ON THE QUIVER-THEORETICAL QUANTUM YANG-BAXTER EQUATION

NICOLAS ANDRUSKIEWITSCH
WITH AN APPENDIX BY M. TAKEUCHI

ABSTRACT. Quivers over a fixed base set form a monoidal category with tensor product given by
pullback. The quantum Yang-Baxter equation, or more properly the braid equation, is investigated in
this setting. A solution of the braid equation in this category is called a “solution” for short. Results
of Etingof-Schedler-Soloviev, Lu-Yan-Zhu and Takeuchi on the set-theoretical quantum Yang-Baxter
equation are generalized to the context of quivers, with groupoids playing the role of groups. The
notion of “braided groupoid” is introduced. Braided groupoids are solutions and are characterized
in terms of bijective 1-cocycles. The structure groupoid of a non-degenerate solution is defined; it is
shown that it is braided groupoid. The reduced structure groupoid of a non-degenerate solution is
also defined. Non-degenerate solutions are classified in terms of representations of matched pairs of
groupoids. By linearization we construct star-triangular face models and realize them as modules over

quasitriangular quantum groupoids introduced in papers by M. Aguiar, S. Natale and the author.

INTRODUCTION

The problem of classification of set-theoretical solutions to the quantum Yang-Baxter equation
(QYBE) was raised by Drinfeld [D], who also mentioned the example of a subset of a group stable un-
der conjugation. The question was considered by Etingof-Schedler-Soloviev [ESS, S| and Lu-Yan-Zhu
[LYZ1]. In these works, an abstract characterization of solutions to the QYBE in group-theoretical
terms was given. Indecomposable solutions with an underlying set with a prime number of elements
were classified in [EGS]. Later, Takeuchi simplified some arguments and provided a unified presenta-
tion in terms of braided groups [T].

It is natural to extend Drinfeld’s question and ask for solutions to the QYBE in an arbitrary
monoidal category. In the linear or in the set-theoretical settings, or more generally in a symmetric
monoidal category, the QYBE is equivalent to the braid equation. Actually, the main goal of the
above mentioned articles is the study of the braid equation; information on the QYBE is obtained as
a bonus. Such an equivalence does not exist in arbitrary, not symmetric, monoidal categories.

In this paper, the question of solutions to the braid equation is addressed in the special case of
the category of quivers over a fixed set P of vertices; we refer to this as the quiver-theoretical braid
equation. Results of Etingof-Schedler-Soloviev [ESS, S] and Lu-Yan-Zhu [LYZ1] on the set-theoretical
quantum Yang-Baxter equation are generalized to the context of quivers, with groupoids playing the
role of groups. Our approach, inspired by the presentation of Takeuchi [T], is different from the
original papers [ESS, LYZ1, SJ; it is systematically based on the notion of braided groupoid, whereas
in those papers much emphasis was put on the derived structure groupoid.
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Any solution of the set-theoretical quantum Yang-Baxter equation gives rise to a solution of the
quantum Yang-Baxter equation in the category of vector spaces, by linearization. In a similar way,
any solution of the braid equation in the category of quivers over P gives rise by linearization to a
solution of the braid equation in the category of bimodules over the function algebra k”. It seems that
solutions of the braid equation in categories of bimodules have not been considered systematically in
the literature. There is however a relation with the dynamical QYBE, not explicit in the literature to
the best of our knowledge.

Solutions of the quiver-theoretical quantum Yang-Baxter equation do appear in nature. Indeed,
let (V,H) be any matched pair of groupoids; see subsection 1.5. The double D(V,H) is another
matched pair of groupoids, introduced in [AA], playing an analogous role to the Drinfeld double of
a Hopf algebra. Any representation of D(V,H) carries a natural braiding— in the same way as any
representation of the Drinfeld double of a Hopf algebra; see [AA, Example 4.6]. Thus, any matched
pair of groupoids gives rise to solutions of the quiver-theoretical quantum Yang-Baxter equation. Now,
matched pairs of groupoids appear in nature; in fact a description of matched pairs of groupoids in
terms of groups is given in [AN, Th. 2.16], and explicit examples are given in [AM, Section 3]. In
particular, there is a matched pair of groupoids attached to a triple (D, V, H), where D is a finite group,
and V, H are subgroups of D such that V intersects trivially any conjugate of H [AM, Subsection
3.3].

A natural question raised by the results of the present paper is the explicit description of all finite
braided groupoids. This problem is addressed in [MM]. Essentially, one is reduced to consider triples
(D,V, H) as in the preceding paragraph, with the groups V' and H isomorphic, plus some extra data.

In Section 1, basic notions on quivers and groupoids are recalled. The apparently new construction
of the free groupoid generated by a quiver is given. This is needed in Section 2 to define the structure
groupoid of a non-degenerate solution. In Section 2, braided groupoids are investigated. The main
results on characterization of non-degenerate solutions are stated and proved in Section 3. Our main
result, Theorem 3.10, gives a classification of non-degenerate solutions via representations of suitable
matched pairs of groupoids. This result generalizes [S, Th. 2.7] but the formulation is new even in
the set-theoretical case. The concept of representations of matched pairs of groupoids was introduced
in [AA]. In this paper, “positive” universal R-matrices for the quantum groupoids constructed in
[AN] are presented. In Section 4, devoted to linearization, we construct star-triangular face models
and realize some of them over quasitriangular quantum groupoids from [AN, AA]. Section 5 is an
Appendix due to M. Takeuchi, devoted to the FRT-construction for matched pairs of groupoids.

We close this introduction with three remarks.

The category of quivers over P, with fiber product as tensor product, does not appear to be
symmetric in a reasonable way. However there are some substitutes of the symmetry and a formulation
of the quiver-theoretical quantum Yang-Baxter equation is still possible (2.2), and there is still an
equivalence between solutions to the braid equation and solutions to (2.2).

The analogy of some of the results in the set-theoretical and quiver-theoretical settings suggests that
these might be particular cases of a general description of solutions to the braid equation in arbitrary
monoidal categories with extra hypothesis (e. g. existence of equalizers and direct products).

After release of the first version of this paper, it was pointed out to the author that a solution of the
set-theoretical Yang-Baxter equation is essentially the same thing as a birack; see [CES, FJK, FRS,
SW, W] and references therein.
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1. QUIVERS AND GROUPOIDS
1.1. Quivers.

Let (A, P,s,¢) be a quiver; thus A and P are sets, with P non-empty, and s, ¢ : A = P are functions.
An element a of A is an “arrow” from its source s(a) to its end e(a). We shall fix P and say that ‘A
is a quiver or A is a quiver over P. Quivers are also called oriented graphs. We denote by A(P, Q)
the set of arrows from P to @, if P,Q € P; and A(P) = A(P, P). Morphisms of quivers over P are
defined in the usual way; they should be the identity on P.

A quiver B differs from A in the orientation if it has the same arrows as A but with different s, e
for some arrows. For instance, the opposite quiver is A? = A x {—1}; if x € A, then 271 := (z, 1)
has s(z71) = e(x), e(z7!) = s(z). Also, by abuse of notation, we set (AP)°? = A, and (z~!)~! ==z
for z € A.

If A and B are quivers over P, then we can form the disjoint union A[]B that is again a quiver
over P. The double of Ais DA := AJJ.A°P; it does not depend on the orientation of A. The quiver
DA is occasionally denoted by A in the literature.

Let n be a positive integer. A path of length n in A is a sequence w = (z1,...,,) of elements in
A such that s(x;+1) = e(z;), 1 <1i < n; we shall denote it by w = x125...2,. A path of length 0 is a
symbol id P, P € P. The set of all paths of length n in A is a quiver Path, (A) with s(w) = s(x1),
e(w) = e(xy) if w =2122... 2, (if n > 0), and s(id P) = ¢(id P) = P (if n = 0). The quiver of all
paths in A is Path(A) = [],,~, Path,(A).

The quiver A induces an equivalence relation on P: P & @ if and only if there exists w € Path(D.A)
with s(w) = P, e(w) = Q, P,Q € P. Then A is connected if P ~ @ for all P,Q € P.

Any map p : L — P can be considered as a quiver with s = ¢ = p; such a quiver shall be called a
loop bundle. In this context we shall sometimes use the fiber notation Lp := L(P) = p~1(P).

A quiver A gives rise to two loop bundles: s: A — P and ¢ : A — P; we shall denote them by .4°
and A°, respectively. It might be useful to visualize them as follows:

(L.1) A =TT A(P),  A(P)={lyy ") :yc AP.Q), Qe P},
PecP

(1.2) A= T A@, A@={@"2):2c APQ). PP}
QeP

Also, we denote by z +— T = (27!, ) the canonical map A — A°.
If T : A— Bis amorphism of quivers, then T : A®* — B® is the morphism of loop bundles given by
T(z) =T(z).

If A, B are quivers over P, then A.xsB = {(a,b) € A x B :e(a) =s(b)} is a quiver over P with
s(a,b) = s(a), e(a,b) = e(b). Thus, the category Quiv(P) of quivers over P is monoidal, with ® = x4
and with unit object (P, P,id,id).
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This monoidal category does not seem to be symmetric in any reasonable way. We have nevertheless
two natural isomorphisms playing the role of a “weak” symmetry. The first is the natural isomorphism
9 BP  x g AP — (A x5 B)P given by

(1.3) Iy L™ = (z,y), (r,y) € AxsB.

The second possibility is very similar. Let Bsx.. A = {(b,a) € B x A :s(b) = ¢(a)}, a quiver over P
with s(b,a) = s(a), e(b,a) = e(b). Then we define 7: A ,xs B — Bsx. A by

(1'4) T(l‘,y) = (yvx)a (iL‘,y) € AxsB.

These are related as follows. Let u : Bsx. A — (BP x5 AP)P be given by u(y,z) = (y~1,z71).
Then the following diagram commutes:

A.xs B s Box. A

v

(B x5 A%P)P .

1.2. Groupoids.

Let G be a groupoid with base P and source and end maps s,¢ : G = P. We identify P with a
subset of G via the identity. We indicate the composition m(f, g) of two elements in a groupoid by
juxtaposition: m(f,g) = fg, and not gf. A group bundle is a groupoid N with source = end; thus

N =T11pep N(P).

A morphism of groupoids T : G — K is a map preserving the product; thus, it preserves also source
and end, and induces a map between the bases. If G and K have the same base P, we shall say that
T : G — K is a morphism of groupoids over P if the restriction P — P is the identity. Groupoids
over P form a category Gpd(P).

A wide subgroupoid is a subgroupoid such that the inclusion is a morphism of groupoids over P.
A subgroup bundle of a groupoid is a subgroupoid that is a group bundle. There is a largest wide
subgroup bundle of a groupoid G, namely GP"dle = [ pep G(P); that is, we forget the arrows between
distinct points.

If (Ni)ier is a family of (wide) subgroupoids of a groupoid G then (;.; N, defined by (,c; Ni(P; Q)
= (N;e;r Ni(P;Q)), is a (wide) subgroupoid of G.

A groupoid over P is a group object in the monoidal category Quiv(P). Any groupoid being a
quiver, we shall use all the terminology above also for groupoids. Clearly, G(P) is a group and it acts
freely and transitively on the left on G(P, Q) and on the right on G(Q, P), for any P,Q € P.

Basic examples of groupoids are:

e A group G, considered as the set of arrows of a category with a single object.
e An equivalence relation R on P; s and ¢ are respectively the first and the second projection,
and the composition is given by (z,y)(y,v) = (z,v).
The equivalence relation where all the elements of P are related is denoted P? and called the coarse
groupoid on P.
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If G = P is any groupoid, then G ~ HXeP/z Gx. Here Gx is the subgroupoid on the base X defined

by Gx(z,y) = G(x,y), for all z,35 € X. Furthermore, Gx = G(x) x X2 for any v € X, X € P/ =.
This description can be viewed as a structure theorem for groupoids.

Let A be a wide subgroup bundle of a groupoid G over P. Then there are quivers N\G, G/N,
equipped with surjective morphisms of quivers G — N'\G and G — G/N, defined by

(MR, Q) =N(PN\G(P,Q),  (G/N)(P,Q)=G(P,Q/N(@Q), PQeP.

