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Presentations for tensor categories

James East

Abstract. We introduce new techniques for working with presentations for a large class of
(strict) tensor categories. We then apply the general theory to obtain presentations for partition,
Brauer and Temperley—Lieb categories, as well as several categories of (partial) braids, vines,
and mappings.
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1. Introduction

Presentations are important tools in many areas of mathematics. They break com-
plex structures into simple building blocks (generators) and local moves (relations)
that determine equivalence of representations by generators. An apt analogy is the
Reidemeister moves from knot theory [71]; cf. [4,11,52,62], which are closely related
to tensor presentations of tangle categories [17,38,51,76].

Presentations of various kinds of algebraic structures feature prominently in many
studies of knots, links, braids, and related geometrical/topological objects; see, for
example, [5,11,18,19,25,45,46,51,55,68]. A key structure appearing in many such

2020 Mathematics Subject Classification. Primary 18MO05; Secondary 18M15, 05C10,
20MO05, 20M20, 20M50, 20F36, 16S15.

Keywords. Presentations, tensor categories, braided tensor categories, diagram categories,
partition categories, Brauer categories, Temperley—Lieb categories, transformations, braids,
vines.


https://creativecommons.org/licenses/by/4.0/

J. East 2

studies is the Temperley—Lieb category (and associated algebras and monoids), which
also arises in many other areas of mathematics and science, especially theoretical
physics [47,48,75]. As with other so-called diagram categories, the Temperley—Lieb
category has a basis consisting of certain kinds of set partitions, which are represen-
ted and composed diagrammatically. The larger partition categories were introduced
independently by Jones [47] and Martin [64] in the 1990s, again mostly motivated by
problems in theoretical physics, but their applications extend in many other directions,
including representation theory, topology, knot theory, logic, combinatorics, theoret-
ical computer science, and more. See, for example, [13, 24,31, 36,48, 58, 63, 64, 66,
74,75,77] and references therein, and especially [65] for an excellent survey focus-
sing particularly on connections with statistical mechanics. Some of the ideas behind
these categories go back to important early papers of Schur [73] and Brauer [13] on
classical groups and invariant theory; cf. [10,56—-58]. Presentations play an important
role in many/most of the above studies.

Presentations for the partition algebras were given by Halverson and Ram in [39],
along with a sketch of a proof; full proofs may be found in [28, 29]. The techniques
used in [28,29] are semigroup-theoretic in nature; results concerning the algebras are
deduced from the corresponding results on associated diagram monoids via the theory
of twisted semigroup algebras [77]. For other diagram monoids, see [12, 30, 40, 54,
61] and references therein. Presentations are also crucial tools in Lehrer and Zhang’s
recent work on invariant theory [56—58]. For example, the first main result in [58] is a
presentation for the Brauer category. Presentations for the Temperley-Lieb category
may be found in a number of places. See especially [2, Section 3] for an interesting
discussion; among other things, it is explained there that the Temperley—Lieb category
is the free (so-called) pivotal category over one self-dual generator, a fact that follows
from (the well-known) Theorem 3.23 below and which is attributed in [2] to [23, 34].
A presentation for the partition category is given by Comes in [16], building on deep
work of Abrams [1] and Kock [53] on Frobenius algebras and cobordism categories;
see also [24], which treats a number of categories of relations. Further discussion,
as well as sketches of proofs in some cases, can be found in [44]; see also [69] on
oriented versions of some categories.

Many proofs have been given in the literature for presentations of the above-
mentioned categories, algebras and monoids. The techniques vary widely, as does the
level of mathematical rigour in the arguments; for discussions of the latter point, see
the introductions to [12] or [28]. One of the main goals of the current work is to intro-
duce a systematic (and completely rigorous) framework for dealing with presentations
for categories such as those mentioned above. Although diagram categories were the
original source of motivation for the current work, our methods apply to far wider
classes of categories. An additional family of applications come from the import-
ant class of braided monoidal categories [6-8, 14,34,49], and we are able to obtain
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presentations for a number of categories of (partial) braids and vines [25-27,55]. We
also treat several categories of mappings, which are of course among the most import-
ant and foundational.

We begin in Section 2 by proving a number of general results concerning a large
class of tensor categories, the key structural features of which are axiomatised in (sub-
sets of) Assumptions 1-8. These results show how presentations for such categories
can be built from presentations for endomorphism monoids and certain one-sided
units (Theorem 2.17) and then how to rewrite these into tensor presentations (Theor-
ems 2.19 and 2.20). Section 3 concerns diagram categories, and applies the general
machinery of Section 2 to quickly obtain presentations for the partition category
(Theorems 3.2 and 3.7), the Brauer category (Theorems 3.18 and 3.20), and the
Temperley-Lieb category (Theorems 3.22 and 3.23); we also explain in Section 3.5
how to convert each such result into a presentation for the associated linear diagram
category. In particular, we recover tensor presentations of Comes [16] for the par-
tition category (Theorem 3.7) and Lehrer and Zhang [58] for the Brauer category
(Theorem 3.20), with complete self-contained proofs using the uniform framework
outlined in Section 2. (To the best of our knowledge, all other presentations and
tensor presentations are new, with the exception of the tensor presentation of the
Temperley—Lieb category (Theorem 3.23), which is regarded as folklore.) Section 4
treats a number of categories related to Artin braid groups: the partial vine category
(Theorems 4.3 and 4.4), the partial braid category (Theorems 4.12 and 4.13), and the
(full) vine category (Theorems 4.16 and 4.17). Sections 4.5 and 4.6 apply these res-
ults on partial braids and vines to many categories of transformations/mappings. All
in all, we give presentations for a dozen concrete categories, but due to the scope of
the general results of Section 2, the potential for further applications is vast.

