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Categorifying the sl((2,C)
Knizhnik-Zamolodchikov connection via
an infinitesimal 2-Yang-Baxter operator

in the string Lie-2-algebra

Lucio SIMONE CIRIO AND JOAO FARIA MARTINS

We construct a flat (and fake-flat) 2-connection in the configu-
ration space of n indistinguishable particles in the complex plane,
which categorifies the s[(2, C)-Knizhnik-Zamolodchikov connection
obtained from the adjoint representation of s[(2,C). This will be
done by considering the adjoint categorical representation of the
string Lie 2-algebra and the notion of an infinitesimal 2-Yang-
Baxter operator in a differential crossed module. Specifically, we
find an infinitesimal 2-Yang-Baxter operator in the string Lie 2-
algebra, proving that any (strict) categorical representation of the
string Lie-2-algebra, in a chain-complex of vector spaces, yields a
flat and (fake flat) 2-connection in the configuration space, cate-
gorifying the s[(2, C)-Knizhnik-Zamolodchikov connection. We will
give very detailed explanation of all concepts involved, in partic-
ular discussing the relevant theory of 2-connections and their two
dimensional holonomy, in the specific case of 2-groups derived from
chain complexes of vector spaces.
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1. Introduction

Let I = [—1, 1]. Given a positive integer n, recall that a braid [4, 17, 18, 37],
with n-strands is, by definition, a neat embedding B of the manifold L} ;1
into C x I (where C is the complex plane) such that the projection on the
last variable (which unusually we take to be the horizontal one) is monotone.
Moreover, we suppose that BN (C x {£1}) = {1,...,n} x {0} x {£1}. Two
braids B and B’ are said to be isotopic (or equivalent) if there exists a level
preserving (with respect to the last variable) isotopy of C x I , relative to
the boundary of C x I, sending B to B’. Isotopy classes of braids with n-
strands form a group, the Artin braid group B,,, where two braids B and B’
are multiplied, defining BB’, by putting B’ on the right hand side of B.

Isotopy classes of braids are, canonically, in one-to-one correspondence
with elements of the fundamental group of the manifold C(n)/S,,, the con-
figuration space of n indistinguishable particles in the complex plane. In fact
B, = m1(C(n)/Sy), as groups. Here:

Cn) ={(z1,...,2,) €C" i #j = 2z # 2}

is the configuration space of n distinguishable particles in the complex plane,
with the obvious (properly discontinuous) action of the symmetric group Sy,
by diffeomorphisms.

Consider a vector bundle, with typical fibre V', over the configuration
space C(n)/Sy, with a connection. If the connection is flat, then the holon-
omy of it (which in this case is invariant under homotopy) will yield a homo-
morphism B,, = m1(C(n)/Sy) LN GL(V), where GL(V) is the Lie group of
invertible linear maps V' — V. An example of this is given by the well known
Knizhnik-Zamolodchikov connection [15, 37, 39, 40]. Let us explain its con-
struction. Choose a Lie algebra g and a symmetric tensor r =) . a; ® y; €
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g ® g such that the following relation, called the 4-term relation, is satisfied:

(1) (112 + 713, 723] = 0.

Explicitly (1) means that in g ® g ® g we have:

in ® [Yi, 7] ® yj + 2 @ x5 @ [yi, y5] = 0.
1,3

Such element r € g ® g will be called an infinitesimal Yang-Baxter operator
(or infinitesimal R-matrix) in g.

Let p: g — gl(V') be a Lie algebra representation of g in the vector space
V. Here gl(V) is the Lie-algebra of linear maps V — V, with the usual
commutator [f,g] = fg — gf. Denote the tensor product V@ --- @V of V
with itself n times as V®™. Consider the trivial vector bundle C(n) x V&,
Given 1 < a < b < n, define a linear map ¢L;,(r): V" — V" (called inser-
tion map) as:

(2) _zb(r)(vl®"‘®va®"'®vb®'--®’un)
:Zvl®"'®xi[>va®"'®yi|>7)b®"'®vn,
%

where p(X)(v) = X >w, for v €V and X € g. We therefore inserted (p ®
p)(r) in the positions a and b of V®".

The Knizhnik-Zamolodchikov connection is given by the following
gl(V®")-valued 1-form in the configuration space C(n):

h

(3) A= i Z wabq;ﬁb(r),
1<a<b<n
where
dzg — dz
Wab =~ -
Za — %b

This connection appeared originally in the context of conformal field theory
[39], and while calculating Chern-Simons path integrals [50]; see also the
reference [42]. It follows easily that the Knizhnik-Zamolodchikov connection
is flat, by using the 4-term relation (1); see for example [15, 37, 41].

We have obvious left actions of S,, on C(n) and on V®". Clearly, the
product action of S, on C(n) x V™ is an action by vector bundle maps,
so we can consider the quotient vector bundle (C(n) x V®")/S,,, over the
configuration space C(n)/Sy; see [41]. Since the Knizhnik-Zamolodchikov
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connection is invariant under this action, we have a quotient Knizhnik-
Zamolodchikov connection, also called A, in the vector bundle (C(n) x
Ven)/S,.

There is a standard way to find tensors r € g ® g satisfying the 4-term
relation: consider a g-invariant non-degenerate symmetric bilinear form (,)
in g. Let {x;} be a basis of g. Let {y’} be the dual basis of g*, identified
with g by using the bilinear form (,). Then r = ), z; ® y; is symmetric and
g-invariant, namely:

(4) [A(X),r] =0, for each X € g, in U(g) @U(g);

where U(g) is the universal enveloping algebra of g, with the usual co-product
A:U(g) = U(g) @U(g). From (4) we can easily see [15, 23, 37] that r satis-
fies the 4-term relation (1), thus r is an infinitesimal Yang-Baxter operator
in g. Relation (4), in other words the g-invariance of a tensor r € g ® g, is not
implied by the 4-term relation (1). A symmetric g-invariant tensor r € g ® g
will be called an infinitesimal braiding [37] in g.

Given a semisimple Lie algebra g, let r be the infinitesimal Yang-Baxter
operator coming from the Cartan-Killing form in g, a g-invariant, symmetric,
non-degenerate, bilinear form. In the particular case of s[(2,C) = sl, with
the standard generators {e_1, e, €1}, satisfying the commutation relations:

[60, 6_1] = —€_1, [6_1, 61] = 260 s [60, 61] =€,
the associated infinitesimal Yang-Baxter operator has the form:
(5) r=2e 1®e1+2e1®¥e_1—4deyReg.

Given a finite dimensional representation p of g, the representation of the
braid group constructed via the holonomy of the Knizhnik-Zamolodchikov
connection defined from r and p, see (3), is equivalent to the representation
of the braid group coming from the R-matrix of the quantum group Up(g),
considering the representation py, of Uy (g) which quantizes p. This beautiful
result is due to Kohno [41]; see also [25, 37].

The holonomy of the Knizhnik-Zamolodchikov connection does not im-
mediately yield invariants of links in S2, given that the forms wy, explode
at maximal and minimal points. However, there exist well defined regular-
isation methods for the holonomy at the extreme points, albeit forcing us
to introduce knot framings. For this see [2, 43], in the identical case of the
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Kontsevich integral, also defined from the holonomy of a universal Knizhnik-
Zamolodchikov connection. This construction gives knot invariants which
coincide with the usual quantum group knot invariants; see [26, 37].

This paper, which is a sequel of [24] and solves one of its main open
problems, has the objective of addressing how to extend this holonomy ap-
proach for defining invariants of braids to the case of braided surfaces. A
(simple) braided surface B S B [22] (which is called a braid cobordism in
[38]), connecting the braids B and B’, both being embedded 1-manifolds in
C x I, and not considered to be up to isotopy, is a 2-manifold with corners
8, neatly embedded in C x I x I, defining an embedded cobordism between
B and B’. One also requires that the projection of § onto {0} x I? is a
simple branched cover, with a finite number of branch points, and moreover
that the restriction of 8§ to C x {£1} x I does not depend on the last vari-
able. Two braided surfaces B 2% B’ and B 2% B’ are said to be equivalent
if they are isotopic, relative to the boundary of C x I x I. There exists a
(non-strict) monoidal category whose objects are the braids with n-strands
(not considered to be up to isotopy), the morphisms B — B’ are the braided
surfaces 8 connecting the braids B and B’, up to isotopy, with the obvious
vertical composition, and the tensor product (B LN B) ® (B2 B2y B)) is
given by the obvious horizontal juxtaposition BjBo LILEN B} Bj.

A braided surface B — 8B’, without branch points, defines a map 8': 1% —
C(n)/Sn, [22, 1.6], restricting to B: I — C(n)/S,, and to B": I — C(n)/Sy,
on the top and bottom of I?, with 8 being constant on the left and right
sides of I2. If § has branch points, then 8 is defined on I? minus the set of
branch points of the projection of 8 onto {0} x I?. In each branch point 8’
has a very particular type of singularities; see [24].

Let M be a smooth manifold. The theory of Lie 2-group 2-connections
over M was initiated in [5, 12, 13, 19]; see also the excellent review [9]. Their
(in general non-abelian) two-dimensional (surface) holonomy was addressed
in [12, 13, 47, 48]; see also [30-32]. We will always see a strict Lie 2-group [10,
16, 21] as being represented by its associated Lie crossed module (5: H —
G,>), where G and H are Lie groups and > is a smooth left action of G
on H by automorphisms, satisfying the well known Peiffer relations, [21].
Analogously, we will always consider, instead of a strict Lie 2-algebra [6, 7],
its associated differential crossed module & = (5: h — g,>), where g and
h are Lie algebras and > is a left action of g on h by derivations. These
are to satisfy the following natural compatibility conditions, called Peiffer
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relations:

(6) O(u)>v=[u,v] and OI(Xp>wv)=[X,0),
Vu,veh,VX €g.

Let us briefly explain the (local) differential geometry of 2-connections
and their two-dimensional holonomy, in the particular case when the un-
derlying Lie 2-group is obtained from a chain complex of vector spaces V;
[7, 10, 24, 29, 32, 36]. We will provide full definitions and detailed calcula-
tions in this paper. We will not make use of the general theory of 2-vector
bundles, since everything we use can be presented locally, and the natu-
ral global setting for the examples we present fits nicely inside the theory
of vector bundles whose typical fibre is a chain-complex of vector spaces
(differential graded vector bundles [1]).

Let V be a chain complex of vector spaces. Let Aut(V) be the 2-category,
with a single object, whose 1-morphisms are the (degree 0) chain-maps
f:V— 7V, with composition (in the reverse order) as horizontal composi-
tion. Given chain maps f, f’: V — V, the 2-morphisms f == f’ in Aut(V)
are given by (equivalence classes of) the usual chain complex homotopies
(degree-1 maps s: V — V), connecting f and f’, with sum as vertical com-
position. The whiskerings of homotopies with chain maps are given by the
obvious compositions of (degree 0 and degree 1) maps V — 'V, rendering two
distinct possible horizontal compositions of homotopies. In order that these
coincide, so that the interchange law for 2-categories holds, we must consider
homotopies s: V — V up to 2-fold homotopy.

From the chain complex of vector spaces V we also derive a differential
crossed module:

gl(V) = (8: gl'(V) = gl°(V),>),

where gl®(V) is the Lie algebra of (degree 0) chain-maps, with the usual
commutator defining the Lie algebra structure, and the underlying vector
space of gl*(V) is the vector space of degree 1 maps V — V (homotopies) up
to 2-fold homotopy, with a certain natural bracket. Of course 3(s) = s + s,
for s € gi*(V), where 9 is the boundary map in V.

A (fake-flat) local 2-connection (A, B) in the manifold M is given by
a gl°(V)-valued 1-form A in M and a gl'(V)-valued 2-form B in M, such
that B(B) = Fa = dA+ £A A A, the curvature of A. A local 2-connection
can be integrated to define a 2-dimensional holonomy H = (H!, H?). Ex-
plicitly, if v: [0,1] — M is a piecewise smooth path we have a chain map
H'(y): V= V; if I': [0,1]> = M is a piecewise smooth homotopy v — 7/
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(relative to the end-points) connecting the paths v and +/, called a 2-path,
then we have a chain complex homotopy (up to 2-fold homotopy) H?(T)
connecting the chain maps H'(y) and H' (). These holonomy maps, par-
ticular cases of constructions in [1, 13, 32, 48], preserve horizontal and
vertical compositions of 2-paths, and of course the composition of paths.
Moreover, if the pair (A, B) is 2-flat, meaning that the 2-curvature 3-tensor
M = dB + A A" B vanishes, the two dimensional holonomy H?(T') depends
only on the homotopy class, relative to the boundary, of T': [0,1]*> — M.
Therefore, if we construct a 2-flat 2-connection (A, B) in the configu-
ration space C(n)/S,,, the holonomy of it will define an invariant of braid-
cobordisms 8, without branch points, by considering the two dimensional
holonomy of the associated maps 8': [0,1]2 — C(n)/S,. In particular, this
renders a solution of the Zamolodchikov tetrahedron equation [7], albeit in
a weak (i.e. bicategorical) sense. An important open problem is whether
(for the example given in this article) this two dimensional holonomy is
convergent, or for the least can be regularised, in the case when the braid
cobordisms have branch points, in which case we need to compute the holon-
omy of a map §: [0,1]%\ B(8) — C(n)/S,, where 5(8) is the (finite) set of
branch points of 8, in which 8 has a very particular kind of singularities.
This would permit us to have a full fledged invariant of braid cobordisms.
Consider a chain complex V and a positive integer n. Consider also a
family of chain maps tu: VO™ — V®" where a,b are distinct elements of
{1,...,n}, as well as chain homotopies (up to 2-fold homotopy) K. of
VEn where a,b, c are distinct elements of {1,...,n}. Here ® denotes the
usual tensor product of chain complexes. In [24], we found necessary and
sufficient conditions for a local 2-connection (A, B) in C(n), of the form:

(7) A= Z wabtab ’ B = Z Wha N\ Wae Kbac + Wab A Wee Kabc

1<a<b<n 1<a<b<c<n

to be flat and also so that its 2-dimensional holonomy descend to the quotient
C(n)/Sy (which yields the obvious S,,-covariance condition); see Theorem 23
below. An efficient way to construct data like this is to consider infinitesimal
2-Yang-Baxter operators (which we will also call infinitesimal 2-R-matrices)
in a differential crossed module & = (8: h — g,>). These are pairs (r, P),
where r € g® g and P lives in ﬂ(g), satisfying further properties. Here ﬂ(g)
is the degree 1 component of the chain complex tensor product (5: h —
9)®(B:h—g)®(B: h— g), modulo the images of the boundary map from
the degree-2 component of it. Therefore g naturally maps to g ® g ® g,
through a map (’. Suppose we are given a categorical representation p of &
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in the chain complex V, in other words a differential crossed module map
p: & — gl(V), [24]. Put, see (2):

A - Z wab Qggb(ﬂ b

(8) 1<a<b<n
B = Z Wha N Wae a)gac(P) + Wab A Whe Qggbc(P) .
1<a<b<ce<n

In order that (A, B) be a flat local 2-connection, and that it is, moreover,
Shp, covariant, (r, P) should satisfy (prior or after applying the categorical
representation p) the following set of equations, categorifying the 4-term
relation (1):

T12 = To1

B'(P) = [ri2 + r13, 23]

14> (Po13 + Poza) + (r12 + 123 +1r24) > P314 — (113 +734) > P14 = 0
723 > (Pa1a + P314) — 714> (P23 + Pr23) =0

Pra3 + Pog1 + P312 =0

Piog = Pi32

In such a case, the pair (A, B) will be called a Knizhnik-Zamolodchikov
2-connection. The above conditions, which we discuss in detail here, de-
fine what we call an infinitesimal 2-Yang-Baxter operator, or infinitesimal
2-R-matrix, (r, P) in &, free or eventually with respect to a categorical rep-
resentation p of &, see definitions 26 and 28. Relations (9) where used in [24]
to define the differential crossed module of horizontal 2-chord diagrams. In
this paper we will construct a non-trivial representation of these relations by
defining an infinitesimal 2-Yang-Baxter operator in the string Lie-2-algebra.
For the time being, we note that given any Lie algebra g and any symmetric
tensor r € g ® g, if we put P = [r12 + 713, r23], then relations (9) are satisfied
by (r, P), in g®4, where > is in this case the adjoint action of g on g. This
essential fact was proven in [24].

Let & = (0: h — g,>) be a differential crossed module. Thus g acts
on h by derivations, and it is easy to see, by the crossed modules rules
(6), that > descends to a Lie algebra representation of 71(®) = coker(0)
on 7o(®) = ker(®). Similarly to the group crossed module case, treated in
[20, 45], we can in addition derive from & a Lie algebra cohomology class,
the k-invariant [27], k3(&) € H3(71(&), m2(®)). Reciprocally [33, 50], any
Lie algebra cohomology class w € H3(¥,a) can be induced from a differen-
tial crossed module &, with 71 (®) = ¢ and m(®) = a, and we say that &
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geometrically realises w. Two crossed modules have the same k-invariant if,
and only if, they are weak equivalent, in the model category of differential
crossed modules, or, what is the same, if they are equivalent in the larger
category of (not-necessarily strict) Lie 2-algebras [7].

Let g be a simple Lie algebra, acting in C trivially. The vector space
H3(g,C) is one dimensional and generated by the cocycle w: gAgAg—
C, such that w(X,Y, Z) = ([X,Y], Z), where (,) denotes the Cartan-Killing
form. The string Lie 2-algebra is, by definition, a differential crossed module
geometrically realising this cohomology class for the case of sly; it is therefore
defined only up to weak equivalence.

Explicit realisations of the string Lie 2-algebra appear in [8] and [49]. The
realisation appearing in [49] is completely algebraic, therefore fitting nicely in
the framework of this article. Let us sketch this construction. The differential
crossed module Gtring associated to the string Lie 2-algebra (the string
differential crossed module) has the form Gtring = (0: Fo — Fy %, slo,>),
where [y is the slo-module of formal power series in C, and F; is the sls-
module of formal differential forms in C. Here sly acts on Fy and F; through
Lie derivatives, via a natural inclusion of sls into the Lie algebra of formal
vector fields in C. Both g and F; are to be seen as being abelian Lie algebras.
Finally F; x, slo denotes a semidirect product, twisted by a certain Lie
algebra 2-cocycle a: sla A sla — Fy. The string differential crossed module
can be embedded into the exact sequence:

(10) {0} > C L Fy & Fy xq sl 5 sly — {0}

Here 0 = (d,0), where d denotes the formal de Rham differential.
Despite the fact that Fy is abelian, the differential crossed module asso-

ciated to the underlying complex Gtring = (Fy 9, Fq1 x4 slo) of Gtring ( the
relevant one at the level of 2-dimensional holonomy), namely:

(11)  gl(Fo B F) xasl) = (B: gl (Fo S F) xa5ls) = gl (Fg B F x05k),5)
is a differential crossed module of non-abelian Lie algebras. For instance,
given two homotopies s,t: Fy X, slo — Fo, both of which are elements of
gl! (Fo 9, F1 x4 slp), their commutator is:

{s,t} =sodot—todos,

which is clearly non-zero in general.
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Let & = (0: h — g,>) be any differential crossed module. There exists a
natural categorical representation p = (p!, p"): & — gl(®) of & in its under-
lying complex & = (0: h — g), called the adjoint categorical representation
of &. For the case of Lie crossed modules this appeared in [51]. Specifically,
any element X € g is sent to the chain map pg(: B — 8, with:

hxg>s (v,Y)”i> (X>o, [X,Y]) ebhxg,

and each element v € b is sent to the chain homotopy p. of &, with:

g3 X% —Xpven.