We shall say that N is normal if the following equivalent conditions hold for any P, Q € P:

e For any z € G(P,Q) and n € N(Q), xnz~! € N(P).
e For any = € G(P,Q) and n € N(Q), there exists m € N(P) such that zn = muz.

If (NV;)ier is a family of normal subgroup bundles of G, then Nic ;Ni is a normal subgroup bundle.

If AV is a normal wide subgroup bundle of G, then G/N has groupoid multiplication, with the
canonical map 7 : G — G/N being a morphism of groupoids.

Let T': G — K be a morphism of groupoids over a P. The kernel of T is the (wide and normal)
subgroup bundle
KerT={g€G:T(g9) € P} = H Ker T'(P), where KerT(P) = ker(T : G(P) — K(P)).
Pep

Let f,g € G. Then T(f) = T(g) iff there exists n € Ker T with f = ng iff there exists m € Ker T with
f=gm. That is, InT ~ G/ KerT.

The largest subgroup bundle GP"d¥€ is clearly normal; the quotient G/GP" is the groupoid
associated to the equivalence relation ~.

1.3. The free groupoid generated by a quiver.

It is natural to look for the left adjoint of the obvious forgetful functor from Gpd(P) to Quiv(P).
This leads us to the construction of the free groupoid generated by a quiver.

Theorem 1.1. Let A be a quiver over P. Then there exists a groupoid F(A) over P provided with a
morphism of quivers 1 : A — F(A) satisfying the usual universal property:

If G is a groupoid over P provided with a morphism of quivers v : A — G, then there is a unique
map of groupoids v : F(A) — G such that v = V.

The groupoid F(A) is unique up to isomorphisms with respect to this property.

Proof. We first consider the quiver Path(D.A); its elements will be called “words in the alphabet
AU AP A word w = x129...2,, x; € DA, is reduced if either n = 0, or there is no i such that
T =T

Let w = 122 ... 24, x; € DA, be a word of length n > 0 and assume there exists i, 1 < i < n, such
that z; = x;rll. Then set w' := X129 ... 2i_1Ti12 ... Tp, if n > 2, or w' :=ids(x1) if n = 2. The word
w’ is called an elementary reduction of w. Furthermore, a word w is called a reduction of w if it can
be attained from w by a sequence of elementary reductions.

Reduction generates an equivalence relation in the usual way. Two words v and v are equivalent,

denoted u ~ v, if there is a sequence of words wy,ws,...,wy with N > 1, u = w1, v = wy and either
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w; a reduction of w;y1, or w;y1 a reduction of w;, for all ¢, 1 <+4¢ < N. This is clearly an equivalence
relation and the class of a word u is denoted [u]. Furthermore,

Step 1. In any class there is one and only one reduced word.

Let w be a word. By a standard recurrence argument, there is at least one reduced word in [w],
which is a reduction of w. To prove the uniqueness, we consider the “W-process” for a word. We first
set Wy = ids(w). If the length of w is n > 0, say w = z1x2...x,, then we define recursively

W1 =T,

" X, if W; is of the reduced form X :):2.111,

41 =

' Wixiy1, if Wi is not of the reduced form X.’E;_ll.

Then W, ..., W, are all reduced (by induction) and W,, = w if w is reduced. We have then a map
Path(DA) — {p € Path(DA) : p is reduced}, w — W, which is a retraction of the inclusion. We will
now check that w ~ u implies W,, = U,,,, where m is the length of u, and Uy, . ..,U,, is the W-process

for u. In particular if both w and u are reduced and equivalent, then necessarily w = .

So, assume that w is an elementary reduction of u = 1 ... Z,yy '2r41 ... T,, with y € DA. Clearly,
Uy =W, ..., W, =U,. Now two cases can happen:

a) W, = U, is of the reduced form X y~!. Then X is not of the reduced form Yy. Thus U1 =X
and U412 = Xy~' = W,. Hence Urso4i = Weti, 1 2> 0.

b) W, = U, is not of the reduced form Xy~1. Then U, 1 = U,y and U, 2 = U, = W,. Hence, again
Uryori = Wi, 1 2 0.

This finishes the proof of the step.

The map Path(DA) x5 Path(DA) — Path(DA), (21 ..., Y1 -+ Ym) — L1« TplYi - - Ym, if 0> 0,
m > 0; (ids(y1),9Y1---Ym) — Y1 --.Ym, etc., is called the juztaposition. Let F(A) := Path(D.A)/ ~.

Step 2. Juztaposition induces a groupoid structure on F(A).

We first claim that juxtaposition descends to a map - : F(A)¢xs F(A) — F(A). We omit the
straightforward verification of the claim: “w ~ @, u ~ @ and e(w) = s(u) implies wu ~ Wa.” Since
([u][v])[w] = [uvw] = [u]([v][w]), - is associative. The elements [id P], P € P, are partial identities of
the product -. If w = zy2a ...z, then set w™' =z o1, .. 27" Then [w]™! 1

of [w]. Thus F(A) is a groupoid.

:= [w™"] is the inverse

Step 3. The map v : A — F(A), x — [x], is an injective morphism of quivers and satisfies the required
universal property.

Injectivity of ¢ follows from Step 1. If G is a groupoid and v : A — G is a morphism of quivers, then
v can be extended to AP, then to Path(D.A), and finally to a morphism of groupoids v : F(A) — G,
which is easily seen to be unique. ]

Remark 1.2. This proof is an adaptation of the construction of the free group generated by a set.
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Examples 1.3. e The groupoid F(A) does not depend on the orientation of A.
e If P has one element, then the groupoid F'(A) is just the free group generated by A.
e Suppose that P has exactly two elements P and (). If A consists of only one arrow from P
to @, then F(A) ~ P2. If A consists only of arrows from P to Q, say card A(P, Q) = n, then
F(A) ~ F"1 x P2 where F"~! is the free group in n — 1 variables.

Let A be any quiver and let R be any subset of [[p.p F'(A)(P). Then the groupoid presented by A
with relations R is the quotient of the free groupoid F'(A) by the smallest normal wide subgroupoid
containing R.

Let G be a groupoid and A, a sub-quiver of G. The (wide) subgroupoid generated by A is < A >:=
the image of the induced map F(A) — G. In words, the elements of < A > are compositions of
elements of A or their inverses. We say that A generates G if < A >=G.

1.4. Actions of groupoids.

Let G be a groupoid with base P and let p : £ — P be a map. A left action of G on p is a map
— 1 G Xy & — £ such that
(1.5) plg—e)=s(g), g—(h—e)=gh—e,  idp(e) ~e=e,

for all g,h € G, e € £ composable appropriately. Intertwiners of actions of G on p : £ — P and
p' : & — P are defined in the usual way.

Given a set X there is an action of G on p: P x X — P, where p is the first projection, given by
g—(e(g9),x) = (s(g),z) for all x € X, g € G. An action on p: £ — P is trivial if there exists a set X
and a bijective intertwiner of actions v : & — P x X.

Definition 1.4. Let p: £ — P be a map. The groupoid autp, or indistinctly aut&, is defined by
autp = {(P,z,Q) : P,Q € P, and = : Eg — Ep is a bijection} ;

with source and end s,¢ : autp — P given by s(P,z,Q) = P, ¢(P,z,Q) = Q, (P, z,Q) € autp; with
composition (P,z,Q)(Q,y,R) = (P,zy,R), (P,z,Q),(Q,y,R) € autp; and with identities id P =
(P,id, P), P € P.

Then there is an equivalence between left actions of G on p, and morphisms of groupoids G —
autp. Namely, if — is a left action, then the corresponding morphism p : G — autp is p(g) =

(s(9),9—_.e(9)), g €G-
Similarly, a right action of G on p is a map + : £ ;x4 G — &£ such that
(1.6) ple—g)=e(g), (e—g)—h=e—gh, e~ idp(e)=e,

for all g,h € G, e € £ composable appropriately. Left and right actions are equivalent, by the rule
-1
e—g=g - —e.
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1.5. Matched pairs of groupoids.

It is convenient to introduce some alternative notation for quivers and groupoids. We shall say
that a groupoid V is denoted wvertically if the source and end are named respectively ¢, : V = P,
where ¢ means top and b means bottom. The elements of V will be consequently depicted as vertical
arrows going down. Similarly, a groupoid H is denoted horizontally if the source and end are named
respectively [, : H = P, where [ means left and r means right; the elements of H will be depicted as
horizontal arrows going right.

Definition 1.5. [M, Definition 2.14]. A matched pair of groupoids is a pair of groupoids (V, H) over
P with V denoted vertically and ‘H horizontally, endowed with a left action — : H,.x;V — V of H
ont:V — P, and a right action «— : H,x;V — H of V on r : H — P, satisfying

(L7) bz —g) = l(zg),

(18) z—fg=(z—f)((x—=f)—9),

(1.9) zy—g = (z=(y—9))(y—9),

for all f,g €V, z,y € 'H such that the compositions are possible.

Given P € P, there are two identities: idy P € ‘H and idy P € V. We omit the subscript unless
some emphasis is needed.

Definition 1.6. [M]. Let D =% P be a groupoid. An ezact factorization of D is a pair of wide
subgroupoids ¥V AND H, such that the multiplication map V x; H — D is a bijection.

We shall not give the complete definition of a vacant double groupoid (due to Ehresmann), see [AN]
for a full discussion and some historical references. Informally, a double groupoid is a set of boxes with
two partial compositions, a horizontal one and a vertical one. Each box has horizontal and vertical
sides; the set of all horizontal sides form a groupoid on their own, and the same holds for the vertical
sides. These two groupoids share the set of points, which are the corners of the boxes. In short, a
double groupoid is a collection of sets and maps

tb
B = H
Lrll Wi
y = P
tb

such that all four sides in this diagram are groupoids, satisfying some compatibility conditions.

A double groupoid is vacant if any pair of a horizontal and a vertical side with a common point
determines a unique box.

We recall some notation needed later. If X is a box, then X ~! is the box obtained by inverting the
horizontal and the vertical arrows. If g € V with t(g) = P and b(g) = @, then the horizontal identity
of g is the box

idy P

idg=g g.

idy Q
The vertical identity of a horizontal arrow is defined similarly.
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Proposition 1.7. [M, Theorems 2.10 and 2.15] The following notions are equivalent.
(1) Matched pairs of groupoids.

(2) Groupoids with an exact factorization.

(3) Vacant double groupoids.

We sketch the main parts of the correspondence needed later. See [M, Theorems 2.10 and 2.15] and
also [AN, Prop 2.9] for more details.

Proof. If (V, H) is a matched pair of groupoids, then the diagonal groupoid V <t H = P is defined
as follows: V 1 H := Vyx; H, with composition (f,y)(h,z) = (f(y—h),(y~—h)z), with source
s:VxH — P,s(f,y) =t(f), and with end e : VxH — P, e(f,y) = r(y). Clearly, V and H can be
identified with subgroupoids of V < H forming an exact factorization.

Conversely, let V and H be an exact factorization of a groupoid D; that is, for any a € D, there
exist unique f € V, y € H, such that « = fy. Let H «—— H,x,V — V be given by xzg =
(x—=g)(x—g), (x,g9) € H,yx; V. Then V, H, together with these actions, form a matched pair.

Similarly, if (V, H) is a matched pair of groupoids then we define B := H, x; V. We represent
X =(x,9) € H, %tV by

X=z—g g.

T—g
Then 7 = (B, V,H,P) is a vacant double groupoid. For later use, we record the description of the
groupoid B = V: l(x,9) =x—g¢, r(x,9) = g, (z,9)(y,h) = (xy,h) if g = y — h. The construction is
reversible and gives the opposite implication. O

1.6. Semidirect products.

Let V be a groupoid denoted vertically. Assume that H = A is a group bundle, with p :=1 = r.
The trivial action of N on Vis z—g =g, (z,9) € N p,x¢ V. Also, a right action of V on N is by group
bundle automorphisms if xy+—g = (x+—g)(y+—g), x,y € N, g € V, composable.

It is easy to see that a right action and the trivial action form a matched pair of groupoids in the
sense of Definition 1.5 iff it the right action is by group bundle automorphisms. We shall denote the
corresponding diagonal groupoid by V x A" and call it a semidirect product. The projection Vx N — V
is a morphism of groupoids, and has a section of groupoids S : V — V x N, S(f) = (f,idb(f)).