2. Categories

This section develops a general theory of presentations for a broad class of (strict)
tensor categories, satisfying natural connectivity assumptions and possessing certain
one-sided units. After fixing notation and gathering some basic ideas in Sections 2.1
and 2.2, we give the two main general results in Sections 2.3 and 2.4. The first of
these (Theorem 2.17) shows how to construct a presentation for a category out of
presentations for its endomorphism monoids, under the assumptions alluded to above.
The second (Theorem 2.19) then shows how to convert this to a tensor presentation.
In Section 2.5, we prove a variation of the second main result (see Theorem 2.20),
tailored to work for categories whose connectivity is more complicated, and motivated
by three of the applications considered later in the paper.
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Before we begin, we note that Higgins considered the relationship between pre-
sentations for (fundamental) groupoids and their vertex groups in [41]. We also ob-
serve that there is a body of literature showing how to obtain presentations for mon-
oids/semigroups constructed from other families by natural constructions, such as
(semi)direct products or wreath products; see, for example, [22,43,72]. In a sense,
our Theorem 2.17 could be thought of as belonging to this latter field of study.

2.1. Preliminaries

All categories we consider will have object set N = {0,1,2,...}or P = {1,2,3,...},
and we write S to stand for either of these. Moreover, the collections of morphisms
m — n (m,n € S) will always be a set. Thus, for simplicity throughout, “category”
will always mean “small category with object set S (being N or P)”. We will always
identify such a category € with its set of morphisms. For a € €, we write d(a) and
r(a) for the domain and range of a. We compose morphisms left-to-right and often
suppress the composition symbol so that for a,b € €, ab = a o b is defined if and
only if r(a) = d(b), in which case d(ab) = d(a) and r(ab) = r(b). Form,n € S, we
write
Cun ={a €€ :d(a) =m, r(a) =n}

for the (possibly empty) set of all morphisms m — n. Forn € S, we write €, =€, ,,
for the endomorphism monoid at 7.

As in [60, p. 52], a congruence on a category € is an equivalence £ on (morphisms
of) € that preserves objects and is compatible with composition; i.e., for all (a,b) € £
andallc,d € €,

* d(a) =d(b) and r(a) = r(b),
* (ac,bc) € £ and (da, db) € &, whenever the stated products are defined.

The quotient category € /& consists of all £-classes under the induced composition.
For aset 2 C € x € of pairs satisfying d(u) = d(v) and r(u) = r(v) for all (u,v) € Q,
we write Q¥ for the congruence on € generated by Q, i.e., the smallest congruence
containing 2.

By a category morphism ¢ : € — D we mean a functor that acts as the identity
on objects; i.e., we have d(a¢) = d(a) and r(a¢) = r(a) for all a € €. The kernel of
¢ is the congruence

ker(¢) = {(a,b) € € x € : ap = b¢},

and we have €/ ker(¢) = im(¢). A surmorphism is a surjective morphism.
The categories we consider are all strict tensor (a.k.a. monoidal) categories in
the sense of [49]; see also [60, Chapters VII and XI]. In fact, since all categories we
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consider have object set N or P, certain simplifications arise, and we take [59, Section
24] as our reference.

A (strict) tensor category is a category € (over S) with an extra (totally defined)
binary operation @ satisfying the following properties (writing ¢, for the identity
atn € S):

e da®db)=d(a)+d)andr(a & b) =r(a) +r()foralla,b € €;

s a®dbdc)=(adb)dcforalla,b,c et

* a®iy=a=1yPa forall a € € (in the case that S = N);

* Uy ®ly = lytn forallm,n €S;

* (@aob)®(cod)=(@Pdc)o(dbdd)foralla,b,c,d € € withr(a) = d(b) and

r(c) = d(d).

The symbol ® is often used in place of & in the literature, but since the object part of
the operation is addition on S, we prefer &.

The term “strict” refers to the fact that we have equalities in the above axioms; in
more general monoidal categories, only isomorphism is required. In what follows, we

will generally drop the word “strict”, as all tensor categories we consider are strict.
The following basic lemma will be used often.

Lemma 2.1. Let a, b, and ¢ be elements of a (strict) tensor category over N.
@) Ifr(a) =0andr(b) =d(c), thena ® (boc) =(a®b)oc.
(i) Ifd(a) =0andr(b) =d(c), thena ® (boc) =bo(a & c).
(iii) Ifd(c) =0andr(a) = d(b), then (aob)®c =ao (b c).
@iv) Ifr(c) =0andr(a) = d(b), then (@aob) ®c = (a®c)ob.

Proof. For (i), we have a @ (boc) =(aotg) ®(boc)=(@db)o(ipDc) =
(a ® b) o c. The others are similar. [

The next result can be deduced from the previous one, or can be similarly proved
directly.