In particular a g-invariant element v € b is always sent to the null homotopy.

Let us now go back to the string differential crossed module Gtring =
(0 :Fg — Fy x4 slo,>). Looking at the exact sequence (10), let us try to
find an infinitesimal 2-Yang-Baxter operator (7, P) in Gtring, such that (7 ®
7)(7) = r, where r is the infinitesimal Yang-Baxter operator in sly; see (5).
Let 7 be the obvious lift of 7 to (1 x4 slo) ® (F1 X4 sl2). Explicitly:

r=2 (0, 61) & (O, 6_1) + 2 (0, 6_1) & (O, 61) —4 (O, 60) (%9 (O, 60)
= Zsﬁ-@)t? € (F1 x4 5lp) @ (F1 x4 8l2) .

(2

Unlike r, the tensor 7 does not satisfy the 4-term relations (1). However,
since r is an infinitesimal Yang-Baxter operator, the exactness of (10) im-
plies, since 7([F12 + 713, 723]) = [r12 + r13.723] = 0, that [F13 + T13, 23] is in
the image of 9’: 5(3) — (F1 x4 5l)®3. Let P% be the most obvious lift of
[f12 + 713, 7723] to U 3 . Explicitly:

(12) PY =16 ((0,e—1) ® (0,e0) ® ¥ + (0,e_1) ® z @ (0, eg)
—(0,e0) @z ® (0,e—1) — (0,e09) ® (0,e-1) ® $)
ca®.

Let also (where, if ¢ € C, the constant polynomial with value ¢ is denoted
by cx, ):

K3 7

(13) C=) 27,050t 5001y, - 5 1s, @ % € 4.
i
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The main result of this paper (Theorem 44) states that relations (9) are
satisfied by (7, P) = (7, P’ + 4C). Therefore (7, P) is a free infinitesimal 2-
Yang-Baxter operator in the string differential crossed module.

It is also remarkable, and essentially follows from the fact that, in
String = (0 : Fg — Fq x4 slp,>), the kernel ker(9) of 9 is (Fy x4 sly)-
invariant, that the pair (7, P?) is an infinitesimal 2-Yang-Baxter operator
in the string differential crossed module, with respect to the adjoint cate-
gorical representation of it; Theorem 36. However the same is also true for
(7,Q), where @ is any inverse image, in 5(3), of the tensor [Fi2 + 713, 723];
Remark 37.

Since (7 ® 7)(T) = r, where r € sly ® sl is the usual infinitesimal Yang-
Baxter operator of sls, given a positive integer n, we therefore have a lift
of the Uy (sly) representation of the braid group in sl5" to be an invariant
of braid cobordisms, without branch points. The non-trivial part of the two
dimensional holonomy will essentially live in the homology group:

K" = H; <7—[OM (6tting®”, Gttinggn) )

Here Gtring = (0: Fy — [ x4 slp) is the underlying complex of the
string differential crossed module, ® denotes the tensor product of chain-
complexes, and given chain complexes V and V', HOM (V,V’) denotes the
hom-chain complex. Clearly K' is the vector space hom(sly, C) of linear
maps sly — C. Since Gtring is a complex of vector spaces with finite dimen-
sional cohomology groups, [25, 10.24], we deduce

K" > hom(ﬁ[g, (C) & hom(5[2,5[2)
® -+ - ® hom(sly, slo) @ cyclic permutations.

To get a full fledged invariant of braid cobordisms from the holonomy of
the Knizhnik-Zamolodchikov 2-connection derived from (7, P), we need to
investigate whether the integrals defining the two-dimensional holonomy of
a general (possibly with branch points) braid cobordism 8 converge or not,
or for the least find a regularisation process. Recall that braid cobordisms
§ yield in general, rather than a map 8: [0,1]2> — C(n), a map 8": [0,1]2 \
B(8) — C(n), where B(8) is the set of branch points of 8, which are points
where 8’ has a very particular type of singularities, [24]. We expect to address
this very important issue in a future publication. The case of loop braids,
defined in [14], is a very promising one, since the singularities of the maps
to the configuration space are of the simplest type in this case. Independent
of this, we conjecture that a braided monoidal bicategory [11, 35] can be
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derived from the framework developed in this paper and [24], by making
use of categorified Drinfeld associators, through a holonomy construction
similar to [37, chapters XIX and XX], [26] and [2, 43].

Let g be a Lie algebra. Let r € g ® g be a symmetric tensor. As men-
tioned before, the 4-term relation (1) is implied by the much stronger g-
invariance condition (4). In the latter case, the holonomy of the Knizhnik-
Zamolodchikov connection A of (3) is not only a braid-group representation,
but also all holonomy maps are g-module intertwiners. For this reason, it
is natural to address the categorification of the g-invariance condition (4),
in the realm of a differential crossed module & with 71(®) = g. This can
be accomplished by making use of the 2-category of weak categorical repre-
sentations of the differential crossed module &, their weak intertwiners, and
2-intertwiners connecting them; see [16, 28] for the case of crossed modules of
groups. In such a framework, the pair (r, P) should induce a weak intertwiner
BRG — B G, where & is the adjoint categorical representation of & and
® denotes the tensor product of categorical representations, defined in [24].
If an infinitesimal 2-Yang-Baxter operator (r, P) in & satisfies this quasi-
invariance property, then the 1-dimensional and 2-dimensional holonomies
of the associated Knizhnik-Zamolodchikov 2-connection will be weak 1- and
2-intertwiners for categorical representations of &. This framework will be
fully developed in a future publication.

2. Preliminaries

Note: Given morphisms f: A — B and g: B — C, of chain complexes or
of vector spaces, their composition is written as go f or as gf. We will
often not distinguish a chain-complex of vector spaces from its underlying
Z-graded vector space. A chain map of chain complexes will always mean a
degree 0 chain map.

2.1. Differential and Lie crossed modules

A differential crossed module & = (5: h — g,1>), see [6, 7], is given by a Lie
algebra map §: h — g together with a left action > of g on h by Lie algebra
derivations, such that the following conditions (called Peiffer relations) hold
for each X € g and each v, w € b:

1) (X >o) = [X,B(v)]
2) B(v)>w = [v,w]
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The fact that > is a Lie algebra action of g on h by derivations means that
the map

gxho3(X,v)—»X>veh
is bilinear, and, moreover, that for each X,Y € g and u,v € b :
1) Xvu,v] =[Xp>u,v]+ [u, X > o]
2) [X,Y|pu=Xv>(Y>pu)—Y>(X>0)

A morphism f = (¢: h—=b,¢: g—¢g') between the differential crossed mod-
ules & = (8: h—g,>) and & = (': ' — ¢',p/) is given by Lie algebras
maps ¥: h — b’ and ¢: g — g’ making the following diagram commutative:

3
h —— ¢

o e

b/ 6/ g/

and such that for each v € h and X € g we have:

V(X ) = (X)) ¥(v).

It is a well known fact that the category of differential crossed modules is
equivalent to the category of strict Lie 2-algebras and strict maps. For details
on this construction see [6, 7, 10], and [21] for the case of crossed modules
of groups.

A Lie crossed module G = (8: H — G,1) is given by a Lie group map
B: H— G and a smooth action of G on H by automorphisms, such that
the following relations (called Peiffer relations) hold for each g € G and
h,h' € H:

1) Blg>h) = Blg)hB(g) ™
2) B(h)>H = hi/h=L.

Morphisms of Lie crossed modules are defined in the obvious way.

Passing from Lie groups to Lie algebras yields a functor from the cate-
gory of Lie crossed modules to the category of differential crossed modules.
Standard Lie theory tells us that any differential crossed module of finite
dimensional Lie algebras is the differential crossed module associated to a
unique (up to isomorphism) Lie crossed module of simply connected groups.
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2.2. Differential crossed modules from chain-complexes
of vector spaces

This will be our most fundamental example of a differential crossed module.
Let

vo{ Bt )
1EZL

be a chain complex of vector spaces. We can define out of it a differential
crossed module:

gl(V) = (B:gl" (V) = gl®(V),>) .

Let us explain the construction of this [7, 29, 32, 36]. The Lie algebra
(a°(V),{,}) is given by all chain maps f: V — V with Lie bracket {,}
given by the usual commutator of chain maps:

{f.9} =1[f.g9] = fg—gf . for each f,g € gl°(V).

Here a chain map f: V — V is given by a sequence of linear maps f: V; — V;
satisfying the following compatibility condition with the boundary maps:

fi0=0fiy1, Vi€l

Note that we only consider chain-maps of degree 0.

The underlying vector space of the Lie algebra (gi*(V), {,}) is a quotient
of the vector space Hom! (V) of degree 1 maps (homotopies) s: V — V. In
other words Hom! (V) is given by all sequences of linear maps s = (s;: V; —
Vit1)iez, without any compatibility relation with the boundary maps 0.
There exists a linear map (: Hom!' (V) — gl°(V), where

B(s) = 0s + s0.

Two chain maps f and f’ are said to be homotopic if there exists a homotopy
s such that

fr=rf+B(s)

If two chain maps f and g are homotopic to the null chain map through
homotopies s and ¢, i.e. 5(s) = f and 3(t) = g, then their commutator {f, g}



Categorifying the s[(2, C) Knizhnik-Zamolodchikov connection 161

is homotopic to zero. In fact:

{f,g} =[50 + 0s,t0 + Ot]
= 50t0 + 0st0 + 0s0t — t0s0 — OtsO — O0t0ds
= [(s0t + std — tds — ts0) = P(sOt + Ost — tds — Ots)

This calculation induces two Lie algebra structures in Hom!(V), both of
them satisfying that the map 3: Hom!(V) — gl°(V) is a Lie algebra mor-
phism. These are:

{s,t}; = sOt + std — t0s — ts0,
{s,t}r = sOt + Ost — t0s — Ots.

The antisymmetry of these bilinear maps is immediate. The Jacobi iden-
tity follows from an explicit calculation, which we leave to the reader (and
recommend the reader to perform).

There are actions by derivations of gl’(V) on both (Hom!(V),{,};) and
(Hom'(V),{,},) . They both have the form:

fos=fs—sf, where s € Hom!(V) and f € gl°(V).

That this is a Lie algebra representation is straightforward. That the map
s+ fsis always a derivation for {, }; and {, }, follows from an explicit
calculation, which we urge the reader to perform by him/her-self. The fact
that f is a chain-map (that is: f0 = 0f) has a primary role here.

Lemma 1. For each f € gl°(V) and each s,t € Hom!' (V) we have:

1) B(fes)={f,B(s)}
2) B(t)>s={t, s} —tsO + Ots
3) B(t)>s = {t, s}, — std + Ost.

Again the proof is straightforward. Therefore we have almost defined two dif-
ferential crossed modules (3: Hom!(V) — gl®(V),»), one for each Lie algebra
structure {, }; and {, }, in Hom!(V), except that the second Peiffer identity
only holds up to 2-fold homotopy. Indeed, let Hom?(V) be the space of de-
gree 2 maps V — V and consider the usual map 3: Hom?(V) — Hom!(V)
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with
(14) B(a) = da — ad, for each a € Hom?*(V).

Notice 82 = 0, thus 3: Hom!(V) — gl%(V) descends to a map (also called 3)
from the vector space quotient

Hom!(V)
2

1 _
ot (V) = B(Hom*(V))
into gl®(V).

Lemma 2. The vector subspace 3(Hom?(V)) C Hom!(V) is a Lie algebra
ideal both for {,}; and {,},. Moreover B(Hom?(V)) is invariant under the
action of gI°(V). In particular the Lie brackets {,}; and {, }, both descend to
the quotient gi*(V) = Hom!(V)/B(Hom?(V)), defining the same Lie algebra
structure in gl (V) (whose Lie bracket we denote by {,}). Finally, the action
> descends to an action of gI°(V) on gi*(V) by derivations.

Proof. We compute, for a € Hom?(V) and s € Hom!(V):
{B(a), s} = {0a — a0, s}; = 0ads + dasd — adsd = [(ads + asd)
and
{B(a),s}r = {0a — ad, s}, = —0s0a + 0sad + s0ad = [(sad — sda) ,

which proves the first assertion. The second assertion follows from the cal-
culation (here f € gI°(V) and a € Hom?(V)):

frB(a) =[f,0a—ad] = fOa — fad — daf + adf = B(fa — af).
The only non-trivial instance of third assertion follows from the fact that
{s,t}1 = {s,t}r + B(—st + ts). O

Given a chain complex V of vector spaces, we have thus constructed a
differential crossed module

gl(V) = (8: gl'(V) = gI°(V),»),

which will have an essential role in this article. Of course, this construction
defines a functor from the category of chain-complexes of vector spaces and
chain-maps to the category of differential crossed modules.
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2.3. Local 2-connections and their two-dimensional holonomy

Let M be a manifold. Let also G = (5: H — G,>) be a Lie crossed module.
Let & = (B: h — g,>) be the associated differential crossed module. A &-
valued local 2-connection (A, B) in M is given by a 1-form A € Q*(M; g) and
a 2-form B € Q*(M;h) such that B(B) = Fa, where Fiq =dA+ ;A ALl A
is the curvature of A. Here A ALl A is twice the antisymmetrisation of the
tensor X,Y — [A(X), A(Y)], for vector fields X and Y in M.

A local 2-connection determines a 2-dimensional holonomy H = (H!, H?)
for paths and 2-paths in M. Let us explain this construction in the particular
(and slightly simpler than the general) case when G is the Lie crossed module
associated to the differential crossed module gl(V) = (3: gi*(V) — gl®(V),»),
where V is a chain complex of vector spaces, [29]. We also suppose that
V = (V;,d)iez is such that all but a finite number of the V; are non trivial,
and each of these is finite dimensional; in other words we suppose that V
is a chain-complex of finite type. In this case gl(V) is a differential crossed
module of finite dimensional Lie algebras.

2.3.1. The 2-category Aut(V) for a chain complex V. Define a 2-
category Aut(V) with a single object (in other words a monoidal category),
whose morphisms are the chain maps V — V. The composition is done in
the reverse order:

WVLvL v =),

Given two chain maps f,¢g: V — V, a 2-morphism f = ¢ is given by a
pair (f,s), where s € gl' (V) = Hom!(V)/# (Hom?(V)), for which:

f=g+B8(s) =g+ 0s+ s0.

The vertical and horizontal composition of 2-morphisms are, respectively:

F+B(s)+B(t)
f+B(s)+6(t)
N(f+B(s),t)
—f+B(s)— = (fr541)
(f,s)
f
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fz g2 f292
fl g1 .flgl
Here:
fog2 = fig1 + B(fit + sg2) = fig1 + B(sg1 + fot)
and
st = fit + sgo = sg1 + fot in gl (V).
Note:

fit+5g2 — (sg1 + fat) = s(g2 — g1) + (f1 — fa)t
= sP(t) — B(s)t = std — Ist = —[(st).

We leave it to the reader to verify that the interchange law and the remaining
2-category axioms are satisfied.

2.3.2. The form of a 2-dimensional holonomy. Parts of this appear
in several places, most notably [12, 13, 3032, 34, 47, 48]. However note that
given that we are working in the 2-category Aut(V), the formula for the
two-dimensional holonomy of a 2-path is considerably simpler than in those
references, being analogous to the two-dimensional holonomy of a represen-
tation up to homotopy of a Lie algebroid [1].

Let M be a manifold. A path x l>y is a piecewise smooth path +: [0, 1] —
M, where x,y € M are the initial and end points of . These paths can be
concatenated in the obvious way, defining 179, if the paths v; and v, are
such that the end point of v, coincides with the initial point of vs. If AN Y
and z 2 y are paths, a 2-path I': 4y = 5 is a map I': [0,1]2 — M, such
that:

1) T is piecewise smooth for some paving of the square [0, 1]? by poligons.
2) I'(s,0) = z and I'(s, 1) =y, for each s € [0, 1].
3) T'(0,t) = v1(t) and T'(1,t) = v2(t), for each ¢ € [0, 1].

Clearly 2-paths can be composed horizontally I'T” and vertically IF in the
obvious way, as long as they coincide in the relevant sides of the square
[0,1)>.
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Definition 3. Let V be a chain-complex of vector spaces and M be a
manifold. An Aut(V)-valued 2-dimensional holonomy H = (H*, H?) is given
by a map H' from the set of paths of M into the set of chain-maps of V and
a map H? from the set of 2-paths of M into gl*(V) such that the following
holds:

1) H! preserves the composition of paths, i.e. H!(y172) = H(v1)H'(72),
given paths x AN Y 2, 2.

2) (Globularity) If z,y € M and x 2y yand z 25 y are paths and v N
~9 is a 2-path, then:

B(H*(L)) + H'(y1) = H' (72).

3) H? preserves the horizontal and vertical compositions of 2-paths and
of homotopies (up to 2-fold homotopies).

Remark 4. We can define a 2-dimensional holonomy with values in any
2-category in exactly the same fashion. We need however an additional bit
of data, which is a map H from M into the set of objects of the 2-category.

The globularity condition should have an extra condition which is that if

z L y is a path in M then H°(z) LRGN H°(~) has to be a I-morphism in

the 2-category.

Remark 5. Continuing the previous remark, consider a manifold M and
a chain complex V of vector spaces. Let us define a 2-category Aut(V, M),

whose set of objects is M. Given x,y € M, a morphism = — y is a triple

(z, f,y), where f:V—7V is a chain-map. The composition (x (@.f9) Yy w.f"2)

z) is x &II2, . The set of 2-morphisms (x &ty y) = (z GRON Y)

is in one-to-one correspondence with the set of homotopies (up to 2-fold
homotopy) f — f/, with the obvious vertical and horizontal compositions.
Clearly any Aut(V)-valued two dimensional holonomy induces a Aut(V, M )-
valued 2-dimensional holonomy, where H? is the identity map.

Below we will consider 2-dimensional holonomies taking values in a quotient

of Aut(M,V).