Conversely, let T : G — K be a morphism of groupoids over P. Then G acts on the kernel N of T
by the adjoint action: n g = g~!ng. If there is a section S : K — G, then G ~ K x N.

The structure theorem of groupoids can be phrased in this language as the isomorphism of groupoids
G ~ R x GPwdle where R is the groupoid associated to the equivalence relation ~.
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1.7. Actions of matched pairs of groupoids.
Let (V, H) be a matched pair of groupoids over P.

Definition 1.8. [AA]. A (set-theoretic) representation of (V,H) is a triple (A, —,| |), where

e A is a quiver over P,
o —~ :H,x;A— Ais a left action of H on s, and
e | |: A— Vis amorphism of quivers over P, called the grading, such that

(1.10) |t —al =z —|al, (z,a) € H, x5 A.

We shall say simply that “A is a representation of (V, H)”.

Morphisms of representations of (V,H) are morphisms of quivers intertwining the actions of H
and preserving the grading ||. Thus representations of (V,H) form a category Rep(V,H); this is a
monoidal subcategory of Quiv(P). Namely, if A and B are two representations of (V,H), then A .x ;B

is also a representation of (V,H), with respect to the action and grading given by
(1.11) x—(a,b) = (x—a,(z—|a]) = b),

(1.12) [(a, )] = lalb],

x € H, (a,b) € AexsB. See [AA] for details.

Remark 1.9. The groupoid V itself becomes a representation of (V, H), in fact the final object in the
category Rep(V, H), via the maps p = ¢, ¢ = b: V — P, the identity grading |g| = g, and the action
H,x;V — V from the definition of matched pair. See [AA] for more examples.

Remark 1.10. We can state the preceding notion in terms of the associated vacant double groupoid.
A representation of (V,H) is the same as a left action of the groupoid 8 = V. In fact, we have:

(a). Let V be a quiver over P and let p: £ — V be a map. Then £ is a quiver over P with source
sop and end ¢ op. Moreover p is a morphism of quivers. We have a functor from the category of sets
over V to Quiv(P).

(b). Let V be a groupoid over P. Then the category of sets over V is monoidal; if p : € — V and
q : F — V are maps, then the tensor product is € .x¢F, with grading (1.12). The functor in (a) is
monoidal too.

(c). Let (V, H) be a matched pair of groupoids over P. If A is a representation of (V,H), then we
define a left action of the groupoid B8 = V on the map | | : A — V by the rule

(r,9) —a=x—a, if g = |al.

Conversely, a left action of the groupoid B = V on a map | | : A — V defines a representation of
(V,H) by the same rule. We omit the straightforward verifications.

However there is no obvious translation of the monoidal structure on Rep(V,H) to the actions
of B =% V. In other words we can not extend the definition of representations of matched pairs to
arbitrary double groupoids.
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Lemma 1.11. If A is a representation of (V, H), then A°P is a representation of (V,H) with
(1.13) z—al=(z—la ) —a)"", a7l =lo, zeHacA
Proof. Straightforward, using formula (1.17) in [AA]. O

Since disjoint unions of representations are again representations, we conclude that DA is a repre-
sentation of (V,H).

2. THE QUIVER-THEORETICAL BRAID EQUATION

In this section we introduce our main object of study— the quiver-theoretical braid equation. We
establish some basic properties and present methods to construct examples.

2.1. The quiver-theoretical quantum Yang-Baxter equation.

Let A be a quiver and let 0 : A xs A — A.xs A be an isomorphism of quivers. We set A™ :=
AeXsg AeXg ... X AeXs A, n-times; and 041 = idgi-1 X0 x id gn-i—1 : A" — A", an isomorphism
of quivers.

A solution of the quiver-theoretical braid equation over P (a “solution” or a “braided quiver”, for
short) is a pair formed by a quiver A and an isomorphism of quivers o : A x4 — A x5 .A such that

(2.1) (o0 xid)(id xo) (o x id) = (id xo)(0 x id)(id x0) : A Xs A X5 A = AeXg AeXs A

A solution (A, o) is a symmetry when o2 = id. If (A, o) is a solution, then the braid group B,, acts
by automorphisms of quivers on A" for any n > 2; if (A, o) is a symmetry, this action descends to an
action of the symmetric group S,,.

Analogously, a solution of the quiver-theoretical quantum Yang-Bazter equation over P is a pair
formed by a quiver A4 and an isomorphism of quivers R : A xs A — Asx. A such that

(2.2) RiaR13R23 = Ro3Ri3R12 1 AeXs Aexg A — Agxe Agxe A.

Note that R and both members of the equality (2.2) are isomorphisms between different quivers. In
fact, the precise meaning of the members of (2.2) is given by the commutativity of the diagrams:

RasRi3Ria Ri2R13Ro3

AQXSAQXSA AﬁxeASXQ*A A€X5A€X5A ASXQAﬁxeA

Ri2 l Tst Ro3 J{ TRH

R13 R13

(Asxe A) Xs A —— Asxe(-Aest)a A X (Aﬁxe A) — (Aexs -A)sxeA-

As usual, there is a bijective correspondence between solutions of the quiver-theoretical quantum
Yang-Baxter equation and solutions of the quiver-theoretical braid equation over P. Namely, let
0:Aexs A— A¢ X5 A be an isomorphism of quivers, let 7 : A x5 A — Agx. A be given by (1.4),
and let R := 70. Then R is a solution of the quiver-theoretical quantum Yang-Baxter equation if and
only if o is a solution of the quiver-theoretical braid equation.
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2.2. Non-degenerate solutions.

Let (A, o) be a braided quiver. We define maps —, —, —, — : Axs A — A by

(2.3) o(z,y) = (z—y,zy),

(2.4) o Yz,y) = (r—y,z—y),

(z,y) € A.xs.A. Clearly,

(255) s(x) =s(z—y), elz—y)=sx—y), elz—y)=c@y), (2,9) € AxsA
We shall use below the relations between —, —, —, «—, like

(2.6)

r=(x—g)=(r—g), g=@—g) ~—(@=g), y=W—h)—=W—h), h=E—h)—{yh),
for composable z, g, y, h.

The braid equation (2.1) can be restated as (id xo)(o x id)(id xo) ™! = (o x id)71(id xo) (o x id).
The equality of the first two components in this identity, specialized at (h, f,u) € A X A X5 A, gives
(2.7) h— (f—=u)=(h—=f)—= [(h=f)—u],

(2.8) [h=(f=u)l = (f—u) = (h—=f)— [(h=f)—u].

Remark 2.1. Let C be any tensor category. Then we can define a solution of the braid equation in C
as a pair (V,c), where V is an object of C and ¢ : V ® V — V ® V is an invertible arrow satisfying
(c®id)(id®c)(c ®id) = (Id®c)(c ® id)(id ®c). Assume further that C is rigid. Then we say that a
solution (V,¢) is rigid if the map ¢ : V* @ V — V ® V* is invertible, where

= (evy ®idygy+)(idy* ®@c ® idy+) (idy+gy ® coevy ).

The category Quiv(P) is not rigid but the analog of rigid solutions is given by the following definition.
Definition 2.2. A solution (A, o) is non-degenerate if
(2.9) z— s (e(x)) — s Ys(x)) and _—x: e H(s(x)) — e L(e(x))

are bijections for any = € A.

We next introduce the structure groupoid of a solution, a generalization of definitions in [ESS,
LYZ1, S]. Tt plays the role of the FRT-bialgebra in this context.

Definition 2.3. The structure groupoid of the braided quiver (A, o) is the groupoid G4 generated
by A with relations

(2.10) ay=(@—=y)r—y), (z,y) € AxsA
Equivalently, it can be defined as the groupoid generated by A with relations
(2.11) xy = (r—y)(x~—y), (z,y) € Aexs A.
Note that if — : A.xs.A — A is a map such that z —_ : s~ (e(x)) — s (s(x)) is a bijection for

any x € A then it extends to a left action of the free groupoid F(A) on s : A — P. Similarly, a map
+~ with the analogous property induces a right action of F(A) one: .4 — P.
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Given an isomorphism of quivers ¢ : 4 .xs A — A xs.A, we can still define maps — and <~ by
(2.3); then we can further define the groupoid G4 generated by A4 with relations (2.10). In other
words, whether o is a solution or not does not play any role in the definition of G 4.

Lemma 2.4. Let A be a quiver and o : A x5 A — A X5 A be an isomorphism of quivers. Then (A, o)
is a non-degenerate solution if and only if

(2.12) — extends to a left action of G4 ons: A— P;

(2.13) «— eatends to a right action of G4 one: A — P;
(2.14) (z—y)—=((z—y) —z2)=(x—(y—2)) = (y—=2), forall (z,y,z) € AxsAcXs A
Proof. We fix (z,y,z) € A xs Acxs A and compute:
(0 x 1) (id x0)(0 X )z, ,2) = (=) = (o) =2), (=) = (@ ) =), (= 9) = 2),
(id xo)(o x id)(id xo)(z,y,2) = (z = (y = 2), (x = (y = 2)) = (y—2), (x = (y = 2)) = (y — 2))-
Then (A, o) is a solution iff 3 equalities hold, the second one being (2.14). In presence of non-

degeneracy, the first of these equalities is equivalent to (2.12) and the third to (2.13). O

If (A, o) is a non-degenerate solution, then we shall denote by

(2.15) h=' — | respectively < ¢!, the inverse of h— , respectively —g.

Let (A, o) be a solution. Then (A, o~ !) is a solution. Furthermore, if ¢ : AP (x4 AP — A X, A is
given by (1.3), then (A%, 9~ 1od), as well as (A°P,9~1o~19), are solutions. We denote o* = 9~ Lo~ 19
and o*(z7 L,y ) = (27! ~y 27t —9y71); thus

1

(2.16) x! 4y_l = (yfx)_l, z! —y = (y—/:n)_l.

Let G 400 be the structure groupoid of (A°,¢*). Then the map A — A°P, x + z~!, induces an
isomorphism of groupoids G4 — G gop, ¢f. (2.10). We shall identify G4 = G 4op via this isomorphism
in what follows.

Lemma 2.5. Let (A, o) be a non-degenerate solution. Then
(a) (A°P,0*) is non-degenerate.
(b) (A,071) is non-degenerate.
(c). We have in G.4:

(2.17) zy = (méyfl) (x/—yil) ,
(2.18) x7lz = (:L‘_1 — 2) (a:_l —z),

z,y,2 € A, s(z) = 5(2), e(z) = e(y).
By (a), there are actions — : G4 X5 AP — AP, — : AP x, G4 — AP.
Proof. (a). We define — : A ¢xg AP — AP — : AP x; A — AP by

(2.19) z—=gt=(z—=g =9, hley=(h=((n"=y) "
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We compute

rl s @mg = (a2 = (g ) —g) )

(z=g™)=g) = ((z=g7") —g)) " =g7",

and also

-1

=z lmg Y =rs(gean) = (e (gea) = (g2) = (@—g) = (g—1) =g

This means that 275 — _ : 4°P — A°P is the partial inverse of z — _ : A°? — A°P. Similarly for the
right action, and (a) is proved. Then (b) follows from (a) by (2.16).

(c). By definition of G4, (z—y Ny = ((z—=y ) —y) (z—y ) ~y) = ((—y ) —y)z, thus
xy = ((:L“/—y_l) Ay)_l ($;y_1) = (:c—\y_l) (x/—y_l) , proving (2.17). The proof of (2.18) is

similar. i
Putting together (2.9), (2.15), (2.16) and (2.19), we have maps —, — : DA .x; DA — DA. We

can then define 7 : DA xs DA — DA .xs DA by

(2.20) o(r,y) = (z—=y,z-y),  (1,y) € DAX;DA

Lemma 2.6. If (A, o) is a non-degenerate solution then (D.A,T) is a non-degenerate solution.

Proof. Once the validity of the braid equation is established, the rigidity will be clear by construction.
Now it is necessary to verify the equality (2.1) on 8 subsets of DA xsDA. It holds in A X5 A Xs.A
by hypothesis and it holds in A (x4 A°P x4 AP by Lemma 2.5 (a). Since ((A°P)°P, (c*)*) = (A, 0)
we are reduced to three cases.