Lemma 2.2. Ifa and b are elements of a (strict) tensor category over N and if vr(a) =
db) =0,thenaob=a®b =>0 &P a. ]

A tensor congruence on a tensor category € is a congruence £ (as above) such that
for all (a,b) € &, and forall c € €, we have (a ® c,b &), (c D a,c & b) € &. For
aset 2 C € x € of pairs satisfying d(u#) = d(v) and r(u) = r(v) for all (u,v) € Q,
we write Qg) for the tensor congruence on € generated by 2.

Some of the tensor categories we consider have further structure. Namely, the
endomorphism monoids €, = €, , (n € S) contain natural copies of the symmetric
groups $,, which satisfy the so-called PROP axioms, as in [59, Section 24]. (The term
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PROP is a contraction of PROducts and Permutations.) Since the PROP structures of
our categories will not play an explicit role, we will not give the full details here. But
some rough ideas are worth noting. First, for m,n € S, and for f € §,, € €, and
g € 8, C €, the permutation f @ g € Syy4n S Cpyn acts as expected: as f on the
“first m points” and as g (suitably translated) on the “last n points”. Second, for each
m,n € S, there is a permutation fi, » € S+, such that for all m,n, k,[ € S, and
foralla € €, , andb € €1, (@ ® b) o f,1 = fmk © (b ® a). Other categories we
consider are PROBs, which have permutations replaced by braids [5,49].

2.2. Free (tensor) categories and presentations

Let X be an alphabet (a set whose elements are called letters). The free monoid over
X is the set X* of all words over X under concatenation. The empty word ¢ is the
identity of X*.Let R C X* x X* be a set of pairs of words over X. We say a monoid
M has presentation (X : R) if M =~ X*/R* (where, as above, R* is the congruence
on X* generated by R), i.e., if there exists a monoid surmorphism X* — M with
kernel R*. If ¢ is such a surmorphism, we say M has presentation (X : R) via ¢.
Elements of X and R are called generators and relations, respectively. A relation
(u,v) € R is typically displayed as an equation: ¥ = v.

For category presentations, digraphs and paths play the role of alphabets and
words. Let I be a digraph with vertex set S (being N or IP), possibly with mul-
tiple/parallel edges, and possibly with loops. We identify I' with its edge set and
denote the source and target of an edge x € I" by d(x) and r(x), respectively. The free
category over I is the set I'* of all paths in I" under concatenation (where defined).
The empty path at n € S will be denoted by ¢,,. Every other path can be thought of
as a word of the form w = x; -+ x;, where k > land x; € " forall 1 <i < k, and
where r(x;) = d(x;4+1) forall 1 <i < k. For such a word/path, we have

d(w) =d(x;) and r(w) = r(xg).

Now, let 2 C T'* x IT'* be a set of pairs of paths such that d(u) = d(v) and r(u) =r(v)
for all (u, v) € Q. We say a category € (over S) has presentation (I" : Q) if € x~
I'*/QF, ie., if there exists a surmorphism I'* — € with kernel Q*. If ¢ is such a
surmorphism, we say € has presentation (I" : Q) via ¢.

There is also a natural notion of a (strict) tensor category presentation. Let A be
a digraph with vertex set S, again identified with its edge set. We will denote the free
tensor category over A by A®_ It consists of all terms constructed in the following
way:

(T1) All empty paths ¢,, (n € S) are terms, with d(t,) = r(t,) = n.

(T2) All edges x € A are terms, with d(x) and r(x) the source and target of x,
respectively.
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(T3) If s and ¢ are terms and if r(s) = d(¢), then the formal expression s o ¢ is a
term, with d(s o) = d(s) and r(s o ¢t) = r(¢). If d(s) = m and r(s) = n,
then(, os =5 = s o0y

(T4) If s and ¢ are terms, then the formal expression s @ ¢ is a term, with
disdt) =d(s) +d(t) and r(sdt) =r(s)+r().

Note that (T1)—(T4) describe the elements of A®, while (T3) and (T4) also give the
definition of the o and @ operations. Now, let E € A® x A® be a set of pairs of
terms such that d(u) = d(v) and r(u) = r(v) for all (4, v) € E. We say a tensor
category € (over S) has tensor presentation (A : E) if € == A®/ Eg;, i.e., if there is
a surmorphism A® — € with kernel Ega- If ¢ is such a surmorphism, we say € has
presentation (A : ) via ¢.

An arbitrary term from A®, as in (T1)—(T4), can be quite unwieldy. However,
every such term w is equal in A® to one of the form

XiooXp=x11® @B X14,) 00 (Xm,1 D" B X ky,)s (2.3)

where each x;_; is either an empty path ¢, (n € S) or else an edge of A, and where
the domains and ranges of the sub-terms X; = x4,1 @ -+ @ x4k, are compatible
as appropriate. Indeed, this is clear if w is itself of the form (T1) or (T2) as above.
Otherwise, w is of the form s o ¢ or s @ ¢, as in (T3) and (T4), and inductively s and
t are both of the form (2.3). It immediately follows that s o ¢ is of the desired form.
To see that s @ ¢ also is, write s = Xj0--r0o Xy andt = Y 0---0Yy, as in (2.3).
Replacingsbysot, 0---0t, (r =r(s)),ort byt ot o---0t. (r =r(t)),if necessary,
we may assume that m = n. We then have

s@t=(X10-0Xpy)®(Yr0--0Yy)=X1 DY )0 0(Xy @ Yn).