Remark 6. A coordinate free, and more general, definition of a 2-
dimensional holonomy can be stated in the framework of graded vector bun-
dles F, provided with a fibrewise chain map D: FF — E, making each fibre
into a chain-complex of vector spaces, [1]. Then the 2-category Aut(V, M)
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can be substituted by the 2-category whose objects are the points of M,
the morphisms x — y being the chain-maps F, — E,, and the 2-morphisms
(f: By —» Ey) = (f': E; — E,) being in one-to-one correspondence with
chain complex homotopies s (considered up to 2-fold homotopy) connecting
f and f’. We will not need nor use this generality.

Remark 7. Considering appropriate thin-homotopy [12, 30-32, 44] equiv-
alence relations between paths and 2-paths, these will form a 2-category,
in fact 2-groupoid, Po(M), considering the compositions above. We could
define a two dimensional holonomy with values in a 2-category C as being a
(smooth) 2-functor Po(M) — C.

Theorem 8. Consider a chain complex 'V of vector spaces, which we sup-
pose to be of finite type, and the differential crossed module (of finite dimen-
sional Lie algebras)

gl(V) = (B: gl'(V) — gl°(V),5) .

Let A be a I-form in M with values in gl°(V) and B be a 2-form in M
with values in gI'(V) such that B(B) = dA+ A AV A = Fy, the curvature
of A. Then we can integrate the local 2-connection (A, B) in order to ob-
tain a 2-dimensional holonomy H = (H', H?) with values in the 2-category
Aut(V, M), or equivalently, in this case, Aut(V).

Proof. Let us explain the construction of the 2-dimensional holonomy, as
well as give the proof of this result. This is a particular case of [12, 13, 30—
32, 47, 48], very influenced by the exposition in [1]. In particular, on the
contrary of the former references, and solely because we work in the 2-
category Aut(V), no differential equations are needed in order to express
the 2-dimensional holonomy of a 2-path.

Given a path «, then H!(v) is simply the 1-dimensional holonomy of
it, and lives in the Lie group GL°(V) of invertible chain maps V — V. In
other words H () = g,(1), where t — g,(t) is the solution of the differential
equation:

G0 =00 A (20 with 9,(0) =1

This is a differential equation in the Lie group GL%(V). It can also be seen
as a differential equation in the vector space gl°(V), which is the point of
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view we will take from now on. Note that if 4(1) = +/(0) then
H(yy) = Hy)H().

Given a 2-path g L 71, say T(t,s) = vs(t) for t,s €[0,1)%, it is well
known (for a proof see [30, 32, 48]) that:

1
5100 = [ 05 (s, 500 g0 100

Again, this can either be seen as a differential equation in the Lie group
GLO(V), or as a differential equation in the vector space gl’(V) of chain
maps V — V. Looking at the latter picture, we therefore have:

H' (1) = H' ()
/ / 9o (1 FA< I, >§§r<t,s>>g%<t>—1 H' () dids.

Therefore, given that S(B) = Fjy, if we put:

//g”s ( L s), gi I, >> g, ()7 HY () dtds
€ gtV

it thus follows that the globularity condition of Definition 3 is satisfied. Com-
pare with [1, Proof of Prop. 3.13]. This is a particular case of the construction
n [13, 31, 47).

That H? preserves the vertical compositions of 2-paths is trivial to
check. Let us prove that H? preserves horizontal compositions. Consider
points x,y, z € M and also paths vp,v1: ¢ — y and 7(,7]: y — 2, and finally
2-paths I': 79 = 71 and I: 7 = ~]. Put 75(t) = (¢, s) and ~.(¢) =
I'(t,s), where t,s € [0,1]. Define 2-paths for each s € [0,1] as T's(t,s") =
[(t,1—ss') and T%4(t,s') =T(t,ss’) for s',t€[0,1]. Since H'(ys7.) =
H(v5)H?(v.) we have:

) = [ [ o008 (209, 50(6.9)) 0,07 1) 8o v

" /0 /0 H(74) gy, (1) B

0 / 8t/ —1gyl/
< (9. 5T (09) 407 H Gl aras
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= [ [ o ( I(t,5), (05 )

X gy, ()7 H' () (H' (7) + B(H?(T,)) dtds

1 1
N /0 /O (H'(y1) = B(H(T)) gy () B

X (;F’(t, s), %F'(t, s)> gy ()T H! (7)) dtds
= H*(T)H' (vo) + H' () H*(I")

[ [ o < I, 5T005))

X g, ()7 H (1) BUH?(T,)) dtds

_ /01 /Olﬂ(H2(Ts)) gv,(t) B

8 / at/ -1yl o
< (0 T 09)) 07 1 ) s,

Given homotopies s and ¢ then [(s)t = s5(t) + S(st), equation (14), thus
sB(t) = B(s)t in gl' (V). Therefore:

1 1
[ [ o8 (G 5res) o0 # 0)su ) aas

= [ [ onma (e 5or.s)) 0007 1 o s
:/ di H (7)) HA(T)ds
/ 1 2 / 1 d 2 /
= HY(31)HA(T}) — H'(70) H*(T)) /H () o H2 (T )ds

L2 yds,

= w ey - [ )

where we have integrated by parts and use the fact that I', is a constant
2-path. We also have:

// BUHE(Ts) g, (1) B (aar( )gif (t, 8)) gy, ()" H () dtds

o, ot _, _ /
= [ o=100) [ 0008 (4000, Sr0.9) g0 1 s
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= [ ) ) s
0 s

! d ! d
_ 1 O oy g 1\ % 27
= [ mang s — [ i a) S

1
= T I — 7 )T — [ 1 ) 1T s
d

= H'(m)H*(I) — /lﬂlws)H?(r’)
0 ds s

since I is a constant 2-path. These calculations prove that H 2 preserves
horizontal composites of 2-paths and of homotopies. O

Remark 9. Let V be a chain complex of vector spaces and M be a manifold.

(A,B)
Let (A, B) be a gl(V)-valued local 2-connection in M. Let H = (H!, H?) be

its associated two-dimensional holonomy. Consider a smooth map f: M —

M. Let f*(A,B) = (f*(A), f*(B)). Then f*(A,B) is a local 2-connection.
f*(A,B)
Let H be its holonomy. Then

(A.5) f(A5)
H* (fovy)= H (v)

and
(A,B) f*(A,B)
H? (fol)= H*> (I),

for each path v and a 2-path T.

Remark 10. In the notation of the previous remark, let ¢: V — 7V be
an invertible chain-map. Then we have a 2-functor ¢: Aut(V) — Aut(V),
and also a differential crossed module map ¢: gl(V) — gl(V), where any
chain map and any homotopy (up to fold homotopy) are conjugated by
¢, namely gl®(V) 3 g — ¢go' € gl®(V) and gl'(V) 3 s ¢sp~ ! € gl (V).
Then ¢(A, B) = (¢(A), $(B)) is a local 2-connection. Moreover:

#(A,B (A,B)
H

) -
:¢O H

2.3.3. The 2-curvature 3-tensor. Let V be a chain complex of vector
spaces and M a manifold. Let (A, B) be a gl('V)-valued local 2-connection
in M. Therefore B(B) = Fa, the curvature of A. The 2-curvature 3-tensor
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M of (A, B) is defined as
M=dB+ AN B,

where A A\” B is 3/2 times the antisymmetrisation of the tensor (X,Y, Z) —
A(X)r> B(Y, Z), where X, Y, Z are vector fields in M. In particular

(AN BY(X,Y,Z) = A(X)» B(Y,Z) + A(Y) > B(Z, X) + A(Z) > B(X,Y).

Theorem 11. Suppose that Iy and I'y are 2-paths in M which are ho-
motopic relative to the boundary of [0,1]2, through a piecewise smooth map
J:[0,1]> — M. Eaplicitly, suppose that J(t,s,0) =To(t,s) and J(t,s,1) =
L1(t,s). Also put vz s (t) = J(t,s,7), for t, s,z € [0,1]. Then:

H*(T,) = H*(Ty) + ///g,m)

<88:13J(t 8, ), aasJ(t,s,x),;J(t,s,x)>
LT (t)_lHl (’Y(z,s)) dtdsdzx.
Proof. Let T'y(t,s) = J(t,s,x) for t,s,x € [0,1]. Given g € GLO(V), an in-

vertible chain map, and s € gl! (V), we put g>s = gsg~'. It is easy to see
that gl'(V) 2 s — g s € gl'(V) is a Lie algebra map. We have:

0 ot 1
/ / Gy (t)> B <8 J(t,s,x),&J(t,s,:v)> H (W(LS))dtds
€ g[1

The following is well known (however for a proof see [32]):

0 ! 0 3
X 9w, (tl)il V(a5 (t) dt’

0
04 (gt

0 t 0 8
g e (1) = /0 Pyiann ( ) Fa <3mr (t',s), ot (t,a3)>
X g’y(w,s) (t/)_l g’Y(ac,s) (t) dt/

0
04 ()
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Also, by definition:

0 0
S0 =, (04 (57009

and finally:

0s
o . o 0
= a5:7 B <88t>

o 0 9 0 o 0 0 o 0
—raB) (2,22 L (2,2 Ly (£ L)),
T(dB) <8:U’ ds’ 8t> asJ ( )<6t’ 8:c> 6tJ ( )<8:J:’ 83)

Then, integrating by parts, and using the fact that the homotopy J is relative
to the boundary of [0, 1]%:

(15) —HQ //g%: ) ( It 5. 2), iJ(t,s,x),;J(t,s,m)>

[0,1]2
ngu o (O H ((a,s)) dtds

G (1) Fa [ 210t 5), 210t 5)
Ds ot

[0,1]2

X g () gm,s)u))

0 0 1 ,
> B ((%J(t,s,x), %J(t,s,xo H* (Y(a,5)) dt'dtds

+// /t (tF QF (t',s) QF (', s)
[ } 0 g’Y(w,s) A a$ x 9 aat/ x 9
0,1]2

0 ot
> B (8 J(t,s,x), 8tJ(t,s,a:)) Hl('y(x’s))dt/dtds

///g% i (aa T(t,s,2), ng(t,s,:c))

[0,1]?

gB <8J(t, s, ), %J(t, s, CL‘))

0 8
X g’Y(I,S) (t,) FA <8LL‘F (t S) 875’ (tlv S))

X 9Ya,0) (t/)_l Hl(V(z,s)) dt'dtds
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0 0
+ ///g%”)(t) > B <8tJ(t,s,x), %J(t,s,x)>
[0,1]

0 8
X V.o (t/)FA <68F (t S) 8t’ (t,’ 3))
X g’Y(x,S) (t/)_l Hl (’Y(JZ,S)) dtdt dS .

Recall that if s,t € gl' (V) we have 3(s)t = sB(t). Since S(B) = F4 the last
two terms of (15) can be written as:

(16)

[0,1
Ob o 91 1 /
> B (amr (t',5), 5Tt )) H(v(2.0)) dt'dtds
0 ox 1 /
g’y(z ) FA 8tJ(t S .fL') 6 J(t,S,l‘) g’Y(z,s)(t) g'y(:,s)(t)
[0,1]?

B(i (1, )aat/ (1, )> H (Y(y,5)) dt'dtds

v ) o) _
/// g’Y(z 5) FA <8 ‘](tv S, $), %‘](ta S, CL’)) g’Y(z,s) (t) lg’Y(I,s) (t,)

[0,1]2

0 6
> B <3sr t,s), E I, (t, 5)> Hl('y(x’s))dtdt/ds



Categorifying the s[(2, C) Knizhnik-Zamolodchikov connection 173

where we have split an integral over [0,1]? in a sum of integrals over two

triangles. Using the expression of the action of gi°(V) on gl'(V), namely
bi> s = bs — sb, for a chain map b € gl*(V) and homotopy s, the second and
third terms of (15) can be written as:

(17) ///Ot (g%,5>(t’) Fy (ifx(t/,s),aaﬂfx(t’,s)> gv(w’s)(t/)_1>

[0,1]2
<02 B (105, -0 (050) ) ) s

[0,1]
t
<02 B (51 00), G 0.5,0) ) H ) s

- tgwm) (t)> B QJ(t,s,w), 2J(t,s,m)
/] (G70na 3

0 0 _
(0 (0 P (T80 G Tlt)) a7

X HY(y(p.)) dt'dtds
(@,5)

_ // /Ot G (t) > B <§9J(t,s,x), ZJ(t,sw))

y (gm,s)(t') Py <£Cr (t',5), aat o (t', s)> gwm,s)(t’)‘l)

X H'(7(y,s)) dt'dtds .

We can see that the sum of (16) and (17) is zero, by using the fact that if
s,t € gl*(V) then d(t)s = td(s). Therefore (15) simplifies to

0 0 0
2
7H / /gwl o < J(t, s, x), 88J<t78’$)’(375J(t’5’x)>
X g’y(w,s)( ) 1H1 (/y(m,s)) dtds,
which leads at once to the statement of the theorem. O
A local 2-connection (A, B) is said to be 2-flat if the 2-curvature 3-

form M = dB + A A” B vanishes. An immediate corollary of the previous
Theorem is:
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Corollary 12. If (A, B) is 2-flat and if Ty and 'y are homotopic relative
to the boundary, then

H*(Ty) = H*(T'y).

2.3.4. Manifolds with a group action. Let M be a manifold. Let
V={V,,0: V, = Vi,_1}nez be a chain complex of vector spaces. Suppose
that V is of finite type. Consider a local 2-connection (A, B) with values
in gl(V) = (B: gi'(V) — gl®(V),). We therefore have, see Definition 3, an
Aut(V)-valued two dimensional holonomy H = (H', H?).

Suppose that we have a left action of a (discrete) group G on M by
diffeomorphisms, free (stabilisers are trivial) and properly discontinuous.
We denote the action as g — Ly and Ly(x) = g(z), for x € M. Consider the
quotient manifold M /G. Denote the projection map as M > = — [z] € M/G.
By standard covering space theory, applied to the covering M — M /G, any

path [z] i, [y] in M/G can be lifted to a path # - y in M, and any two
such lifts are related by the action of a unique element of G. Similarly, if
([x] Tol, [v]) iUk ([x] Tl [y]) is a 2-path in M /G then it can be lifted to a
2-path I" in M, connecting lifts 7o and 1 of [yo] and [y1], with v9(0) = ~1(0)
and v9(1) = v1(1), and any two lifts like these are related by the action of a
unique element of G.

Let us consider also a left action of G on V by chain-complex maps,
Go>g—14€ GLO(V). We thus have a right action R of G on the 2-category
Aut(V), by 2-functors. This has the form:

Ry(f) =74-10 fory, for each f € g[O(V) and each g € G,

18
(18) Ry(s) = 7,1 0507, , for each s € gI*(V) and each g € G.

Let us define a 2-category Aut(V, M, G). The objects are the points of
the quotient manifold M/G. A morphism [z] — [y] is an equivalence class
of triples of the form (2, f,4'), where 2’ € [z], ¥ € [y] and f is a chain map
V — V. Two of these are said to be equivalent if they are related by the
transformation:

(z, f,y) = (9(x), 7 fr9-1,9(y)) = Ly(, f,y).

The composition of (x, f,y): [z] = [y] and (¢, f',2): [y] — [z] is:

(.%', ngflf/Tgvg_l(Z)) )



Categorifying the s[(2, C) Knizhnik-Zamolodchikov connection 175

where y' = g(y). This is independent of the representatives chosen. Indeed
if (here a,b € G):

(@', fr,9") = (a(z), Ta f 10—, a(y))
and
" f1,2) = (@), 7o f -1, b(2))
then y” = b(y') = b(g(y)) = (bga')(y"), and the composition of these two

morphisms is

(a(x)a 7_afTaflT(bga—l)—lbel'rb*lT(bga—l)a (bga_l)_l(b(z)))
(a(m), Tang—lf/TgTa—17agil(Z))
La ((:L'a ng—lf/Tgyg_l(z))) .

It is easy to check that the composition of 1-morphisms is associative.

Analogously, the set of 2-morphisms ([x] Wy, [y]) = ([z] AT ON

[y]) is the set of all matrices
s
(:C”, f/’ y//)

where s € gI*(V) is such that 8(s) + f' = 7,-1 f"7,, where g(2') = 2", con-
sidered up to the equivalence relation:

(xla fll, y/) La(l',, f,lv y/)
S = TaSTg—1
(x//7 Jt‘/7 y//) La(x”, fl7 y//)

for arbitrary a € G. These compose horizontally and vertically, analogously
to 1-morphisms.

Theorem 13. Let M be a manifold and V be a chain complex of vector
spaces. Let (A, B) be a gl(V)-valued local 2-connection in M. Suppose that
there is a free and properly discontinuous left action G 3 g+ Ly € diff(M)
of a discrete group G on M. Suppose also that we have a left action of G
on V by chain-complex maps, made into a right action of G on Aut(V) by
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2-functors, by using (18). If these actions satisfy:
(19) (Lg-1)"(A) = Ry(A)  and  (Lg-1)"(B) = Ry(B),

for each g € G, then the 2-dimensional holonomy of (A, B) with values in
Aut(V, M) descends to a 2-dimensional holonomy in the manifold M /G with
values in the 2-category Aut(V, M, Q).

Proof. This essentially follows from Remarks 9 and 10 and standard covering

space theory. If we have a path [x] bl [y] in M /G, we lift it to a path 2/ 5 /.
Put

(A,B

(=, H' (7))
H'([]) = [2] =" [y].
If we choose another lift Ly(v) of [7] then

(A,B) L;(A,B) Rg_l(A,B) (A,B)
H' (Ly(y))= H' (v)= H' (=7 H (V751

Thus

(Lo (@), H (Ly(1).Ly W) (Ly(@)7oH (V)7, 1 Ly (W)
[] [

[yl

and this shows that H!(y) is well defined. The same analysis applies to
2-paths. O

Definition 14. A local 2-connection satisfying (19) will be called a G-
covariant local 2-connection.

Equations (19) need only to be checked on group generators of G. Indeed if
(19) holds for g and h in G, then:

(Ligny1)"(A) = (Ln-19-1))"(A) = (Ln-1Lg-1)"(A)
= (Lg-1)"((Ln-1)"(A)) = (Lg-1)" (Rn(A))
= Rn(Ry(A)) = Rgn(A)

and the same for B.
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2.4. Categorical representations of differential crossed modules
on chain-complexes of vector spaces

2.4.1. Definition of a categorical representation. Similar construc-
tions appear for example in [16, 28, 51]. A categorical representation of a
differential crossed module & = (5: h — g,>) on a chain-complex of vec-
tor spaces V = (V;,0);ecz is by definition a morphism of differential crossed
modules p = (p!, p°): & — gl(V), see Section 2.2. We thus have Lie algebra
maps

p’ig—=gl’(V), g3 X = p%eal(V)
plih =gl (V), bavep,egl(V).

