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INTRODUCTION

The goal of this first paper is to formalise the use of certain diagrams for
a wide variety of situations in pure and applied mathematics. The main
examples are the Feynman diagrams describing patterns of particle inter-
actions in space-time. Other examples are given by circuit diagrams,
networks, Petri nets, flow charts, and planar diagrams of knots or links.

Penrose [30, 31] was the first to use the graphical notation for calcu-
lating with tensors. It is now currently used by theoretical physicists as a
private device for quickly verifying complicated tensor formulas. A striking
aspect of the notation is that it is pictorial rather than sequential or
alphabetical. This made it difficult to print, which partly explains why no
rigorous theory was developed. We believe that a notation which is useful
in private must be given a public value and that it should be provided with
a firm theoretical foundation. Furthermore, printing techniques have
improved drastically in recent years.

The non-linearity of the notation makes it better adapted to express
parallel processing than the usual sequential notation. It is already a part
of computer science at the hardware level (circuit diagrams) and the
software level (flow charts). There is also some connection with the concept
of pile [41] which gives a pictorial description of the elements of commuta-
tion monoids [5]. Other relevant areas where similar notations are
developing are in proof theory [13] and rewriting systems [14].

The abstract concept of tensor category represents a reasonably general
setting in which the notation is meaningful. Tt is not entirely new in
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56 JOYAL AND STREET

category theory where it should not be confused with the usual diagrams.
It was partly used by Eilenberg and Kelly [9], and further by Kelly [22]
(implicitly in [241), where it coincides with the diagrams used by
Brauer [4] in his description of the Brauer algebra. Dubuc, in preparing
his thesis [8], developed and “elevator calculus” for calculating in tensor
categories, but this was not included in the written version. More recently,
in a related context [25, 37, 387, Power [32] has used planar diagrams
which are Poincaré dual to ours, while Aitchison [1] has indeed used
string diagraims.

The recent developments in knot theory [15, 12, 39,40] and quantum
groups, [7, 29] have provided strong motivation for our work. Freyd and
Yetter [42, 11, 43] have succeeded in giving a categorical description of
knots and graphs embedded in 3-space. Their theory is a categorical
formulation of the theory of Reidemeister moves [33]. Reshetikhin and
Turaev [34] use representations of quantum groups to derive invariants of
ribbon graphs. In a sense, our goal is opposite since we mainly want to
show that diagrams can be used with profit in a wide variety of situations:
in fact, in almost any context where a category equipped with a tensor
product reveals itself.

The paper is made up of four chapters. In the first, we recall the basic
algebraic structure, namely, tensor category (also called “monoidal
category”) which is simply a category with an associative (up to coherent
isomorphism) tensor product operation. We introduce the concept of graph
appropriate for both this paper and the next. We define the concept of
valuation which labels the nodes of a graph with arrows from a tensor
category ¥~ and labels the edges with objects of #". A plane graph I
equipped with a valuation v is called a plane diagram in ¥°. We then
proceed to define an arrow o(7") in ¥", called the value of the diagram. The
main result of this chapter is that the value is invariant under continuous
deformation of plane diagrams. In Section 4, which can be skipped at a first
reading, we check that free tensor categories can be described in terms of
isotopy classes of plane diagrams.

In the second chapter we consider the case of symmetric tensor categories
for which the tensor product is equipped with an extra structure of sym-
metry. In this situation we show that the value v(/") of a diagram can be
defined even when I” is abstract (no planarity is needed). In the second
section of this chapter we construct free symmetric tensor categories using
isomorphism classes of abstract diagrams.

In Chapter 3 we consider the case of braided tensor categories [18]. In
this situation the diagram " is embedded in 3-space. We prove that the
value of a diagram is invariant under deformation. We then proceed to
describe free braided tensor categories using isotopy classes of embedded
diagrams in 3-space.
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In Chapter 4 we introduce the concept of balanced tensor category. In
this case the embedded graphs I are framed, or made of ribbons. Again we
prove the invariance of the value of a ribbon diagram under continuous
deformation and construct the free balanced tensor category from isotopy
classes of ribbon diagrams.

Our second paper will deal with tensor categories in which the object
have duals. In this situation more general diagrams can be used in which
backtracking and looping can occur (see [ 19] for an example); the present
paper deals with progressive diagrams only.

All the results proved here have a rather strong intuitive content which
makes them look obvious. However, not unlike the Jordan Curve
Theorem, many sketchy proofs turned out incorrect, and many easily
formulated concepts turned out to be wrong. We had no choice but to
perform a sharp analysis of all aspects, thereby increasing the length of the
paper. We challenge the reader to devise shorter proofs.

CHAPTER 1. TeNsOR CATEGORIES AND THEIR DIAGRAMS

. Tensor Categories

Recall the concept of fensor category ¥ =(¥", ®, a.l, r), also called
“monoidal category” [26, 21, 10, 27, 34, 6]. This consists of a category ¥,
a functor ®: ¥"x ¥ > ¥ (called the tensor product), an object Ie ¥~
(called the unit object), and natural isomorphisms

a=0a,;5(ABIRC AR (B®C),
=l 1®A— A, r=r, A®I- A

(called the constraints of associativity, left unit, right unit, respectively) such
that the following diagrams commute:

(a) the pentagon for associativity

(A®B)®(C®D)

N

(A®B)®C)®D AR (B® (C® D))

a® ! I ®a

(AR (BR®C)N®D—— AR ((B®(C)®

/\
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(b) the triangle for the unit
(AQN®B—— AR (I® B)

r®1 1®/
A®B

Commutativity of the two triangles

IQA)®B—5IQ(A®B) (AQB)®I—> AR (B®I)

N SN e

AR®B A®B

and the equality r=1/: I® I - I are (not so obvious) consequences of these
axioms [20]. The coherence theorem of MacLane [26] states that all
diagrams built up from a, /, r by tensoring, substituting, and composing,
commute. It follows that all the objects obtained by computing the tensor
product of a sequence 4, ® --- ® 4,, by bracketing it differently, and by
cancelling units are coherently identified with each other. More precisely,
the different ways of computing the tensor product 4, ® --- ® 4, produce
a cligue; that is a non-empty family (C,|iel) of objects together with a
family (u;: C,— C;|(i, j)eIx 1) of maps such that u,=1 and u,, =u,u;
(so that u;=u; h. The cliques in ¥~ are the objects of a category clq ¥ in
which a map f: (C,liel)> (D, |keK) is a family of maps f,,;: C,— D,

such that
C, D
C;——D

fm/ m
commutes for every (i, j)e I’, (k, m)e K> It is sometimes convenient to
think of the n-fold tensor product as a functor

——>

i k

-~

¥ " —>clg ¥

The functor ¥" —clq ¥", which associates to each A e ¥  the singleton
clique (4)eclq 77, is full and faithful. Since any clique is isomorphic to the
singleton clique of any one of its members, this functor is an equivalence.
This equivalence between ¥~ and clq ¥~ shows that the ambiguity which
exists in computing the n-fold tensor product is not a real one.
Furthermore, any tensor category is equivalent to a strict one st(¥")
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[287]; that is, one in which each constraint is an identity arrow. The object
of st(¢") are words w=A,A4,---A,, in objects of ¥". An arrow /> w —n’ is
an arrow f: [w] = [w'] in ¥", where

(Z1=1 [4]=4, and (4,4 ]=[4,-A4]1®A4,,,.
The tensor ® for st(¥7) is given by v ® w=vw and
[01® [w] 25 [v1® [w]

s !

[ow] 5 [o'w'].

In principle, most results obtained with the hypothesis that a tensor
category is strict can be reformulated and proved without this condition.
Since, in this paper, we wish to focus on aspects other than associativity of
tensor product, we avoid putting brackets on n-fold tensor products when
clarity is gained and rigor preserved.

ExampLE 1. Let k£ be a commutative ring. A bialgebra A over k is
an associative algebra with unit equipped with a pair of algebra
homomorphisms

A:A—- AR A, e A-k,
(called the diagonal and the co-unit) such that the diagrams

A —2 5 A®A

[ N

commute. Let Mod(4) denote the category of left A-modules. For any
V, WeMod(4), the tensor product V® W is an (4 ® A)-module which
becomes an 4-module if we restrict the action of A ® A along the diagonal
A4: A—- A® A. This defines a tensor product on Mod(A) yielding a tensor
category for which the unit object is & equipped with the 4-module struc-
ture given by 4 — k.

In a tensor category there are two operations for constructing new
arrows from old ones: composition f- g and tensor product f® g. Using
ordinary algebraic notation, we are immediately faced with expressions like

(B®c®d)-(BRBRIRC)(a®BRC)=w,
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FiGure 1.1

and
(BRICRA) (BRIcRDRC)o(a®bRC)=w,.

In this form it is sometimes unclear when two words like w,, w, are
equivalent; that is, when they can be proved to be equal from the tensor
category axioms alone. The graphical notation we shall develop in this
chapter will make it easier to detect such equalities, and hence will provide
a convenient technique for computation in a tensor category.

To motivate the precise topological details of the graphical notation, we
remark that the two words, w,, w, given above will be respectively
represented by the two diagrams in Fig. 1.1 In these diagrams the inner
nodes represent the maps

a:A- B® B, b:B-C®D, c:B®C-C, dD®C-D,

whereas the edges represent objects. It is obvious that the diagrams are
deformations of one another; this will, after results below, enable us to
deduce the equality w, = w,.

, O

Fic. 1.2. A generalized graph.
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2. Graphs

A generalized (topological) graph G= (G, G,) consists of a Hausdorff
space G and a discrete closed subset G,— G such that the complement
G — G, is a 1-dimensional manifold without boundary. That is, G— G, is
the topological sum of open intervals and circles. (See Fig. 1.2.)

An element of G is called a vertex or node. A connected component of
G — G, homeomorphic to an open interval is called an open edge; the other
components are called circles. Each open edge e can be compactified to a
closed edge é by adjoining two end-points. An edge e is called pinned when
the inclusion e — G can be extended to a continuous map é — G (called the
structure map). When the inclusion ¢ —» G extends only to é minus one
end-point, we call e half-loose. An edge is loose when it is neither pinned
nor haif-loose. (See Fig. 1.3.)

A graph is a generalised graph in which all the edges are pinned. It is
called an ordinary graph when it has no circles.

A generalised graph G can be completed to a graph Gu {x} by
attaching at oo all the loose ends. Conversely, given a pointed graph, the
complement of the basepoint is a generalised graph whose loose edges are
the loops at the basepoint.

In what follows we shall consider only finite generalised graphs: that is,
G, and the set n,(G — G,) of connected components of G — G, are finite.
Obviously a finite generalised graph is a graph if and only if it is compact.

Write G for the compactification of the generalised graph adjoining one
end-point to each half-pinned edge and two end-points to each loose edge.
These extra points, along with G,, are the nodes of a graph G = (G, G,);
the elements of G,— G, are called the outer nodes of G. The graph G,
together with the set of outer nodes of G, is a “graph with boundary.”

A graph with boundary I'= (I, 0I") is a compact graph I' together with
a distinguished set dL of nodes of I" such that each x e dI is of degree one.
(The degree of a node is the number of connected components of V' — {x}
where V is a sufficiently small connected neighbourhood of x.) Taking out

pinned edge pinned edge half-loose loose edge circle
(loop} edge

FIGURE 1.3
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the boundary &I of I" produces a generalised graph G =1 — &I whose
compactification G is I” and the set of outer nodes of G is 07" The elements
of dI" are sometimes called the outer nodes of (I', 0I'), and the nodes ol
I"— oI are called the inner nodes of (I, 01).

An isomorphism f. (I, 0)— (2, 02) of graphs with boundary is a
homeomorphism f: I"— @ inducing bijections on the inner nodes and on
the outer nodes.

An oriented edge of I' is an edge e equipped with an orientation; or
equivalently, with a linear order on @dé. The source e(0) of an oriented edge
¢ is the image of the first element of 0é under the structure map é — I'; the
target e(1) is the image of the last element; the opposite edge e° is obtained
by taking the opposite orientation of e.