Case I (o x id)(id xo)(o x id) = (id x0) (0 x id)(id x0) : A ex s AP ¢x g AP — AP x5 AP x4 A.

We fix (2,571, 271) € A x5 A%P x5 AP and compute both sides of the desired equality:

LHS = ((z =y )= ((e=y ) =21 (@ =y )= ((zemy ™) =), ey ) =27,
RHS = (xé (yil —\zfl), (x/— (yil _\Zfl)) N (y*1 /_2*1)’ (.CU/— (y,1 Azfl)) 4 (yfl /_Z—l))‘

The first components of the LHS and the RHS are equal by (2.17), while the last are equal by

definition of G 4op. It remains to show the equality of the middle components:

2

(2.21) =y D= (e=y =) =@ =)= =)

Now RHS of (2.21) = [z7!— (z—(y ' —=271))]

to prove

— (y~t 4271 by (2.19). Thus, we are reduced

R e e I (GRS TR R (GRS R B )

=7 = (@—=y )= (@=y ™)==z = (e—=y ) = ((z=y™)—=Th).
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We have (f~' =g )~ ((f=g)=r") = (fl=(g"'—=h")—=(g"~h") by (2.14) ap-
plied to o* and suitable f,g,h € A. Filling this identity with f = z, ¢ = z—y ! and ™! =

(x+—y~ 1) =271, we obtain the desired equality.

Case II. (o x id)(id xo)(o x id) = (id xo) (o xid)(id x0) : AP ¢Xg A X s AP — A% X g A x5 AP.

We fix (x71,y,271) € A% x5 A x5 A% and compute both sides of the desired equality:

LHS = (@7 =y = (@7 ) =), 07 =) () ), @ ) ),
RHS = (7' = (y—=z""),(a ' = (y—=z"")) = (y=27"), (@ = (y—=27")) = (y==").

The first components of the LHS and the RHS are equal by (2.18), while the last are equal by
(2.17). It remains to show the equality of the middle components:

21

(2.22) @ =y) (@ =y) =) = (@ = (y—=2) =~ (y=21).
Now
LHS of (2.22) = (&' —y) =y ) —((z ' —y) =271
I R (G ) B (G R
N G V)
) = (==}
) (y=2"1) = (v = (y—=2"1)}
@ = g ) = )

= (@'~ (y—z1)) = (y—2"") = RHS of (2.22),

-1

Here the first and the second equalities follow from (2.19); the third from (2.18); the fourth from
(2.14) applied to o* filled with f~! =271+ ¢y, g =y and h~! =y — 27! as in the first step; the fifth
from (2.17); and the last two from (2.19) again.

Case III. (o xid)(id xo)(o x id) Z (id xo) (o xid)(id xo) : A%P X AP X A — A x5 AP x4 AP.

By Lemma 2.5 (b), o~ ! is rigid and hence the equality in case I holds for it. Then case III follows
inverting this equality; indeed (0~1)" = (%)t O

Now let A be a solution. We define maps ¢™" : Path,, A.xsPath, A — Path,, A.x;PathA,,,
m,n > 0, by

g

= (Un,n+1 cee 0-2,30'1,2) (0n+1,n+2 cee 03,402,3) cee (O'n+m71,n+m cee Um+1,m+20m,m+1) )
if m,n > 0; and by
o""Gd P x) = (2,idQ), o™°(x,idQ) = (id P, x)

if z € Path, A, n >0, s(x) = P, e(x) = Q.
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Therefore we have an isomorphism of quivers o¥ : Path A.x;Path.A — PathA.x,Path A by
collecting together the maps ¢™"; and, as usual, maps —, —, — , — : Path A x5 Path A — Path A
given by (2.3).

Lemma 2.7. If (A,0) is a solution, then (Path A,o") is a solution.
If m,n,p >0 and (u,v,w) € Path,, A x Path, A.xPath, A, then

(2.23) u—(v—=w) =uww—w,
(2.24) u— (v—w) = u—vw,
(2.25) u—ovw = (u—v)((u—v)—w),
(2.26) w—w = (u—(v—w)) (v—uw).

If o is non-degenerate, so is o .

Proof. The first claim follows from a well-known equality in the braid group. Also, ¢™T™P =
(id xa™P)(a™™ x id), which implies (2.23) and (2.26), and o™"*? = (¢™" x id)(id xo™P), which
implies (2.24) and (2.25). Finally, if u = x; ..., is a path of length n, then the inverse of u — _ is
given by z,;1 — (... (x7" — ) by (2.23). Similarly _ < u is invertible by (2.24). O

The next natural step is to show that G 4 has also the structure of braided quiver. To state this
appropriately we study in the next subsection the notion of braided groupoid. We come back to the
structure groupoid in Theorem 3.8.

2.3. Braided groupoids.

The notion of braided groupoid generalizes the notion of braided group introduced by Takeuchi [T]
to reformulate results of Lu, Yan and Zhu [LYZ1].

Definition 2.8. A braided groupoid is a collection (G, —, <), where G is groupoid and
G GexsG —— G

are a left and a right actions, such that (G,G), with —, < form a matched pair of groupoids; see
Definition 1.5, and

(2.27) fa=(—9)(f—g), (f.9) € GexsG.

A morphism of braided groupoids is a morphism of groupoids that preserves the actions —, .

Let G be a braided groupoid. Then the maps ¢1,t2 : G — G <1 G given by

(2.28) ulg) = (g.ide(g9)),  w(g) = (ids(g), g)
are morphisms of groupoids.

There is some redundancy in the definition of braided groupoid that we study in the next lemma.

Lemma 2.9. (a). Let G be a groupoid endowed with a left and a right actions — , — such that (2.27)
holds. Then G, G, —, «— form a matched pair of groupoids (and G is a braided groupoid).

(b). Let G, G, —, — form a matched pair of groupoids. Then (2.27) holds iff the multiplication is
a morphism of groupoids GG — G.
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(c). Let G be a groupoid endowed with a left action — : G xsG — G. Let — : G xsG — G be
given by (2.27), i. e., vy = (v —y) oy, (2,y) € GexsG. Then + is a right action if and only
if (1.8) holds. If this is the case, then G, G, —, + form a matched pair of groupoids, and G is a
braided groupoid.

(d). Let G be a groupoid endowed with a right action — : G xXsG — G. Let — : G xsG — G be
L (2,y) € GexsG. Then — is a left action if and only
if (1.9) holds. If this is the case, then G, G, —, — form a matched pair of groupoids, and G is a
braided groupoid.

given by (2.27), i. e., z =y = xy(x —y)

Proof. (a). It is clear that (1.7) holds. We check (1.8):
(f = (gh))(f = (gh)) = fgh = (f = 9)(f —g)h
= (= PI(f=9) = N[ =g)=hl = (f = 9I(f =g) = h](f = (gh))-
The proof of (1.9) is similar; thus (a) is valid. The proofs of (b), (c¢) and (d) are straightforward. O

The antipode = +— 21 induces an isomorphism of quivers G — G°P. We check that the identities
discussed in Lemma 2.5 are valid with respect to the antipode.

Lemma 2.10. Let (G, —, <) be a braided groupoid.
(a). The identities (2.15), (2.16), (2.19) hold in G with respect to the antipode.
(b). (G, —, <) is also a braided groupoid.

Proof. (a). The validity of (2.15) is clear since —, + are actions. If (z,g7 ') € G x4 G, then

ids(z) =z —ide(z) =a—=(97'g) = (@—g (=g ") —9);

similarly for the other identity and (2.19) follows. Now let 7 : A xs A — A Xs.A be given by
a(z,y) = ((?J_l’_x_l) 1a(y_14$ 1), (z,y) € GexsG. We compute:
(

oo(z,y) =0 ((y =2y =2
= ((y’lgx I (T e B T B I R R
Now
(e ) =y e ) == )~ (=)~
=((y=(@ ' =a2)(y ' =ah) =z
(yy =2~z =z
(') =y e ) T =y (T )~ ()~

Similarly, o = id. Thus, (2.16) holds.



18 NICOLAS ANDRUSKIEWITSCH

(b). We have (z —y)(z~—y)=(z—y)—=(z~—vy)) (z—y) — (r —y)) = zy. We claim that — is
a left action. Let (z,y,2) € G¢XsG exXsG. Then

1 —1)—1

r—(y—z2)=z—(y =z =((y 'z @x_l)il =(y! éz_lx_l)il =xy— 2.

Similarly, <« is a right action. By Lemma 2.9 (a), (G, —, ~ ) is a braided groupoid. O

2.4. Braided groupoids are braided quivers.

We next justify the name “braided groupoids”.
Lemma 2.11. Let G be a braided groupoid. Let o : G XsG — G .XsG be the map

(2.29) o(f,9)=(f—g,[—9), (f,9) €GexsG.

Then o is a non-degenerate solution of the quiver-theoretical braid equation (2.1).
Proof. We fix (f,g,h) € G ¢xsG (X5 G and compute:

(0 xid)(id XU)(U x1d)(f,9,h) = ((fg) = h, (f = 9) = ((f = g) = h), [ = (gh)),
(id xo)(o x id)(id x0)(f, 9,h) = ((fg) = h, (f = (9= h)) = (9= D), f — (gh)).

Now we apply several times (2.27) and compute:

fagh=(f—=9)(f=9)h

=(f=9lf—=9)—=h][(f—g)—h]
=[(f—9) = ((f=g) =MW —9) = ((f = g) = D][f — (gh)]
[(fg) = K[(f = g) = ((f = g) = W][f — (gh)]

and also

fgh = flg—h)(g—h)
=[f=(g=nIlf = (g—=h)l(g=h)
=[(fg) = H(f = (g—=h) = (g=MII(f = (g—=h)) = (g h)]
= [(fg) = bJI(f = (g = h)) = (g = WI[f = (gh)].
Hence (f—~¢9)— ((f<—9)—h)=(f~—(¢9g—h))— (g~ h), and ¢ is a solution of (2.1). Since —, —

are actions, o is non-degenerate. O

Let us say that a sub-quiver A of a braided groupoid G is invariant if A~ A C A, A—A C A,
Al ~AcAand A— A1 C A

Corollary 2.12. Let A be an invariant sub-quiver of a braided groupoid G. Then (A, 04 x,4) 15 a
non-degenerate braided quiver. ([l

Thus, braided groupoids and their invariant sub-quivers are naturally braided quivers. See Remark
3.13 below.
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In the papers [ESS, LYZ1, S], braided structures on groups were described through suitable 1-
cocycles. We show now that this description goes over also to groupoids but with group bundles as
recipients of the 1-cocycles.

Definition 2.13. A 1-cocycle groupoid datum is a triple (G, N, ) where G is a groupoid over P, N is a
group bundle over P, provided with a right action < : N ;xsG — N by group bundle automorphisms;
and m : G — N is a bijective 1-cocycle, i.e. it is a bijection with pm = s and

(2.30) m(fg) = (7(f) ~—g)7(9), (f,9) €GexsG.

Theorem 2.14. Let G be a groupoid. There is a bijective correspondence between

(a) Structures of braided groupoid (G, o).
(b) 1-cocycle groupoid data (G, N, 7).

In this correspondence, G <G ~ G x N, and
(2:31) o(f.9) = (fg (v (x()=9) " @ (H=9)) . (f19) €GxsG.

Proof. (a) = (b). Let NV be the kernel of the multiplication map G <1 G — G; identify G with G; :=
the image of ¢1, cf. (2.28); let +— be the restriction of the adjoint action. Finally, let 7 : G — N be
defined by 7(9) = (7%, 9), g € G. Then (G, N, ) is a 1-cocycle groupoid datum. Indeed,
(7 (f) = g)m(g) = (97, ids(9))(f ", [)(g,ide(9)) (97", 9)
= (g7 (ids(g) = f71), (ids(g) = f ) )(g(ide(g) = g7 ), (ide(g) =g~ )g ™)
= (97 7 NHids(g),9) = (97 fTH(f — ids(g)), (f — ids(g))9)
= (g7 f Y f9) ==(f,9).
(b) = (a). Consider the map 1 : G s G — G x N, $(f,g) = (f,7(9)), (f.g) € G X+G. Let Gu,
resp. G, be the image of ¢1, resp. t2, as in (2.28). Then

Y(G1) ={(g,ide(g)) : g € G},  ¥(G2) ={(9,7(9)) : g € G}

are subgroupoids of G x A isomorphic to G, and they form an exact factorization of G x A/. Trans-

1

porting the structure back to G.xs G via ¥, we have a groupoid structure on this, which is iso-
morphic to G; < Gy ~ G < G. A straightforward computation shows that the induced actions

G «——— G.xsG — @ are explicitly given by

_ -1 _
(2.32) f=g=fg(m (x(f)=9) . feg=a'w(fl=g), (f.9)€GexsG.
Hence (2.27) holds, and the corresponding solution is given by (2.31).