In fact, every term from A® is equal either to an empty path or to a term of the
form

Xi10---0X,,, wherem > 1andeach X; = 1, ® x; @ 1y,

for some p;,q; € N and x; € A. 2.4)

(In the above, if S = P, but say p; = 0, then we interpret X; = 1o ® x; B 14, =
Xi @ tg;, and so on.) Indeed, by (2.3), it suffices to show that this is true of every
term of the form w = y; @ - -+ @ yg, where each y; is either an empty path or else an
edge of A. We now proceed by induction on u = p(w), defined to be the number of
i €{l,...,k}suchthat y; € A. For each i, write r; = r(y;). If u = 0, then

W=ty DDl = by tetry-
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If u > 1, say with y; € A, then, with d = d(y;), we have

W=104) BB i—104;_)BUa oY) Vi+10tr, 1) B D (Vk ©try)
=@ D yi-1Dta Dyit1 DD yk)
oty ® Dty DYi Dl B Dy,)
=1 ® @ Yi-1Dtad DYit1 DD Vi) © (bry+triy B Vi ® lryyy+try)-

Since
HOY1D B Yi1 Pty ®Yit1 D+ @ yr) = p(w) — 1,

the inductive assumption completes the proof.

2.3. First main result: Category presentations

Our aim in this section is to prove Theorem 2.17, which shows how to build a present-
ation for a category € (with object set S, being N or IP) out of presentations for the
endomorphism monoids €, under certain natural assumptions stated below. In what
follows, we write 7, € € for the identity at n € S. The reason for this (and other)
overline notation will become clear shortly.

The first assumption concerns the concerns the connectivity of €.

Assumption 1. We assume that there is an integer d > 1 such that for all m,n € S,
Cpn £ < m=n(mod d).

In most of our applications, we will have d = 1 so that all hom-sets are non-
empty; in some cases, we have d = 2; in a small number of exceptional cases, we
have a more complicated arrangement (see Section 2.5). The next assumption asserts
the existence of certain one-sided units and is stated in terms of the integer d from
Assumption 1.

Assumption 2. We assume that for each n € S there exist A, € €y ntd and p, €
€y+d n such that

AnPn = Tn.

Foreachm,n € S withm <n and m = n (mod d), we define

Amn = AmAmid - An—a € Cnpn  and  Pum = Pnd - Pmt+dPm € Cums (2.5)

noting that Xm,n Pn.m = tm. (When m = n, we interpret these empty products as
Amm = Pm,m = tm.) For m, n as above, we define maps

Rmn  Cmn—=>Criar—ppma and Ly, Cm—>Ciar— aX,,,,,,. (2.6)
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Foranya € €, , and b € €, ,, we have

a=1lpa = Xm,nﬁn’ma = an - Rman(a) andsimilarly b = £, m () - pnm.
2.7)
Our next assumption essentially just fixes notation for presentations for the endo-
morphism monoids in €.

Assumption 3. For each n € S, we assume that the endomorphism monoid €, has
presentation (X, : R,) via ¢, : X,; — €,. Further, we assume that the alphabets X,
(n € S) are pairwise disjoint and denote by ¢,, the empty word over X,.

Now, let I" be the digraph with vertex set S and edge set

LURUX, where L={X,:neS}, R={p:neS}. X=|]JX. 28

nes

with sources and targets given by

d(x) =r(x) =d(An) =r(ps) =n and r(A,) =d(p,) =n+d
foralln € Sand x € X,,. 2.9

As usual, we identify I" with its edge set: I' = L U R U X. We have a morphism

¢:T* > € givenby A, = A, pudp = P, X¢p = x¢p, forn € Sand x € X,,.
(2.10)
We extend the overline notation to words/paths over I', writing w = w¢ for all
weTr*.
Form,n € S withm <n and m = n (mod d), we define the words/paths

Am,n = AmAm+d -+ An—a € F:;,,n and  Ppm = Pn—d " Pm+dPm € F;:,m»

where again we interpret Ay, = Pm,m = tm- Note that A, = A, 4,44 and p, = pp4a.n
for all n, and that A; ,,Amn = A1, and Py mPm,1 = pn, for appropriate [, m, n.

Lemma 2.11. The morphism ¢ : I'* — € is surjective.

Proof. Leta € €, and write m = d(a) and n = r(a); we assume that m < n, the other
case being symmetrical. By (2.7), we have a = )_tm,,, - Rm n(a). Since Ry, p(a) € €,
and ¢, is surjective (cf. Assumption 3), we have R, ,(a) = w for some w € X, .
Thus,

a=Apaw = An,w)ep. [ ]

The final assumption constructs an appropriate set of relations and is again stated
in terms of the integer d from Assumption 1.
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Assumption 4. We assume that Q C T'* x I'* is a set of relations such that, writing
~ for the congruence QF on I'*, the following all hold:

(i)  For every relation (u, v) € 2, we have u = v.

(i) Foralln € S, Q2 contains the relation A, p, = t, and a relation of the form
PnAn = wy for some word w, € X;‘er.

(ii1) Foralln € S, R, C Q.
(iv) Foralln € S, there are mappings

* . * . +
Xn > X, gix—>xy and Xy, —> X, ;x> x",

and €2 contains the relations
XAn = Anxy and ppx =xTp, forallx € X,.