An oriented graph is a graph together with a choice of orientation for
each of its edges and circles. For an oriented graph I, the input in(x) of an
inner node xe I'y is defined to be the set of oriented edges with target x;
the ourput out(x) of x is the set of those with source x.

A polarised graph is an oriented graph together with a choice of linear
order on each in(x) and out(x).

A progressive graph is an oriented ordinary graph with no circuits. The
domain dom I" of a progressive graph I” consists of the edges which have
outer nodes as sources; the codomain cod I' consists of the edges which
have outer nodes as targets. In many situations we shall identify dom I
and cod I” with their corresponding sets of outer nodes.

A parametrization of an oriented edge e is the choice of an orientation-
preserving homeomorphism [0, 1] ¢é. Composing it with the structure
map é— I, we obtain a function y: [0, 1] — I We call y a parametrised
edge with source y(0) and target yp(1). The opposite parametrisation
y°(t)=7(1 —1) is a parametrisation of the opposite edge. A parametrisation
of a circle is of course a homeomorphism with the unit circle S' < C.

A parametrised graph is a graph together with a choice of parametrisa-
tion for each oriented edge and each oriented circle such that opposite
edges and circles have the opposite parametrisations.

Except for Chapters 1 and 2, we shall assume that our graphs are
smooth. All the results could be obtained with weaker assumptions, but
would be the same in substance.

A graph is called smooth when each closed edge and each circle is
equipped with a smooth (meaning C*} structure. Of course, parametrisa-
tions of smooth graphs will always be taken as smooth.

3. Progressive Plane Diagrams

The purpose of this section is to describe the diagrams appropriate for
calculations in an arbitrary tensor category, to ascribe values to these
diagrams, and to prove the value invariant under deformation.
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DerINITION 1.1. Let a<b be real numbers. A progressive plane graph
(between the levels a and b) is a graph I’ (with boundary) embedded in
R x [a, b] such that

(i) or=rn(Rx{a, b}). and

(i) the second projection pr,: Rx [a, b] — [a, b] is injective on each
connected component of I"'— I'.

Each progressive plane graph I' is both progressive and polarised in the
sence of Section2. Each edge e is given the orientation with
pr, e(0) < pr,e(l). Condition (i1) certainly excludes circles and circuits.
Also, in(x) and out(x) can be linearly ordered as follows. Choose u€ [a, b]
smaller than but close enough to pr,(x). Then each edge e €in(x) intersects
the line Rx {u} in one point which is different for different edges. This
defines a bijection between in(x) and a subset of Rx {u} (=R), and so
induces a linear order on in(x). The order on out(x) is defined similarly by
intersecting with R x {u} for u larger than but close to pr,(x).

Notice that dom /" and cod I” are naturally linearly ordered as subsets of
Rx {a} and Rx {b}, respectively.

A number u € [a, b] is called a regular level for I when the line Rx {u}
contains no inner nodes. If ¢ < d are regular levels of I, we write I'[¢, d]
for the graph I'm (R x [¢, d]) whose set of inner nodes 1s (Iy—dl)n
(Rx [c¢,d]) and whose set of outer nodes is I'n (R x {¢, d}). The graph
I'Tc, d] 1s a progressive plane graph between the levels ¢ and d; it is called
a layer of I'.

Suppose I is the disjoint union of two subgraphs /"' and I'2. We shall
say that the pair (I'', I'?) is a tensor decomposition of I', and write
I'=r'®I'?, when there exists a number ¢ such that

rNc(—o, &)x[a,b] and r*c(é w)x[a bl

This notion extends in the obvious way to n-fold tensor decompositions
r=r'e---®rm
DermNiTION 1.2, Let (I, 2I") denote a graph with boundary. A deforma-

tion of progressive plane graphs (between levels a and b) is a continuous
function

h:I'x[0,11>Rx[a,b]
such that, for all e [0, 1], the function

M—,t):IT>Rx[a b]

607,88-1-5
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is an embedding whose image is a progressive plane graph (/°(¢), 277(¢)
between the levels a and 5.

In view of the isomorphism "= I'(¢), it is possible to define many struc
tures on I’ by transporting the structures defined on the /() for some
re [0, 1]. Some of these structures on I” are independent of the choice ol
te [0, 1]. For example, our definition of deformation forces the inner and
outer nodes to keep their natures independent of 7.

For any inner node x € I, we can define in(x) and out(x) as the ordered
sets of edges corresponding to in{A(x, t}) and out(h(x, t)) via the isomor-
phism "= I'(¢). It is easy to see that these ordered sets do not depend on
the choice of re [0, 17].

DerINITION 1.3. A wvaluation v: I' - ¥~ of a progressive plane graph I in
a tensor category ¥~ is a pair of functions

vo: Iy = o0bj ¥, v,: [y—0I - arr ¥,

where I, is the set of edges of I" and I"y— oI is the set of inner nodes, such
that, for all inner nodes x of I,

vi(x):0o(y)® - ®0o(y,) = 06(0,)® --- ®v(0,)

where y, < --- <y,,, 8, < --- < 4§, are the ordered lists of elements of in(x),
out(x), respectively. The pair (I, v) is called a ( progressive plane) diagram
in ¥, and is denoted merely by I" when the context is clear.

The domain and codomain of a diagram (I, v} are the families of objects

dom(I, v) = (vo(z)| zedom I'), cod(l, v)=(vo(z){zecod I')

indexed by the linearly ordered sets dom I, cod I

If ¢<d are regular levels for a diagram ["=([I,v) the valuation v
“restricts” in an obvious way to a valuation on the layer /'[c,d] and we
also denote this by v. Similarly, if I'=7"'® I"%, the valuation v restricts to
valuations on I'! and I'? again denoted by v.

If : 'x[0,1] — Rx [a, ] is a deformation of progressive plane graphs
then a valuation defined on one I(t,) for some 7,€ [0, 1] can be trans-
ported along the isomorphisms () = I'= F(r) to a valuation on I'(¢) for
all 1e[0,1]. In this way & becomes a deformation of diagrams. Our inten-
tion now is to assign a value v(I")earr ¥~ to each progressive plane
diagram (I, v) in ¥~ and prove it invariant under deformation of diagrams.
To do this we must subdivide the diagram into simpler parts and
“integrate” the result by composing and tensoring.
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A diagram I is called prime when it is connected and has precisely one
inner node x. In this case, we define the value of I' by the equality

A diagram I is called invertible when it has no inner nodes. In such a
diagram we have bijections

dom I'=ny(I'y=cod I

between the domain, connected components, and codomain of the graph I
such that the composite is order-preserving. Thus we obtain a linear order
e, <e,< ---<e, on the set m,(I). In this case, the value v(I') of I" is
defined to be the identity arrow of vo(e)® - @ vole,)

A diagram [ is called elementary when it has a tensor decomposition
F=r'® ---®I" with each I'' (1<i<n) either prime or invertible. In
this case, we define

o N)=o(I"® - Qu(I™).

That this is independent of the choice of tensor decomposition follows from
the facts that

— prime diagrams are tensor indecomposable, and

— if Q'®N? is invertible then 7,(Q'® Q?) is the ordered sum of
no(2') and 7o(Q?).

Remark. The reader may feel that a more restrictive notion of
“elementary diagram” should have been used, namely, those diagrams
which admit a tensor decomposition into primes and connected invertibles.
It is true that every diagram decomposes into layers of this kind. However,
the restricted notion is not inherited by taking further layers (see Fig. 1.4).

Fig. 1.4. Top layer not elementary in restricted sense.
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ProprosITION 1.1. If u is a regular level for an elementary diagram T
between levels a and b then I'[a, u], I'[u, b] are elementary, and

o(lN)=v(l [u, b1)ov(I'[a, ul).

Proof. We use induction on the number of factors needed to tensor
decompose I' into primes and invertibles. If I'=I"'® I'* is a proper
decomposition, put f;=o(I"[a, u]), g,;=v(I"[u, b]) for i=1, 2, and we
have

o(Iy=v(I'")@v(I?) by definition;
=(8:1°/1)®(g2°/2) by induction;
=(g:1®g2)°(/1®/2) by functoriality of ®,

=v([l[u, b])ov(l[a, ul) by definition. |

For any progressive plane diagram I” between levels a and b, we now
define the value by

o(D)=v(I [y, u,1)o - ev(FLug, uy ),

where a=ug<u,< --- <u,=b are regular levels for I such that each
layer I'u;_, u;] is elementary for 1 <i<n. The existence of such regular
levels can be seen by choosing u,, ..., u,_, to be numbers close enough to,
and on both sides of, each critical (= non-regular) level. The independence
of the definition under different choices amounts to independence under a
refinement, which follows from Proposition 1.1.

THEOREM 12. If h:I'x[0,11->Rx[a,b] is a deformation of
progressive plane diagrams then

v('(0)) =v(I'(1)).

Proof. Since [0, 1] is connected, it suffices to show that v(/(¢)) is a
locally constant function of r Take 0<t#,<1. We shall prove that
o(I(t))=v(I(t,)) for t close enough to ¢,. Choose regular levels
a=ug<u; < =---<u,=b for I'(t,) such that each I'(to)[u,_,,u] is
elementary. Then, for ¢ close enough to 1,, these levels are regular for /°(¢),
and each I'(#)[u;_,, u;] is elementary. It remains to be proven that, for ¢
close enough to ¢,, we have

o(I(D)e, d]) =ov(I(1)[c, d]),

where c=u; |, d=u;. Choose é,< &, < --- <&, such that I'(t;)[c,d] =
I'(t)® - @ I"(ty), where each I'(to)=TI(to) (¢, 1. &) [c.d]) is
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either prime or invertible. For ¢ close enough to t,, we also have
e, d]=T'(n)® --- ®I'"(t), where each I'(t)=I(1)((§_,, &) x
[c, d]) is either prime or invertible depending on the nature of I'/(t,). It
remains to be shown that o(I/(r)=v(I/(1p)). If I'/(zy) is invertible then
the deformation h gives an order isomorphism 7y (17(1)) = no(I7(ty))
compatible with v,: so the result follows. If I'/(z,) is prime with inner node
Xo and I"/(t) has inner node x, we have

(L)) = v, (x)=v,(x0) =v(I(10)). 1
4. Free Tensor Categories
Let ¥°, #" denote tensor categories. A tensor functor [ 10, 35]
F=(F, ¢, o) ¥ > W

(also called “strong monoidal functor”) consists of a functor F: ¥~ — %4,
a natural isomorphism

¢2=¢2A.31FA®FB—"F(A®B),

and an isomorphism ¢,: I — FI, such that the following diagrams com-
mute:

FA® FBQ FC 224 FA® B)® FC

1®¢2l yﬁz

FA® F(B® C)—5— F(A® B®C)

I-(¢OQ<V w‘@l FU@y Ybo

FI®A)—5— FIQ FA A®I)—-—>FA®F

Call F strict when ¢-, ¢, are identities.
We can define natural isomorphisms

¢, FA, Q@ - @FA4, > F4,® ---®4,)

inductively as follows: ¢, is given, ¢, is the identity, ¢, is given, and ¢

R . n+1
is the composite

FA\® - ®@FA, ., —2% FA,@ F(A,® - ® 4, )

L FA4,® - ®4,, )
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The following triangle then commutes.

FA,® - ®FA,@FB,® - @FB, " F(4,® - ®4,®B8,® - ®B,)
%@dz\ /:
FA4,® - ®4,)®F(B,® - ®B,)

Tensor functors % — ¥", ¥ —> #  can be composed in the obvious
manner [10, 35]. Suppose F, G: ¥ - % are tensor functors. A tensor
transformation a: F— G is a natural transformation « such that the
following diagrams commute:

FI1

FAQFB —* F(A® B) y
ocA@azBJ IGA®B I &y
GA®GB,—— G(A®B) N

Gl

We write Ten(?”, #°) for the category of tensor functors ¥", #” and tensor
transformations between them.

The following concept has appeared with a variety of terminology and in
varying generality [3, 28, 13].