These are to satisfy, for each X,Y € g and u,v € b:

Doty = 0%, i) ol =1t ) B(eL) = Pl
V) Poy = PX P Py -
We will frequently drop the indices on p° and p' when they are obvious from
the context.

2.4.2. The adjoint categorical representation of a differential
crossed module. A very simple and natural example, which will play
a major role in this paper, of a categorical representation is the adjoint cat-
egorical representation of a differential crossed module = (9: h — g,>) on
its underlying (short) complex of vector spaces & = (0: h — g). In the case
of Lie crossed modules this appeared in [51].

The adjoint categorical representation p = (p!, p°) on generic elements
X,Y € g and v € b has the form:

(20) pg((’l),Y) = (X >, [X7 YD
(21) pL(X) = —X o,

where we characterize the chain map of short complexes pg( by its underlying
pair of maps, and pl : g — b as it should. Clearly relation i) above is true.
Also for each u,v € h and X € g:

p[lvyu](X) =—-X0[v,u]
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and, since the underlying complex (0: h — g) of & has length two, thus
1,1 1.1 _q.
PuPy = PPy = 0:

{P0: P} (X) = (pu0py — pudpy)(X) = —py(A(X > w)) + pu(I(X > )
=0(Xvu)pv—90(Xpv)pu=[X,0w)]>v—[X,00)]>u

=Xvo(u)pv—0(u)>pXvpv—Xd)pu+dv)p X>u
=X>u,v] —[u,X>v]— X [v,u] + v, X >ul.

Thus, by using X > [v, u]=[X > v, u]+[v, X >u|, we see that p[lv,u] ={pL, pL},
which proves ii). To prove iii) note that for each u,v € h and X € g:

Pg(u)(%X) = (a(u) >, [8(u)7 X]) = ([U,U], [8(u)7 X])v
whereas:

Bpa) (0, X) = (04 (0(v)), 0(py (X))
=(-90(w)>pu,—0(X > u)) = —([v,ul, [X,0(u)]) .

Finally we have for X, Y € g and u € b:
P (Y) ==Y X>u.

On the other hand:

(Px & p) (V) = (0% i) (V) = (pupX)(Y)
=—-XvYru+[X,Y[pu=-Y>Xp>u.

by definition of a Lie algebra representation, and this proves iv).

2.5. Tensor product of complexes

2.5.1. The symmetric monoidal category of chain complexes. Most
of the framework presented here is quite classical. See for example [25] for
the tensor product of complexes and also [46] for graded tensor calculus.
Let VI = {V?,0;: V! - V! }iez be a family of complexes of vector
spaces, indexed by a j € {1,...,n}, for a positive integer n. Let us recall
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the definition of the chain complex tensor product

@IV = Wi, 0: Wi, = Wi_1 }iez.

This complex is such that the vector space of elements of degree k is:

W= P VueV,e---eV
intiate i, =k

n )

with boundary, for xf € Vij, where i € Z and j € {1,...,n}:
(22) 8(@11 ® 1’122 ® zi R ® x?ﬂ)
=0(zj) @2}, @) @ @z + (-1)"z], ®I(a]) ®
® - @af + (1)l @22 ®9(2)) @ ®@al

o (L)t E @2 @l @@ 0(al).

179

The tensor product of chain complexes is associative up to (the obvious) iso-
morphism of complexes. Given chain complexes U = {U;,0: U; — U;_1}icz
and V = {V;,0: V; — Vi_1 }iez there is an isomorphism U®V — V@ U; it

has the form, for u; € U; and v; € Vj:

U; @ vj > (—1)ijvj X v;.

This gives the category of chain complexes and (degree zero) chain-maps
the structure of a symmetric monoidal category. More generally, for each
ke{l,...,n—1}, we have an isomorphism 7x,, of chain complexes, for

each transposition, X exchanging k and k + 1. Here
VIEVIE - RVFRVETIR .. v
e Ylgvig - g VIR VER - VT,

where if xf € V;] we have

v, @10 @ ikt @ @af,

TX ..
5 (~1)gl @2 @2l @@ @l @ @al.

Tk+1

These satisfy the well known symmetric group S, relations, namely:

TX X1 TX e = TXpi1 TX0 "X pogr -

In particular, given a permutation o of the symmetric group S, we can
define a chain isomorphism 7,: V& — V&" (where V®" denotes the tensor
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product of V with itself n times) as:

(23) x%l ® 1‘?2 ® a:f’g ®--Qx;
o=1(1) xa'_l(2) 2 xq—l(g) R ® qu—l(n)

lo=1(1) io-1(2) io—1(s) o—1(m)’

= €(0,01, ..., in) T
where

(0,01, ... in) = 11 (—1)%%,

{k,le{l,.‘.,n} such that k<l and U(k)>cr(l)}

Clearly if o, 0’ are elements of the symmetric group S,,, it holds 7,5 = T47o.
We thus have a representation 7 of S,, on V®" by degree zero chain maps,
which will have a primary role later.

Given complexes

U={U;,0: Ui > Ui—1}iez and V={V;,0: Vi = Vi_1}iez

we define Hom" (U, V), the space of maps of degree n, as being the space of
sequences a = (a;) of linear maps a;: U; — Vi, called n-fold homotopies.
There exists a chain complex of vector spaces:

HOM(U,V) = {Hom"(U, V), 3: Hom™(U, V) — Hom" (U, V)} ez,

where if a: U — V is a map of degree n we define:

(24) B(a) = da — (—=1)"ad.
Given complexes V' and W', where i = 1,...,n, there exists a degree zero
chain map:

&), HOMV', W) -5 HOM(B 2, V', B2, W),

sending f!® f2®---® f" to f1® f?2® --- ® f", for each sequence of maps

fE:VFE — WF of degree my, (k = 1,...,n). Here, if 2* are degree iz, elements
of V¥ we put:
(25) (8 - fMe'es?® - @2

= (-ptmr el @ Pt @ @ 6"
where

X({mk}¢{zk}) = il(mQ + +mn) +i2(m3 + +mn) + o 1My,
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The following result will be crucial later.

Lemma 15. For any permutation o € S, it holds that

(26) o (k(fle-af) ot =r(n(fle--af),
as degree mi +mao + -+ - +m, maps X 1VZ - L Wl

A word on notation: 7, is used here to denote the morphisms associa-
ted to the permutation o, however in three different complexes, namely,
by order of appearance in the previous formula: ®7 ;W' @7 V' and
Rt HOM(VE, W),

Proof. 1t is enough to prove the result for the transpositions X} exchanging
k and k + 1. Put 7, = 7x,, thus:

Tk(ml®"-®xk®xk+1®---®xn)
:(_1)ikik+1 ($1®...®$k+1®$k®...®xn)‘
We then compute the left-hand-side of (26) on z'®---® 2" ® 2" ®
n(fl® @Mt e - edfedlr e @)
Vi (g Mt et e @ @)

1)1klk+1 (_1)X({mk},{2k} ( )mk+1lk+1+mk+1lk T
) ®

k
(fl(xl) ® - ®fk( k+1 fk-H( ) ®fn(33n)>

(—
(—
X
( 1)lklk+1 (_1)X({mk}7{2k} )mk+1lk+1+mk+1lk (_1)(mk+ik+1)(mk+1+ik)
X
= (-
X

(Flah oo i1 @h e far ) o0 1)

1) x({mw}.{ix}) ( )mkik+mk+1ik:+mkmk+1
(fl(l‘l) Q- ® fk+1($k) ® fk($k+1) ® - ® fn(xn)) ]
A shorter computation for the right hand side gives:

R(Ta(fl®...®fn))(x1®”'®xk®xk+l®'”®mn)
= (-pmma (g e e fte. - wMeEte- o)
_ (_1)mkmk+1 (_1)x({mk},{ik}) (_1)mk+1ik+mkik
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2.5.2. Insertion maps. Let V= (--- N Vi N Vici N --+) be a chain

complex of vector spaces. Then gl(\?@”) is a differential crossed module.
We can also perform the tensor product of the underlying chain complex
of gl(V) with it self k-times. The latter is not a differential crossed module,
however for every n > k it maps to gI(Vgn) naturally. This paragraph is
devoted to carefully describe this map, which will have a major role in our
construction.

We first introduce some notation. Given V, we denote (V)2 = Vo = (V} N
Vo), which is a chain complex of length two. Let also V5 be the chain-complex
Vo = (V1/0(Va) LN Vo). We clearly have functors (. )2 and (. )z from the cat-
egory of chain complexes to the category of length two chain complexes (of
vector spaces). Given another chain complex of vector spaces V', we will
normally abbreviate fo: Vo — \72 as f for a chain map f:V — V. For ev-
ery differential crossed module & = (5: h — g,1>), let & = (5: h — g) be its
underlying chain complex of vector spaces.

Let k and n be positive integers with & < n. Let ¢: {1,...,k} — {1,...,
n} be an injective map. The goal of this section is to define and study the
properties of the chain map of length two chain complexes:

Fy: (g(V)%%)2 — gl (Vo).
In each of these complexes, the single boundary map will be denoted by S.
We start by the case when 1) is increasing, 1 (i 4+ 1) > 9 (i) for every i. In
this case we define Fy,: (gl(V)®F)y = gl(VE™) as:
Fo(i®-®@fr)=d® - /i® - @ fr® --- Qid
=k(d®- @A Qo - Qid),

where we have inserted f; in the w(i)th position of the n-fold tensor product
V@7 inserting identities in the remaining positions. Each f; is to be either
a chain-map V — V or a homotopy of V, up to 2-fold homotopy. Only one
homotopy up to 2-fold homotopy can appear in the list fi,..., fi (since we
are only concerned with what happens in degree 0 and 1).

Some details need checking. First, let us show that Fy is well defined.
Let i € {1,...,k}. Suppose fj,j # i are chain maps V —V and that s; =
st 4+ B(a;), where s;, s, € Hom! (V) and a; € Hom?(V). In this case we have:

Fy(fi® - ®5® @ fr)
=Fy(fi® @@ @ fr)
+Ad® - ®f1i® - Ra® - ®fr® - @id)
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since, given that all maps f; are chain maps, thus 5(f;) = 0, by (22):

Bl -+ RA® - Bai® -+ @ fr® -+ ®id)
= B(r(id - ®ﬁ®~@m@-~®h®m®ﬂﬂ
=sBd® - @10 ®a® - Q fro- - ®id))

(d@ @ i@ @Ba)® & fr®- - @id)
(do-- 0/ - Qsi—50 Qe - ®id)
=i ®"'®f1®"'®3i_3;®"'®fk@'”®id,

Il
=

;l

and we conclude. Next, Fy, is a chain-map since

BFy(i @ @@ @ fi))
=B(kd® - @f1® - @@ @ fro- ®id))
PBIA®- Rf1® - ®sQ @ fr®- - ®id))
:/1(1 ‘®f1®"‘®5(5i)®“‘®fk®“‘®id)
=Fyp(fi®--@B(si) @@ fn).

It is also true that Fy, descends to a map of length two chain complexes of
vector spaces:

Fy: (gl(V)®F)2 — gl(VE™).

Indeed, consider a general element of the degree 2 component of gl(V) Ok,
It is a linear combination of elements of the form: fi1 ® - - ®s;® - - @ 5; ®

-+ ® fr, where only two of the terms in this tensor product are homotopies
(up to 2-fold homotopy) namely s; and s;, the remaining ones being chain-

maps. Then

Fw(ﬂ(fl®"'®Si®"'®5j®"‘®fk)):

In other words, by (22):

Fp(i@--®@B(si)®- Q8@ @ fi)
=Fy(i® - ®s® - ®B(s;)® - ® fi).
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This is because, by definition and (22), and inserting f; in the ¢ (1)*™® position
of the tensor product we have:

,B(K(“‘@)fl®“'®3i®"‘®3j®“'®fk“'))
:H(ﬁ("'®fl®"'®5i®"'®3j®"'®fk"'))
:’f("‘@)fl®"‘®B(Si)®"‘®5j®"‘®fk;"')

_H("'®f1®"'®3i®"'®6(3j)®"'®fk"')
:F¢(f1®"‘®B(3i)®"‘®5j®"‘®fk)

—Fy(i® @50 ®@0(s5)® D fr).

To define Fy for a generic injective map ¢: {1,...,k} — {1,...,n}, not

necessarily increasing, we observe that ¥ factors uniquely as 1)’ o o, where
' is increasing and o € Sy, the symmetric group of degree k. We then put

Here 7, : gl(\?)gk — gl(V)gk is the chain map associated to o, see (23), and
Ty is its projection onto a map:

T (g (V) M) — (gl(V)#F),.

Lemma 16. Let k,k' <n. Gwen v¢: {1,...,k} = {1,...,n} and ' :
{1,.. K}y = {1,...,n}, if

V{1, k)N ({1, K} =0,

then in the differential crossed module gl(V®™) we have:

{Fp(fi®- @ fu), Fp(g1 @ @gp)} =0,
Fy(fi® @ )b Fp(g®- @t @ ®gj) =0,
{Fp(i @ @80 @ fi), Fp(g1®-- ®t;®@---®g)} =0.

Proof. The first two assertions follow from the definition of gl(V®"), given
that in this case Fy(fi® - ® f) and Fy(g1 ® --- ® gj,) commute as de-
gree 0 maps, and so do Fy(fi ®---® fi) and Fy (g1 ® - @t; @ --- @ gj.).
Also B(Fy(fi® - ®s5® - fr)) =Fy(fi® - ®B(si) ®---® fr) and
Fp(g1® - ®t; ®- ®g,) do commute as maps V" — V&, Therefore,
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by the differential crossed module rules:

{Fp(fi® @50 @ fr), Fp(g1® - @t; @ @ gp)}
:/B(Fw(fl®"‘®Si®"'®fk))>F¢’(91®"'®t]’®"'®9;¢):0-
O

Let now ¢: {1,...,k} — {1,...,n} be an injective map, and 1) = ¢’ o o the
factorization as before, o € Sy, and 1)’ increasing. Suppose that ¢’ € S,,. Then
o' o)’ =" o ¢”, uniquely, where 1" is increasing and ¢” € Sj. Note that
V"0" 0 = o''c = o’1p. This notation is used in the proof of the following
lemma.

Lemma 17. As chain maps (g(V)©%)s — gl(VO™), we have:

Tor © By 0 Tgr1 = Fiyuy.

Proof. We start by supposing that ¢’ is increasing. Let us see that 7, o
Fy o Tg1 = Fyuy in this case. Let us be given fi ® --- ® fi in (gI(V)®k)2,
where f; is either a chain map or a homotopy, up to 2-fold homotopy. Then,
by definition and Lemma 15:

Tor 0 Fyr (1 ® -+ @ fr) 0 Ty
=T, 0(ld® - @f1® - frk® -+ ®id) 0o 75—
=h(rp (@ @ i@ 8 fra- 2id))
= FynTon(f1 @ ® fr) = Fyron(f1 ® - @ fr)
=Fop(f1® @ fr),

where in the third identity we used (23). Now, for not necessarily increasing
1, we have:

Tor 0 Fy(f1® - @ fn) 0 Tgr-1 =750 0 (Fw’ (1o (f1 ®®fn))) 0 Tgr-1
= Fyr (10075 (f1 ®®fn)))
= Fyrgno (1@ ® fn)
:Fﬁ/w(f1®"'®fn) :
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3. Categorified Knizhnik-Zamolodchikov connections

3.1. Knizhnik-Zamolodchikov 2-connections in
configuration spaces

We now recall some results from [24]. Let us consider and fix a positive
integer n. Let W be a chain complex of vector spaces. Let us suppose that
we have a left action o +— 7, of the symmetric group S, on W by chain-
complex isomorphisms. The motivation for this is the case when W = V®7
is the tensor product of a chain-complex V with it self n times, together with
the standard action of S,,, see (23).

Let C(n) be the configuration space of n distinct particles in the complex
plane:

C(n) ={(z1,...,2n) € C": 2 # zj if i # j}.

This has an obvious left action S;, 3 0 — L, € diff(C(n)) of the symmetric
group S,. The configuration space of n indistinguishable particles in C is
defined as C(n)/S,.

Recalling the definition of the crossed module gl(W) = (8: gl*(W) —
gl’(W),»), see Section 2.2, and also Section 2.3.4, we thus have a right
action o — R, of S, on gl(W) by differential crossed module maps. Here

Ry(f) =751 f75, foreach f e gl®(W)and o€ S,,
Ry(s) =7,157,, foreach s € gl'(W) and 0 € S,,.

We will write the Lie algebra brackets on gl‘(W) as {, }, for i = 0, 1.
Define closed 2-forms w;; in the configuration space C(n), for 1 <1i,j <n
and 7 #£ j:

dZi — de
wij = .
2 — Zj
Clearly for each o € S),:
(28) L7 (wij) = Wo-1(i)0-1(j)-

An easy calculation proves the well known Arnold’s relation [3], for each
distinct indices i, 7,k € {1,...,n}:

(29) wij N Wik + Wik A Wi + wri A wgj = 0.

Also, for each distinct indices 4, j € {1,...,n}, we have w;j = wj;.
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For i < j, with i,5 € {1,...,n}, we consider arbitrary degree zero chain
maps t;;: W — W and suppose that
(30) {tij,tiy y =0, if {i,j}n{d, '} = 0.

Define the following gl®(W)-valued 1-form:

(31) A= Z w,-jtij

1<i<j<n

Its curvature Fy = dA + %A A A4 = %A ALY A s
FA = Z Rbac Wha N Wae + Rabc Wab N Whe,
a<b<c

where if a < b < ¢ we put:
Rabc - {tab + taca tbc} and Rbac = {tab + tbm tac}-

This calculation appears for example in [24], and previously in several other
places [15, 37, 40, 41].

Theorem 18. In the conditions of (30), the connection form

A= Z wijtij

1<i<j<n

of (31) is flat if and only if the following relation, called the j-term relation,
is satisfied:

(32) {tap + tacs toe} = 0 = {tap + toestact, forl<a<b<ec<n.

In this case the connection form A of (31) will be called a Knizhnik-
Zamolodchikov connection.

Relations (30) and (32) are sometimes called infinitesimal braid group rela-
tions.

In order to define a local 2-connection (A, B) on C(n) with values in
gl(W) = (B: gl' (W) — gl°(W),»), we need a gl'(W)-valued 2-form B such
that B(B) = F4. We also want to impose that (A, B) be a flat 2-connection,
in other words that the 2-curvature 3-form M = dB + A A” B vanishes, see
Section 2.3.3.
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To match the condition B(B) = F4 we define a gl*(W)-valued 2-form B
in the configuration space C(n) as:

(33) B = Z Kpae Wha N Wae + Kabe Wap N Whe,

a<b<c

for some Kgpe, Kpae € gt (W) such that:

B(Kabc) = Rabca
(34) ﬂ(Kbac) = Rbac;
tap > Kijk =0 if {a, b} N {i,j, k‘} = (Z),

where we have 1 <a<b<c<nandeither 1 <i<j<k<norl<j<
i < k < n. The following crucial Theorem is proved in [24].

