and d; | by

n 1 1 2 2
= u (rl,ré)...,réll)Qw(rg,ré),...,réll)

forallwin C"(C;C)and ry, ..., 1,1 in C.

It is shown in [2] that d o d7;"' = 0 and that d%, sends coderivations to
coderivations.

Remark 3. Cochains in the cohomology in Section 6 of [3]] are maps C®* —
C®J, like in the Gerstenhaber-Schack cohomology of associative bialge-
bras. Defining special cochains as (11,0, ...,0) where 1, : C*" — C, one
obtains that cocycles in C*(C, C') as above give rise to special cocycles. In-
deed, while the first cocycle identity in [3]] is just the cocycle identity with
respect to the above coboundary operator d7, the second cocycle identity is
the coderivation property and all other identities are trivial. JAN

Example 7. The rack bialgebra C' = Vect(1, z, vy, z,t) defined in Section
is a first order deformation in the sense of the cohomology defined in
[3] of the cocommutative shelf in coalgebras Cy = Vect(1, z,y, z,t) where
x,1, z,t are primitives and 1 is group-like. The cocycle associated to the
deformation is w : C' — C'®? given by

wr)=y®z

and is trivial on the other basis elements. Clearly, C' is not a deformation in
the sense of the cohomology defined in [2] as in this complex, the coproduct
is not deformed. A

We come to the main theorem of this section:

Theorem 3. Consider the rack bialgebra C' = k & b associated to a (right)
Leibniz algebra b, see Example 3l The Leibniz cohomology complex with
values in the adjoint representation embeds into the deformation complex

(C*(C; ), dy,) defined above (by [2]).

Proof. We extend Leibniz cochains f : h®™ — b to cochains in the complex
C*(C,C) with C = k - 1 @ b by setting them zero on all components in
k-1 C C. More precisely

WAL, 1),y (Any @) 1= Prh(f(l"l, s Tn)),

for (A, z;) € k-1@bforalli=1,...,nand withpry : k- 1@ bh — b the
natural projection.
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With this definition, it follows that these cochains are coderivations along

u",i.e.
Noow = (w@,un‘i—,un@bd)OAC(@n.

Indeed, when computing the iterated coproduct Agen(ry, ..., 7,), the ele-
ments r; € b are distributed among the two factors in C®™ @ C'®" and all
other components are filled with units. On the LHS, w(ry,...,r,) is prim-
itive by construction, thus we get the two terms w(ry,...,r,) ® 1 + 1 ®
w(ry,...,7m,). On the RHS, the only terms which do not vanish are those
with all r; as arguments in w. This shows the equality.

Now we specify the different parts of the coboundary operator.

diw(ry, .. Tpg1) =
1 1 — 2 2
w(ry, ... ,7’,-_1,7’2(+)1, . ,7“7(111) Qu” ’+2(7’,-,7“i(+)1, .. .,réll)
= [W(Tlu ey T, g1y - - 77"n+1),7”i]7

because the only contributing term is the one where all r; are arguments of
w, i.e. all the units are in p" =2,

djow(r, -y Tny1) = w(r < 7“](-1), i1 ry_l),rjﬂ, e That)
= w([r, 5], T T e Trg1) -
+ w(rlw"a[rj—brj]arj—i-la'--arn-l—l)a

because only one of the rF)

; is equal to r; and all others are equal to 1.

dy qw(rt, .o Thtt)
1 1 2 2
= ,u"(rl,ré ) ..,rﬁlll) <1w(7’2,r§ ), ) ..,rill)
= [r,w(re, s, oy Tott)],
because this is the only term where one does not insert 1 into w. U

Remark 4. A similar statement is true for the rack bialgebra C' associated
to a (set-theoretical) shelf, cf Example 2l In fact, the deformation complex
in [2] has been constructed as a linearization of the cohomology complex
of a shelf. A

7. OUTLOOK AND FURTHER QUESTIONS

One natural direction of further research is to link the three different ap-
proaches to deformation theories of rack bialgebras:

(i) The bicomplex of Carter-Crans-Elhamdadi-Saito [3]].
(i) The Gerstenhaber-Schack bicomplex in LM [7]].
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(ii1) The braided Leibniz complex [10]].

Our previous article [9] showed how objects in the setting (ii) can be
expressed as objects in the setting (iii). The present article provides the link
from (i) to (i1) and from (i) to (iii) in the cocommutative case. A deformation
theory for cocommutative rack bialgebras alone should however rather be
built on the dual version of André-Quillen cohomology (the cohomology
theory that controls deformations of commutative algebras) than the Cartier
cohomology that underlies Gerstenhaber-Schack cohomology.

In general, Gerstenhaber-Schack cohomology of a bialgebra f: M — H
in LM captures more information than the cohomology from [3]], as one
can deform H, M and f. On the other hand, braided Leibniz cohomology
seems to capture less information than [3], because it only indirectly reflects
deformations of the coproduct. A full investigation of the relation between
the three settings seems a fruitful future research direction.

Two rather concrete questions that arises from this article are:

Question 1. Is there a (necessarily non-cocommutative) rack bialgebra that
can not be expressed as a Yetter-Drinfel’d rack over any bialgebra?

Question 2. For which rack bialgebras is U(C') a Hopf algebra?

This matters in the passage from (ii) to (i) as the antipode is in general
necessary to turn the coinvariants in a Hopf tetramodule into a right module.
One expects that U is then part of an adjoint pair of functors between such
Hopf racks and Hopf algebras, at least in the cocommutative setting.
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