DEFINITION 1.4. A tensor scheme 2 consists of two sets obj 2 and
mor 2 together with a function which assigns to each element demor 2 a
pair (d(0), d(1)) of words in the elements of obj 2. Write

d:Xl..'Xm_’ Yl...Yn
for demor 2 with d(0)=X,---X,,, d(1)=Y,.-- Y,.

Each tensor scheme £ and tensor category ¥  determine a category
[2, +°] described as follows. An object K is a pair of functions

K:obj 2 —obj 7, K: mor 2 -» mor ¥~
such that, forall d: X,---X,, = Y, --- Y,, we have

Kd: KX ® ---®KX,, - KY,® --- ®KY,.
A morphism x: K— L is a family of arrows

ky: KX - LX, XeObj 2,
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in ¥ such that, for all d (as before), the following square commutes:
KX,® - ®KX,,—~> KY,® --- ®KY,.
Ky, ® ®wml Ky, ® - ®KK,
LY, ® - ®LX, —7— LY, ® ---LY,.
There is a “composition” functor
Ten(¥, ¥ )x[2,+ 1> [2, %]
(F, K)i» FoK, (o, K} ook,
where {(Fo K)X = FKX, (F- K)d is the composite
FKX,® --- ® FKX,,— F(KX,® --- ® KX,
Mt FKY,® - @FY,)
_’i‘ﬁ_, FKY ® --- @ FKY,,,
and (sok)y=0a; o FKy.

DerINITION 1.5. A tensor category F is said to be free on the tensor
scheme @ when there exists an object N of [ 2, # ] such that the functor
—oN:Ten(F,¥ )~ (2, ¢]

is an equivalence of categories for all tensor categories ¥

If #' is also a free tensor category on & then there exists an equivalence
of tensor categories & % '. The existence of free tensor categories can be
proved algebraically, but our purpose here is to provide a topological
construction in terms of plane graphs.

A plane graph I" will be called boxed when it is between levels —1 and
+1, and is contained in (—1,1)x [ —1,1]. Write I m - n when m, n are
the cardinalities of dom I, cod I, respectively.

In defining operations on boxed graphs we shall use the functions
v, 7: R? - R? given by

Px, )= (x, 30), (x, 1)=(ix, 1)

and the points e, = (1,0), e, = (0, 1) e R*. Notation such as y(S +e,), for
S < R?, denotes the set

(2 + 1) eR|(x, e S).
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r' ® r: = |t e

FIGURE 1.5

The tensor product I'' ® I'* of two boxed plane graphs I'!, I'* is the
space T((I''—e,)u(I'*+e,)) with t((I'}—e;)u (" 2+e;)) as the set of
nodes. (Ignoring translations, we depict this as in Fig. 1.5).

Suppose I': m — n, £2: n— p are boxed plane graphs. Let a; <a, < --+ <
a, be the elements of the codomain, and let / be the set of inner nodes of
the graph y(I'— 2e,). Let b, <b, < --- <b,, be the elements of the domain,
and let J be the set of inner nodes of the graph y(£2 + 2¢,). The composite
QoI m- p is the plane graph consisting of the space

Qol'=y(I'=2e;)ula, by]u - vla,, b,]U(2+2e,))

with JU J as the set of inner nodes, as in Fig. 1.6.

The concept of valuation in a tensor category ¥~ (Definition 1.3) needs
neither composition nor tensor products of morphisms in ¥~ (these are
needed in calculating the value). We therefore define a valuation v: I' - 2
of a progressive plane graph I in a tensor scheme & just as in ¥~ except
that the tensor products in the domain and codomain of v,(x) must be
replaced by words in the elements of obj 2. This gives the notion of a
progressive plane diagram (I', v) in a tensor scheme. The domain [ codomain]
of such a diagram is defined to be the word vy(z,)---ve(z,), Where
z, < --- <z, are the elements of dom I [cod I'].

The tensor product and composite of boxed progressive plane diagrams
in a tensor scheme can now be defined in the obvious way. A tensor
product I'' ® I'? has a tensor decomposition into subgraphs isomorphic
to I'', I'*; so valuations on I'!, I'? transport to the subgraphs and these
together give a valuation on I"', I'°. If the codomain of ([, v) agrees with
the domain of (2, w) then there is a unique valuation on QoI" whose
restriction to (QoI')[—1, —1] transports to v under the canonical

Q2

78

FIGURE 1.6
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isomorphism with I, and whose restriction to (QoI")[§, 1] transports to
w under the canonical isomorphism with Q (note that the layer
(Q-I')[—1, 4] has no inner nodes).

For each tensor scheme %, there is a strict tensor category F(Z) defined
as follows. The objects are words in elements of obj 2. The morphisms are
deformation classes of boxed progressive plane diagrams in &. The
domain, codomain and composition of morphisms are induced on defor-
mation classes by the corresponding operations for the diagrams. ldentity
morphisms are deformation classes of diagrams with invertible graph. The
tensor product on objects is given by juxtaposition of words, and on
morphisms is induced by the tensor product of boxed diagrams. We shall
now see, not only that it is a tensor category, but that F(Z) is free.

THEOREM 1.2. F(Z) is the free tensor category on the tensor scheme 4.
Proof. For boxed plane graphs, we have:
(a) If I'' is a deformation of I'* (written I''~7?) then
dom I'' =dom I'? and cod "' =cod I'*;
(b) UI'~T?and Q'~Q*then I'' ® Q' ~T* ® Q%
() HI'~T?and Q'~Q°then Q'sI' ~ Q% I'? (where it is under-
stood that the composites are defined);
d) NI r’*~r'@ (> r) (Fig 1.7);
(6) (A-Q)-I'~As(Q-T) (Fig. 1.8);
() (Qr")® (Q*:-r?)=(Q'® 2")-(I'' ® I')* (Fig. 1.9).
It follows from (a)-(f) that F(Z) is a strict tensor category.
Define N to be the object of [2, F(£)] described as follows. For
Xeobj 2, let NX=X as a one-letter word. For d: X,---X,,» Y,--- Y, in

mor D, take Nd: X,---X,,—» Y, --- Y, to be the class of the diagram (I, v),
where I is the union of the line segments

v, _
[(—HJ’ ’,—1),(0,0)], [(0,0),<~1+2k Uﬂ
m n

rl 1-2 I3 ~ r! FZ r]

FiGure 1.7
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A
L[ 4
Q
r NEY
r

FiGURE 1.8

for 1<h<m, | <k<n, in the plane R* with the origin (0, 0) as the only
inner node, where v, takes the line segments to X, Y, respectively, and
where v,(0,0)=d.

Without loss of generality we may suppose ¥~ to be a strict tensor
category and prove that

—oN:Ten(F(2), ¥ )= [2, V']

is an equivalence of categories. For such a ¥” we shall show that —o N is
surjective on objects and fully faithful. Take any object K of [2, ¥"]. In
fact we shall produce the unique strict tensor functor 7: F(2)— ¥~ with
ToN=K. Since objF(2) is the free monoid on obj 2, certainly T is
uniquely determined on objects if it is to preserve tensor. Let (I, v) be a
boxed progressive plane diagram in &. Then (I, Kv) is a boxed progressive
plane diagram in V. Define T to take the deformation class of (I, v) to the
value (Kv}(I") of (I, Kv). This is well defined by Theorem 1.2. It clearly
preserves domain and codomain, and has 7o N = K. That T preserves com-
position and tensor product, and is unique, follows from the definition of
the value of a diagram which builds up from the values of diagrams with
at most one inner node.

i

FIGURE 1.9
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Suppose F, G:F(2)— ¥~ are arbitrary tensor functors and suppose
K: FoN— GoN is a morphism of [2, ¥ ]. If we are to have a: F — G with
ao N=x, we are forced to define oy . 1 F(X,---X,)>G(X,---X,,) to
be

¢m - (KX] ® e ® KX,,,) ° ¢r;1

Compatibility of « with ¢, is automatic. Naturality reduces to the case of
morphisms represented by diagrams with at most one inner node, and for
this we invoke the conditions satisfied by « as a morphism of [Z, ¥7]. This
proves —c N is fully faithful. J

Remark. The above shows that —~ N gives an isomorphism of categories
between the full subcategory of Ten(F(2), ¥7) consisting of the strict tensor
functors (that is, those with ¢,, ¢, identities) and the category [2, ¥ ].
This is consistent with the “flexibility” of the structure of tensor category.

CHAPTER 2. SYMMETRIC TENSOR CATEGORIES
AND PROGRESSIVE POLARISED DIAGRAMS

1. The Value of a Progressive Polarised Diagram

Recall [10, 27, 35] that a symmetry for a tensor category ¥ is a natural
family of isomorphisms

i3 AQB—>B®A
such that the following two diagrams commute:

(S) A®B—"5 B® A

1.4@\‘ l CB.4

A®B

(B) ARBR®C—422C , C®AQ®B

L ®cp.c c4c®1

ARCRSB

(We continue to assume ¥ is strict, for simplicity of exposition.) A sym-
metric tensor category is a tensor category with a distinguished symmetry.

EXAMPLE 2. A k-bialgebra A (see Example 1) is commutative when
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A=06o4, where 6: A® A - A® A is the switch map 6(a® b)=b® a. Then
the switch map

cVRIW->WRV, cv@®w)=w®@u,

is a symmetry for Mod(A).

Suppose I' is a progressive polarised graph (as defined in Chapter I,
Section 2) and suppose ¥~ is a symmetric tensor category. A valuation
v: ' ¥ of I'in ¥ is defined precisely as in Definition 1.3 (all that is used
is the order on each in(x) and out(x), and the tensor product in ¥7). The
pair I'= (I, v) is called a ( progressive polarised) diagram in the symmetric
tensor category ¥

To define the value v(I") of a diagram as an arrow in ¥~, we need the
domain dom I and codomain cod I” to be linearly ordered. These linear
orders are not part of the definition of diagram because we need to con-
sider “layers” which do not have natural linear orders on their domains
and codomains. Our strategy is to define the value (/) in an extension ¥~
of the category ¥ ; this will not require artificial choices of linear orders.

The category ¥ has object families (4,|s € S) of objects of ¥~ indexed by
finite sets S. Each such object gives rise to a clique (see Chapter 1,
Section 1)

<® Asnlo: L1, m]SS)
k=1

in ¥ indexed by bijections ¢: [1, m] —» S, where [1,m]= {1, 2, .., m}; the
maps for the clique are

> ® Ay = & Ay
k=1 k=1

where (o) for a permutation ¢ will now be described. If ¢ is the simple
transposition interchanging i and i+ 1 then (6)>=1® - - ®c® --- ® 1
((m—1) terms with ¢ in the ith position). For a general permutation T,
decompose it as a product of simple transpositions ¢, and obtain {t) as
the composite of the corresponding (o). That this is well-defined and yields
a clique follows from MacLane’s coherence theorem [26] for symmetry.
The arrows f: (A,|seS)— (B,|teT) in ¥ are precisely maps between
the associated cliques. Another description of the arrows of ¥~ will be use-
ful. In general, for cliques (C,|ie ), (D,| jeJ) in any category A4, the set of
clique maps from the first to the second is isomorphic to the ‘quotient set

Y AC,D)~,

(i.jyelxJ
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where (f: C;— D;)~(g: C, = D,,) when g-u,,=u,,- f. Thus, an arrow
(¢, fy]:(A]seS)>(Bl1eT)

in ¥~ is an equivalence class of triples (¢, f, ) consisting of linear orderings
p:[1,m] =S, ¥:[L,n]>T of S, T and an arrow f: &,_, Asum —
&% By in ¥, where (¢, f, ) is equivalent to (¢', /', ') if and only if
the following square commutes:

m Il

® Amhi—j_’ ® Bwk;

h=1 k=1

! ¢>J Jw" v

m n

® A¢'(h)_ 7 ® By
h=1

- k=1

The functor ¥~ — ¥, obtained by regarding objects of ¥~ as a singleton
families, is an equivalence of categories.