Theorem 19. Given a gl(W)-valued 2-connection (A, B) on C(n) with A
as in (31), where the relations in (30) hold, and B as in (33), such that (34)
holds, then the 2-curvature 3-form M = dB + A A\” B wvanishes if and only
if the following conditions are satisfied:

ad > (Kbac + Kbcd ( ab + tbc + tbd > Kcad (tac + tcd) > Kbad =0
abe Kacd ( ab + tad + tac) > chd - tbc + tcd) > Kabd =0
Kpad + Kead) + taa > (Kevd + Kpea — Kape) =

)+
tba > (K. ) + (
( )+t
> (Kabd + Kevd) + toa > (Kead + Kacd — Kpac) =
( ) +
(K ) + (

tbc

cd > Kbac + Kbad ( ab + tbc + tbd > Kacd (tac + tad) > Kbcd =0

ted > (Kape + Kapa) + (tap + tac + tad) > Kped — (tpa + toe) > Koeq = 0

witha <b<c<de{l,...,n}.

Relations (30), (34) and (35) can be interpreted as being infinitesimal rela-
tions for braid cobordisms.

Remark 20. A useful observation for later: note that if we exchange a
and b in the first, third and fifth condition, and putting tp, = t., we get,
respectively, the second, fourth and sixth conditions. Exchanging a and ¢ in
the first equation also yields the fifth, provided that we have Kp.q = Kpge-

Remark 21. The relations (35) are satisfied in the differential crossed mod-
ule (id : gl®(W) — gl®(W),>%), where > is the adjoint action of gl’('W) on
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itself, if we put Kqpe = Rape € gl®(W). Indeed in this case (35) are the com-
ponents of the Bianchi identity dF4 + A A F4 = 0, always satisfied by the
curvature form Fy of A.

Remark 22. Even though we stated Theorem 19 in the context of the dif-
ferential crossed module gl(W) = (3: gi*(W) — gl°(W),»), for a chain com-
plex W, this result remains true, with the obvious modifications, for any
differential crossed module & = (3: h — g,>); see [24, Corollary 23].

In the conditions of Theorem 19, for the case when (35) holds, in order
that the holonomy of the local 2-connection (A, B) descend to the quotient
manifold C(n)/S,,, we must impose conditions (19). For instance, as far as
the 1-form A is concerned, these say that given o € .S,, we must have

L;( Z wijtij> = R01< Z Wijti])y

1<i<j<n 1<i<j<n

or:

Z Wo-1(3)o-1(j)bij = Z Wij(TatijTafl)'

1<i<j<n 1<i<j<n
Thus we must have:

{to(i)a(j) if U(Z) < U(])
TolijTo-t = I .
to()o@) if 0(j) < o(i)

Therefore defining
tap = tpa, if @ > b,

the condition
Ly (A) = Ry-1(A)
holds for each permutation o € S, if, and only if, for each s € S, we have
(36) TolijTo—1 = to(i)o(j)-
We now put for any distinct 7,7,k € {1,...n}:

Rijk = {tij + tik, tjk}-
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This is compatible with the previous formulae, given that ¢;; = t;;. Also:
Rijr + Rjpi + Ry =0 and Ry = R,

The same kind of argument that gives conditions for the covariance of
the 1-form A under the action of the symmetric group permits us to find out
the conditions that make the relation (19) true for the case of the B form.
This was sketched in [24]. The stated result was:

Theorem 23. Choose a positive integer n. Let W be a chain-complez, pro-
vided with an action o v T, of S, on it by chain-complex isomorphism.
Choose chain maps

tap: W —= W, for distinct 1 < a,b <n.
These should satisfy, for all distinct i,j and distinct 7', 5’ :

tij = tji,
{tijstoy} =0, if {i, 5} N {7, 5"} = 0.

Define, for each distinct a,b,c € {1,...,n}:

(37)

(38) Rabc = {tab + tacs tbc}-

Also choose homotopies (up to 2-fold homotopy) Kap. € gI'(W), for each
distinct a,b,c € {1,...,n}, satisfying:

B(Kabc) - Raba

(39) by > Koy = 0 if {a,b) 1 {i, j, K} = 0,

where a, b, c are distinct indices and 1, 3, k are distinct indices, in both cases
in {1,...,n}. Then the local 2-connection (A, B) in (31) and (33) is covari-
ant under the action of the symmetric group (19), if, and only if, for any
distinct indices a,b,c € {1,...,n} we have that:

(40) Kape + Kpea + Keap = 0, Kpeq = Kbaca

and that for each permutation o € Sy:

(41) to(@)o(b) = TotabTo-1 and Ko(a)o(b)o(c) = ToKabeTo-1-
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Morever, in this case the pair (A, B) is 2-flat if and only if, for any distinct
indices a,b,c,d € {1,...,n} we have:

tad > (Kbac + Kbcd) + (tab + tbc + tbd) > Kcad - (tac + tcd) > Kbad =0

(42) Lpe > (Kbad + Kcad) —taa > (dec + Kabc) =0.

Remark 24. As we did for Theorem 19, we stated Theorem 23 in the
context of the differential crossed module gl(W) = (8: gl}(W) — gl®(W), »),
derived from a chain complex W. However, Theorem 23 remains true, with
the obvious modifications, for any differential crossed module & = (3: h —
g,>); see [24, Corollary 23].

Let us give full details of the proof of the most important part of Theorem 23,
which is that if equations (37) to (42) hold then condition (35) of Theorem 18
and equation (19) are satisfied.

Proof. Concerning the S,, covariance, the first equation of (19) was already
discussed. As for the second equation of (19), note that we can rewrite the
2-form B of (33) as, by using (40) and Arnold identity (29):

(43) B = Z Kpoe wpa N Wae + Kape Wab N Whe

a<b<c
(44) = Z _(cha + Kacb) Wha N\ Wae — Kacb( Whe N Weag + Wea N wab)
a<b<c
(45) = Z —Kpa Wha N\ Wae — Kaech Whe N\ Wea
a<b<c
(46) = Z Kach Wae N wep + Kegp Wea N Wap-
a<b<c
Analogously:
(47) B = Z cha Web N Wha + Kbca Whe N Wea-

a<b<c
Thus, summing (43),(46) and (47) we have:

1
B=g Z Z Kaoﬂ)“a(?)“a@) Way(1)ao(2) A Wag(2)a0(3)

1<ai<az<asz<n o€S;

1
T 3% 3 § : E : Ka,0)a0@)000) Warmyaom N Waoeaos

ay 7£(l2 ,a1 7£(12 ,a1 #ag UESg
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Therefore for any permutation ¢’ € S,, we have, by (28):

1
*/—1 B ==
o1(B) 3 x 3!

X Z Z Kayya0m 000 Wo'(ag (1)) (an(2) N Wo(a0(2)0" (ans)-

a17#a2,a17a2,a17a3 0ESs

Whereas, by (41):

1
B) =7,-1B1, =
B/ (B) = 712 B1o: 3 x 3|
o § : § : Kff/’l(aw(n)U’*l(am))cf’*l(aaw)) Wag (1)o@ I\ Wag o)t -

al#ag,aﬁéag,aﬁéag 0'653

These last two clearly coincide. As for the 2-flatness, all equations of (35)
hold because of (42) and the S,,-covariance, see Remark 20. O

Theorem 23 implies that, provided that the covariance properties (41)
hold, to define the pair (A, B) in (31) and (33), with zero 2-curvature,
one only needs to specify the chain map t1 =t € gl®(W) and the chain-
homotopy (up to 2-fold homotopy) K123 = K € gl*(W). Then obligatory we
must have:

to()o(2) = To t To-1 = Ro-1(1),

(48) ‘
Ko()o(2)03) = To K To-1 = Ro-1(K);

for any permutation o € S,,. Therefore ¢t and K must satisfy, for any 0,0’ €
Sh:

(19) Tot Tyt = ToitTei-1, if 0(1) = 0'(1) and o(2) = o'(2);
o

To K To-1 = 70 K751 if 0(1) = 0/(1),0(2) = 0/(2) and o(3) = o’ (3);
and also, in the crossed module gl(W):

(50) B(K) = {t12 + t13,t23}.

To ensure the 2-flatness and the S),-equivariance of (A, B), the following
conditions are to be satisfied:

t1a > (Ko13 + Koza) + (t12 + toz + toa) > Kz1a — (t13 + t34) > Ko14 = 0,

(51)
to3 > (K214 + K314) — tia > (Ka23 + Ki23) = 0,
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plus:
(52) tig = ta1, K3 + Kog1 + K312 =0, K31 = Koi3
and in addition, for any pair / triple of distinct indices a, b and i, j, k:

tijstay = 0, if {i,5} N {a,b} =0,
(53) . .
tap > Kiji = 0 if {a,b} N {7, 4,k} = 0.

The following lemma simplifying the conditions of Theorem 23 will be very
useful later.

Lemma 25. Let W be a chain complex of vector spaces. Let n be a posi-
tive integer. Suppose we have an action of S, on W by chain-complex iso-
morphisms. Consider a chain map t =t15: W — W and a chain homotopy
K = K193 € gl'(W). Suppose (49) holds, and define tq and Kape by using
(48). Then the pair (A, B) as in (31) and (33) is a gl('V)-valued local 2-
connection in the configuration space C(n), with zero 2-curvature 3-tensor,
and covariant with respect to the action of Sy, see equations (19), if, and
only if, equations (50), (51), (52) and (53) are satisfied.

Proof. The claim follows almost trivially from our discussion. Let us look
at the conditions of Theorem 23. The second equation of (37), the second
part of (39) and (41) are exactly equations (53) and (48). The remaining
conditions follow from equations (48), (49), (50), (51) and (52), by applying
the right action o — R, of S,, on gl(W) by differential crossed module mor-
phisms to each side of (49), (50), (51) and (52), and considering the yielded
set of equations for each o in .S5,,. O

3.2. Infinitesimal 2-Yang-Baxter operators in a differential
crossed module

In this subsection we actively use the results and notation of Sections 2.5.1
and 2.5.2.

3.2.1. Insertion maps for a categorical representation. Let & =
(B: b — g,>) be a differential crossed module. Consider its underlying (short)
complex of vector spaces & = (f: h — g). Given a positive integer k, define

UK ag being the degree—l part of the tensor product of & with it self k-
k

times. Define also 4 ) as being 4 modulo the boundary of the degree



194 L. S. Cirio and J. F. Martins

two part of & ®n, Explicitly:
Uk = hR®gR IR ---®g+ cyclic permulations,
and ﬂ(k) equal is to {(*) modulo the relations:

(54) X1® - Xn®@B0) @ Xnmt1 @
D X1 W R X1 @+ ® Xy,
=X1® XU X111 ®---

® X1 ® B(w) ® X1 ® -+ ® X,

where all X; live in g, and v,w € b, furthermore 1 < m < m’ < k. There
exists an obvious map : 4*) — g®* which descends to the quotient H(k),
defined as being:

f=B®1®---®1+ cyclic permulations.
Clearly ' is the first non-trivial boundary map of the tensor product of

(B: b — g) with it self k times. In the notation of Section 2.5.2 we thus have
that

(©5F), = (8 4 — g™,

Let (V,0) be a chain-complex of vector spaces. Let gl(V) be the differen-
tial crossed module constructed in Section 2.2. Consider its underlying short
complex of vector spaces gl(V) = (B8: gl' (V) — gl°(V)). Let p: & — gl(V) be
a categorical representation of &. Suppose that we are given k distinct in-
dices a; in {1,...,n}, describing therefore an injective map ¢ : {1,...,k} —
{1,...,n}, with ¢ — a;. We define:

oM o a® g (v®ny

as being:

k
(55) e (Z u® - ® uf)

=1

k
=3 T Bpuh)E - Bpuh) T - Bid
i=1
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for each

uf @ @ul e u®.

k
i=1
Within (55), in every summand we have inserted the p image of ] in the
at™ factor of the tensor product as the only non trivial entries (the exact
order in which the p(u]) appear in the tensor product may not be the one

indicated in (55)). The definition of
08 a8 = g0(VET)

is entirely similar (we will frequently drop the indices in ¢(*) and ¢!(1) when
they are obvious from the context). Then the pair (¢((111)ak, ,(1?)...%) = F£

defines a chain-map F£ - (B%F)y — gl(V®™), in the notation of Section 2.5.2.
This map is the following composition, which proves that it is well defined:

(56) (BF), 225 (gl(v) TRy, L g(vEn),

We thus have the following commutative diagram of vector space maps:

(1)
O

(57) Q) glt(vemy |
;| E
) —
g ———gl(VE)

covariant with respect to the actions of the symmetric groups S and S,
see equations (62) and (63) below.

3.2.2. Infinitesimal 2-Yang-Baxter operators. Let V be a chain com-
plex. If o € Si and if L is an homogeneous element in (V®#)y we denote

Lo(t)or) = To(L),

where T is the projection of the standard action of Si on VO to W, If
L=Y,X;0Y;,® Z; € (V®F)y then:

Lio3 =1L, L13222Xi®2i®yi7 L231=ZZi®Xi®Yi-

7 3

Note that no minus signs need to be inserted here since all but possibly one
of the elements X;,Y; and Z; have degree 0, for each i.
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Definition 26 (Free infinitesimal 2-Yang-Baxter operator). Let & =
(B: b — g) be a differential crossed module. A free infinitesimal 2-Yang-
Baxter operator (or free infinitesimal 2-R-matrix) (r, P) in & is given by:

1) A tensor r € g® g,
2) A tensor P € ﬂ(?)),

such that:

1) 712 = 721,

2) Pia3 + Po31 + P312 = 0,

3) Piaz = P12,

4) B'(P) = [r12 + r13, 23],

5) 714> (Po13 + Pasa) + (r12 + 123 + 724) > P31a — (113 + 734) > Po14 = 0,
6) ro3 > (P14 + P314) — 714 > (Pao3 + Pr23) = 0.

The last two identities are to hold in ﬂ(4).

A word on notation: hereifr =), ;@ y; e g@gand P=) . U; ® V; ®

W; € ﬂ(s) then, for example:

[r12 + 13, 23] sz [vi, 5] ® y; + 2 @ 25 @ [y3,y5],
(58)
14> Pz = Z(g;»vj)@zfj@wj@yi,

Z‘?j

where in the second equation > may either mean the action of g on h or the
adjoint action of g on h. The second equation of (58) does descend to the
quotient {4, Indeed given u,v € h we have d(u) ® v =u ® d(v), and, on
the other hand, if X € g, we have:

(Xpo(u)@v=0Xpu)@v=(Xp>u)®0d(v).

Example 27. Let g be a Lie algebra. Let & = (id: g — g,5°%), where >34
is the adjoint action; this is a differential crossed module. In this case Q(n) &~
g®". If r € g ® g is symmetric, and if we put P = [r12 +r13,723] € g Q@ g ® g,
then the pair (r, P) is a free infinitesimal 2-Yang-Baxter operator in &. For
a proof see [24].
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Below we will construct an infinitesimal 2-Yang-Baxter operator in the dif-
ferential crossed module associated to the string Lie-2-algebra.

It is also useful to deal with representations of the conditions which
characterize an infinitesimal 2-Yang-Baxter operator. For this reason we in-
troduced insertion maps. Indeed, given a categorical representation p: & —
gl(V) we have, in gl’(Ve@V®V):

(59) p®3([r12 + 13, 723))
= (p®p®p)[riz + ri3, 23]
=D o) @ pllyi 2i]) @ plyy) + p(ws) @ ples) © pl{yis )
= ZP(fUz) @ {p(yi), p(z;)} @ p(y;) + p(x;i) @ p(z;) @ {p(yi), p(y;)}

= {p12(r) + ¢13(r), Pp23(r) } .

Also, in gl(V®V®V):

(60)  B(o123(K)) = @(ﬂ/(K)) = ¢123([r12 + ri3,m23])
= p@3([r1g + r13,723]) = {P12(r) + d13(r), Pr2(r) } .

We can also see that, since p is a categorical representation, and where > is
either the adjoint action of gl®(V) on gl°('V) or the already defined action of
gl°(V) on gl*(V):

(61) pEH(ria> Paz) = Zp®4((mil>‘/j)®Uj®Wj ® Yi)
1,3

- Zp(mz > V;) @p(U;) ® p(W;) @p(y;)

Definition 28 (Infinitesimal 2-Yang-Baxter operator with respect
to a categorical representation). In the conditions of Definition 26, let
p: & — gl(V) be a categorical representation of &. Then (r, P) is said to be
an infinitesimal 2-Yang-Baxter operator (or infinitesimal 2-R-matrix) in &,
with respect to p, if conditions 1. to 6. of Definition 26 hold after applying
p@k where k can be, depending in the condition, 2, 3 or 4.
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Recall now Theorem 23 and Lemma 25. We now show that (represen-
tations of) infinitesimal 2-Yang-Baxter operators provide natural examples
of chain maps and homotopies satisfying the conditions of Theorem 23,
hence yielding 2-flat connections on C(n), covariant with respect to the
action of Sy,. Let p: & — gl(V) be a categorical representation of a diffe-
rential crossed module. By (56) and (27) we have, for each injective map
v:{l,...,k} - {1,...,n} and each o € Sj:

(62) Fi(7s(L)) = Fiio, (L)

since by (23), and given that p@*: (8%F), — (gl(V)®%), is a chain-map of
degree 0, it is

p@kof]—o_:fro_opgk'

Also, by Lemma 17 we have, for each o € S, and each L,

(63) '

H(L)1y-r = FP,(L).

Lemma 29. Fix a positive integer n. Let V be a chain-complex of vector
spaces. Let Sy, act on VO™ in the usual way, equation (23). Let & = (B: h —
g,>) be a differential crossed module and p: & — gl('V) be a categorical rep-
resentation of &. Let (r, P) be an infinitesimal 2-Yang-Baxter operator in
&, with respect to p. If we define:

t=tio = ¢12(r) € Q[D(V@n)
K = Kj93 = ¢123(P) € 9[1(V®n)

then all conditions of Theorem 23 are satisfied, in the formulation of
Lemma 25.