(v) Foralln €S,andforallw € X, ,, we have A,wp, ~ u for some u € X.

+d°

Remark 2.12. In practice, there could be several choices of the one-sided units Xn,
pn from Assumption 2, leading to different relations of the form (ii) and (iv) above.
In the applications in Sections 3 and 4, we have made choices that we believe lead
to the simplest and most convenient versions of these relations. See also Remarks 3.5
and 3.19.

For the remainder of Section 2.3, we assume that Assumptions 1—4 all hold, and
we continue to write ~ = Q¥. Our ultimate goal is to show that € has presentation
(T : Q) via ¢; see Theorem 2.17.

In what follows, we extend the maps from Assumption 4 (iv) to morphisms

* * . * * . +
X, > X gwwy and X, —> X ,twew'.

It quickly follows that wA, ~ A, w4 and pyw ~ wtp, forallw € X,f.

Remark 2.13. When working with a specific category €, item (v) in Assumption 4
generally involves the most work to verify. One way to do so is to show that, for
anyn € Sand w € X:er, we have w,ww, ~ w,utw, or w,ww, ~ w,u,w, for
some u € X,; here, w, is the word from Assumption 4 (ii). Indeed, suppose that
Wy wwy, ~ wyutw, holds (with the other case being similar). First, note that item (ii)
gives

An = thAn ~ Appnin ~ Ayw, andsimilarly p, ~ wy,pp.

Combining these with (ii), (iv), and w,ww, ~ w,u*w,, we obtain

AnWPp ~ ApWpWWy, Py ~ /\nwnu"’wnpn ~ )Lnu+pn ~ AnPnUh ~ Ly = U.
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We now prove a sequence of lemmas, building up to Lemma 2.16, which gives a
set of normal forms that are crucial in the proof of the main result.

Lemma 2.14. Ifm,n € S are such that m < n and m = n (mod d), then

(1) /\m,npn,m ~ lm,

() pn,mAmn ~ w for some w € X,;.

Proof. We just prove (ii) by induction on #; (i) is similar but easier. The claim being
clear if n = m (take w = (,), we assume that n > m. Then,

pn,mkm,n = pn—dpn—d,m/\m,n—d/xn—d

~ Pp—dVAn—d by induction, for some v € X;_d
~ Pp—d An—dV+ by Assumption 4 (iv)
~ Wy_qgU+ by Assumption 4 (ii),
so we take w = wy,_g V4. ]

For the next proof, given n € S and k € IP, we define a mapping X,; — X7, :

w — w" in the obvious way by iteratively composing all the individual w +— w™

mappings (X, — X, ;. X, — X, ;. and so on).

Lemma 2.15. Let w € I'*, withm = d(w) and n = r(w).

(i)  Ifm <n, thenw ~ Ay W’ for some w' € X,\.

(i) Ifm > n, then w ~ W ppy n for some w' € X
Proof. We prove the lemma by induction on k, the length of w. If k = 0, then m =
n, and we have w = A, n = Pm.n = tm, and (i) and (ii) both hold with w" = t,.
Now, suppose that £ > 1, and inductively assume that the lemma holds for words
of length less than k. Write w = x; --- X, where each x; € I'. For simplicity, we

write 4 = X7 --- Xg—1 and x = x. Note that d(¥) = m and r(x) = n. We also write
q = r(u) = d(x). By induction, since u has length k — 1, one of the following holds:

(@) m<gq,andu ~ A, 4s for some s € X, or

(b) m>gq,andu ~ tp;, 4 forsomet € X,.

Case 1. First suppose that x € X so that ¢ = n. If (a) holds, then w = ux ~ A, ,8x,
with sx € X7. If (b) holds, then, writing m = n + kd, we have

+k
W =UX ~ P X ~ X" Pmn,

by Assumption 4 (iv), with 7x+"* € X*.
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Case 2. Next, suppose that x € L sothatg =n —d and x = A,,_4. If (a) holds, then,
from s € X:_ - it follows from Assumption 4 (iv) that

w = ukn—d ~ Am,n—dSAn—d ~ /\m,n—d/ln—ds—i— = Am,ns-i—,

with s € X,7. If (b), holds then, writing m = n + kd, and using Assumption 4 (ii)
and (iv), we have

k
W = Ukp—d ~ Pmpn—dAn—d = Pm.nPn—drn—d ~ [Pm.aWn—d ~ tw,—:__dpm,n,
. 4k
with rw,~ € X7
Case 3. Finally, suppose that x € R sothatg = n + d and x = p,. If (a) holds then,

either

s m=gq,andu ~ Ay ;S = LS =5, and SO, W = UP, ~ SPn = SPn+d.n = SPm,n>
with s € X, or

* m < ¢, and by Assumption 4 (V), W = Upy ~ Amn+dSPn = AmanAnSPn ~ Amnlt
for some u € X;.

If (b) holds, then w = upy ~ 1P n+d Prn = tPmn. |

The next lemma strengthens the previous one and is the main technical result we
need. The statement refers to the maps R, , and &£, , defined in (2.6).

Lemma 2.16. Let w € IT'*, withm = d(w) and n = r(w).
@)  Ifm <n, then w ~ Ay ' for some w' € X,y withw' € im(Ry, p).