For any valuation v:I'—>%", we put v(s)=vy(s)eobj¥  for
sedom I'ucod I'. The intended value &(I") of I" will be an arrow

o) (v(s)|sedom I'y — (v(2)|tecod I')

in #°. Obviously, if dom I" and cod I' are linearly ordered, we obtain an
arrow v(I") in ¥

As in Chapter 1, our definition of value will involve some choices. To
show the independence of these choices we need some formal properties of
iterated tensor products. For these we introduce a category sp(l, ¥) for
each finite set I

Objects of sp(Z, ¥7) have the form (A_YISC—S—‘b» I), where (A,[seS) is
a family of objects of ¥ indexed by the finite set S, and ¢: S— 17 is a
function equipped with a linear order on each fibre ¢ '(i). A map
(A,|seS—2> N> (B,|te T-Y, I)in sp(Z, ¥7) is a family

(uf: ® 4~ ® B,Iiel)

Slsh=i W) =i

of maps u, in ¥~ indexed by I.
We now define a functor

R:spll, ¥)»F

iel
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which is given on objects by
® (A,]se S 1) =(4,|s€S).
iel

Suppose (u;|ie): (A,|se S~ I) > (B,|te T I) is a map in sp(1, ).
Choose a linear order on I; this together with the linear orders on the fibres
of @, ¥, determines linear orders on S, T (ordinal sums of the fibres). The
arrow

® u;: (A,)s€S)~ (B,|teT),

iel

in ¥ is the map of cliques determined by these orders on S and T, and the
map

Ru:® ® 4~ & B

iel iel @ls)=i iel Wyiry=i

in ¥". Different choices of linear order on I lead to the same map of cliques.
Given a function x:7—J equipped with a linear order on each fibre
k1), there is a functor

Ky:Sp(, ¥7) - sp(J, ¥7)
given on objects by
Ky(A |s€S—2 I)=(4,]5€ S5 J),
where the linear order on the fibres of k¢ is such that s<s' in (k@) '())
when either ¢(s) < @(s’) in k~1(j), or d(s)=¢(s')=i and s<s' in ¢~ '(i).

One maps, x, is given by k (u;|i€]) = (@ ri—, u;l j€J).
The required associativity of iterated tensor product can be expressed as

a commutative triangle of functors:
&j )

N‘ /f/"
AJ

sp(J, ¥")
This is trivial on objects, while on maps it amounts to the equality

sp(/, ¥7)

®ur=® & u;

iel jed ki)=j
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which is proved by choosing a linear order on J, and then obtaining linear
orders on S, T as before.

The value of a diagram will be defined by cutting into layers just as in
the plane case. Since in this case we do not have the aid of the embedding
in the plane to give us levels, here we need a different approach to layers.

Suppose I is a progressive graph with boundary. Let I" denote the set of
inner nodes of I” as a partially ordered set (x < y when there is a directed
path from x to y in I'). Define a level a of I' to be an initial segment of r
(thzzt is, x < y e a implies x € a). The smallest level is ¢ and the largest level
is I

An edge e is said to be cut by level a when e(0)eaudom ™ and
e(l)e(I"'—a)ucod I'. Let cut(a) denote the set of edges cut by a. Note
that we have bijections

cut(F) ~dom I, cut(F)~cod I

An interval in I is a pair of levels a< b. Define the layer I'[a, b] (see
Fig. 2.1) to be the generalised oriented graph whose nodes are the elements
of b— a, whose pinned edges are those edges e of I" with source and target
in b—a, and whose loose and half-loose edges are the elements of
cut{a)u cut(b). We have bijections

cut(a) ~dom /[a, b1, cut(hy~cod I'(a, b].

We now proceed to define the value o(I")earr ¥ of a progressive
polarised diagram I

Call I" elementary when the inner nodes are incomparable; that is, when
the order on I" is discrete. Put 7=7,(I"), the set of connected components
of I'. For each i€/, define an arrow u; of ¥ by

_ {vl(x) when / contains a single inner node x,
=

1 when i is a single edge.

vol i)

The functions dom " — I, cod I~ I (taking the outer nodes to the com-

Ila,b]

Fic. 2. I'[a.b].
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ponents in which they lie) have fibre over i either a singleton or in natural
bijection with in(x), out(x), respectively; so the fibres are linearly ordered.
Thus we have a map

(u;lie D) (v(s)|sedom I' = I) = (v(t)|tecod > I)
in sp(/, ¥"). Define

HI)=® u;: (v(s)|sedom I') — (v(t)|tecod I')
iel

in ¥

PrROPOSITION 2.1. If a is a level for an elementary diagram I’ then
'@, al, I'[a, I'] are elementary, and

o) =8I [a, I'])e5(I' [, al).

Proof. Let I=n,I'[,a]), J=n,I[a,], K=m,I so that we have a
diagram of functions

dom F\ /cut(a) cod I’
! \ \J/
K/

whose fibres are linearly ordered and the diamond commutes with
)~ '(k) = (Av) (k) as ordered sets. We have

ST, al)= ® fi: (vu(s)|sedom I') - (vo(e)| e € cut(a))

iel

o(I'a ') = ® g:: (vole)|eecut(a)) —» (v(t)|tecod I')
F)—®hk (v(s)]sedom I') — (v(t)| tecod I').
ke K

For each ke K, either x~'(k) is a singleton and g, is an identity for all
jeA~(k), or A~ !(k) is a singleton and f; is an identity for all iex~'(k);
so we see that

® &;° ® fi

Ay=k k(i) =k
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Hence

#)= & h

keK

.—.( X ® g/.) o( ® ® f,) by functoriality of &

keK iii=k keK wlji=k kek

=® g.-® f, by associativity of ®

jed fei
=i(r[al)5(r[&,al). |
For any progressive polarised diagram I, choose a maximal chain

Jecaycac - ca,=1I

of levels of I". Then each layer I'[a,, a,,,] has precisely one inner node
and so is elementary, Define

E(F):ﬁ(r[anf]van )O C\E(r[g’al])'

We must see that this definition is independent of the choice of maximal
chain. It is possible to move from any maximal chain to any other by a
finite sequence of steps each of which involves replacement of a single a, by
another level. To see this, note that a maximal chain amounts to a linear
order on I" which refines the partial order, and observe that we can pass
from one such linear order to any given new one by interchanging
consecutive pairs of elements to move them into the new order. To see that
o(I") is well defined now comes to showing that, for levels acbh < ¢ and
acb ccwhere hb—a={wj=c—b, c—b={y}=>b"—a, we have

B(I'[b, c1)ed[I[a, b])=o(I'TV, c1)e#(I'[a, b']).

Since x, y are incomparable, the diagram [I'[a, c] is elementary and
Proposition 2.1 applies to show that both sides of the last equation are
equal to (I a, c]).

An isomorphism f: I — Q of progressive polarised diagrams I', £ is an
isomorphism of graphs with boundary which preserves orientation and the
orders on each input and output, and is compatible with the valuations.

THEOREM 2.2. If f: = Q is an isomorphism of progressive polarised
diagrams in a symmetric tensor category ¥ then the square

(v(s}|sedom I'} —= (v(s')|s' e dom Q)

o(I) 0(£2)

(v(t)|tecod I') —=— (v(t'}| ¢ € cod Q)

607/88/1-6
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commutes in ¥ where the horizontal isomorphisms are determined by the
bijections dom I’ ~ dom Q, cod I" ~ cod 2 induced by f.

A progressive graph I is called anchored when it is equipped with linear
orders on dom I" and cod I'. In this case, 7(I") determines a map

o) @ vis)» & o)

sedomI” tecodl”

in ¥". An isomorphism f: I'— Q of progressive graphs is anchored when
the bijections dom I'~dom 2, cod I"~cod Q induced by f are order
preserving,

COROLLARY 2.3. If f: "> 8 is an anchored isomorphism of progressive
polarised diagrams then v(I") = v(£2).

2. Free Symmetric Tensor Categories

Suppose ¥°, ¥ are symmetric tensor categories. A tensor functor
F: v >% is called symmetric [10] when, for all A4, Beobj¥", the
following square commutes:

F(4)® F(B)—*— F(A® B)

F(B)® FA —— F(B® A)

Write STen(¥", #°) for the category of symmetric tensor functors ¥ — %~
and tensor transformations between them.

DEFINITION 2.1. A symmetric tensor category F is said to be free, on the
tensor scheme @, when there exists an object N of [2, # ] such that the
functor

~oN:STen(#, ¥ ) - [2, ¥']
is an equivalence of categories for all symmetric tensor categories ¥

The notion of valuation v: I’ - %@ of a progressive polarised graph /" in
a tensor scheme 2 is defined just as for a progressive plane graph (Chap-
ter 1, Section 4). Call (I, v) a progressive polarised diagram in 9. When I’
is anchored, the domain [codomain] of (I, v) is defined to be the word
vo(z,) - vol(z,) where z, < --- <z, are the elements of dom /"[cod I"].

The tensor product I'' ® I'? of two progressive polarised diagrams I,
I'? is the diagram whose graph is the disjoint union "' + I'> (with inner
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nodes those of I'' and of I"?) and whose valuation restricts to I'!, I'? to
give their valuations.

Suppose I, 2 are anchored progressive polarised diagrams in & with
cod(I", v) =dom(£, v} (as words in the elements of obj £). This produces
an order-preserving bijection cod /'~ dom Q. The composite Q2075 is the
diagram defined as follows. The graph is obtained from the disjoint union
Q+ T by identifying the outer nodes which correspond under
cod I'~dom £. The inner nodes and edges are those of I" and of 2, except
for the edges of I" which have target an outer node and the edges of Q
which have source an outer node; these edges pair up via corresponding
outer nodes, each pair contributing an edge to £/ As paired edges have
equal values, we obtain a valuation on Qo1

For each tensor scheme 2, there is a symmetric strict tensor category
F,(2) defined as follows. The objects are words in elements of obj &. The
morphisms are anchored isomorphism classes of anchored progressive
polarised diagrams in &. The domain, codomain, composition, and tensor
product are induced on anchored isomorphism classes by the corre-
sponding operations on diagrams. The symmetry ¢, .: VW — WV, where
V, W are the words X,---X,,, Y,---Y,, respectively, is the anchored
isomorphism class of the achored diagram (7, v) described as follows. The
graph I" is the union of m+n disjoint closed intervals [a;, b], [¢;, d;]
(i=1,..,m; j=1,..,n) with their natural orientation and with no inner
nodes. The anchoring of I" is given by

domI'={a,< - - <a,<c; < - <c,}

cod I'={d, < - <d,<b/<---<b,}.

my

The valuation is given by

vola;, b)) =X, vole;,, d)=Y,

70 A

THEOREM 2.3. F(2) is the free symmetric tensor category on the tensor
scheme 9.

Proof. The fact that F(2) is a symmetric strict category is
straightforward. Each progressive plane diagram is an anchored
progressive polarised diagram (yielding F(2)— F (%)), so we have an
object N of [2,F(2)] defined as in Theorem 1.3. As in the proof of
Theorem 1.3, we take ¥~ to be strict tensor category, this time, with a sym-
metry. The proof then follows closely that of Theorem 1.3. If (I, v) is the
diagram in the definition of the symmetry on F,(2) then the value (Kv)(I'):
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TVRTW - TW® TV can be seen, from the definition, to be (&), where
a is the permutation

1 2 - oonm n+l n+2 - m+n
m+1 m+2 .- m+n 1 2 -~ n )

It follows that 7 is symmetric. The remaining details are left to the
reader. ||

CHAPTER 3. BRAIDED TENSOR CATEGORIES AND 3D-DIAGRAMS

1. Braided tensor categories

Suppose ¥ is a tensor category. We suppose for simplicity that ¥~ is
strict.