Proof. This essentially follows immediately from (62), (63) and Lemma 16.
Explicitly, conditions (49) holds since if o € S,, is such that o(1) = o’(1),
c(2) = 0’'(2) and o(3) = ¢’(3) then, putting (from now on until the end of

the proof) (1) = 1,9(2) = 2,¢(3) = 3:

(P) = E”

Te KTy = TUFg(P)Tr1 = F* i)

o (P) = TO'/FQIZ(P)TO"*I = TO-/KTO-/—17

and analogously if (1) = ¢/(1) and 0(2) = ¢/(2):

TotTog-1 = Tgr L Tgr-1.
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From (48) and (63) we also have that, for distinct a,b,c € {1,...,n},

Kape = (Z)abc(P) and tqp = ¢ab(r)~

From (60) and (61) we thus obtain (50) and (51). Conditions (53) follow
from Lemma 16.

All equations of (52) are proved in exactly the same way. For example,
considering the permutations in S,, and S3 defined as og = id, o1 = (231)
and o9 = (312), we have:

Koz + Koz + K312 = 70, K7, -1 + 76, K7, -1 + 75, K7,
= TUOF{Z(P)TUO—l + TalFfp’(P)Tol—l + ngFg
:szow(P)‘f'Fff—)lw(P)"‘Fﬁz (P)
= F}, (P)+F}, (P)+F}, (P)
= F}(75,(P)) + Fj)(15,(P)) + F}[(75,(P))
= F(P123 + P31 + Ps12) = 0.

(P)T —1

g2

O

As an immediate corollary we have one of the main results of this paper,
also stated in [24] for free infinitesimal 2-R-matrices.

Theorem 30. Consider a positive integer n. Let & = (5: h — g,>) be a
differential crossed module. Let p: & — gl('V) be a categorical representation
of 8, where V is a chain-complex of vector spaces. Let (r, P) be an infinite-
simal 2-Yang-Bazter operator in & with respect to p. Then putting, for each
distinct a,b,c € {1,...,n}:

top = ¢ab(r) and Kabc = ¢abc(P)7

the condition of Theorem (23) are satisfied. Therefore the pair (A, B):
A= Z Wab ¢ab('r)
1<a<b<n

B = Z Wab N\ Whe gbabc(P) + Wha N\ Wae ¢bac(P)
1<a<b<c<n

(64)

defines a 2-flat gl('V)-valued local 2-connection in the configuration space
C(n), covariant under the action of S,.

These local 2-connections (A, B) are our proposal for a Knizhnik-
Zamolodchikov 2-connection.
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4. An infinitesimal 2-Yang-Baxter operator in the string
Lie-2-algebra

4.1. Lie algebra cohomology, abelian extensions and differential
crossed modules

We recall a general construction of differential crossed modules that will be
used in this section to provide an explicit presentation (due to Wagemann
[49]) of the string Lie 2-algebra (discussed in the Introduction), or more
precisely of its associated differential crossed module Gtring.

Recall that given a Lie algebra g with an action > on a vector space V,
we have a cochain complex C®(g,V) = (C’"(g,V),(SV), where C"(g,V) =
hom(A"(g), V). For w: A™(g) — V the differential reads:

6V (w)(Xo, ..., Xn)
— Z (_1)in~ > <w (X(), e ,Xi, e ,Xn>>

0<i<n
+ Z (—1)i+jw ([Xi,Xj],Xo, ce ,Xi, cee ,XJ’, ce ,Xn),
1<i<j<n

where as usual Xz means omitting X;.
An exact sequence of Lie algebras:

(65) 0—Vs—e—5g—0

is said to be an abelian Lie algebra extension of g by V3 if v(V3) is abelian.
Note that V3 has a natural g-module structure, described explicitly on v(V3)
by x> v(u) := [771(x),v(u)] for x € g,u € V3. It is very easy to check that
such expression is well defined and that it does not depend on the choice of
the pre-image of x. It is well known that abelian extensions are classified by
the Lie algebra cohomology group H?(g, V3). We sketch the correspondence;
in one direction, take a € H?(g, V3) and define V3 x,, g as the vector space
V3 @ g endowed with the Lie bracket

(66) [(v,2), (w,y)] = (x>w —y>v+a(z,y),z,y]),
where v,w € V3, z,y € g.

Then set ¢ = V3 X, g in (65). In the opposite direction, take any section of ,
i.e. a linear map a : g — e such that moa = idy, and denote by a: gA g — ¢
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the failure of a to be a Lie algebra morphism, namely, for x,y € g:

afz,y) = a([z,y]) — [a(z),a(y)] .

Since m o & = 0 we know that a takes value in im (v) C e. This means there
exists a unique o : g A g — V3 such that v oo’ = a. Such o/ is a 2-cochain
on g with values in V3, i.e. o/ € C?(g, V3). It is a standard result, which we
nevertheless prove for completeness, that o/ is a 2-cocycle.

Lemma 31. The two cochain o € C?(g,V3) satisfies 6V = 0, namely o
is a 2-cocycle on g with values in Vs.

Proof. Note that the g-module structure on V3 (see discussion above) is
defined on v(V3) C ¢ by an arbitrary section of o, which we now take to be
a. Almost by definition v : V3 — im(v) is an injective g-module map. We
show that v(6"2a’) = 0:

v(6"5a) (21, mo, w3)
= —va/([z1,22], 23) + v/ ([21, 23], 22) — v ([22, 23], 21)
+v(z > (29, 23) — 12> o/ (21, 23) + 23> 0/ (12, 73))
= —a([z1, x2], z3) + a([x1, 3], 22) — a([x2, 3], 21) + 21 > (22, T3)
— x9 > a1, x3) + 23> X9, x3)
= —[a([z1, 2]), a(ws)] + al[z1, v2], 23) + [a([z1, 3]), alx2)]
= a([z1, x3], x2) + [a([z2, 23]), a(x1)] + al[zz, v3], 1)

+ [a(z1), [a(z2), alzs)]] — a([z2, z3])] — [a(z2), [a(z1), a(z3)]]
—a([z1, z3])] + [a(zs), [a(z1), a(z2)]] — a([21, z2])]

= —la([z1, z2]), a(z3)] + [a([z1, 25]), alz2)]
— la([z2, z3]), a(z1)]a([z1, 22], 23) — a([21, x3], 22) + a([z2, x3], 21)
+ [a(z1), [a(z2), alzs)]] — [a(z2), [a(z1), a(z3)]]
+ [a(zs), [a(z1), a(z2)]] — [a(21), a([z2, z3])]
+ [a(z2), a([z1, z3])] — |a(zs), a([z1, z2])]

=0

where in the last step we used twice the Jacobi identity. ]

Note that there is no dependence on the choice of the section a: g — ¢ (i.e.
different sections produce cohomologous cocycles).
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Next, consider a sequence of g-modules (when necessary thought as
abelian Lie algebras):

(67) 00—V -5V 5 V3 —0.

This yields a short exact sequence of cochain complexes:

(68) 0— C*(g.V1) == C*(g.Va) == C*(g,V3) — 0,

whose cohomology long exact sequence will have an important role below.
Consider a Lie algebra 2-cocycle a. Putting together the two sequences

(65) and (67), where the former is derived from «, thus ¢ = V3 X, g, we get
an exact sequence of e-modules:

0 \ V3 / 0
IR

>ei>94>0

(69)

0—=Vi ——=Vj

where every g-module has been trivially extended to an e-module, by using
the morphism 7: ¢ — g. The following theorem shows that we have obtained
a differential crossed module p : Vo — e. It may be seen as a constructive ex-
ample of Gerstenhaber correspondence [33] between weak equivalence classes
of differential crossed modules (9: h — g,>) and H?(coker(d), ker (9)).

Theorem 32 (Wagemann). In the above setting, (69) is a differential
crossed module : Vo — ¢. Its associated cohomology class in H?(g, V1) is
the image of the 2-cocycle defining the abelian Lie algebra extension (65)
under the connecting homomorphism in the long exact cohomology sequence
associated to (68).

Proof. We give the most important steps of the proof, for more details see
[49, Thm 3] and references therein. That u : Vo — e satisfies the axioms of
a differential crossed modules it is a standard exercise that we leave to the
reader. More interesting is the second claim about cohomology classes.

To associate a cocycle v € H3(g, V1) to the differential crossed module
Vo — ¢ we can proceed as follows. We already know how to associate
to the abelian extension 0 — V3 — ¢ — g — 0 a 2-cocycle o € H?(g,V3).
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We go on by considering b : im (p) — V2 a section of p, i.e. pob = idiy(p);
we then set B(x1,x2) := b(d/(x1,22)). Hence p(B(z1,22)) = &/ (21,22) and
B € C*(g, V). We now show that p ((6V28)(21, 22, 23)) = 0. Indeed:

p ((6V2B)(z1, 72, 73))
=p (= B([x1, 2], 23) + B([z1, 23], 22) — B[22, 23], 1)
+ 21> B(w2, 23) — 22> B(w1, 23) + 23> B1, 22))
= —d/([x1, 22, 23) + &/ ([1, 23], 22) — ' ([w2, 3], 1)
+ a1 > (29, 23) — 2> & (21, 23) + 23> 0/ (271, 72)

= (dvsal)(xlax27$3) = Oa

where we used that p is a g-module map. This shows that §¥23 takes value
in im(7). We can further lift by considering ¢ : i(V;) C Vo — Vj a section of 4,
and introducing «y := ¢(d"23). So we have v € C3(g, V1), and §"1y = 0 from

i6Viy =6"2(iv) =6"2(icd2B) = 6"2(6"28) =0

where we denoted by the same symbol i the injective chain map i : C*(g, V;)
— C*(g, V) induced from the sequence (67). We have therefore determined
the cohomology class v € H3(g, V) associated to the differential crossed
module. Of course one has further to show that the choice of different sections
a', b or ¢ would lead to a 4 such that [y'] = [y] in H3(g,V3). (The process
we used to define a three dimensional cohomology class from p: Vo — e
generalises readily to any differential crossed module.)

On the other hand, the image of o/ under the connecting homomor-
phism & : H?(g,V3) — H?(g,V1) is computed exactly in the same way we
obtained ~:

B=ble) <= o

O - CZ(gv VI) *l> 02(97 ‘/2> i} 02(97 V3) —_— 0

| | lm
c

T=c(8V20) < §vap

00— C3(g, Vi) ——= C3(g, Vo) ——= C3(g, V3) —=0

so that indeed 6o’ = c(6V2(b())) = v € H3(g, V1). O
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4.2. The differential crossed module String associated to the
string Lie 2-algebra

In this section we apply Theorem 32 to a particular abelian extension of sls,
recovering the differential crossed module Gtring = (0 : Fg — Fy x4 sl2,>),
associated to the string Lie 2-algebra as a particular instance of (69). As
mentioned above, this construction is due to Wagemann [49].

We start by fixing the notation. Let W; be the Lie algebra of vector
fields in one variable x, with Lie bracket given by the commutator of vector
fields:

f@) 0@ g = (152 - o) @ g = 0 - P

dx x’
d d
vf(x)aag(x)aewla

where f’ denotes the derivative of f. Identify slo C W as the Lie subalgebra
generated by:

d d d
70 1 = — = _ e 2 -
( ) €1 dz ; €0 x dz ; €1 X dl"
so that the commutation relations read:
(7]-) [607 6_1] = —€-1, [6—17 61] = 260 3 [607 61] =€1.

The Cartan-killing form (, ) : sly ® slp — C is taken with the normalisa-
tion: (x,y) = —(1/2) Tr (ad, o ady), in terms of the adjoint representation
ad,(y) = [z,y] for x,y € sly. An orthonormal basis is given by the matrices:

e (83) e (0) ()

satisfying (s;, s;) = d;j, 4, j = 1,2,3. The relation between the two basis of
5[2 is:

(73) sp=1(e1 —e_1), s9 =e1+e_1, s3 = 2ieg.

Let Fg be the space of complex polynomials in the variable z, and F; the
space of formal one-forms f(x)dz, over the space of real numbers, where
f(x) is a complex polynomial. We consider Fy and F; to be abelian Lie
algebras, i.e. with the trivial Lie bracket. They are both Wi-modules via the
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Lie derivative:

(1) F@) S b gla) = (fo)w), Jla)a b gle)de = (7 + Fo)(x) da,
d

Vf(:z:)a e Wi,g9(x) € Fo,g(x)dex € Fy

hence they are slo-modules as well, by restriction of the module structure.

Consider the 2-cochain on sly with values in Fy, o € C?(sly, Fy), defined
as, in the basis {e_1, g, e1} of sly:

(75) aleg,e1) = —afer,e9) = 2dx, and zero otherwise .

It is a direct computation to verify that 61 = 0 and that [o] € H?(sly, Fy)
is a non trivial cohomology class. We denote F; %, sla the abelian extension
of sly by F; associated to a. We recall from (66) that Fy x, sl is the vector
space 1 @ sls endowed with the Lie bracket:

(76) [(a, ), (b, z)] = (yl> b—z>a+ta(y,z), [y,z]) , Va,beTFy,y,z€sly.

Note that every slp-module F' extends trivially to a Fy x4 slo-module by
setting:

(77) (avy)bf::y>f7 (avy)EFl Naﬁ[nyeF'

In particular, we will be interested in the case F' = Fy. We now apply the
general construction of the previous section to the abelian extension:

(78) 0 — Ty 5 Fy xgsly sl — 0

together with the sequence of sly-modules (restricting the Wi-module struc-
ture)

(79) 0—C-5Fy-F —0

where p = dP is the formal de Rham differential. The differential crossed
module (69) associated to this example is denoted by Gtring = (0 : Fy —
F1 X4 sl2,>), and it fits inside the four-terms exact sequence:

(80) 0—>CL>F0i>F1>4a5[2L>5[2—>0.

For the reader’s convenience we repeat the relevant structures in
Gtring = (0 : Fg—F1 X, slp,>): the Lie bracket in Fy %, sy is given in (76),
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considering (75), while in Fy is trivial. The (F; % sl3)-action on Fy is of the
type (77), trivially extending the one of slp. The maps d and 7w are ex-
plicitly 9(f) = (v o dPF)(f) = (df,0) and 7(w,y) =y, for f € Fy, (w,y) €
1 Xq sl2; hence ker(9) = C and coker(9) = sls.

From Theorem 32 we know that 0 : Fyg — Fy X, slo geometrically re-
alises the 3-cocycle () € H3(sly, C), where § is the connecting homomor-
phism in the long exact cohomology sequence associated to (79). We con-
clude that it is an explicit realisation of the string Lie 2-algebra by the
following lemma of [49].

Lemma 33 (Wagemann). The cocycle da is proportional to the Cartan-
Killing 3-cocycle = € H3(sly,C), explicitly given by =(x,vy,2) = ([z,], ),
Vr,y,x € sly.

Proof. We compute both cocycles. Recall from the proof of Theorem 32
that da is obtained as da = c(d¥3), with B(eg, e1) = 2z (and zero other-
wise) being the simplest lift of o/ to Fo. We evaluate the 3-cocycle d*°3 on
(e_1,e0,e1) and the only non-zero contribution comes from e_; > 3(e1, ep) =

e_1>2x = 2. Hence dd/(e_1,eg,e1) = 2.
On the other hand Z(e_1,eq,e1) = ([e—1,e0],e1) = (e—1, e1). Passing to
the orthonormal basis (72) via (73) we get (1/4)(is1 + s2,151 — s2) = — (1/2).
O

Remark 34. Looking at Gtring = (0 : Fg — F; x4 sl2,>), by using (70),
(74) and (77), we can see that (F1 x, sla) acts trivially on the set of constant
functions of x in Fy. Note that this set of constant polynomials in x is exactly
the kernel of the map 9: Fy — Fy x4 slo, thus (Fy x4 slp) > ker(9) = {0}.
This fact will be crucial later.

4.3. An infinitesimal 2-Yang-Baxter operator in the string
Lie-2-algebra

In this section we use the notation and nomenclature of Section 3.2. Let g
be a Lie algebra provided with a non-degenerate, symmetric bilinear form
(,). Let {x;} be a basis of g and {3’} be the dual basis of g* identified with
g by using (,). Then r =), 2; ® y; € g® g is symmetric and satisfies the
4-term relation [r12 + 713, 723] = 0, in (U(g))®?, where U(g) is the enveloping
algebra of g, and it is therefore an infinitesimal Yang-Baxter operator in g;
see the Introduction.
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We want to determine elements 7 € (Fy x4 5[3)®% and P € ﬂ(s), in such
a way that (7, P) is an infinitesimal 2-Yang-Baxter operator in the diffe-
rential crossed module Gtring = (0 : Fy — F; x4 slo,>), associated to the
string Lie 2-algebra. Our guiding principle in doing so is to use a lift of
the infinitesimal Yang-Baxter operator r in sly, by the obvious section of
w1 Xq 5ls — sls. In the notation of Section 4.2, the element r € sly ® sl
associated to the Cartan-Killing form on sls is:

(81) r=2e_1®e+2e1®e_1 —4eygReg.

Consider the section o : sly — [y %, sly defined as o(e;) := (0, ¢;). Denote
by 7 the lift of r € sly ® sls via o

(82) T=(c®0)(r)=2(0,e1) ®(0,e—1) +2(0,e-1) @ (0,e1)
—4(0, 60) (=) (0, 60)
EF| x5l ®F x5l

Since o is not a Lie algebra map, 7 does not satisfy the 4-term relation [F1o +
713,T23] in (1), unlike . However, by Definition 26, the tensor P must be

a pre-image, under &’ : ﬂ(g) — (Fy x4 5l2)3®, of the tensor [Fia + T13,723] €
(F1 x4 8l0) @ (F1 Xq sl2) @ (Fq xq sl2).

Proposition 35. The tensor [F12 + T13, 23] explicitly reads:

(83) % [F12 + 713, 723] = (0,e—1) ® (0,ep) @ (dx,0)
+(0,e-1) ® (dz,0) ® (0, ep)
—(0,e0) ® (dz,0) ® (0,e_1)
—(0,€0) ® (0,e—1) ® (dz,0).

Every element P € 9% such that ' (P) = [F12 + 713, Ta3] therefore has the
form:

(84) P=P'+)C
=16((0,e—1) ® (0,e0) ® z + (0,e—1) ® z @ (0, €9)
—(0,e0) @2 ®@ (0,e—1) — (0,€0) @ (0,e—1) ®z) + AC,

where C € ker(a/: a® (Fy g 5[2)3®) and ) € C.
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Proof. By direct computation:

[F12 4 713, T23) = [2(0,€1) ® (0,e—1) @ 1 +2(0,e-1) @ (0,€1) ® 1
—4(0,e9) ® (0,e0) ®14+2(0,e1) ®1® (0,e_1)
+2(0,e_-1)®@1® (0,e1) —4(0,e0) ® 1 ® (0,ep),

2-1®(0,e1)®(0,e—1)+2-1® (0,e—1) ® (0,e1)
—4-1®(0,e0) @ (0, €0)]
=4(0,e1) ® (ae—1,€1),2e9) ® (0,e_1)
—8(0,e1) ® (ale—1,€ep),e—1) @ (0, €e9)

0,e_1) ® (a(e—1,e1),2€0)
0,e0) ® (ae—1,€0),e-1)
(0,e1) ® (a(e1,e—1), —2ep)
® (0,e0) ® (a(er, ep), —e1)
0,e1) ® (a(eg,e—1), —€_1)
0,e_1) @ (afeg,e1),e1).