(i) Ifm > n, then w ~ W pp pn for some w' € X,y with w' € im(&Lp ,).
Proof. We assume that m < n, the other case being symmetrical. First, note that

W~ A v by Lemma 2.15, for some v € X,;

= tmAmaV ~ AmnPn.mAmav by Lemma 2.14 (i).

By Lemma 2.14 (ii), we have pp mAm,n ~ u for some u € X,;. Then, with w’ = uv,
it follows from the above calculations that

W~ A pw'.

‘We also have

w' =

= lon,mxm,nl7 = c(Rm,n(zm,nﬁ)- u

2l

We now have all we need to prove our first main result.

Theorem 2.17. With notation as above, and subject to Assumptions 1-4, the category
€ has presentation (I" : Q) via ¢.
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Proof. We showed in Lemma 2.11 that ¢ is surjective. It remains to show that
ker(¢) = QF.

First, note that Assumption 4 (i) says 2 C ker(¢); since ker(¢) is a congruence, it
follows that Q* C ker(¢).

For the reverse containment, suppose that (1, v) € ker(¢), meaning that u,v € I'*
andu = v. Writem = d(u) = d(v) and n = r(u) = r(v), and assume that m < n, the
other case being symmetrical. By Lemma 2.16 (i), we have u ~ A,, ,u’ and v ~ A, , v’
for some u’,v" € Xy with ', v" € im(Rpm ), say 4’ = Ry n(a) and v = Ry 4 (D),
where a, b € €y, . Then, by (2.7), we have

a = Xm,n ' ﬁm,n(a) = Xm n’/_l/ =uU=v= Am,nﬁ/ = Xm,n ' ﬁm,n(b) = b.

’

But then it/ = Ry n(a) = R p(b) = v'. Since u’, v’ € X, it follows that (u’,v’) €
ker(¢,) = R cf. Assumption 3. By Assumption 4 (iii), it follows that u’ ~ v’. Putting
all of this together, we deduce that u ~ A, yu’ ~ Ap v’ ~ v. n

Remark 2.18. Theorem 2.17 shows how to build a presentation for the category €
out of presentations for its endomorphism monoids €, = €, , (under appropriate
assumptions). It would be interesting to study the extent to which one could work in
the opposite direction; i.e., begin with a presentation for € and deduce presentations
for the monoids €,,. However, it does not seem that this is likely to work in general.
For example, consider the category 8B of all binary relations

{I,....m} —>{1l,....,n}, m,neN,

Then, B can be generated by a relatively simple set of relations akin to the partitions
we use in Section 3; see [24]. On the other hand, it is known that the minimal-size
generating sets of the endomorphism monoids 8B,, grow super-exponentially with #;
see [42, Corollary 3.1.8].

2.4. Second main result: Tensor category presentations

We now show how to rewrite the presentation from Theorem 2.17 into a tensor pre-
sentation, again under certain natural assumptions, stated below. For the duration of
Section 2.4, we fix a category € (with object set S, being one of N or P) satisfy-
ing Assumptions 1-4. We also keep all the notation of Section 2.3, in particular the
presentation (I" : Q) from Theorem 2.17, including the surmorphism

¢:T*" > €:wr w.

Assumption 5. We assume that € is a (strict) tensor category over S.
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As in Section 2.1, we denote the tensor operation on € by @.

Assumption 6. We assume that
* Aisadigraph on vertex set S,
e E C A® x A® s aset of relations over A,

e O:A® 5 €is a morphism. For w € A®, we write w = wd.

Writing ~ for the congruence Ega on A®, we also assume that the following all hold:

(i)  For every relation (u,v) € &, we have u = v.

(i)  There is a mapping I' — A® : x > X such that £ = X (i.e., £® = x¢) for
all x € T'. As T'* is freely generated by I", we can extend this mapping to
a morphism I'* — A® : w > . (It quickly follows that @ = w for all
weTl*)

(iii) For a generator x € A, and for natural numbers m,n € N, we define the
term
Xm,n =l DxD, € A®.

(Again, when S = P, we interpret xo, = x @ (,, and so on.) We assume
that for every such x, m, n, we have xp, , ~ w for some w € I'*.

(iv) For every relation (1, v) € 2, we have i &~ 0.
Here is our second main result.

Theorem 2.19. With notation as above, and subject to Assumptions 1-6, the category
€ has tensor presentation (A : B) via ®.

Proof. To show that ® is surjective, suppose that a € €. Since ¢ is surjective, we
have a = w¢ for some w € I'*. But then, a = w® by Assumption 6 (ii).

As in the proof of Theorem 2.17, Assumption 6 (i) gives Ege C ker(®). For the
reverse inclusion, suppose that (u, v) € ker(®), meaning that u,v € A® and u = v.

First, writing ¥ and v in the form (2.4) and then applying Assumption 6 (iii), we have
= 1. It follows from Theorem 2.17 that there is a sequence
S =Wop—> Wy —> " —> Wk =1,

where, for each 1 <i < k, w; € I'* is obtained from w;_; by a single application of
a relation from . It then follows from Assumption 6 (iv) that § = W ~ Wy ~ -+ &
W =¢. Thus,u ~§~f ~ v. n

In Sections 3 and 4, we apply Theorems 2.17 and 2.19 to a number of concrete
categories € in order to rapidly obtain useful presentations. Typically, the situation is
as follows.
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* Ineachcase, Assumptions 1 and 2 are easily checked, and the presentations for the
endomorphism monoids €, required in Assumption 3 are imported from various
sources in the literature [12,25-30,35,39,54,55]. Conditions (i)—(iv) of Assump-
tion 4 will likewise be easy to check, with only condition (v) being a little less
straightforward. With these checks done, Theorem 2.17 then gives us a category
presentation (I" : Q) for €.