Recall [17, 18] that a braiding for ¥ consists of a natural family of
isomorphisms

CchvB:A®B—’B®A

in ¥~ such that the following two diagrams commute:

ARBR C 428, BRC® A ARBRC—H82, CRA®B

(B) l‘A.B®\ /@ CAC 1 ®L‘B,\‘ /";.C@ 1

B®R®A®C ARC®B

The pair (¥, ¢) is called a braided tensor category. Recall [17,18] that
commutativity of the following Yang—Baxter hexagon is a consequence of
(B) and naturality:

ARCR®B—2L CRAR®B

1@/‘ \Qc

(YB) A®B®C CRB®A

c®\ /@1

BRA®C—5— BOC®A
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EXaMPLE 3. A braiding for a k-algebra A is an invertible element
ve€ A® A such that

Ay =4y
(A4R@1 ) =017)-(y® 1)1,
(1 1@ M)y )z()’®1) (1®”:’)213,

where, for example, &, is the image of e AR AR A under AQAR A -
ARA®, a,®a,®a,—a,®a,®a,. (Braided bialgebras are called
“quasitriangular” by Drinfel’d [7].) Braidings c¢: VW -> W®V for
Mod(A4) are in bijection with braidings for A4 via the formula

c(r@w)=7(w®Rv).

A tensor functor F:¥ — % (Chapter 2, Section2) between braided
tensor categories ¥, ¥  is called braided when the following diagram
commutes:

FAQFB—'— F(AQ B)

FB®FA—5— F(B® A)

Let us recall the notion of fundamental groupoid = (X)) of a space X. This
is the groupoid whose objects are the points x of the space X and whose
arrows [w]: x —» y are homotopy classes of paths of paths : [0,1] - X
with w(0)=x, w(l)= y, where the homotopies are constant at the end-
points. If 4 is any set and p: 4 — X is a function, we write n,(X, p) for the
groupoid whose objects are elements of 4 and whose arrows A — y are just
the arrows p(A)}— p(u) in n,(X). The obvious functor

(X, p) = 7, (X)

is an equivalence of groupoids provided my(p): A — me(X) is surjective
(where 7y(X) is the set of path components of X).

Let C, denote the space of subsets of the Euclidean plane R? of
cardinality precisely n. The configuration space C of distinct points in R is
the disjoint union

c=)Y C,
nz0
A path w from S to T in C can be depicted by a diagram as in Fig, 3.1,
where w(r) is obtained from the intersection of the curves with the horizon-
tal plane R*x {r}.
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or
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FiGure 3.1

Define a function p: N - C by
p(n)={1,2,..,n},

where 1, 2, 3, ... denote integer points on the x-axis of R>

The braid category B is defined to be the groupoid z,(C, p). For m #n,
the homset B(m, n) is empty. The group B(n, n) of automorphisms of » in
B is precisely the braid group B, on n strings in the sense of Artin [2]. For
1<ig<n~1, let s,eB, be the homotopy class of the path depicted in
Fig. 3.2. A presentation for the group B, is given by the generators s, for
1<i<n—1 and the relations

(A1) 8818 = 81854 for 1<ig<n-2
(A2) 5;8,=5;5; for |i—j|>1.

A presentation for the symmetric group S, on n symbols is obtained by
imposing the extra relation

5.8, =1.

"

It follows that we have a canonical surjective homomorphism

B,—-S,, o Q.
1 2 i i+1 n
!
5
ol
1 2 i i+1 n

FIGURE 3.2
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The braid category B becomes a strict tensor category by means of the
operation of addition of braids

+: Bm X Bn - Brn+n~ (Si’ S/) = Sism+j

depicted by juxtaposition of diagrams. The unit object 7 is 0. A braiding for
B is given by the arrows
C=Cpp-Mt+un—->n+m

illustrated by Fig. 3.3.

THEOREM 3.1, B is the free braided strict tensor category on one
generating object.

Proof. The statement means that, for each object 4 of a strict tensor
category ¥7, there is a unique braided strict tensor functor F: B — ¥~ with
F1=A. On objects F is defined by

Fn=A®"=A® ---® A4 (n terms).
On arrows F is given by the monoid homomorphism
F:B,—> 1 (A®" 49"

determined by putting

Fs;= 1l~‘(i71}®CA.A®lF(n—ifl):A®”_’A®n'
n m

e e BT .~ et __

1 2 3 4 5 6 7

AN V2N Cnn€ B,

m "

FiGURE 3.3
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That this homomorphism is well defined follows from the Yang-Baxter
hexagon (YB) and the functoriality of tensor which show that relations
(A1), (A2) are respected. That F is braided follows inductively from the
conditions (B) on a brading. ||

We shall have need for a version of B which is “labelled” by the
morphisms of some category .&/.

First we describe the category B, § .o/ of braids on »n labelled strings. The
objects of B, § o are n-tuples of objects of .«7. The arrows

(a;fl’fZ’ e fn): (Al9 Ala ey An)_) (Bla B.‘Z, eesy Bn)

consist of xe B, and f;: 4, - B,;, in & for 1 <i<n (illustrated in Fig. 3.4).
Composition of labelled braids is performed by composing the labels on
each string of the composed braid. The operation of addition of braids
extends obviously to labelled braids

B, §/xB,§.o B, 5.

Now we define the braided strict tensor category B §.o/ of braids having
their strings labelled by arrows of ¢ to be the disjoint union

BS«=)Y B,S
n=0
with addition as the tensor product, and with braiding given by ¢, ,e B
labelled with identity arrows. Each arrow of ./ can be seen as a braid on
one string &/ = B, § .o/, so we have an inclusion @/ g B § /. Theorem 3.1
generalizes to the next result which can be proved similarly.

THEOREM 3.2. B §.o/ is the free braided strict tensor category generated
by .

B
1

5

FIGURE 34
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This result should be compared with the consequence [23], of
MacLane’s coherence result that

Sfa=5 S,

nz0

is the free symmetric tensor category generated by .«/. The meaning of our
result is that each functor 7: .o/ — ¥ into a braided strict tensor category
¥ has a unique braided strict tensor functor F: B §./ —» ¥~ extending it.
For each functor S: .o — 8, we thus have a braided strict tensor functor

BSS:BS.« >BS2
whose restriction to .7 is the composite
& BsBSA.

Extending the identity functor of any braided strict tensor category ¥,
we have a braided strict tensor functor

Q:BSY >

Wthh aSSignS to eaCh (a* fl CIREN ) _fn): (Al* (il An) - (Bl 3 ey Bn) in an ¥ i and
arrow af fi, .., /,]: 4,® - ®A,—> B, ® --- ®B, in ¥". In particular, we
have an operation of substitution of braids

X:BSB->B
as illustrated in Fig. 3.5, and also of .«/-labelled braids
®:BSBSY >BS.«.

The following commutative square expresses the associativity of
R :BS¥ >+

BSBSy —2 By

mi l®

BSy —— ¥
®

\ S ARV S 4
R LRA = e

FIGURE 3.5
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2. Progressive Polarised 3D Diagrams

This section concerns the diagrams appropriate for braided tensor
categories. An explained at the end of Chapter I, Section 2, we shall use
smooth graphs henceforth.

Let a <b be real numbers. We shall often make use of the front projec-
tion

frR?*x[a,b]>Rx[a, b]
given by fr(x, y, t)=(x, 1).

DErFINITION 3.1. A progressive polarized (smooth) 3D graph (between the
levels a and b} is a smooth embedded graph I' (with boundary) in
R x [a, b] such that

(i) ér=(R*x{a, b})n I and the edges meet R*x {a, b} transver-
sally,
(ii) the second projection

pro: R*x [a,b] - [a. b]

is a smooth embedding on each connected component of 1"~ Iy,

(iii) for any pair of distinct edges y(s), y,(s) with y,(0) = 7,(0)
[v,(1)=7y,(1)], the unit tangent vectors at s=0 [s=1] of the projected
curves fry,(s) and fr y,(s) are distinct.

Each progressive polarised 3D-graph is both progressive and polarised in
the sense of Chapter 1, Section 2. Each edge ¢ will be given the orientation
with pr, e(0) < pr, e(1). Condition (i1) excludes circles and circuits. The sets
in(x) and out(x) are linearly ordered as follows. If ue[a, 5] is chosen
smaller than but close enough to pr,(x), each edge y € in(x) meets the plane
R*x {u} in a single point which is different for different edges. So the front
projection defines a bijection between in(x) and a subset of R x {u}, and so
induces a linear order on in(x). Similarly for out(x).

A number ue[a, b] is called a regular level for I' when the plane
R?x {u} contains no inner nodes. If u <v are regular levels of I, we write
I'l[u,v] for the graph I'n(R*x[u, v]) whose set of inner nodes is
Ty~ (R?x (u, v)) and whose set of outer nodes is I'~ (R*x {u, v}). The
graph /'[u, v] is a progressive polarised 3D-graph between the levels # and
v; it is called a layer of I

There is also a concept of tensor decomposition for a 3D-graph I” which
we shall now describe. By a standard rectangle R = R’ we mean a product
(a, B)x (y, 8) of two open intervals. A tensor decomposition of I" is a family
(F'%|ReR) of subgraphs I'® of I' indexed by a set # of pairwise disjoint
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standard rectangles R < R? such that '* < Rx R for each Re # and I is
the union of the I"'*. We denote this by

r=® rk
ReA

DerFINITION 3.2. A4 deformation of progressive polarised (smooth) 3D
graphs (between levels a and b) is a continuous function

h:I'x[0,1]- R*x [a, b]
such that, for all € [0, 1], the function
h(—.,t): I > R*x[a,b]

is a smooth embedding of (I, dI') whose image (I'(s), éI(1)) is a
progressive polarised 3D-graph between levels a and & (Definition 3.1), and

d
%h(?(s), 1)

is a continuous function on [0, 1] x [0, 1] for each edge y of I

For each inner node x of I, we can define in(x) and out(x) as ordered
sets just as in the plane case (Chapter 1, Section 3).

A valuation I' > 7~ of a progressive polarised 3D-graph I" in a braided
tensor category ¥ is defined precisely as in the plane case (Definition 1.3).
The pair (I, v) is called a progressive polarised 3D diagram. The domain
and codomain of a diagram (I, v) are families

dom([l, v)=(vo(z)|zedom I'), cod(l, v)=(vy(z)|zecod I')

of objects of ¥~ indexed by finite subsets dom 7, cod I" of the planes
R*x {a}, R*x {b} (here an edge in dom I" [cod I'] is identified with its
source [target] in o).

Valuations restrict to layers and to components of tensor decompositions
just as in the plane case. Also deformations of diagrams are defined in the
obvious way.

Just as in the symmetric case, to define the value v(I") of a diagram, we
need the domain and codomain of I" to be linearly ordered. Because we
first need to define the value of layers which do not have such linear orders,
we again define the value ©#(I") in an extension ¥ of the braided tensor
category ¥". We are able to define ¥~ and #(I") for prime and invertible
diagrams I” without further preparation. In order to define o(I") for all I
and to prove it deformation invariant, we shall develop some topological
constructions.

For finite subsets S, T of the plane R? each arrow a:S— T in the
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fundamental groupoid n,(C) determined a bijection a: S— T. If 4, ..., 4
are objects of ¥" and a: p(n) — p(n) is a braid we write

n

<a>:Ag(1i® ®Ag(n)_’Al® ®An

for the value of @ :B§ 7 — ¥  at the braid « labelled by identity arrows
(this uses the braiding on ¥").

The objects of the category ¥ are families (4,|se S) of objects A, of ¥~
indexed by finite subsets Se C of R* To each such object there corresponds
a clique

< &® Aupla:p(n)—> Sin nl(C)>

k=1

in ¥ where the required maps u,, for the clique are given by
u,p=<B 'a). An arrow in ¥ is a map of the corresponding cliques.
Regarding each object of ¥" as a family indexed by p(1) € C, we obtain an
inclusion ¥” — ¥ which is an equivalence of categories.

A diagram [ is called invertible when it has no inner nodes. Such a I”
determines an arrow y:dom I"—>cod I' in n,(C) for which the following
triangle of functions commutes:

domIN—2 s codr

2] oo

Obj ¥

The identity arrows vo(a(i)) = vo(y(a(i))), where o: p(n)—dom I and
i€ p(n), determine an arrow

o) (vo(s)|sedom I') = (vy(t) | tecod I')

in ¥ This defines the value of an invertible diagram.