Denoting with 1.i the i*" term in the {*" line, the following cancellations
occur: 1.1 with 4.2, 1.2 with 4.1. We are left with

8 (Oa 6_1) b2y (05 60) ® (2d$, 0) +38 (07 6—1) ® (de7 0) ® (07 60)

-8 (07 60) ® (2(?1]}, O) ® (07 6_1) -8 (07 e0) ® (Oa 6—1) ® (le‘, O) ’
explicitly (2.1 +5.2)+(2.245.1) +(3.14+5.1) + (3.2 +6.2). The second
claim is easily verified. O

Given that B/(P) = [F12 + 713,723, the pair (7, P) = (7, P° + \C) will
be an infinitesimal 2-Yang-Baxter operator in String, if, and only if, the fol-
lowing relations hold, freely or evaluated in some categorical representation
of the string differential crossed module, definitions 26 and 28:

(i) 712 = a1,
(ii) Proz + P31 + P12 = 0,
(iil) Prasz = P32,



Categorifying the s[(2, C) Knizhnik-Zamolodchikov connection 209

(iv) 714> (Po13 + Paza) + (T12 + 723 + 724) > Pa1a — (713 + 734) > Po1a = 0,
(v) Ta3 > (Pa1a + Py1a) — 714> (Pags + Pi23) = 0.

Our main result (Theorem 44) states that there exist C' € ker(d') and A € C,
so that (7, PY + \C) is a free infinitesimal 2-Yang-Baxter operator in Gtring.
We now start discussing the proof of this result.

Noting that 719 = 721, thus relation (i) is satisfied, let us now evaluate
the left-hand-side of relations (ii) to (v) on P’. We immediately see that
(concerning conditions (ii) and (iii)):

(85) Py + Py + Py =0,
P 1023 =P, 1032-

Concerning conditions (iv) and (v), we compute, in a lengthy but straightfor-
ward way, 7145 (PY3 + Pdyy) + (T2 + Tag + 7o4) > Py — (P13 + T34) > Py
and o3 > (P, + Py) — F1a > (Pls + Pys), in 4.3.1 and 4.3.2; see (86) and
(87). While relation (v) holds for P°, the left-hand-side of (iv) produces
non-zero terms when applied to PY. In section 4.3.3, we discuss how it is
possible to choose C € ker(@’: Q(S) — (F1 Xq 5[2)3®) and A € C, in order to
cancel these terms. Nevertheless, by the calculations in 4.3.1, we will be able
to see that the left-hand-side of relation (iv) applied to P? acts trivially in
the adjoint categorical representation of Gtring, so that (7, P°) is found to
be an infinitesimal 2-Yang-Baxter operator, with respect to the adjoint cat-
egorical representation. The latter result can however be obtained in a more
general way:

Theorem 36. The following elements T € (F1 x4 5l2) @ (F1 x4 sl2) and
Poea®:

r=2 (0,61) X (0,671) + 2 (0,671) ® (O, 61) — 4(0, 60) ® (0,60) R
PP =16 ((0,e—1) ® (0,e0) ®  + (0,e_1) ® x @ (0, eg)
—(0,e0) ® x @ (0,e—1) — (0,€0) ® (0,e_1) ® T),

define an infinitesimal 2-Yang-Baxter operator, with respect to the adjoint
categorical representation of String.

Proof. The crucial fact here is that, in String = (9: Fog — Fy x4 sl2,>), the
kernel of &’ : 5(4) — (F1 Xq sl5)®* acts trivially in the chain complex Gtring®?,
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via the insertion map 3.2.1. This is a consequence of the fact that the ker-
nel of 9: Fy — Fy x4 sl (which is the set of constant functions in Fy) is
(F1 X4 sla)-invariant, Remark 34.

Let us give full details. Since we are considering chain complexes of
length 2, of vector spaces, Kiinneth Theorem tells us that:

ker (0': [TURA (F1 Xq 5[2)®4)
= (ker((?: Fo — Fl Ao 5[2)) (%9 ({0} A 5[2) & ({O} X 5[2)
® ({0} x slp) @ cyclic permutations .

From the explicit expression of the insertion maps for a categorical represen-
tation (see 3.2.1 and in particular (55)) and of the map p = p' in the adjoint
categorical representation, see (21), we conclude, since ker(0: Fy — Fy
slp) is (Fq X4 sl2)-invariant, that the kernel of & : 5(4) — (F1 x4 5l)®* acts
trivially in the fourth tensor power of chain complex Gtring, associated to
Gtring.

By Example 27, if we apply 0': [T (F1 X4 512)®* to the left-hand-
side of relations (iv) and (v), above, on P, we get zero, since ' a
(F1 Xq 512)®* is an (Fy x4 slp)-module map and 9'(P°) = [Fia + 713, T23).
Therefore relations (iv) and (v) are satisfied by (7, PY), in the adjoint cate-
gorical representation of Gtring. ]

Remark 37. By the proof of the previous theorem a more general result
holds. Looking at (80), let t € (F1 x4 sl2) ® (F1 x4 sl2) be any inverse image,
under 7 ® 7, of r € sly ® sly, where r is in (81). Let also @ be any inverse
image, under 9': 5(3) — (Fy x4 5l0)®3) of [t12 + t13,t23]. Then (¢,Q) is an
infinitesimal 2-Yang-Baxter operator in Gtring, with respect to the adjoint
representation.

4.3.1. The left-hand-side of relation (iv) applied to P°. A word on

notation: to distinguish between the unital elements of Fy (i.e. the constant

function of value 1) and the identity in the enveloping algebra U(F; x sl3),

from now on we will denote the former as 1p,, writing simply 1 for the latter.
Let us explicitly compute:

14> (Pyy3 + Pysy) + (P12 + Tag + T24) > Py — (P13 + 734) > Py

We compute one term at a time, starting with {5714 > (P53 + Ps3,) which
explicitly is
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(2(0,e1) ®1®@1®(0,e—1) +2(0,e—1) ®1®1® (0,e1)
—4(0,e0) ®1®1® (0,e0)) >

((0,e0) ® (0,e—1) @z ®@1+2® (0,e—1) ® (0,e0) ® 1
—2®(0,e0) ® (0,e_1) ®1—(0,e_1) @ (0,e0) 2z ® 1
+1®(0,e-1) @ (0,e0) @z +1® (0,e-1) ® x ® (0, €9)
—1®(0,e0) ®z® (0,e—1) — 1 ® (0,e0) ® (0,e_1) ® ) .

The computations are done in the following order: in the first two lines we
write the first term of 714 acting on P35, in the third and fourth line we
write the second term of 714 acting on Pjj5, then the fifth and sixth line
refer to the third term of 714 acting on Pg5; finally the same order is used
for 714 acting on P2034, giving 12 lines in total:

2 (a(e1,ep), —e1) ® (0,e—1) ® x ® (0,e_1)
+2e1>2®(0,e—1) ®(0,e9) @ (0,e_1)
—2e1>2®(0,e0) ® (0,e—1) ® (0,e_1)
—2(a(er,e—1),—2€9) @ (0,e0) @z ® (0,e_1)
+2(ale—1,ep),e-1) @ (0,e_1) @z ® (0,e1)
+2e_1px®(0,e_1) ®(0,e0) @ (0,e1)
—2e_1px®(0,e0) ® (0,e—1) ® (0,eq)
—4degrax®(0,e—1) ®(0,e0) ® (0, ep)
+4eg>z®(0,e0) @ (0,e—1) @ (0, ep)

+ 4 (afeg,e—1), —e—1) ® (0,e9) ® z @ (0, ep)
+2(0,e1) ® (0,e—1) ® (0,e0) ® e_1 > x
+2(0,e1) ®(0,e—1) ®z® (ale—1,€e9),e—1)
—2(0,e1) ®(0,e0) @ (0,e—1) @e_1 >
+2(0,e-1) ®(0,e_1) ® (0,e0) R €1 >
+2(0,e-1)®(0,e_1) ® z® (afer, ), —e1)
—2(0,e_1) ®(0,e9) ® x(a(e1,e_1),—2ep)
—2(0,e—1) ®(0,e0) ® (0,e_1)®er >z
—4(0,e0) ® (0,e_1) ® (0,e0) Reg>x
+4(0,e0)
+4(0,ep)

) ®
) ®

0,e0) ® x ® (aeg,e—1), —€—1)

® (
® (0,e0) ® (0,e_1) @ eg> x.
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We next evaluate the cocycle o and the action of e; on . We denote as
before 1.i the i'" term in the [*" line; then 2.2 cancels with 11.2, and 6.1 with
10.1. We can also sum 1.1 with 7.2 and 3.1 with 9.2. We get:

—4(dz,0)® (0,e—1) @2 ® (0,e_1) + 222 ® (0,e_1) @ (0,e0) @ (0,e_1)
—222®(0,e0) @ (0,e_1) ® (0,e_1) —4(0,e_1) ® (0,e_1) ® z ® (dz, 0)
+2-1p, ® (0,e—1) ® (0,e0) ® (0,e1) — 2 1p, ® (0,€0) ® (0,e—1) ® (0, 1)
—42® (0,e_1) ® (0,e9) ® (0,e09) + 4z ® (0,e0) @ (0,e—1) ® (0, ep)
+2(0,e1) ® (0,e—1) @ (0,e9) @ 1g, —2(0,e1) ® (0,€9) ® (0,e—1) ® 1,
+2(0,e_1) @ (0,e_1) ® (0,e0) @ 2% — 2(0,e_1) ® (0,e0) ® (0,e_1) ® 2
—4(0,e9) ® (0,e—1) ® (0,e9) @z +4(0,e0) @ (0,e9) ® (0,e_1) @ x.

We refer to these terms as the term of type I; so the first term will be
denoted as 1.1, the second as 1.2 etc.

We proceed now with %6(?12 + To3 + Toq) > P??14~ Using the explicit ex-
pressions for 7 and P? this is written as

(2(0,e1) ® (0,e—1) ®1®1+2(0,e—1) ® (0,e1) ®1® 1
—4(0,e9) ®(0,e0) ®1 @1 +2® (0,e1) ® (0,e_1)®1
+2®(0,e_1)®(0,e1)®1—4®(0,e0) ® (0,e9) @1
+2® (0,61) ®1® (0,e_1) +2® (0,e_1) ®1® (0, 1)
—4®(0,e0) ®1® (0,¢9)) >

((0,0) ®1®@ (0,e—1) @z +2®1®(0,e—1) @ (0, e9)
—z®1®(0,e0) @ (0,e—1) — (0,e-1) ®1® (0,€0) ® ) .

We compute the terms using the same order as before: the first two lines
refer to the action of the first term of 712, then the second (resp. third) term
of 15 acting on P23, gives the third and fourth (resp. fifth and sixth) lines,
the seventh and eight line refer to the action of the first term of 723 and so
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on:
2 (a(e1,e0), —e1) @ (0,e_1) ® (0,e_1) @ x
+2e1>z® (0,e—1) ® (0,e—1) ® (0, €9)
—2e1>p2® (0,e—1) ®(0,e9) ® (0,e—1)

—2(a(er,e-1), —2e9) ® (0,e_1) ® (0,e9) @
+2(a(e—1,€ep),e—1)Re1 Qe
+2e_1>2®(0,e1) ®(0,e—1) ® (0, ep)
—2e_1>x®(0,e1) ®(0,e9) ® (0,e—1)
—4deg>z®(0,e0) ® (0,e—1) ® (0, e9)
+4ep>xz®(0,e0) ®(0,e9) ® (0,e—1)

+ 4 (a(eg,e—1), —e—1) ® (0,e9) ® (0,e9) @ x
—22x® (0,e1) ® (a(e—1,€0),e—1) ® (0,e_1)
—2,(0,e_1) ® (0,e1) ® (ale—1,€0),e-1) @ x
+2(0,e0) ® (0,e—1) @ (a(e1,e—-1), —2e9) @ x
+22® (0,e—1) ® (aler,e—1), —2ep) @ (0, eq)
—22x® (0,e_1) ® (a(er,e0), —e—1) ® (0,e_1)
—2(0,e—1) ® (0,e—1) ® (afer,e9), —e1) @ x
—4(0,e9) ® (0,e9) ® (a(eg,e—1), —€e_1) @ x
— 422 (0,e0) @ (a(ep, e—1), —e—1) @ (0, €p)
+2(0,e0) ®(0,e1) ® (0,e—1) @e_1>x
+22® (0,e1) ® (0,e_1) @ (a(e—1,€ep),e—1)
—2(0,e_1) ®(0,e1) ® (0,e0) ®e_1>x
+2(0,e9) @ (0,e-1) ® (0,e—1) ® e >
+22®(0,e—1) ®(0,e_1) ® (a(e1,ep), —e1)
—22® (0,e_1) ®(0,e9) ® (a(er,e—1), —2ep)
—2(0,e_1) ®(0,e-1) ® (0,e0) ® ey >z
—4(0,e9) ® (0,e9) ® (0,e_1) @ eg>x
+42® (0,e0) ® (0,€e9) @ ((ep,e-1), —€—_1)
+4(0,e—1) ® (0,e9) @ (0,e9) @ eg > .

Again we evaluate the cocycle o and the action of e; on x. After that there
are several cancellations; in the usual notation these are: 2.2 with 8.1, 3.1
with 7.2, 5.1 with 10.2, 5.2 with 15.2, 6.1 with 16.1, 7.1 with 11.2, 8.2 with
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14.1 and 10.1 with 15.1. Hence we get:

—2(2dz,e1) @ (0,e_1) @ (0,e_1) @z + 222 ® (0,e_1) @ (0,e_1) @ (0, eg)
—222®(0,e_1) ® (0,e0) ® (0,e_1) +2-1g, @ (0,e1) ® (0,e_1) ® (0, ep)
—2-1p, ® (0,€1) ® (0,€0) ® (0,e—_1) + 22 ® (0,e—1) @ (2dz,e1) ® (0,e_1)
+2(0,e—1)®(0,e_1) ® (2dz,e1) @ x +2(0,e0) ® (0,e1) @ (0,e_1) ® 1p,
—2(0,e_1) @ (0,e1) ® (0,e0) ® 1g, +2(0,e0) ® (0,e_1) ® (0,e_1) @
—22®(0,e_1) ®(0,e_1) @ (2dz,e1) —2(0,e_1) ® (0,e_1) ® (0,e0) @ 2.

We denote these terms as the terms of type II, and refer to them as II.1,
I1.2 etc.
We finally compute %(’Flg + 734) > P94 The explicit form is:

(2(0,1)®1® (0,e—1) @1 +2(0,e—1) ®@1® (0,e1) @1
—4(0,e0) @1 ®(0,e0) ®1+2®1® (0,e1) ® (0,e_1)
+2®1®(0,e-1)® (0,e1) —4®1® (0,e0) @ (0,€0)) >
((0,€0) ® (0,e_1) @1 @2+ 2@ (0,e—1) ®1® (0,e)
—z®(0,e0) ®1®@ (0,e—1) — (0,e—1) ® (0,e0) ® 1 ® ) .

With the usual order of computation (first two lines given by the first term
of 713 acting on P2, seventh and eight line given by the first term of 734
acting on P, etc.), we have:

2 (a(e1,ep), —e1) ® (0,e—1) ® (0,e_1) @
+2e1>2x®(0,e—1) ® (0,e—1) ® (0, ep)
—2e1>x®(0,e0) ®(0,e—1) ® (0,e_1)
—2(a(er,e-1), —2e9) ® (0,e9) ® (0,e_1) @ x
+2(a(e—1,e0),e-1) @ (0,e_1) @ (0,e1) @ x
+2e_1>x®(0,e_1) ®(0,e1) ® (0,ep)
—2e_1>2® (0,e0) ® (0,e1) ® (0,e_1)
—4deg>z® (0,e—1) ® (0,e09) ® (0, ep)
+4deg>ax®(0,e0) ® (0,e0) ® (0,e—1)

+ 4 (a(eg,e—1), —e—1) ® (0,e9) ® (0,e9) ®
+2(0,e0) ® (0,e—1) @ (0,e1) ®e_1 >z
+22® (0,e—1) ®(0,e1) ® (a(e—1,€0),e—1)
—2(0,e_1) ®(0,e0) @ (0,e1) ®e_1>x
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+2(0,e0) @ (0,e_1) @ (0,e_1) @ e; >z
+22® (0,e—1) ® (0,e_1) @ (a(er, ep), —e1)
—22®(0,e0) ® (0,e_1) @ (a(er,e—1), —2eg)
—2(0,e_1) ®(0,e0) ® (0,e_1) e >z
—4(0,e0) ® (0,e_1) ® (0,e0) Reg>x
+42® (0,e0) ® (0,e0) ® (x(eo,e-1), —e—_1)
+4(0,e—1) ® (0,e9) @ (0,e9) @ eg > .

We evaluate the cocycle o and the action of e; on x. We have cancellations
of 5.2 with 11.2 and of 6.1 with 12.1. We then get:

—2(2dz,e1) ® (0,e1) ® (0,e_1) @z + 222 ® (0,e_1) @ (0,e_1) ® (0, e9)
— 222 ® (0,e0) ® (0,e—1) ® (0,e—1) +4(0,e0) ® (0,e0) ® (0,e_1) @
+2(0,e—1)®(0,e—1) @ (0,e1) @x +2- 15, ® (0,e—1) ® (0,e1) ® (0, eq)
—2-1p, ®(0,e0) ® (0,e1) ® (0,e_1) =42 ® (0,e_1) ® (0,e0) ® (0, €p)
+2(0,e0) ® (0,e—1) ® (0,e1) ® 1p, + 22 ® (0,e—1) ® (0,e1) ® (0,e_1)
—2(0,e_1) ® (0,e0) @ (0,€1) @ 1, +2(0,e0) ® (0,e_1) @ (0,e_1) @ z*
—22® (0,e_-1) ® (0,e—1) ® (2dz,e1) + 42 ® (0,e0) @ (0,e—1) ® (0, eq)
—2(0,e_1) ® (0,e0) ® (0,e_1) @22 —4(0,e0) @ (0,e_1) @ (0,e0) @ .

We denote these terms as the terms of type III, and refer to them as III.1,
I11.2 etc.