Finally, it is not difficult to see that these constructions are inverse of each other. O
It follows from (2.32) that
(2.33) m(f=g)=n(f)=g,  (f,9) €GexsG.
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A symmetric groupoid is a braided groupoid such that the corresponding o is a symmetry. The
next characterization of symmetric groupoids generalizes results from [ESS, LYZ1].

Proposition 2.15. A braided groupoid G is symmetric if and only if the corresponding N is abelian.
Proof. Let (f,g) € GexsG. Then

m(f = g)n(9) = (n(f) = 9)m(g) = 7(f9) = 7 ((f = 9)(f = 9))
=((f=9)=(f=g)n(f—=g) =n((f=9) = (f=9g)n(f )
by (2.33), (2.30) and (2.27). This says that A is abelian if and only if g = (f — g) — (f — g) for any

(f,9) € GexsG. But 0*(f,9) = o(f =g, f—g) = (f ~9) = (f—9),(f ~9)— (f ~—g)). Hence, if G
is symmetric, then N is abelian. If A is abelian, then fg = ((f —~g9) = (f<—9)) (f—9)—(f+g)) =
((f—=g9)—=(f+g))g, and thus G is symmetric. 0

We next define the subgroup bundles I';. := kernel of — , I'; := kernel of — and I' := I, N I'; of
the braided groupoid G. Hence

(2.34) F'={fveg:v_w=w, z—v=z VYw,zeG, sw)=-e) =s)=c(2)}
By (2.27), we also have

Ii={meG:m—y=y 'my, Yyeg, s(m)=ce(m)=s(y)},

I,={negG: z—n=xnz™t, VYzecqG, e)=s()=c¢Mn)}.

Lemma 2.16. Let G be a braided groupoid.

(a) The wide subgroup bundle T' defined above is abelian and normal.

(b) If A C T is a normal subgroup bundle of G, then G/A is a braided groupoid, with braiding
inherited from G via the canonical projection.

Proof. (a). It follows at once from (2.27) that I' is abelian, and it is clearly normal.

(b). One checks that I'; ;x5 P and P x4 ', are normal subgroup bundles of G 1 G; hence I' ;X I,
and a fortiori A xs A, are normal subgroup bundles of G <t G. Then the quotient G <1 G/A X5 A
factors as a product of the wide subgroupoids G/A ;x5 P and P .xsG/A; this factorization induces a
matched pair structure, and hence a structure of braided groupoid, on G/A. O

We close this subsection with an application of Theorem 2.14; this is a generalization of the examples
in [LYZ1, Section 3], [WX].

Let (V,H) be a matched pair of groupoids. Recall that the restricted product of V and H is the
groupoid VRH := {(g,x) € V x H :5(g) = s(x), e(g) = e(z)}, with component-wise product [AA].

Proposition 2.17. Let G := VRH, N := (V< H)P"e: jet 7 : G — N and — : N pxs G — N be
given by

(2.35) m(g,x) =g 'z,

(2.36) d~(g,z) = g~ 'dg,
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(g9,2) € VRH, d € (V > H)Pwdle. Then (G,N,7) is a 1-cocycle groupoid datum. Thus, (VXH, o),
where

(2.37) o ((g,2),(h,y)) = ((xéh,xy(:v;h)_l) , ((wéh)_lgh,x/—h)) ,
(9,2), (h,y) € VRH, e(x) = s(h), is a braided groupoid.

Proof. A straightforward verification shows that (G, N, 7) is a 1-cocycle groupoid datum. The explicit
formula (2.37) follows from (2.31) once we show that the actions —, « of VIX'H are given by

(238)  (g.2)=(hy) = (z—=haylx=h7"),  (g,2)= (hy) = ((x—=h)"ghzh),
(9,),(h,y) € VEH, e(z) = s(h). By (2.32), we have
(9:2) = (hyy) = 77" (n(g,2) = (h,y)) =7~ (g = (h,y)) =7 (kg wh)
=gt (h_lg_l(a: —h)(x+ h)) = ((:U — h)_lgh, T h) .
This shows the second equality in (2.38), and implies the first by (2.32). O

3. CHARACTERIZATIONS OF BRAIDED QUIVERS
3.1. LY Z-pairs.

We begin with a categorical way of constructing braided quivers. Let (V,H) be a matched pair of
groupoids and recall the definition of representation of (V,H) in Subsection 1.7.

Definition 3.1. ([AA], inspired in [LYZ2, T]). Let £ : V — H be a morphism of groupoids. We shall
say that k is a rotation if

(3.1) yr(g) = k(y —9)(y—9g) forall g € V, y € H, t(g) = r(y).

Let A : Vxt'H — H, given by A(g,z) = k(g)z. Then & is a rotation if and only if A is a morphism of
groupoids, see [AA].

A LYZ-pair! is a pair (£,7) of rotations V — H such that

(3.2) n(g)—=f=gf(&f) =g,
for every f and g in V with b(g) = t(f).

Theorem 3.2. [AA]. Structures of braided category on Rep(V, H) are parameterized by LYZ-pairs. If
A, B are representations of (V,H) and (§,n) is a LYZ-pair, then the induced braiding oap : AxsB —
B x5 A is given by

(3.3) oas(@b) = (nlla)) =b, ()~ —lal™") =a), (@) € Ao B.

It can be easily shown that

(3.4) o5 4(a:0) = (&(al) = b, (n(1B) ™ [a]™!) —~a), (a,b) € Aexs B

11YZ pairs are called “matched pairs of rotations” in [AA].
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Corollary 3.3. Let (V,H) be a matched pair of groupoids and let (§,n) be a LYZ-pair. If A is a
representation of (V,H) then (A,04.4) is a braided quiver.

Proof. The statement follows from a well-known general result in braided categories. g

As we shall see in the next Subsection, any non-degenerate braided quiver arises in this way. To
this end we shall need the following result that generalizes [T, Prop. 5.1].

Theorem 3.4. Let G be a braided groupoid and let G <t G be the corresponding diagonal groupoid with
respect to —, +—.
Let — : GG XsG— G, « : GG X:G— GG, and ing,ing : G — G G be given by
) (g h)—=f=g—(h—f),
) iny (f) = (f,ide(f)),
) ing(f) = (ids(f), f),
h)e GG, feg,eh)=s(f). Then (G,G = G), with — , <, is a matched pair of groupoids,
and (iny,ing) is a LY Z-pair for it.

As we already observed in Remark 1.9, G is a representation of (G,G > G); the corresponding
braiding as in Corollary 3.3 coincides with the original braiding of G.

Proof. We first check that — is a left action. If (g, h, f,k,£) € G eXsG eXsG ¢XsG X G, then

(g:h) = (k) =) = (g:h) = (f = (k= 0)) =g— [h—= (f = (k=0))];
(9, )(f, k) = €= (9(h = [), (h=[)k) == [g(h—= [)] = [((h=[)k) =]
=g—={(h=f)—=[(h=f)=(F—=0]}.
Thus < is a left action by (2.7). We next check that < is a right action. If g, hf, k are as above,
then
((g:h) = f) =k=(g~—(h—=[),h=f) =k
((g—=(h=1)) ~ ((h=f)—=k),(h=f)—k)

— ((h= ) ((h=f) = k), h— fk)

= (
= (

g
g

We next check the compatibility conditions, (1.7) being clear. We verify (1.8); let g, h, f, k as before.
Then

((9:h) = ) (g, h) = f) =kl =[g—(h= (g~ (h—=[),h—=f) =K
=lg—=(—=NHlg— (=] = [(h=f) =k}
f)=
h)

g— [(h— ) ((h— k)]
g—(h—fk) = (g,h) = fk.
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If g, h, f, k, € are as above, then the left-hand side of (1.9) is
(9, 0)(f. k) == (g(h— f), (h= fk) <
= ((g(h—=f)) — [((h=f)k) =€, ((h= f)k) = 1),
whose first component is
(g(h—=£)) — [(h= k) =0 ={g~— [(h—=f)— (h= k) = OB} A{(h— f)— [((h— f)k) =]}

={g—[(h=f) = [(h=F)—= (=0}
{(h=f)—[(h=F)= (=0}

On the other hand, the first component of the right-hand side of (1.9):
((g.h) = ((f,k)=0) ((f,k) =) =(g— [h—=[f—= (k=0 h = [f = (k=0O]) (f — (k= 0),k—{)
{g— = [f=E=0OH{h=[f=&=0) = [f— (=0},

and we have equality with the former because of (2.7) and (2.8). Finally, the second component of
the right-hand side of (1.9) is

{h=1f=k=0] = [f =0} (k=0) ={h=[[f = (k=Ol[f — (k=0l]} (k=)
={h=[f(k=0Ol} (k=0
—{(h;f);(kéﬁ)}(k;@
= ((h=f)k) —

Thus, we have shown the validity of (1.9).

We claim now that the maps in; and ins are rotations. If g, h, f are as above, then

(g, h)ini(f) = (g,h) (f,ide(f)) = (g(h— [), (h=f));
ing (((g,h) = f) (g, h) = [) = (g— (h—=[),ide(g— (h—=f))) (g~ (h—=f),h = [)
=((g=(=1)(g—=(h=1))h=Ff)=(9(h=[),(h=1));

(9,h)ing(f) = (g, k) (ids(f), f) = (9, h[);

in2 (((9,h) = f)((g,h) < f) = (ids(g— (h—[)),g— (h—f)) (g~ (h—=f),hf)
=((g—(h—=f) = (g (h—=1),[(g—(h—=[)) = (g~ (h—= )] (h~f))
= (g9, (h—=f)(h=f)),

where in the last equality we have used (2.6).
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We next verify the condition (3.2).
gf (i (f) ' =g ) =gf (fLids(f)) =g ) =gf (fF =97
=(=Ne=H{"=g") =91
iny(g) — f = (ids(g9),9) = f =g f.
We have proved that (inj,ing) is a LYZ-pair for (G,G =1 G). g

Remark 3.5. Let G be a braided groupoid. Let — : GG :xXsG —- G, « : GG X:G — GG,
be given by

(9. h) = f=gh—F
(9:h) = f=(g=(h—=Ff),h—=]),

(g,h) € GG, f€G,e(h)=s(f). Then (G,G < G), with <, <« is a matched pair of groupoids.
We shall not need this result in the sequel, thus we leave the proof to the reader.

Remark 3.6. Let (V,H) be a matched pair of groupoids and let (§,7) be a LYZ-pair. Then there is a
structure of braided groupoid on V such that (V,V V), with (in,ins), “covers” (V,H) with (&, 7).
Compare with [T, Section 5. We shall not need this result in the sequel, so we do not discuss it in
detail.

Lemma 3.7. Let G be a braided groupoid and let A be a quiver.

(i). There is a bijective correspondence between
(a) Left actions — of GG on A.
(b) Pairs (—, —) of left actions of G on A such that
(3.9) h=(f=y)=h—=f) = [(h=Ff)—=y]
Assume that A is a representation of (G,G < G).
(ii). The left action — is compatible with the definition (2.4).

(i1i). The map | | is a morphism of braided quivers. Therefore it preserves — , «—, —, ~—.

(iv). The left action — of GG on A induces a left action of G on A xs A by
(3.10) 9= (x,y) = (9=, (9= |z|) =y),
g€ G, (z,y) € Acxs A, where —, — are as in (b).