A diagram I is called frontal when the restriction of the front projection
fr: R?x [a, b] > Rx [a, b] to I is injective. In this case, the front projec-
tion fr(I") of I' is a progressive polarised plane diagram and we can define
the value of I" by

o(I)=v(fr(I))

(see Chapter 1, Section 3) which is an arrow of 77, and hence can be
regarded as an arrow i(I") of ¥ .

A diagram I is called prime when it is frontal, connected, and has
precisely one inner node. In fact, we shall not need the above value of a
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general frontal diagram, only of prime ones, in which case o(I") is just
v,(x), where x is the inner node of I'.

A subset of R? is called frontal when the first projection pr;: Rx R - R
is injective on it. Frontal subsets are naturally linearly ordered since pr,
establishes a bijection with a subset of R. If I" is frontal then so are dom I”
and cod I

A diagram [ is called elementary when it has a tensor decomposition

r=® Ik
Re A

in which each component I'* is either invertible or prime. We would like
to define

and so must develop the precise meaning an properties of Q) . 4. This
leads us to the following topological considerations.

Let C[n] denote the space of injective functions [1,n]—> R’ as a
subspace of R*)". The symmetric group S, acts on C[n] by restriction of
the action on the n-fold power of R Then

C” = C[n]/gn'

Let U[n] denote the universal covering space of C, with basepoint
p(ny=1{1,2,..,n} e C,. The points of U[n] are arrows a: p(n) - S in the
groupoid n,(C). Also B,=n,(C,, p(n)), which can be regarded as the
group of deck transformations, acts on U[n] and we have

C,=U[n]/B,.

Furthermore, U[#n] is the universal covering space of C[n], and the group
of deck transformations here is the pure braid group P, (which is the kernel
of B,—S,); so

Cin]=U[n]/P,.

For any space X, we put
C(X)=Y C[n}xX"S,
nz=0
which is the space of finite sets of points in the plane labelled by X. Note
that we also have

c(X)= Y U[n]xX"/B,.

nz0
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Since
UlnlxX"/B,=(U[n]xX"/P,)/(B,/P,)
=(U[n]/P,xX")/S,

(because the action of P, on X” is trivial).

Using these constructions, we now enrich ¥~ which the structure of
topological category; that is, we equip the sets ¥, of objects and ¥, of
arrows of ¥~ with topologies such that the source and target functions
dy, d,: ¥, — ¥, the function ¥, — ¥, taking each object to its identity, and
the composition function, are all continuous.

Define the set H[m, n] to be the pullback

Hmn] —— ¥
l l(dovdl)
"fﬁgl X Vg W % X ’%(A)

where dy, d,: ¥, — ¥, are the source and target functions for the category
¥ and

R (A4, A4,)=4® - -®A4,,.
Elements of H[m, n] will be denoted by expressions

[ é A, -~ é) B;.

i=1 j=1

The group B, x B, acts on H[m, n] by means of the formula
(@ 4,5 ® Bj) (a,ﬂ)=(® Ay 22, @ Bm,-,)

i=1 j=1 i=1 j=1

The space ¥;, ¥, are defined by the equations
Vo=C(¥3) =), Uln]x¥(/B,

and
V=Y Ulm]lxU[n]lxH[m,n]/B,xB,.

Source and target maps d,, d,:¥, - ¥" are induced by the equivariant
projections

Ve Hlm, n] > ¥,
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and provide the covering projection for ¥; as a covering space of ¥, x ¥5.
(This implies that the homs of ¥~ are discrete spaces since covering projec-
tions have discrete fibres,) the composition map

Tixp =)

is induced by the B,, x B, x B ,-equivariant function

H{m,n]x,»H[n, p] > H[m, p]

defined using composition in ¥

Tensor decompositions involve families of pairwise disjoint rectangles in
the plane. To deal with this we introduce the space D of configurations of
“little rectangles” in R? which has the same homotopy type as the space C
of configurations of points in R?.

More explicitly, let D[n] denote the space of ordered n-tuples
{Ry, .., R,) of nonempty pairwise-disjoint {open) standard rectangles
R, R Put

D=D[n}/S, and D=Y D,

The map D{n] — C[#] taking each n-tuple of rectangles to the n-tuple
of centres is a homotopy equivalence which induces a homotopy equiv-
alence D — C. For any space X, define

D(X)= Y D[n]xX"/S,,

nz0

the space of configurations of “little rectangles” labelled by points of X.

In particular, we have the space D(C) of little rectangles labelled by finite
sets of points in R% Let [C] < D(C) be the subspace where the labelling
sets of points are contained in the labelled rectangle; that is

[C]={(S,HZ’)|SGC,§€EEZ,SC U R}.

Re A
Then we have the isomorphisms of groupoids

n,[Cl=BSB.

Note that each covering projection X — Y induces covering projections
C(X)- C(Y) and D(X) - D(Y).
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Each covering space X of C determines a covering space [ X] of [C] via
the pullback

[X]—— D(X)

N

[C]—— D(C)
The fibre over p= (S, #)e [C] is given by

[X]p= l—[ XSmR’

Re#

where X, is denoting the fiber of X over 4¢ C.
We also have need of the space

[CT={(S, R, R,)|(S, #)e [C] and &, is a refinement of &, }.

(2, is a refinement of #, when each rectangle in #, is contained in some
rectangle in #,.) We have a diagram of projection maps

[(]—= [C]—2>C

given by p(S’ *%) = S’ pl(S’ ﬂ]v '%2) = (Ss '%1 )9 and p2(S, '%1’ '%2) = (S, ‘@2)
Each covering space X of C yields a covering space [X] of [C] whose
fibre over g = (S, &, #,) is given by

”:X_qu l_[ XSr\R‘

R e 9

Thus we have a diagram of spaces and maps

[X] —2— [X]—— D(X) X
N
[C] — [C]—— D(C) C

Suppose & : [X]— X is any map over [C] — C. For each (S, #)e [(]
and each (zz|Re#)e[X], where zpe X for Re#, we obtain an
element

& zpeXs.

ReR
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We say that & : [X] — X is associative when it satisfies the axioms

(i) & zp=zp and

Re (R}
i ® (® )= @z
R'e#r RS R Re.#|
Re A

Axiom (i) amounts to commutativity of the square

1X] —2— [X]
of e
X]—— X

where, for g = (S, #,, #,) € [C] and (zx|Re #,) € [X],, the left side of the
square is given by

(@1l Ret)=( @ =, Re)

In this case we call Q) a multiplicative structure on the covering space X
of C.

A covering space X of C corresponds to a functor F: B — Set where
F[n]=X,,, and the action of B, is from path lifting. Conversely, X can
be entirely reconstructed from F via the formula

X=Y Uln]lxF[n}/B,.

nz=qQ

A multiplicative structure on a functor F: B — Set is a natural family of
functions

Flm]xFln] - F[m+n], (4, V) u®uv,
which is associative with a unit element ie F[0] and satisfies

Fle,,,Ju®@v)=v®u

(That is, F is a “braided monoidal functor” or “braided lax tensor
functor™.)

PROPOSITION 3.3, The multiplicative structures on X are in bijection with
those on F.

607:88/1-7
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Proof. Let el{ F) denote the category of elements of F. Using the multi-
plicative structure on F, we can define a unique structure of braided tensor
category on el(F) such that the functor ¢l(F)— B is a braided strict tensor
functor. By Theorem 3.2 we obtain a braided strict tensor functor
® :BSel(F)—>el(F) whose restriction to el(F) is the identity functor.
Furthermore, we have the associativity property

BSBSel(F) —2— BSel(F)

ml F

BSel(F) —5— el(F).

Also F:B — Set extends to a unique braided strict tensor functor
F.BS B - Set, which, in turn, extends to a unique braided strict tensor
functor F: B B § B - Set. Note that

e(F)=BSel(F) and el F=B§BSel(F).
Thus we have a commutative diagram of functors
el(F) —= el(F) —B— el(F)

o

BSBSB—=BSB—— B

(the top and bottom parts of the forks are producing two commutative
squares). Given the equivalences

7n,(C) ~ B, 7, [C]1~B B, and n,[C]=BS BSB,

it is routine to check that the diagram transforms into a commutative
diagram 5
1
[X] —= [X]—2> X

Lo

[(]—== [(1—C. I

The reader will have no difficulty in modifying the above constructions
and Proposition 3.3 to the case where X is a covering space of C x C with
associated covering space [ X] of

[Cx C]={(S, T,R)|S, TeC,ReD,S, T | R},

ReA

and F is the corresponding functor B x B — Set.
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In particular, we wish to apply Proposition 3.3 to the covering space ¥,
of C x C with covering projection the composite

(where C(¥3) — C is induced by the projection ¥, — 1). The corresponding
functor

H:Bx B — Set, (m,n)— H[m, n],
has a canonical multiplicative structure
Hlmn]xH[m',n']>H{m +m',n+n']
(4— B, C—5 D)~ (4® CL25, BR D).

Thus we obtain a corresponding multiplicative structure

®:[F1-7

on ¥,. The advantage of this construction is that we now have the
continuity and associativity of ). However, an explicit description will be
given below.

First note that arrows (A,|seS)— (B,[teT) in ¥ are determined
uniquely by triples («, f, ), where o: M — S, f: N — T are arrows in 7,(C)
with M, N frontal, and

[ ® A4, ® Bﬁm

ie M jeN

is an arrow of #". This is because each frontal M = R” has a canonical path
M — p(m) obtained by projecting M onto the x-axis and sliding the points
along the x-axis.

Elements ¢ of [¥]] are families [¢z]z. 4 of arrows

dri(A,ls€eSNR)—(B,|[teTnR)

in ¥ indexed by Re D, where S=zc »SNR, T=re» TN ReC. The
arrow

® = ® $r:(4,]5€S)>(B,|teT)

Re#

can be described as follows. Choose any arrow (o, f8,y): (M, N, &,) —
(S, T, ) in n,([CxC]), where M, N are subsets of the x-axis and &, is
a set of pairwise disjoint rectangles with centres on the x-axis (so that %,
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is naturally linearly ordered). The arrows a: M - S, SiN—-> T in n,(C)
restrict to arrows dgx:Mpa—SNR, Br:Ng—>TNR, with My, M,
Nz S N. So ¢ is represented by a triple (ag, fz, f) Where

fr: & Agk(i)_’ & Bpk(j)

ieMp JjeNR

is in #". Then %) ¢ is represented by the triple

(“’ ® fj,'(p)’ ﬂ)
pe

From the above description it is easy to deduce the following
Sunctoriality of & :

® Yo ® Pr= ® Yrodg
Res Re R ReA
Let us return to the definition of #(7"). For elementary I'= ® g 4 I'%,
we have an element

(G(I'*) | ReR)e [41]

and we define

()= ® Ik
Re#R
That this definition is independent of the tensor decomposition follows
from the associativity of ). Furthermore, using functoriality, we can prove
the analogue of Propositions 1.1 and 2.1.

PrOPOSITION 3.4. If u is a regular level for an elementary diagram I’
between levels a and b then I'[a, u], I'[u, b] are elementary, and

(D=0l I'[u, b])-0(I'[a,u]).

For any progressive polarized 3D diagram I” between levels ¢ and b, we
now define

6(1—'):5([‘[“”71,“”])0 OE(F[uoyul])

where a=ug<u;< --- <u,=> are regular levels for I such that each
layer I'[u,_,,u;] is elementary for 1<i<n (The existence and inde-
pendence of the regular levels is just as for the plane case in Chapter 1.)
Before presenting the main result of this chapter, we shall point out that
arrows 7: S — T in the groupoid =,(C) induce canonical isomorphisms in
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7. Suppose (4,|s€S), (B,|teT) are objects of ¥ such that B, =4,.
There is an isomorphism i

(y>:(A,]seS)3(B,|teT)

in ¥ determined by the triple («, f, y~ o), where ot M — S is any arrow of
7,(C) with M frontal and f'is the identity arrow of ;. 4,

THEOREM 3.5. For any deformation
h:I'x[0,1]1-R*x [a, b]

of progressive polarised 3D diagrams in a braided tensor category ", the
square

(v(s)|sedom ['(0)) — (v(s){sedom I'(1})

ElflO))J P(”U)

(v(t)|tecod I'(0)) —=— (v(t)|tecod I'(1))

in ¥ commutes, where the horizontal isomorphisms are induced by the paths
t>dom I'(t), t—~cod I'(t) in C.