*  We then use Theorem 2.19 to rewrite (I : ) into a tensor presentation (A : E).
The main work here involves checking items (ii)—(iv) of Assumption 6, and this
largely consists of technical/elementary calculations.

The only exception to the above paradigm occurs in Section 4 when we consider the
vine category 'V and the transformation categories 7 and @. If € is any of these, then
we have €, , # @ precisely when m = 0 or n > 1. For such categories, we need a
slight variation of Theorem 2.19, and we address this in the next section.

2.5. A variation of the second main result

In this section, we prove a result that will allow us to deal with the kinds of categories
discussed at the end of Section 2.4.

Assumption 7. We assume that € is a strict tensor category over N for which
Cpn #D < m=0orn > 1.

We assume additionally that €y ,| = 1 for all n € N, and we write /2 for the unique
element of €. It follows that the unique element of €y, is N =Nne.---enN
for each n € N. (We interpret Q@O =19.)

We define the subcategory € = Unm.nep Cm.n» Which has object set IP, and we
assume that €7 satisfies Assumptions 14 (with d = 1, as €1 # @). We fix the
presentation (I" : Q) for €7 given in Theorem 2.17.

Assumption 8. We assume that

* Aisadigraph on vertex set N,

o E C A® x A® s aset of relations over A,

e d:A® S €is a morphism. For w € A®, we write w = wd.

Writing & for the congruence Ega on A®, we also assume that the following all hold:

(i)  The digraph A has a unique edge /1 with source 0, and we also have
r(/1) = 1.

(i)  For every relation (u,v) € &, we have u = v.
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(ili) There is a mapping I' — A® : x > % such that ¥ = X (i.e., X® = x¢) for
all x € T'. We extend this to a morphism I'* — A® : w > 1.

(iv) For a generator x € A, and for natural numbers m, n € N, define
_ ®
xm,n—lm@x@lnEA .

We assume that for (m, x,n) # (0, /1, 0), we have x,, , ~ W for some
w e T,

(v)  For every relation (1, v) € 2, we have i &~ 0.

(vi) Forevery x € A\ {11}, we have 1®" o x ~ N1®", where m = d(x) and
n =r(x).

Theorem 2.20. With notation as above, and subject to € satisfying Assumptions 1—4
and € satisfying Assumptions 7 and 8, the category € has tensor presentation (A : E)
via P.

Proof. To show that ® is surjective, suppose that a € €. If d(a) # 0; then we follow
the proof of Theorem 2.19 to show that a = w® for some w € I'*. Otherwise, a =
N%" = N®" @ for some n € N.

Again, it remains to show that ker(®) C &, where ~ = EgB, so suppose that
(u,v) € ker(®), and write m = d(u) = d(v). If m # 0, then we follow the proof of
Theorem 2.19 to show that u & v. For the rest of the proof, we assume that m = 0.
The proof will be complete if we can show that u ~ 2%" for some n € N, as then
n =r(A%") = r(u) = r(v), and the same argument will also give v ~ 1%". We may
assume that u = X o --- o X has the form (2.4), and we use induction on k. If k = 0,
then u = 19 = 11%°, so we now assume that k > 1. By induction,

Xl O‘-~0Xk_1 I [1@‘1,

where ¢ =r(X; 0---0 Xg—1) = d(Xg). Further, we have Xy = (, @ x & t; for some
a,beNandx € A If x = /1, theng = d(X;) =a + b and
U N% 0, ®@Ndu)=(N%d10LdN%") o, &Ny
= (N%061,) @ (190 1) ® (1% 01) = NOE@HHHD,
Otherwise, writing ¢ = d(x) and d = r(x), we have ¢ = a + ¢ + b, and Assump-
tion 8 (vi) gives
ur (1% e N% ¢ N%)o (1, & x &)
= (1% 01,) @ (1% ox)® (1% 01y)
~ HGBa ® H@d ® n@b — n@(d-{—d-{-b). -
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3. Diagram categories

In this section, we apply the theory developed in Section 2 to a number of diagram
categories, namely, the partition category & (Section 3.2), the Brauer category B
(Section 3.3), and the Temperley—Lieb category 7L (Section 3.4). In each case, we
give a category presentation and a tensor presentation, based, respectively, on Theor-
ems 2.17 and 2.19. In Section 3.5, we show how these lead to presentations for linear
versions of &, B, and TL. We begin by reviewing the relevant definitions and fixing
notation.

3.1. Preliminaries

For n € N, we define the set [n] = {1, ..., n}, interpreting [0] = @. For any subset A
of N, we fix two disjoint copies of A, namely,

A ={d:ae A} and A" ={d":a € A}.