We shall denote by V : G — aut (A .xs.A) the map induced by the action (3.10).
Proof. (i). (b) = (a). The correspondence is given by

(3.11) (9,h) —x=g—(h—2x),
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(g,h) € GG, x € A, e(h) = s(x). We check that — is a left action. If (g, h),(f, k) € G4 < G4,
x € A, e(k) =s(x), then
(9:h) = ((f,k) = z) =(g.h) = (f = (k—=2)) =g— [h— (f = (k—=))];
(9. h)(f k) =z = (g(h—f),(h= k) =z = (g(h—[)) — [((h= f)k) — ]
=g—{(h—=f) = [(h=f)=(k—=2)]}.

Letting y = k — x, we are reduced to (3.9). (a) = (b) is similar.
(ii). We have a — b = in;(|a|) — b = |a|] — b, the first equality by (3.4).

(ifi). We have o(a,b) = (in2(|a|)<—>b, (iny (b))~ < 1al =) Ma) - (|a]4b, (1]~ — a1 ﬁa),

hence | | is a morphism of braided quivers.

(iv). Straightforward using (1.10). O

3.2. Groupoid-theoretical characterization of braided quivers.

We first state a characterization of the structure groupoid by a universal property, a generalization
of [LYZ1, Th. 9]. Let (A, o) be a non-degenerate braided quiver and let ¢ : A — G4 be the canonical
map.

Theorem 3.8. (a). There is a unique structure of braided groupoid on G4 such that v is a morphism

of braided quivers.

(b). The braided groupoid G o— with the structure in (a)- is universal in the following sense. If G is
a braided groupoid and ¢ : A — G is a morphism of braided quivers, then there is a unique morphism

of braided groupoids ¢ : G4 — G such that o = pu.

Proof. (a). By Lemmas 2.6 and 2.7, there is a structure of a braided quiver on Path(D.A). We first
claim that it descends to the free groupoid F'(A). Let (u,v) € Path(DA) .xs Path(D.A) and let v/, v’
be elementary reductions of w,v, respectively. By (2.23) and (2.24), we have u—v = v’ —v and
u—v =u+v". Now let x € DA, s(x) = e(u). Then

u—(zz7 ') =(u—2) (u—2)=z7") = (u—2)(u—2)"",

the first equality by (2.25) and the second by (2.19), since Path(D.A) = Path(D.A)°P as braided quivers.
This implies that u —v ~ u—v'. Similarly u+ v ~ v’ ~—v. In conclusion, F(A) is a braided quiver
with structure inherited from Path(D.A).

We next claim that this descends to the structure groupoid G 4. To see this, we observe that the
kernel of the canonical map F(A) — G4 is the subgroup bundle of F'(A) given by

N = {n{d ) ..nfl cng = xayi(zi — ) (g — )7L, for some (xy, ;) € .Aexﬁ.A} )
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It is indeed clear that N is the subgroup bundle generated by the elements of the form < z,y >:=
ry(x —y)~t(xr —y)~!, so it remains to check that it is normal. Let (u,z,y) € A x5 A¢xs.A. Then

L=uzy(z—y) Hoz—y) !t =<uz,y > (uz —y)(uz —y)(z—y) Hz—y) tu

=< uz,y > (uz—=y)(u—(x—y))(z—y) w ! =<ur,y ><u,z—y>tc N,

u<T,y>u

where we have used (2.23) and (2.25). This implies that N is normal. We have n =y =y, x+n =z,
by (2.12) and (2.13), and hence n+y = y~'ny mod N, z—n = znz~' mod N, if (x,n,y) €
A X s N x5 A. Therefore, the maps — , — descend to well-defined maps —, «— : G4 Xs G4 — G.u;
these define a map 0 : G4 xXs G4 — Gy X5 Gy, and this is clearly a solution.

We next claim that G4 is a braided groupoid. Indeed, (2.27) follows by induction using (2.23),
(2.24), (2.25) and (2.26). The structure is unique since ¢(.A) generates G 4 as a groupoid.
Finally, the proof of (b) is straightforward. O

We are now ready to prove the main result of this paper.

Definition 3.9. A structural pair is a pair (G,.A), where G is a braided groupoid and A is a repre-
sentation of (G, G 1 G) such that

(3.12) The image |.A| generates the groupoid G.

(3.13) The map V : G — aut (DA xsDA) induced by the left action is injective.

Theorem 3.10. There is a bijective correspondence between

(a) non-degenerate braided quivers; and

(b) structural pairs.

Proof. Let (A,o) be a non-degenerate braided quiver. By Lemma 2.10 (b) and Theorem 3.8 the
structure groupoid of (A, o~1) coincides with G 4. Thus we have left and right actions — : G4 ¢xs.A —
A, — 1 AxsG g — A We define a left action — : G4 > Gy .xs A — A by
(3.14) (9,h) =2 =g—(h—2x),
(g,h) € GaAx1G g, x € A, e(h) =s(x). We check that — is a left action. By Lemma 3.7, it is enough
to verify (3.9): g— (h—x) L (9—h) — [(9—h)—x] for g, h,x as above. We know that this is true
if g,h € DA by (2.7) applied to 7, cf. Lemma 2.6. The set I; = {h € G4 : (3.9) holds for all g € DA,
T € A} is closed under multiplication. Indeed, if h, k € Iy, then
g— ((hk) —z) =g— (h—(k—xz)) = (g—h) — [(9—h) = (k —z)]

=(g—=h) —[((g=Nh)—k) — [((g=h) — k) —a]]

=((g—=h)((g=h)—Fk)) — [(g=hk) =a] = (g—hk) — [(g—hk) —z].
Hence I1 = G4. Similarly, I = {g € G4 : (3.9) holds for all h € Gy, = € .A} is closed under
multiplication and hence equals G 4. Thus <— is a left action. The map ¢ : A — G4 preserves the

actions —, «—, —, «—; hence it verifies (1.10) because of the definitions (3.5), (3.14). Thus A is a
representation of the matched pair (G4, G4 > Gy).
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Let A be the normal subgroup bundle of G 4 given by the intersection of the kernels of the actions
— and < on DA. We define the reduced structure groupoid

(3.15) Ga:=Gy/A.
We claim that A is a subgroup bundle of the normal subgroup bundle I' of G 4 defined by (2.34).

Indeed, ¢ extends to a morphism of braided quivers ¢ : DA — G4, and it preserves the actions

—, ~—, —, . We have
veA = v—u(w) =ux), (y)—v=1uy), xzyeDA s(x)=-¢(v)=5()=r(y)
If v € A and w € Path(DA), say w = z; ...x, with z; € DA, 1 <i <n, ¢(v) = s(w), then we see by

induction on n that v — w = w. Similarly for the right action «— , and thus A C I

Next G4 is a braided groupoid by Lemma 2.16 and the action (3.14) induces an action of G4 < G4
on A by definition of A. Let || || : A — G4 be given by ||z| = class of ¢(x). The map || || also preserves
the actions —, —, —, «—, hence it verifies (1.10). Thus A is a representation of the matched pair

(Ga,Ga<Ga).

We claim that (G4,.A) is a structural pair. Indeed, condition (3.12) is clear since ¢(.A) generates
G 4, and condition (3.13) follows at once from the definition of A.

Conversely, if (G, A) is a structural pair, then A has a structure of braided quiver by Corollary 3.3.

Let us finally check that both constructions are reciprocal. If A is a braided quiver and (a,b) €
A x4 A, then we compute the braiding arising from G4 by (3.3):

oa.4(ab) = (ina(llal)) = b, (im (o))" = fla]| ") —a)
= ((ids(a), llal) = b, (1] ™, ids(5)) < lal| !) —a)
= (ids(a) = (lal =), (16~ — llal| ", id 5(a)) —a)
= (a=0, (07 a7 —a) = (a=b, (7 a7
_ (a—\b,a/—b) = o(a, b).

Conversely, let (G,.A) be a structural pair. By Theorem 3.8 there is a unique morphism of braided
groupoids ¢ : G4 — G such that ¢(c(a)) = |a|, a € A; by condition (3.12), v is surjective. We claim
that Ker¢y = A. It is enough to show that the following diagram commutes:

aut DA.
Let (g,z,y) € G4 Xs DA ¢xsDA. Then

P(g) = (2,y) = ((9) =2, (P(9) — |z]) = y) = (P(g) = 2, P(g = 1(x)) = y),
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the second equality since v is a morphism of solutions. Hence, we are reduced to prove that ¢)(g) = x ~
g—x, z—1Y(g) L z+g,if (2,9,2) € DAXsGgexsDA. If g € L(DA), the identities hold because
of the definition of 1). Then the identities always hold. O

Remark 3.11. The notion of “structural pair” is a generalization and reformulation of the notion of
“faithful bijective 7-uple” in [S]; Theorem 3.10 is a generalization of Soloviev’s Theorem [S, Th. 2.7].
In our formulation, Theorem 2.7 in [S] reads as follows:

“There is a bijective correspondence between non-degenerate braided sets and pairs (G, A), where
G is a braided group and A is a representation of the matched pair (G, G < G) such that (3.12) and
(3.13) hold.”

Remark 3.12. If the braided quiver A is finite, then the reduced structure groupoid G4 is finite by
condition (3.13).

Remark 3.13. Let us say that a non-degenerate braided quiver is faithful if the map ¢ is injective. In
this case, A = T" as in the proof of Theorem 3.10, and || || is also injective. Thus, faithful non-degenerate
braided quivers are in bijective correspondence with pairs (G,.A) where G is a braided quiver and A

is an invariant sub-quiver that generates G.

Remark 3.14. The structural pair of a rack (X, >) is (Inny X, ¢) where the group Inn, X is braided
via the adjoint representation and ¢ : X — Inn, X is the map ¢(x)(y) = z>y, see [AG].

Remark 3.15. An explicit group-theoretical description of matched pairs of groupoids can be found
in [AN, Th. 2.16], see also [AM]. It follows from this description that a finite braided groupoid is
roughly determined by a group D with two subgroups V and H such that:

e there is a bijection P ~ V\D/H;
e V and H are isomorphic;
e V intersects trivially any conjugate of H,

plus some other data in terms of functions V' x P x V' — P, etc. See [MM] for more details and
explicit examples.

3.3. Rack bundles.

Let p: L — P be aloop bundle. If o : L ,x, L — L X, L is a solution, and Lp is the fiber of P € P,
then the restriction op : Lp X Lp — Lp X Lp is a solution to the set-theoretical braid equation.
In other words, a solution (£,0) with £ a loop bundle is the same as a bundle of solutions of the
set-theoretical braid equation. For instance, a rack bundle is a pair (£, >) where £ is a loop bundle
and > = (> p)pep, where > p is a structure of rack in the fiber Lp, P € P; we omit the subscript in
what follows. (See e. g. [AG] for information on racks). This means that

(3.16) ¢p: Lp — Lp, ¢.(y) =x>y, isa bijection for all x € Lp, P € P,
(3.17) x> (ypz) = (x>y)> (x> 2) x,y,z € Lp, P € P.
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Remark 3.16. Let p : L — P be a loop bundle and let > : £,x, L — L be a morphism of quivers.
Let c: Lpx, L — L%, L be given by
(3.18) c(z,y) = (x>y,x), (z,y) € Lpxp L.

Then ¢ is a non-degenerate solution if and only if (£, >) is a rack bundle.

Observe also that if ¢ : A¢xs A — A,.Xs A is an isomorphism of quivers defined by a formula
analogous to (3.18) and with (s(x),xz>_,e(x)) € auts for any = € A, then A is a loop bundle. Indeed,
given x € A there exists y € A such that x>y = z but then s(z) = e(x).

If (£, >) is a rack bundle, then we set

aut, £ :={(P,z,Q) : P,Q € P, and x : £y — Ep is an isomorphism of racks} .
Example 3.17. If \ is a group bundle, define > : N',x, N' — A by x>y := zyz~!; then (N, >) is
a rack bundle.

3.4. The derived solution. Rack-theoretical characterization of braided quivers.

Let A, A be quivers and 0 : A xs A — Axs A, 0 ./Z(exsj — ,Z(exsj be isomorphisms of quivers.
We say that (A, o) and (A, ) are equivalent if there exists a family of bijections U™ : A™ — A™ such
that UnO'Z"Z'_;,_l == 57;71'4_1(]”, for all n > 2, 1 < 7 <n-— 1.