Proof. By compactness and connectedness of {0, 17, it suffices to show
that, for all t5€e [0, 1], the square

(v(s)|sedom I'(ty)) —= (v(s)|sedom (1))

o(I(tp)} lﬁ(l‘lr)i
{v(t}|tecod I'(zq)) —=— (v{1)|tecod I'(1))

commutes whenever t is close enough to t,. As in the proof of
Theorem 1.2, by choosing appropriate regular levels for I'(zy) and
restricting attention to the layers, we can assume /() is elementary. So

o) =X re 2 ['(15)* where each I'(ty)* is either prime or invertible. For
7 near 1, it follows that 7'(1) = @ g 4 [(1)%, where I'(t)% is of the same
nature as I(z,)*. The deformation k provides a path

(5(I(t)%)| Re R) - (5(I'(1)%)| Re R)

in [¥,]. By continuity of : [¥,]— ¥,, it follows that, for T near 7,, we
have 5(1(t)) near ¥(I'(zy)). So the two legs of the square are close in 7.
But (d,, d,): ¥, = ¥, x ¥, is a covering projection and so has discrete fibres.
Since the two legs of the square have the same source and target in ¥,
their closeness implies their equality. |
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A diagram I is called anchored when dom I" and cod I are frontal. In
this case, 9(1") determines a map

oI & vis)» &® o)

sedomrI” tecodl”

in #". A deformation of diagrams is anchored when I'(¢) is anchored for all
te[0,1].

COROLLARY 3.6, If : I'x[0,1] > R?*x [a, b] is an anchored deforma-
tion or progressive polarised 3D diagrams in a braided tensor category ¥~
then

v(£(0))=o(I(1)).

3. Free Braided Tensor Categories

Suppose ¥°, #  are braided tensor categories. A tensor functor
F: v % is called braided [17, 18] when it respects the braiding (in the
same way that a symmetric tensor functor respects the symmetry; see
Chapter 2, Section 2). Write BTen(¥", #°) for the category of braided
tensor functors ¥~ — ¥  and tensor transformations between them. (In fact,
BTen(¥", #)=STen(¥", #') when ¥", #" are both symmetric.)

DErFINITION 3.3. A braided tensor category % is said to be free, on the
tensor scheme 9, when there exists an object N of [2, # ] such that the
functor

—oN:BTen(Z, ') > [2, ¥]

is an equivalence of categories for all braided tensor categories ¥".

A 3D graph I" will be called boxed when it is between levels —1 and +1,
and it is contained in the cube (—1, 1)*x [—1, 1]. Write I: m — n when I
is anchored and m, n are the cardinalities of dom I, cod I

We shall use the functions 7, : R® - R? given by

yx, ) =(x, » 50,  wx,y )=0Gx01)

and the points e, =(1,0,0), e;=(0,0, 1) e R°>.
The tensor product I' @ I'? of two boxed 3D graphs I'', I' is defined
to be t((I'' —e,;)w (I'* +¢,)) (as in the plane case of Chapter 1, Section 4).
Suppose Im—n, Q:n— p are boxed anchored 2D graphs. The
composite oI m— p is defined just as in the plane case (Chapter I,
Section 4) with e, replaced by e,; however, the meetings across /=1 and
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t=1% of the edges and line segments must be systematically made smooth.
The order on the domains and codomains is given here by front projection.

The notion of a progressive polarised 3D diagram (I',v) in a tensor
scheme should now be clear. The domain and codomain are defined as
words just as before, provided (7, v) is anchored. Tensor product and
composition are extended from graphs to diagrams just as before.

For each tensor category &, there is a strict tensor category [Fgz(2)
defined in the same way as F(Z) except that “boxed progressive plane
diagrams” are replaced by “boxed anchored progressive polarised 3D
diagrams”, and “deformation classes” are replaced by “anchored deforma-
tion classes™.

We now describe a braiding on Fg(%). For this we use the canonical
functor

B Sobj 2 — F4(2)

which is an isomorphism onto the subcategory of F4(Z) consisting of all
the objects and arrows which are anchored deformation classes of inver-
tible 3D diagrams. The braiding for B § obj & (Section 1) carries over via
the functor to a candidate for a braiding for F4(2). All that remains to
check is the naturality with respect to all the arrows of F 5(2). Every arrow
is a composite of tensor products of classes of invertible diagrams and
prime diagrams. So all that remains is the prime case, and this is indicated
in Fig. 3.6.

The pattern of proof established for Theorems 1.3 and 2.3 can be
followed to yield

THEOREM 3.7. F (D) is the free braided tensor category on the tensor
scheme 2.

Y, Y, X, - X, Y, Y, X, X,
g S
X, X, Y, Y, ~ ¥, v, U U,
f g
U, U, v v, U, u, v v,

FIGURE 3.6
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CHAPTER 4. BaALANCED TeENSOR CATEGORIES AND RIBBONS

1. Balanced Tensor Categories

Suppose ¥ is a braided tensor category.
Recall [16,36] that a rwist for ¥~ consists of a natural family of
automorphisms

0=0,.4- A4
in ¥ such that §,=1, and the following square commutes:

AR®B—* B A

94@1}[ J%@ 04

AQB 75— B® 4

A tensor category together with a distinguished braiding and a
distinguished twist is called balanced.

ExaMpLE 4. A rwist for the braided bialgebra (4, y) is a central element
7€ A such that the following two equations hold:

g(r)=1ekK and At)=y (1®1)-7,,e AR A.

Twists for (A4, y) are in bijection with twists for the braided tensor category
Mod(4).

A tensor functor F: ¥ — #" between balanced tensor categories ¥, #” is
called bhalanced when it is braided (Chapter 3, Section 1) and

FBA = HFA .

Let C denote the space C(S') (see Chapter 3, Section 2) of finite sets of
distinct points in the plane R? labelled by points of the unit circle S'.
Points S of C are framed subsets of R” depicted as in Fig. 4.1 (where the

-~ /
N

Ficure 4.1
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Y /s 7

-

FIGURE 4.2

magnitude of the directed line segment is irrelevant, and made small
enough so that it does not meet any of the others). A path @ from S to T
in C can be depicted as in Fig. 4.2,

Let 5: N — C be the function for which j(n) is the set of points 1,2, ..., n
on the x-axis all labeled by 1eS'={zeC||z| =1} (Fig 4.3).

The category B of braids on ribbons is defined to be the groupoid
n,(C, p). Let 5;,€ B, =B(n, n) be the homotopy class of the path depicted
in Fig. 44 for 1 <i<n—1, and in Fig. 4.5 for i=n. A presentation for the
group B, is given by the generators s, for 1 <i<n and the relations (A1),
(A2) of Chapter 3, Section 1 together with the relation

Sy 1Su T (S, =S5,8, 15,8

non—1-

The group B, is the wreath product

B/Z = Zn X Br’!
obtained from the canonical homomorphisms B, — S, since a braid on
ribbons is completely described by a braid on strings labelled by integers

n € Z indicating how many complete turns are performed on each ribbon of
the braid. This leads us to the identification

~

B=BS§Z.

1 2 3 n—1 n

' Bin) 1

FIGURE 4.3
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N\

| 2 i i+1 n

+

Igign—1

FIGURE 4.4

where Z is the additive group of integers (as a one-object category). Hence
B is equipped with a braided strict tensor category structure: it is the free
such structure generated by a single object with a single automorphism
(Theorem 3.2).

The tensor category B is balanced. The twist 8,: n — n can be viewed by
taking the diagram for the identity arrow n — n in B consisting of » straight
vertical ribbons, fixing the horizontal ends of the ribbons to two horizontal
rods, and rotating the top rod through an angle of 2z in the right-hand
screw direction with thumb pointing up (Fig 4.6). In other words,
6,=s,eB, and

0n+1 =Cl.n(91 ®0n) Cn,l'

THEOREM 4.1. B is the free balanced strict tensor category on one
generating object.

Proof. We must modify the proof of Theorem 3.1 for B in place of B,
and for ¥~ balanced. To define a balanced F: B — ¥~ we require the extra
equation

an:1F1n71)®0A' I

For each category 7, there is the category B §./ of braids on ribbons
labelled by arrows of of. In fact

BSo/=BSZSo=BS(Zx)

FIGURE 4.5
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FIGURE 4.6

THEOREM 4.2. B § .o/ is the free balanced strict tensor category generated
by .
2. Progressive Polarised Framed 3D Diagrams
This section concerns the diagrams for balanced tensor categories.
For each point A of the unit circle S' < R?, we shall use the i-projection
e;: R?— R?, Ev (AL E
its image is the line joining A and the origin. The function

e;x1:R*x [a,b] = R*x [a, b], (&, t) > (e,(&), 1)

will also be the A-projection.
A framing for a graph I" is a continuous function fim: I'— S'. A graph
equipped with a framing is called a framed graph.

DEFINITION 4.1. A progressive polarised (smooth) framed 3D graph
{(between the levels a and b) is a smooth embedded graph I' (with
boundary) in R* x [a, b], equipped with a framing, such that

(i) ér=rn(R*x{a,b}) and loose edges meet R?x {a, b} trans-
versally,
(ii) the second projection

pry:R3x [a, b] - [a, b]

is a smooth embedding on each connected component of I'— I,
(iti) for any pair of distinct edges y,(s), y.(s) with y,(0)=7,(0)=x
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[7,(1)=7.(1)=x] and fin(x)=J, the unit tangent vectors at s=0 [s=1]
of the A-projected curves (e; x 1) 7y,(s) and (e, x 1) y,(s) are distinct.

The above Definition 4.1 differs from Definition 3.1 only in the presence
of the framing and in condition (iii). Each 3D graph can be given the
framing which is constant at (1,0)e S'; in that case the two conditions (iii)
coincide.

The comments which follow Definition 3.1 can be made here with minor
obvious changes.

A deformation of progressive polarised framed 3D graphs

B Ix[0,1]7 - R2x [a, b]

is defined as in Definition 3.2 except that /" should now be framed and each
I'(1), with the induced framing, should be a progressive polarised framed
3D graph.

Valuations are defined just as in Chapter 3, Section 2. This gives the
notion of progressive polarised framed 3D diagram. The domain and
codomain of such a diagram are families of objects ¥~ indexed by framed
subsets of the plane.

Henceforth, ¥~ will denote a balanced tensor category. We write ¢: S —» T
for the bijection determined by an arrow o:S— T in the fundamental
groupoid 7,(C). We write

)i Ay @ + @Ay > 4,® - ® A4,

for the value of ®: B §¥ — ¥ at aeB, labelled by identity arrows of the
objects A4, of ¥".

There is a framed version of the category ¥ of Chapter 3 which we
denote by ¥. Objects of ¥ are families (4,|seS) of objects 4, of ¥
indexed by framed subsets Se C of R% Each such object has an associated
clique

(® Al )~ Sin 7, (0))
k=1

in ¥. An arrow in ¥ is a map of the associated cliques. The inclusion
¥" — ¥ is an equivalence of categories.

The topological considerations of Chapter 3, Section2 will now be
modified to account for the framings.