We can now sum everything together, i.e. terms of type I plus terms of
plus II minus terms of type III. We have the following cancellations:

1.2 with IL3; 1.3 with TIL3; 17 with TIL8;
I8 with TIL14; L1l with IL12; 112 with IIL15;
113 with IIL16;  L14 with IIL4; IL1 with TILI
L2 with TIL2: IL10 with II1.12;  IL11 with TIL13.

Among what is left, we compute I1.6 - TI1.10 to be
42 ® (0,e—1) ® (dz,0) ® (0,e_1)

and this cancel with 1.1 in 4* by (54). Similarly, we compute II.7-IIL5 to
be

4(0,e_1) ® (0,e_1) ® (dz,0) ®
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(4

which cancels with 1.4, again in [ ). The remaining terms are conveniently

assembled into two groups as

1.5+ 1.6 4+11.4 4+ I1.5 — II1.6 — III.7;
19+1.10+ 1.8 +11.9 — I11.9 — III.11.

If we write these terms explicitly following the same order we see that:

(86) (f14 > (Pshs + Pisy) + (Fia + a3 + Toa) > P14

1

2 x 16
— (7713 + 7734) > P2014)

=1p, ® (0,e_1) ® (0,e0) ® (0,e1)—1p, ® (0,e0) ® (0,e_1) ® (0, 1)
+ 1p, ® (0,e1) ® (0,e—1) ® (0,e9)—1p, ® (0,e1) @ (0,e9) @ (0,e_1)
—1p, ® (0,e—1) ® (0,e1) ® (0,e9)+1r, ® (0,e9) ® (0,e1) ® (0,e—_1)
+ (0,e1) ® (0,e—1) ® (0,e0) @ 1g,—(0,€e1) ® (0,€0) @ (0,e_1) & 1,
+(0,e0) ® (0,e1) ® (0,e-1) ® 1p,—(0,e-1) ® (0,e1) ® (0,e0) ® 1,
—(0,e0) ® (0,e—1) @ (0,e1) ® 1g,+(0,e—1) ® (0,e0) ® (0,€1) & 1g,

= —é (1Ir, ®V +V ®1g,),

where V is defined in 4.3.3, below. These terms do not vanish in general.
However, since 1p,, appearing in (86) either in the first or in the fourth factor
of the tensor product, is (F; X, sly)-invariant (Remark 34), the right-hand-
side of (86) vanishes in the adjoint categorical representation of Gtring, a
result anticipated in Theorem 36.

4.3.2. The left-hand-side of relation (v) applied to P°. Let us now
explicitly compute:

T3 > (Pgyy + Ps14) — T1a> (Pihs + Pras) -

Again we compute one term at time. We start with 1—167723 > (P, + Py,
which explicitly is

(2®(0,e1) @ (0,e-1) ®1+2® (0,e_1) ® (0,e1) ® 1
—4®(0,e0) ® (0,e0) @ 1) > ((0,0) ® (0,e1) @ 1@
+2®(0,e-1)®@1® (0,e0) — 2R (0,e9) @ 1® (0,e_1)
—(0,e-1)®(0,e0) 1@z + (0,e0) ®1® (0,e—1) @ x
+2z®1®(0,e_1) ®(0,e9) —x ® (0,e9) ® 1@ (0,e_1)
—(0,e1) ®1®(0,e0) ® ).
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We follow the usual order for computations, acting first with each factor of
Ta3 on each factor of P, 4, and then on PJ,. We directly evaluate the action
of the cocycle a. We get:

2(0,e9) ® (0, —2¢p) ® (0,e_1) @z
+22® (0,—2e0) ® (0,e_1) @ (0, ep)
—22® (—2dz,—e;) ® (0,e_1) ® (0,e_1)
—2(0,e_1) ® (—2dz, —e1) ® (0,e_1) @ x
—22® (0,e_1) ® (0,e1) ® (0,e_1)
—2(0,e_1) ®(0,e—1) ® (0,e1) @ x
—4(0,e9) ® (0, —e_1) ® (0,e9) @ x
—4x® (0,—e_1) ® (0,e9) ® (0, €p)
—22® (0,e1) ® (0,e—1) ® (0,e_1)
—2(0,e_1) ®(0,e1) ® (0,e_1) @ x
+2(0,e0) ® (0,e—1) ® (0, —2¢g) @ x
+22® (0,e-1) ® (0, —2e9) ® (0, eo)
—22z® (0,e—1) ® (—2dz,e1) ® (0,e—1)
—2(0,e_1) ®(0,e—1) ® (—2dz, —€1) @
—4(0,e9) ® (0,e0) ® (0, —e_1) @ x

-4z ® (0,e0) ® (0,—e_1) ® (0, €p) .

We have the following cancellations: 1.1 with 8.1, 1.2 with 8.2, 4.1 with 6.1
and 4.2 with 6.2. The remaining contribution is

4z ® (dz,0) ® (0,e—1) ® (0,e—1) +4(0,e_1) ® (dz,0) ® (0,e_1) @z
+4z® (O’ 6—1) ® (d.T, 0) ® (07 6—1) +4 (07 6—1) ® (05 6—1) ® (dﬂl‘, 0) @
where the four terms come respectively from the summation of 2.1 with 5.1,

2.2 with 5.2, 3.1 with 7.1 and 3.2 with 7.2. We denote them terms of type I.
We go ahead by computing %714 > (Pfys + P3). This explicitly is

(2(0,e1) ®1®1@ (0,e—1) +2(0,e—1) ®1®1® (0,€1)
—4(0,e0) ®1®1® (0,€0)) >

(1®(0,e0) @ ® (0,e—1) +1®2® (0,e0) @ (0,e—1)
—1®2x®(0,e_1) ®(0,e9) —1® (0,e_1) @z ® (0, ¢ep)
+ (0,e-1) ® (0,e0) @z @1+ (0,e—1) @z ® (0,e0) ® 1
—(0,e0) @2 ®@ (0,e—1) ®1—(0,e0) @ (0,e—1) @z @ 1).



218 L. S. Cirio and J. F. Martins

We follow the usual order for computing the various terms, evaluating the
action of the cocycle a. We get:

2(0,e1) @x®(0,e—1) ®(0,e—1) —2(0,e1) ® (0,e—1) ®x ® (0,e_1)
2(0,e-1) ® (0,e0) ® z @ (0, —2€9) +2(0,e-1) ® x @ (0,0) ® (0, —2eo)
2(0,e—1) @2 ®(0,e_1) ® (—2dx, —e_1)

2(0,e—1) ®(0,e—1) @ x @ (—2dz, —ey)

4(0,e0) ® (0,e0) @ x ® (0, —e_1) —4(0,e9) @z ® (0,e9) ® (0, —e_1)
2(0,—2¢e9) ® (0,e0) @ x ® (0,e_1)

2(—2dz,—e1) ® (0,e—1) ®x ® (0,e_1)

2(0,e_1)®2®(0,e—1) ®(0,e1) —2(0,e—1) ® (0,e—1) ® x ® (0,e1)
4(0,—e_1) ®(0,e0) @ x @ (0,e9) —4(0,—e_1) @z ® (0,e9) ® (0, e0) .

We have the following cancellations: 2.1 with 8.1, 2.2 with 8.2, 4.1 with 5.1
and 4.2 with 5.2. We are left with

4(dx,0) @ x ® (0,e—1) ® (0,e—1) + 4 (dz,0) ® (0,e_1) ® x ® (0,e_1)
+4(0,e-1) @ ®(0,e—1) @ (dz,0) +4(0,e_1) ® (0,e_1) ® x ® (dzx,0)

where the four terms come respectively from the sum of 1.1 with 6.1, 1.2
with 6.2, 3.1 with 7.1 and 3.2 with 7.2. These are denoted terms of type II.

We can now sum the two contributions, i.e. terms of type I minus terms
of type II. This amounts to:

42 ® (dz,0) ® (0,e—1) ® (0,e—1) +4(0,e_1) ® (dz,0) ® (0,e_1) @z

+42®(0,e_1) ® (dz,0) ® (0,e—1) +4(0,e—1) ® (0,e—1) ® (dz,0) @
—4(dz,0) @z ® (0,e—1) ® (0,e—1) +4(dz,0) ® (0,e_1) ® x ® (0,e_1)
—4(0,e_1) ®2® (0,e_1) ® (dz,0) +4(0,e—1) ® (0,e_1) ® z ® (dz,0),

where we can recognize four pairs of terms, each one being equal to zero in
4% by (54): 1.1 with 3.1, 1.2 with 4.1, 2.1 with 3.2 and 2.2 with 4.2. Hence
we have:

(87) T3 & (P14 + Py) — T1a > (Plyg + Plyg) = 0.

4.3.3. The correction term C. From our computations in 4.3.1
and 4.3.2, we see that the pair (7, PY) satisfies all the relations for a free infi-
nitesimal 2-Yang-Baxter operator in Gtring = (0: Fg — Fy x4 sla,>), except
for the remaining terms (86) in relation (iv). By considering P = P + \C,
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for suitable C' € ker(@’: 3(3) — (F1 x4 5[2)3®) and A € C, Proposition 35, it
is possible to cancel out these terms.

We start with some general observations. Given X € sly, we denote its
lift by the obvious section o: sly — Fy x4 sly of 7: Fy x4 slo — sla (80) as
X =0(X) =(0,X) € Fy x4 slo. By (76) we have:

thence o is not a Lie algebra morphism. It is however very close to being
so. Indeed, let 1p, € Fy be the constant function of x € R, with value “17,
thus p > 1p, = 0, for each p € F; % sla, Remark 34. Recalling the notation
of 3.2.1, in 43, we have, for each X,V € sly:

[X7 ] ® 1]Fo - [Xa Y] ® 1Fo + (O[(X,Y),O) X 1]F0'
Now by (75), certainly a(X,Y") = df, for some f € Fo. Thus (a(X,Y),0) =

(f) for some f € Fy. Looking at the defining relations (54) for ﬂ(n), we
have:

((X,Y),0) ® 1g, = O(f) @ 1r, = f ® (1r,) = f ® (0,0) =0,

since, for each g € Fy, 0(g) = (dg,0), where d denotes exterior derivative.
Therefore, for each X,Y € sls:

X,Y]®1s, = [X,Y]® 1y, in 4.
By a completely analogous argument, one can prove the following lemma:

Lemma 38. Fiz integers n > 2 and a € {1,...,n}. Consider arbitrary el-
ements Y; € sly, forie {l,...,n}\{a}. For each j € {1,...,n}\ {a}, and
each X € sly, we have the following equality in £ "

V19 ®X, Y] 0Ye 1®01p,®Yay1®---®Y,

=Y1® - @X,Y]|®0 QY 1@1lp, @Y1 Q - ®Y,.

This result will be used time after time in the following discussion.
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Let r =), s ®t; € sly ® sly be the infinitesimal Yang-Baxter operator
in sly, derived from the Cartan-Killing form; see (81). It is a symmetric ten-
sor, and it further satisfies the 4-term relation: [r12 + r13, r23] = 0, explicitly:

Zsl [tisi] @t + Y 8i®s; @ [ti tj] =0, in sly @ sly @ sly.
i,J

Given that r is symmetric, several variants of the equation [ri2 + 713, 723]
hold. For example:

[r31 + 732, 712] = 0 and [ra1 + ro3,713] = 0.
Since X € sly — X € Fy X, sl is not a Lie algebra map, the tensor:

7= Z§®5 € (Fy x4 8l2) @ (F1 x4 sla),

7

made explicit in (82), does not satisfy the 4-term relation. However, by the
previous lemma:

Lemma 39. Define

(88) T=T123=ZS7®E®1FOEQ(3).

i
Then Tho3 = Th13, and moreover:
o = _ . (4)
T12>To34 + 713> T34 =0, in 7.
Ezxplicitly:

_ . —4
ZSZ [t:,5;] ®@1t; ®1F0+Zsz®sj®[ti,tj]®1po:O, mil().
i,j

Proof. It follows from Lemma 38 and the fact that r =), s; ® t; satisfies
the 4-term relation. O

Let us now define:

V =Vieg = Zsz tz, Sj ®t; = [7”12,?”23] € sly ®sly ®sls .
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Explicitly:

V=8(—e1®e®e1+e®e1Qe1—e1R@e1®ey+e®ey®e_q
+e1®er®eg—eg@er ®e_q).

Also put:
V123—ZSZ ti,sj] @ = [r12,723]
(Fl X 8l2) @ (F1 X 5l0) @ (Fy }q sla) .
Explicitly:
1
8

V = —(O, 671) ® (0, 60) &® (0, 61) + (0, 60) ® (0, 671) (0, 61)
+

—(0,€1) ® (0,e-1) @ (0, €0) + (0, €1) ® (0, e0) ® (0, 1)
+ (0, e_1) ® (0, e1) ® (0, 60) — (0, 60) ® (0, e1) (0, e_1).

In general, given a positive integer n, noting that r is symmetric, for distinct
a,b,c € {1,...,n}, we put:

Vabe = [Tab, Toe] € 8l ® 5l @ 515
By the 4-term relation and the symmetry of r, we have cyclic invariance:
Vabe = Voca = Veab »
and, by anti-symmetry of the Lie bracket, we also have:
Vabe = —Veba = —Vbac = —Vach -

Recalling the right-hand-side of equation (86), consider now, noting
Lemma 38:

W=W1234=V®1FOZZS7®[“ 5] ®t; ® 1p,
i?j
= 5[5 el el
7:7j
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Explicitly:

1
§W = —(0,e-1) ® (0,e9) ® (0,€1) ® 1, + (0,€9) @ (0,e-1) ® (0, €1) ® 1,

—(0,e1) ®(0,e-1) @ (0,e0) ® 1, + (0,e1) ® (0,e9) @ (0,e-1) ® 1,
+ (0, 6_1) &® (0, 61) X (0, 60) ® 1IF0 — (0, 60) X (0, 61) (O, e_ 1) ® 1IF0 .

From the symmetries of V, hence of V, we have cyclic invariance in the first
three indices, namely:

(89) Wabed = Whead = Weabds

and also the anti-symmetry:

(90) Wabed = =Woacd = =Webad = —Wacbd-
Equation (86) can be written as:

(91) 14> (Pgys + Pisy) + (P12 + Fag + T24) > Piyy — (F1g + 734) > Py
=4Vl +1p, @V) = —4 (Wiazy + Wazqr).

Next lemma motivates linear combinations of tensors T;;; as natural candi-
dates for the correction term C.

Lemma 40. Let n be a [)Josmve integer. For a,b,c,d, distinct indices in
{1,...,n}, we have, in U

Tab & Thed = Waped » Tad > Tpea = 0.

Proof. The first equation follows from Lemma 38, the second from the fact
that the action of F{ X, sls on the constant functions in Fy is trivial, Re-
mark 34. O

Remark 41. There are several variants of these equations obtained by
using Type = Tpae and 74 = Tpq; for example:

Toa > Tevd = Tab > Thed = Waped-

These will be used without further explanation.
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@)

We can now present the correction term. Define C € §l
2 x 1p,, a constant polynomial in x):

s (where 25, =

(92) C = Cia3 = 2T31 — Th23 — T512
=) 27, ®50L-Y 0Ll - Y 5ol o,

We next compute the left-hand-side of relations (ii)-(v) on C. From the
symmetry of r we easily get that Cla3 + Ca31 + C319 = 0 and Cog = C39.
Since O(f) = (df,0), for each f € Fy, we have:

Za 2r,) @5 ®1; —Zsl®tl®8 1g,) Zsl@)@ 1p)®%; =0.

Lemma 42. We have (compare with relation (iv)):

714> (C213 + Ca34) + (T12 + T23 + 724) > C314 — (713 + T34) > C214
= Wigsa + Wasa1 =V @ 1y, + 1g, @ V.

Proof. By using the explicit formula (92) for C, Lemma 40 and (89) and
(90), the left-hand-side is:

714 > (2132 — To13 — Ts21 + 21342 — Th34 — Tiy23)
+ (T12 + T3 + 724) > (27143 — T314 — Tu31)
— (713 +734) > (27142 — To14 — Ty21)
= 2Wiy132 — Wiz + 2Wiaze — Whgos + 2Wargs — Warzs — Wasia — Wasgn
+ 2Way13 — Wayz1 — 2W3142 + Wa124 — 2W3412 + Wiago1
= Wat24 + Waaor = Wigsa + Woga1 =V @ 1g, + 1p, @ V.

Lemma 43. We have (compare with relation (v)):
723 > (Ca14 + Cs14) — T14 > (Ca23 + Cr23) = 0.

Proof. As before, we use the explicit formula (92) for C', and Lemma 40, to
compute:
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723 > (Co14 + C314) — 714 > (Cy23 + C123)
= 793 > (21142 — To14 — Tuo1 + 21143 — T314 — Ty31)
— 714> (20534 — Tyo3 — T340 + 2T31 — T123 — T312)
= —Wi3214 — Wia241 — Wag1a — Wagar + Wigog + Wiage + Waroz + Waise

=0.
U

The two previous lemmas, and remaining calculations on C, together
with (86) and (87), and the remaining calculations on P°; lead us to the
following theorem, which is the main result of this paper:

Theorem 44. Consider the differential crossed module String = (0: Fy —
F1 x4 slo,>), associated to the string Lie 2-algebra, embedded inside the exact
sequence:

0—>C—i>Foi)F1 Xq Slo i>5[2—>0.

We denote by {e_1,ep,e1} the standard basis of sly satisfying (71), and
by r = Zl s; ®t; € slo ®sly the infinitesimal Yang-Baxter operator in slo,
derived from the Cartan-Killing form; explicitly:

r=2e1®e1+2e1®e_1—4ey® e :Zsi®ti'

7

Also, let x be the formal variable in Fo. Consider the following elements
7 € (F1 Xg 5lo) @ (Fy g sly) and P°,C € 4®):

=2 (0, e1)® (O, 6_1) + 2 (0, 6_1) & (0, 61) —4 (0, 60) ® (0, 60)

PY =16 ((0,e-1) ® (0,e0) ® z + (0,e_1) ® x ® (0, e9)
—(0,e0) @2 ® (0,e—1) — (0,e0) @ (0,e—1) @),

C:Z2FO®§®E—Z§®E®1FO—Zsﬁ-@lpo@t?
7 K3 7

Then the pair:
(7, P) = (7, P’ + 4C)

18 a free infinitesimal 2- Yang-Bazter operator in the differential crossed mod-
ule String. Moreover (1 @ m)(T) = r.
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By combining this theorem with Theorem 30, and mainly (64), we can
see that, given a categorical representation of Gtring in a chain-complex of
vector spaces, then we have a flat 2-connection in the configuration space
C(n)/Sy, categorifying the s[(2, C)-Knizhnik-Zamolodchikov connection. As
explicit examples of categorical representation of Gtring, we can consider the
adjoint representation, and its tensor powers, considering the tensor product
of categorical representations defined in [24].
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