Remark 3.18. If (A, o) and (A, 5) are equivalent and (A, o) is a solution, then (A, 5) is also a solution
and the U™’s intertwine the corresponding actions of the braid group B,,.

Definition 3.19. A 1-cocycle quiver datum is a collection (A, L, ¢, u) where A is a quiver over P, L
is a rack bundle over P, ¢ : A — aut L is an injective morphism of quivers over P, and u : £L — A% is
an isomorphism of bundles over P, subject to the cocycle condition (3.21) below.

For simplicity of the notation, we shall identify A with a sub-quiver of aut £, and denote the inverse
p =t A — L by pl(z) =7.

To state the cocycle condition, we define first «— : A .x;autL — A by
(3.19) x—y = py ' (T), (z,y) € A xgaut L.
In other words, this is the natural right action of aut £ on £ pulled back to A via p. Clearly ¢(x —y) =
¢(y). By restriction we have — : A x3 A — A. We then define — : A.x3 A — A by
(3.20) =y =p@=yey) —(e—y) ' (2,y) € Axs A,

This map is well-defined and e(z —y) = s(x < y). The cocycle condition is

(3.21) «%'Ay:xy(x/_y)_lv (z,y) € Aexs A
Note that (3.21) implies s(x — y) = s(z). Note also that (3.20) is equivalent to
(Z;y_l)éy::u(EDy);Z_l, (z,y) € Aexs A

This is in turn equivalent to (3.22) below.
Now we are ready to state the main result of this subsection.
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Theorem 3.20. Let A be a quiver. There is a bijective correspondence between

(a) structures of non-degenerate braided quiver (A, o);
(b) 1-cocycle quiver data (A, L, @, ).
Proof. The proof of “(a) = (b)” is given by the next lemma that generalizes results from [S, LYZ1].

Lemma 3.21. Let (A, o) be a non-degenerate braided quiver and let L := A* be the loop bundle as in

(1.2). Let > : Lxp L — L be the morphism of bundles, resp. ¢ : A — aut L the morphism of quivers,
defined by

(3.22) oy = ((z~y ') —y) ~=z,
(3.23) oy (T) =z —y
r,y € A, e(x) = e(y).

(a). ¢ induces a morphism of groupoids ¢ : G4 — aut L.

(b). (L, >) is a rack bundle. If ¢ is given by (3.18), then c is a solution, called the derived solution
of . The solutions o and ¢ are equivalent.

Proof. Note that (3.22) and (3.23) are well-defined since ¢(x) = ¢(y). By (2.13), ¢ induces a morphism
of groupoids ¢ : G4 — aut L.

(a). We have to show ¢, (T>%) L 0y (T) >y (Z) if e(x) = e(y) = e(2). Now

Oy(T)>py(Z) =z —y toz—y!

(z=y )=y z=y ) = (z=y ) ~(z=y 1)

(=2l ==y ") = (z=y™") —(z=y)

s =2) = (@=x =2~y ) =@=y7)

s =2) e @y ey )

=((w=21)—z2) —ay!
= py(T>2).
Here the third, fourth, sixth and seventh equalities are by (2.13), and the fifth by (2.14).
(b). Let U™ : A" — L" be defined inductively by
(3:24) U*(w1,22) = (T1 =72, T2),

(3.25) U™ = QU™ x id), where Qu(Z1, ..., Tn, Tni1) = (F1 = Tnils-- -+ Tn = Tnil Tnil)-
We claim that

(3.26) Ci,i_HUn = UnUM_H, n Z 2, 1 S 7 S n—1.
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If n =2, then

T1 = 22,T2) = (T1 = T3> T3, T1 ~— T2)

(
= ((((x1 = 22) =23 ") = 22) = (21 22), TT = 72)

= ((x1 = x2) «— (x1 “—x2),T1 —T2)
= U2($1 —T2,T1 ’—1'2) = Uza(wl,xg).
Assume that (3.26) is true for n and let ¢ be such that 1 <i <n — 1. Then
iU = ¢;i11Qn(U™ x id) = Quei i1 (U™ x id) = Qu(U™ x id)o 01 = U oy 1415

here the second equality follows from part (a). So, let i = n. We claim that ¢, n+1Qn(Q" ! x id) =

1 . __ R —
Cnn+1Qn(Q" " xid)(Z1, .. ., Tp—1, Tn, Tnt+1) = Cnnt1Qn(T1 = Zn, ..., Tp_1 = Tpn, T, Tnt1)

= Cn,nJrl((l‘l — xn) = Tptly e ("Enfl — xn) —Tp+41sTn = Tn41, xn+1)

= (T1 = Tn@ntls- - s Tno1 = TnTntl, (Tn — Tnit1) — (Tn — Tp41), Tn = Tnt1),

and this equals

Qn(Qnil X id)o'n,n—s—l(xil? vy Ip—1,Tn, xn—l—l) = Qn(Qnil X ld) (Th ce ey Tp—1,Typ — Tn+1,Tn — 'rn—s—l)

= (21 (Tn = Tn41)(Tn = Tns1), - -+ (Tn = Tnt1) “— (Tn = Tni1), Tn = Tni1)
because of (2.13). Then
Cnn U™ = i 1Qn(Q x id) (U™ x id)
= Qn(Q" ' x i)y ni1 (U™ ! xid) = Qu(Q™ x id)(U™ ! x id)opni1 = U oy i1

Hence o and ¢ are equivalent; then c is a solution by Remark 3.18, and (£, ) is a rack bundle by
Remark 3.16. O

We now prove the implication “(b) = (a)”. This was implicit in [S], in the set-theoretical setting.
See also [AG, Prop. 5.4 (3)].

Let us consider a collection (A, L, p, ) as in Definition 3.19 but without assuming the cocycle
condition (3.21). Define «—, — : A x; A — A by (3.19), (3.20); assume that s(z —y) = s(x). Let
o:Aexs A — Axs Abe given by (2.3): o(z,y) = (x =y, z+—y), (z,y) € AcXs A.

Lemma 3.22. The map o is a solution if and only if the condition (3.21) holds. If this happens, the
solutions o and c are equivalent, and o is non-degenerate.

Proof. Assume that (3.21) holds. Let U" : A" — L" be defined by (3.24), (3.25). We claim that
(3.26) holds in the present situation too. In fact, one can repeat the proof for n = 2 word by word,
since (3.20) is equivalent to (3.22). Same for the proof of the inductive step, i < n since A C aut , L
by hypothesis. Finally, the proof of the inductive step, ¢ = n can also be repeated because condition
(2.13) follows from (3.21). Hence o and c are equivalent, and o is a solution by Remark 3.18.
Conversely, assume that o is a solution. Then (2.13) holds; writing this explicitly down, see (3.19),
we get (3.21). O
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This finishes the proof of the theorem. O

Remark 3.23. Let (A, o), (.Zl, o) be two non-degenerate braided quivers. A morphism of braided quivers
is a morphism of quivers T : A — A such that T' x T intertwines ¢ and &; that is, such that
(3.27) T(x—y) =T(x)=~T(y),
(3.28) T(x—y) =T(x)=T(y),
(z,y) € Axs A

A morphism of quivers T is a morphism of braided quivers if and only 1" is a morphism of the
associated rack bundles and (3.28) holds.

4. LINEARIZATION

Let k be a field. Let X be a set. We denote by k X the k-vector space with basis ex, X € X.

Recall that P is our fixed basis of quivers and groupoids. We consider kP as a (commutative,
semisimple) algebra with multiplication epeg = dpgep, P,Q € P.

4.1. The category of bimodules.

The tensor category pMp of kP-bimodules, with tensor product ®xp and unit 1 = kP, can
be identified with the category of P x P-graded vector spaces (with maps homogeneous of degree
0). If M is a P x P-graded vector space, then the grading is denoted M = ®pgep pPMg, with
pMg = epMeg. If m € M, then we set pmg = epmeg. The tensor product of M, N € pMp is
given by M ®@kp N = ©pgep (Prep PMR ® rNQ).

If M € pMp, then we set M* = @pgep p(M*)g where p(M*)g := Homy(oMp,k). We shall
consider the map ev: M* Qxp M — kP given by

ev| Y por®gmg| =) <Z<P0¢R7 RmP>> ep,

P,Q,ReP PeP \RecP
for pap € p(M*)R = Homk(RMp,]k), RMQ € RMQ.
Assume that P is finite. Let pmp be the full tensor subcategory of pMp whose objects are the
P x P-graded vector spaces with finite-dimensional homogeneous subspaces. Let M € pmp and choose

a basis pmé2 of pMg, i running in some index set I(P, Q). Let pOéZQ be the corresponding dual basis.
We consider the map coev : kP — M ®yp M* given by

coev(ep) = Z Z pmiQ X poziQ S pMQ & Homk(pMQ,k) C p(M* Rk p M)p.
P,QeP icI(P,Q)
Then M* is the dual of M and pmp is rigid.

Remark 4.1. Assume that P is not finite. Then we define pmp as the full tensor subcategory of pMp
whose objects are the P x P-graded vector spaces M with finite-dimensional homogeneous subspaces,
and satisfying a condition of finite support: for any P € P, the sets

supp p(M) ={Q € P: pMg # 0} and supp (M)p ={Q € P: oMp # 0}

are both finite. Again pmyp is rigid.
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There is a tensor functor Lin from the category Quiv(P) of quivers over P to pMp given by

(4.1) A M A= opgep p(kA)g, Where p(kA)g =k A(P,Q).

By abuse of notation, if T : A — B is a morphism of quivers, then we also denote by T : kA — kB
the linear map LinT’; that is, T'(ey) = ep(s), f € A.

If M € pMp, then choose a basis A(P, Q) of oMp, P,Q € P. The union A := HP,QGP A(P, Q) is
a quiver and M ~k A in pMp.

4.2. Solutions of the braid equation in the category of bimodules.

Let A be a quiver over P, let 0 : A, x5 A — A.xs A be an isomorphism of quivers and let
q: Axs A— k™ be a function. Let 09 : kA® kA — kA®k.A be given by

(4.2) ol(ex @ ey) = Auy (e @ey) = Quy oy @ €x oy, (@,y) € Aexs A

Lemma 4.2. 09 is a solution of the braid equation in pMp if and only if (A, o) a braided quiver and
(4.3) QuyQe Uz — y, (2 —y) — 2 = Dy2Qay — 29 (y— 2),y — 2> (7,,2) € Aexg Aexs A
Proof. Straightforward. O

Remark 4.3. Let (A, o) be a braided quiver. Let I" be an abelian group denoted multiplicatively. A
map q : A.xs A — T' is called a 2-cocycle if it satisfies (4.3). The space of all 2-cocycles, which
contains all constant functions, is denoted Z2(A,T).

We say that two functions q,q : A x5 A — I" are cohomologous if there exists a functionu: A — T
such that

(4.4) QzyUy —yUp oy = Qg yUzUy, (2,9,2) € Aexg AeXs A

This is an equivalence relation. Furthermore, if q and q are cohomologous and q is a 2-cocycle, then
q is also a 2-cocycle. The quotient of Z2(A,T) by this equivalence relation is denoted H?(A,T).

Let u: A — k* be a function and let ¢y, : k. A — k.A be the linear map given by ¢y(e;) = uges,
x € A. Let q, q be 2-cocycles with values in k* related by (4.4). Then the solutions 09 and o9 are
intertwined by ¢u. Therefore, the computation of H%(A,k*) is desirable.

The previous considerations, in the set-theoretical case, are well-known. A brief discussion is in [AG,
Lemma 5.7]; according to M. Grana, P. Etingof was aware of this. A definition of the full cohomology
of set-theoretical solutions is given in [CES].

Remark 4.4. Let (M, ¢) be a solution of the braid equation in pMp of the form (k.A, 09). The braided
quiver (A, o) is not determined by (M, ¢), see [AG].
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Assume again that P is finite. Recall the definition of rigid in Remark 2.1.

Lemma 4.5. If A is finite and 0@ is a solution of the braid equation, then o9 is rigid if and only if

o is non-degenerate.