Let C[n] denote the space of partial maps from R? to the unit circle S'
with domain of cardinality n. Putting C[n]x (S')" = C[n], we have

C,=C[nlS,.
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Let T[n] denote the universal covering space of C, at the basepoint j(n).
We have

C,=0[n)/B, and C[n)=0[n1/P,,
where P, is the kernel of &, - S,. For any space X, put

Cx)=Y CnlxXx"s,= Y UlnlxXx"/B,.

nz=0 nz0

In fact, C=C(S') and C(X)=C(S' x X) (see Section 3).
We write H[m, n] for H[m,n] acted on by B, xB, (now that ¥ is
balanced). We obtain spaces

Fo=C(¥y)=Y Uln]x ¥ /B,
and

Fi=3 Ulm)x Oln]x H(m, n)/B, xB,

which constitute a topological category ¥ with
(do, dy): 7y = Fox ¥
a covering projection.
The discussion of multiplicative structures (Proposition 3.3) will now be

modified for the purposes of this Chapter.
Let r,: R? - R? denote the linear map represented by the rotation matrix

(Sné ons )

where ¢ =2nt. Each SeC, can be regarded as a subset SNR*xS'c
R? x R2. The image (r,x r,)(S) of S under the map

r,oxr:R*xR? - R?x R?
is again in C,. This gives a path
1 [0,115C,, o (r,xr)(p(n))

in C, which is, in fact, a loop at f(n). The homotopy class of y, is
0,en (C, p(n))=08,.
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A covering space X of C is called special when each path y, in C lifts to
a closed path (a loop) in X. Multiplicative structures on such an X are
defined, with the obvious changes, as in Chapter 3 and as indicated by the
following diagram:

[[X]]——>[X]——»X

.k

[C1==[C1—C.

We point out the equivalences of groupoids
,(C)~B, n([CN)=BSB, = ([C])~BSBSE

A multiplicative structure on a functor F: B — Set is defined just as for
a functor B — Set (Chapter 3, Section 2) except that we now add the
condition

F[0,]=1,0,y: F[n] - F[n].

ProrosiTION 4.3. The multiplicative structures on a special covering
space X of C are in bijection with those on the corresponding functor
F: B - Set.

The functor

~

H: B xB - Set, (m, n)— H[m, n]

is multiplicative since H[8,,,0,] is the identity map. By Proposition 4.3,
we obtain a corresponding multiplicative structure

®:[F1-7;

on 7.

A framed subset M of R? is called frontal when it is frontal as a mere
subset and the framing is constant at (1,0)eS’. Arrows in ¥ can be
represented by triples (a, f, §) where a: M — S, f: N— T are arrows in
n,(C) with M, N frontal and fis an arrow in ¥~ with appropriate source
and target (compare | Chapter 3, Section 2). With this, an explicit descrip-
tion of ® [¥,]— ¥, can be given and the functoriality proved.

The value 5(I") € ¥, of a progressive polarised framed 3D diagram I” can
now be constructed as in the unframed case (Chapter 3).

Call I' invertible when it has no inner nodes. Such a I" determines
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an arrow y:dom I'—cod I" in 7,(C) with vo°y =1v,. Using this (as in
Chapter 3, Section 2), we obtain the value of I' as an arrow

S(): (vo(s)|sedom I') = (vy(1) | tecod I')

in v

Call I prime when it is connected, has precisely one inner node e, the
A-projection e¢; x 1 is injective on I' where A=fm(e} and moreover
{4, u> >0 for all values €S’ of the framing of I". In the particular case
where A=(1,0) the diagram I is in a frontal position and its value
(e ¥, can be defined as in Chapter 3, Section 2. In the general case, let
r be a rotation of the plane such that rA=(1,0). The value §(I") can be
defined by the formula

() =r"'0(rT).

Note that this formula is meanmgful since the rotation group of the plane
is acting on any special covering of C or Cx C.
Call I elementary when it has a tensor decomposition

= It
Re#
in which each "% is either invertible or prime. Define
W= & (")
ReA

This is independent of the choices of # by associativity of ® Proposi-
tion 3.4 holds with ¢ replaced by o.
For an arbitrary I, define

F)=5(F[u lsu] F[u()’ul]

where a=u,<u, < --- <u,=5b are regular levels for I such that each
layer I'[u,_, u;] is elementary for 1 <i< n The existence of such regular
levels uses the continuity of the framing at the inner nodes.

THEOREM 4.4. Theorem 3.5 holds with I framed, ¥ balanced, and b, ¥,
C replaced by ©, ¥, C, respectively.
We also have the obvious modification of Corollary 3.6.

3. Free Balanced Tensor Categories

Suppose ¥, ¥  are balanced tensor categories. A tensor functor
F: 4" — #" is called balanced when 1t is braided and has F(8 )= 6, for all
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objects A of ¥". Write BTen(¥", #°) for the category of balanced tensor
functors ¥~ — #" and tensor transformations between them.

DEFINITION 4.2. A balanced tensor category % is free, on the tensor
scheme 2, when there exists an object N of [Z, # ] such that the functor

oN:BTen(#, ¥ )~ [2, 7]
is an equivalence of categories for all balanced tensor categories ¥".

We now proceed as in Chapter 3 Section 3 introducing framing in the
obvious way. This leads to the strict tensor category Fz(2) whose arrows
are deformation classes of boxed anchored progressive polarised framed 3D
diagrams.

There is a canonical functor

B- Sobj 2 - F3(2)

onto the classes of invertible diagrams. Using this, we carry the twist of
B Sobj 2 to obtain a twist for Fz(2). (The only point to check is the
naturality with respect to classes of prime diagrams, and this is clear; we
omit the picture.)

THEOREM 4.5. Fz(2) is the free balanced category on the tensor
scheme 9.

ACKNOWLEDGMENTS

This work was financially supported by

Groupe Interuniversitaire en Etudes Catégoriques a Montréal,

An Australian Research Council Program Grant,

Conseil de recherches en sciences naturelles et en génie du Canada,
Université du Québec a Montréal,

Macquarie University.

Qur thanks go to Leke Moerdijk for his thorough of this paper and for pointing our some
corrections required, and to Elaine Vaughan for the typing.

REFERENCES

1. 1. AITCHISON, String diagrams for non-abelian cocycle conditions, talk at Louvain-
la-Neuve Conference, Belgium, August 1987.

2. E. ARTIN, Theory of braids, Ann. of Math. 48 (1947), 101-126.

3. J. BEck, On coherence isomorphisms, preprint.

4. R. BRAUER, On algebras which are connected with the semi-simple continuous groups,
Ann. of Math. 38 (1937), 857-872.



13.
14,

15.

16.

18.

19,

20.

21.

22

23.

24,

25.

GEOMETRY TENSOR CALCULUS, 1 111

. P. CaARTIER AND D. Foata, “Problémes combinatoires de commutation et

réarrangements,” Lecture Notes in Mathematics, Vol. 85, Springer-Verlag, Berlin/
New York, 1969.

. P. DELIGNE AND J. S. MILNE, “Tannakian categories, Hodge Cocycles, Motives and

Shimura Varieties,” Lecture Notes in Mathematics, Vol. 900, Springer-Verlag, Berlin/
New York, 1982.

. V. G. DrINFEL'D, Quantum groups, in “Proceedings of the International Congress of

Mathematicians at Berkeley, California, USA, 1986,” pp. 798-820.

. E. Dusuc, “Kan Extensions in Enriched Category Theory,” Lecture Notes in Mathe-

matics, Vol. 145, Springer-Verlag' Berlin/New York. 1970.

. S. EiLENBERG AND G. M. KELLY, A generalization of the functorial calculus, J. 4lgebra 3

(1966), 366-375.

. S. EiLEnBERG ANBD G. M. KELLY, Closed categories, in “Proc. Conf. Categorical Algebra

at La Jolla 1965.” pp. 421-562, Springer-Verlag, Berlin/New York, 1966.

. P. FREYD AND D. YETTER, Braided compact closed categories with applications to low

dimensional topology, preprint.

. P. FrReyDp, D. YETTER, J. HOSTE, W. LicKORISH, K. MILLET AND A. OCNEANU, A new

polynomial invariant of knots and links, Bull. Amer. Math. Soc. 12 (1985), 183-312.

J. Y. GIRARD, Linear logic, Theoret. Comput. Sci. 50 [1987].

G, Huer, Confluent reductions: Abstract properties and applications to term rewriting
systems, J. Assoc. Comput. Mach. 27 (1990)), 797-821.

V. JONES, A polynomial invariant for knots via von Neumann algebras, Buil. Amer. Math.
Soc. 12 (1985), 103-111.

A. JovaL, Knot polynomials revisited, talk at Louvain-la-neuve Category Conference,
Belgium, August, 1987.

. A. JovyaL aND R. STREET, “Braided Monoidal Categories,” Macquarie Mathematics

Reports 850067 (December 1985).

A. JoyaL aND R. STrEET, “Braided Monoidal Categories,” Macquarie Mathematics
Reports 860081 (November, 1986).

A, JoyaL aND R. STREET, Planar diagrams and tensor algebra, manuscript, September
1988 and “Abstracts of the Sydney Category Seminar, 1988.”

G. M. KEeLLy, On MacLane's conditions for coherence of natural associativities, com-
mutativities, etc. J. Algebra 1 (1964), 397-402.

G. M. KeLLy, Tensor products in categories, J. Algebra 2 (1965), 15-37.

G. M. KELLY, Many variable functorial calculus, I, in “Coherence in Categories,”
pp. 66-105. Lecture Notes in Mathematics, Vol. 281, Springer-Verlag, Berlin/New York,
1972,

G. M. KELLy, An abstract approach to coherence, in "Coherence in Categories,”
pp. 106-147, Lecture Notes in Mathematics, Vol. 281, Springer-Verlag, Berlin/New York,
1972.

G. M. KELLy aND M. L. LaprrLaza, Coherence for compact closed categories, J. Pure
Appl. Algebra 19 (1980), 192-213.

G. M. KetLy anp R. H. STreet, Review of the elements of 2-categories, in “Category
Seminar Sydney 1972/73.” pp. 75-103, Lecture Notes in Mathematics, Vol. 420, Springer-
Verlag, Berlin/New York, 1974.

26. S. MACLANE, Natural associativity and commutativity, Rice Univ. Stud. 49 (1963), 28-46.

27. S. MAcLANE, “Categories for the Working Mathematician,” Graduate Texts in Mathe-

matics, Vol. 5, Springer-Verlag. Berlin/New York, 1971.

28. S. MacLANE aAND R. PaRrE, Coherence for bicategories and indexed categories, J. Pure

Appl. Algebra 37 (1985), 59-80.

. Yu. MaNIN, Quantum groups, five lectures at Université de Montréal, June 1988.

50788 1-R



112 JOYAL AND STREET

30.

3L

32.
33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

R. PENROSE, Applications of negative dimensional tensors, in “Combinatorial Mathe-
matics and its Applications,” (D. J. A. Welsh, Ed.), pp.221-244, Academic Press,
New York, 1971.

R. PeNrOSE AND R. RINDLER, “Spinors and Space-Time, Vol. I, pp. 68-71, 423-434,
Cambridge University Press, Cambridge, U. K., 1984,

A. J. POWER, A 2-categorical pasting theorem, J. Algebra, to appear.

K. REEMESTER, “Knot Theory,” B. S. C. Associates, 1983; translated from
“Knotentheory,” Springer-Verlag, Berlin/New York, 1932,

N. Yu. RESHETIKHIN AND V. G. TURrAEV, Ribbon graphs and their invariants derived from
quantum groups, preprint.

N. SaaveDRA Rivano, “Catégories Tannakiennes,” Lecture Notes in Mathematics,
Vol. 265, Springer-Verlag, Berlin/New York, 1972.

SHuM ME1 CHeg, “Tortile Tensor Categories,” Ph.D. Thesis, Macquarie University,
November, 1989.

R. H. Street, Limits indexed by category-valued 2-functors, J. Pure Appl. Algebra 8
(1976), 149-181.

R. H. STrREeT, The algebra of oriented simplexes, J. Pure Appl. Algebra 43 (1986),
235-242.

V. G. Turaev, The Yang-Baxter equations and invariants of links, LOMI
Preprints E 3-87, Leningrad, 26 January 1987.

V. G. Turaev, Polynomial invariants of tangles, Isle of Thorns Low Dimensional
Topology Meeting, July 1987.

G. X. ViEnNoT, Heaps of pieces, I. Basic definitions and combinatorial lemmas, in
“Combinatoire énumerative,” pp. 321-351, Lecture Notes in Mathematics, Vol. 1234,
Springer-Verlag, Berlin/New York, 1986.

D. YerTER, Markov algebras, Contemp. Math. 78 (1988), 705-730.

D. YETTER, Category theoretic representations of knotted graphs in S° Adv. in Math., to
appear.