Proof. Assume for simplicity that q = 1 and set M = kA, ¢ = o'. Let (0;)zca be the basis of M*
dual to A. Then
cb(5x®ey) = Z Opyy—z €y ® 6, x,y € A, s(z) =s(y).
z€A: 5(z)=e(y), e(y — 2)=¢(x)

Hence, if y — __is bijective, then ¢’ (6, ®e,) = €y (y—1 —q)®0y—1 4, Or equivalently 8y u®ey) =
ey ® 0y. Thus, if o is non-degenerate, then @ is an isomorphism.

For the converse, observe that ab(éx ®y) = 0 if x is not in the image of y — __ . Thus if & is an
isomorphism then y — __is surjective, and a fortiori bijective for all y. Finally if y v = ¢ < u, then
(6w ®ey) = (0 u @ e;), which implies y = t. O

4.3. Face models.

A Yang-Baxter (or star-triangular) face model is essentially the same as a solution of the braid
equation in the category of kP-bimodules, see [H2] and references therein. Thus, braided quivers
equipped with 2-cocycles with values in k* give rise to Yang-Baxter face models. For completeness we
restate the results of the preceding subsection in the language of face models. We begin by a definition
inspired by [H2].

Definition 4.6. Let us first state that a quiver in a category C is a pair of arrows s,¢ : A — B in C.

A double quiver is a quiver in the category Quiv of all quivers. That is, in the “vertical and
horizontal” notation, a double quiver is a pair of morphisms of quivers ¢,b : 8 — §), where B and $
are quivers in the usual sense: I,r : 8 — U, [,r : H — P, and ¢, b should preserve [, r:

(4.5) tr = rt, tl = 1It, br = rb, bl = Ib.
In short, a double quiver is a collection of sets and maps
t,b
B = 09
Lrll Wir
g = P
t,b

satisfying (4.5). By abuse of notation we say that (8,0, 9) is a double quiver over P; or alternatively
that 9B is a double quiver with sides in U and $; or that B is a double quiver with sides in A in case
UV =9 =A. An element B of B is called an oriented bor and depicted as a box

B:lDr

b

where t = t(B), b = b(B), r =r(B), | = l(B), and the four corners are ti(B), tr(B), bl(B), br(B). In
this picture, we keep in mind the orientations top-to-bottom and left-to-right. Morphisms of double
quivers, or of double quivers over P, are defined in the standard way.
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Let P be a set and U, H be quivers over P denoted vertically and horizontally, respectively. The
coarse double quiver with sides in U and ) is the collection (U H $,V, $H) where L H § is the set of
x
all quadruples | f ¢ | with z,y € ), f,g9 € U such that

Y
(4.6) l(x) =t(f), r(@)=tg), Uy =0(f), 7r(y)=>bg)

Such a quadruple is called a face. We omit the obvious description of the arrows.

If (98,0, 9) is a double quiver over P, then there are maps © : B — LHH, =: B — H,x; Y given
by
T T
olfl la|=|r o]
Yy

[1]

xT
f[b (,9), f[ Jge®.
Y

Clearly © is a morphism of double quivers.

We shall say that (98,0, 9) is thin if © is injective (any box is determined by its sides) and Z is

surjective.
We shall say that (8,9, 9) is vacant if = is bijective.
We now attach a vacant double quiver to any braided quiver.

Definition 4.7. Let A be a braided quiver. The associated vacant double quiver with sides in A is
the collection A 1 A of faces of the shape

X

T—g g, (z,9) € Aexs A

Ty
This is well defined by (2.5).

We next recall the definition of face models, see for example [H2] and references therein.

Definition 4.8. Let A be a quiver. A face model on A is a pair (f, w), where B is a thin double
quiver with sides in A and w : P — k* is a function.

A face model (B, w) induces a linear map ¢V : kA @kp kA — kARkp kA by
(4.7) Ver ®ey) = Zw ng e ® ey, (z,9) € Aexs A,

x
where the sum is over all the pairs (f,y) € A.Xs.A such that ng e P.

Y



36 NICOLAS ANDRUSKIEWITSCH

A star-triangular face model is face model (3, w) such that (k.A4,c%) is a solution to the braid
equation in pMqp.

Remark 4.9. (Hayashi, [H3]). Any solution to the braid equation in pMp arises as (k.A4, ¢V) for some

face model (3, w); see the considerations in Subsection 4.1.

By Lemma 4.2, any pair (A, q) where A is a braided quiver and q is a 2-cocycle with values in k*
gives rise to a star-triangular face model (A < A, w). Namely, set

X

wlxz—g 9| =dag, (z,9) € Aexs A

xr—gq

There exist of course star-triangular face models that do not arise from braided quivers.

4.4. Quasitriangular quantum groupoids.

Let (M,c) be any solution of the braid equation in pMp. By a generalization of the FRT-
construction, Hayashi has shown the existence of a coquasitriangular weak bialgebra B(M,c) such
that M is a B(M,c)-comodule and ¢ arises from the coquasitriangular structure. If (M, c) is in
addition rigid, then once can even produce a weak Hopf algebra Hc(M,c) with this property [H1].
Assume that (M, c) is of the form (k.A, o), where (A, o) is a braided quiver. We give an alternative
construction of a quasitriangular weak Hopf algebra realizing (k A, o) as above.

Let H be a weak Hopf algebra or quantum groupoid in the sense of [BNS, BS], see also [NV]. The
category M of left H-modules is a monoidal category with tensor product @ N := A(1)M ®y N,
M,N € yM [BS, NTV].

Let (V, H) be a matched pair of groupoids over P, with V, H and P are finite sets. Let k(V,H) be
the corresponding weak Hopf algebra introduced in [AN], with notation of [AA]. We know:

e the category iy 3) M of left k(V, H)-modules can be tensorially embedded into pMp [AA];

e if A is a representation of (V,H), then kA is naturally a left module over iy )M, and
Rep(V,’H) can be tensorially embedded into y(y 1M [AA, Prop. 5.6];

o let (&,1) be a LYZ-pair for (V, H). Let R¢, € k(V,H) @k k(V, H) be the universal R-matrix
constructed in [AA, (5.8)]. Then (k(V,H),Re¢,) is a quasitriangular quantum groupoid— in
the sense of [BS, NTV]- by [AA, Th. 5.9]. Let A be a representation of (V,H) and let 0.4 4 be
the corresponding solution. By construction, the linearization o4 4 :kA®kA -k ARk Ais

a solution of the braid equation in pMp that arises also from R¢, and the induced structure
of k(V, H)-module on k A.

Combining these remarks with Theorem 3.10, we conclude:

Proposition 4.10. Let (A, o) be a finite non-degenerate quiver. Then the linearization kA is a module
over the weak Hopf algebra k(Ga,Ga>1Ga) and o arises from the universal R-matriz Rin, in, - O
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5. APPENDIX
BY MITSUHIRO TAKEUCHI

Proposition 5.1. If A is a quiver over P, there is a matched pair of groupoids (V(A), H(A)) such
that there is a one-to-one correspondence between representations of (V,H) on A and morphisms of

groupoids (V,H) — (V(A), H(A)).
Proof. The matched pair (V(A), H(.A)) is constructed as follows. V(.A) is the free groupoid generated
by A. For Q € P, let Xg be the set of all paths in V(A) beginning with Q:

Q =t 2 e an , a; € V(.A)
For P,Q € P, let H(A)(P,Q) be the set of all bijections f : X9 — Xp satisfying the following

conditions:

(1) f preserves the length of paths, hence we can write

f(al,ag, oo ,an) = (bl, bQ, ceey bn)
(2) a; is in A iff b; is in A.
(3) a; is an identity iff b; is an identity.
4) flar,...,ai0qi11,...,an) = (b1,...,bibiy1,...,by), 1 <i < n.
(5) f(al, ag, . .. ,an_l) = (bl, by, ... ,bn_l), ifn > 1.

The groupoid H(A) is defined by arrows H(A)(P, Q) with obvious composition. In particular, we
have f(a1) = b;. We may write by = f — ay. This gives a left action of H(A) on A by (2). There is a
canonical quiver map A — V(A). If we fix f and a1 as above, the correspondence

(ag,ag,...,an) = (bg,bg.. . ,bn)
satisfies conditions 2) — 5). Hence it determines an element of H(.A). If we denote this map by f < a1,
we get a matched pair of groupoids (V(A), H(.A)) and a canonical representation on .A. The one-to-

one correspondence between representations of (V,’H) on A and morphisms of groupoids (V,H) —
(V(A), H(A)) is constructed easily. 0

As an important application of this proposition, we have a version of the so-called FRT construction
for matched pairs of groupoids. We consider quadruples (V,H, &, n) where (V,H) is a matched pair
of groupoids and (&, 7) is a matched pair of rotations on it. In view of Theorem 3.2, this is equivalent
to specifying a braiding structure on Rep(V, H). A morphism

(a,B) : V1, H1,&,m) — V2, Ha, &2,12)

means a morphism («, 3) : (V1, H1) — (V2, Hz2) of matched pairs of groupoids such that the following
diagram commutes.

o1 L

Vs &2, 12 Ho.



38 NICOLAS ANDRUSKIEWITSCH

This is equivalent to saying that the functor Res? : Rep(Va, H2) — Rep(Vi,H1) preserves the
braiding structure.

Theorem 5.2. Let A be a non-degenerate braided quiver. There is a quadruple (G, Ha,&a,n4) with

a canonical representation py on A satisfying the following properties.

(a) The matched pair of rotations (§4,m.4) induces the braiding on A.

(b) Let (V,H,&,m) be a general quadruple. Let p be a representation of (V,H) on A such that
(&,m) induces the braiding on A. Then, there is a unique morphism of quadruples

(@, 8) - (V,H, &m) — (G, Ha, €a,m4)
such that (A, p) = Res2(A, po).

(¢c) We have a one-to-one correspondence between data V,H,&,n,p as in (b) and morphisms of

quadruples (avﬂ) : (V7H7§7n) - (GA,HA7€A777.A)-

Proof. Recall the structure groupoid G 4 of (A, o), Definition 2.3; it is a quotient of V(. A) and we write
a ~ b if the clases of a,b € V(A) are equal in G 4.

Let H 4 be the maximal subgroupoid of H(.A) which is compatible with the defining relations of
Gy If P,Q € P, Hy(P,Q) consists of all f € H(A)(P,Q) such that for all (aq,as,...,a,) and
(b1,ba,...,by) in Xy, (a1,a2,...,an) ~ (b1,ba,...,by) iff f(a1,a2,...,an) ~ f(b1,b2,...,b,). Then
(Ga,H4) is a sub-matched pair of (V(A), H(.A)). We define a LYZ-pair (£,7) for (Ga,H) as follows.

Let a € G4(P,Q) and (b1,be,...,b,) € Xg. Make the following diagrams by means of matched
pairs (V(A),G4) and (G4, V(A)).

—_—
Cll lln
ai
-_—
czl lbg 4 d2 e L
2 ) al lm laz lanq lan
b1 bo bn,
an—1
—_—
C’FLJ/ J/bn
an
——

where ¢;, a;, d; and «; are defined inductively by

¢ =aj—1—b, a=a_1-b;, a=a and ;1 =d;i—aq, bi =d;i—a;, ag=a.
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The maps
(bl,bg,...,bn)H(Cl,CQ,...,Cn) and (dl,dg,...,dn)

belong to H4(P, Q). Let n(a) and £(a) be these maps. Then &, 1 : G4 — Hy4 are groupoid maps
giving rise to a LYZ-pair which induces the original braiding ¢ on A.
O

In view of the universality (b), (c) above, one may call the matched pair (G4,H4) the FRT-
construction for matched pairs of groupoids.

Relations of this construction with the construction in the text are explained as follows. If A is a
non-degenerate braided quiver, the structure groupoid G 4 has a braided structure (Theorem 3.8). We
have a matched pair of groupoids (G4, G4 > G_4) which has a canonical LYZ-pair (inj, ing) (Theorem
3.4). Thus we have a quadruple (G4, G4 > G 4,1iny,ing). Further there is a canonical representation
of this matched pair on A which induces the original braiding on A (Theorem 3.10). Comparing with
Theorem 5.2 above, we conclude that there is a unique morphism of groupoids

a:GANGAHHA

such that (id, @) : (G4,G 4 > G4) — (G4,Hy) is a morphism of matched pairs and that {4 = aing
and 4 = a/ins.
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