The partition category & consists of all set partitions « of [m] U [n], for all m,n €
N, under a composition defined shortly. For such a partition «, we write d(«) =
m and r(o) = n, and we write P, , = {a € P : d(w) = m, r(e) = n}. A partition
o € P, will be identified with any graph on vertex set [m] U [n]” whose connected
components are the blocks of . When drawing such a graph in the plane, a vertex i €
[m] is always drawn at (i, 1), a vertex i” € [n] at (i, 0), and all edges are contained in
the rectangle {(x, y) € R? : 1 < x < max(m,n), 0 < y < 1}. See Figure 1 for some
examples.

To describe the composition operation on J, let m,n,q € N and fix some « €
Pmnand B € P, 4. Let o) be the graph on vertex set [m] U [n]” obtained by renaming
each lower vertex i’ of a to i”, let 87 be the graph on vertex set [n]” U [¢]’ obtained
by renaming each upper vertex i of 8 to i”, and let I1(c, 8) be the graph on vertex
set [m] U [n]” U [g]’ whose edge set is the union of the edge sets of o and 1. We
call IT(«, B) the product graph. The product/composition ¢ = a o B € P, 4 is then
defined to be the partition of [m] U [¢]’ for which x, y € [m] U [¢]’ belong to the same
block of @f if and only if x, y are connected by a path in IT(c, 8). When drawing a
product graph IT(«, B), we draw the vertices from [m], [r]” and [g]’ at heights y = 2,
y =1, and y = 0, respectively. An example calculation is given in Figure 1.

Note that the product graph I1(«, ) may contain “floating components”, which
are contained entirely in the middle row of the graph. These do not figure in the
composition on &, but we will return our attention to them in Section 3.5 when we
treat the linear diagram categories.

The identity of & at object n is the partition7,, = {{i,i’} : i € [n]}; see Figure 3.
The endomorphism monoid &, = %, , is the partition monoid of degree n [39]. The
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aziﬁ'ﬁ‘in - B
B U

Figure 1. Calculating a8 = « o 8, where o € P g and B € Pg 7. The product graph (e, §)
is shown in the middle.

DN opacn
oy~ AN

Figure 2. Calculating o« & 8, where « € 6.8 and f € g 7.

units of &, are the partitions of the form {{i, (i)'} : i € [n]} for some permutation 7 €
S5. Such a unit will be identified with the permutation 7 itself, and the group of all
such units with the symmetric group .

The category & has the structure of a (strict) tensor category, with the & operation
defined as follows. Let m,n,k,l € N, and let « € $p, , and B € Py ;. First, the
partition o @ B € P4k »+1 contains all the blocks of . Additionally, for each block
AU B’ of B, o @ B also contains the block (4 + m) U (B + n)’. Geometrically,
o @ B is obtained by placing a copy of B to the right of «, as in Figure 2. The &
operation, as well as the subgroups §,, € &£, (n € N), gives & the structure of a
PROP, as in [59, Section 24].

The category & has a natural involution o — a* obtained by interchanging dashed

and un-dashed elements. Geometrically, a*

is obtained by reflecting (a graph rep-
resenting) « in a horizontal axis. This gives & the structure of a so-called regular
x-category, as defined in [21, Section 2], meaning that the following hold for all

o, B € P withr(a) = d(B):
de®) =r(x), r@*) =d@), @)*"=a o=aa*a, (@B)" =p"a".

We also have (o & )* = a* @ B* for all «, 8.

A partition @ € & is planar if some graph representing it may be drawn (in the
plane, as described above) with no edge crossings. In Figure 1, for example, § is
planar but « is not. The set PJ of all planar partitions is a subcategory of J, the
planar partition category.
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o—O=
[ ]

Figure 3. Partition generators X € & (x € I'), as well as 1,.

A partition o €  is called a Brauer partition if each block has size 2. The set B
of all such Brauer partitions is the Brauer category. Clearly, 8,, , is non-empty if and
only if m = n (mod 2). The set T£ = PP N B of all planar Brauer partitions is the
Temperley—Lieb category. The partition o pictured in Figure 2 belongs to L.

The categories PP, B, and TL are also closed under & and *, so these are all
(strict) tensor regular *-categories. The symmetric groups S, (n € N) are contained
in 8 but not in PP or TL. It follows that 8 is a PROP, though P# and TL are not.

3.2. The partition category

We now come to the first of our applications of the general machinery developed
in Section 2. Our goal in this section is to apply Theorems 2.17 and 2.19 to obtain
presentations for the partition category J; see Theorems 3.2 and 3.7 below. This
section can be thought of as a blueprint for those that follow, so our treatment will be
fairly detailed.

First, note that Assumption | holds in &, with d = 1, as all hom-sets &, , are
non-empty. For Assumption 2, we take the partitions Xn € Punt1and p, € Priin
shown in Figure 3; clearly, An Pn = 1y for all n € N. For Assumption 3, we require
presentations for the partition monoids &, (n € N). Such presentations are stated

in [39]; proofs may be found in [28,29]. First, for n € N, define an alphabet
Xn =S, UE,UT,, whereS, ={0,:1=<i <n},
E, ={gim:1<i <n},

T,,={r,~;n:1§i<n}.
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Define the morphism ¢, : X, — &, : w — w, where the partitions X (x € X,) are
shown in Figure 3.

Now, let R, be the following set of relations over X,, (here, and in other such
lists of relations, the subscripts range over all meaningful values, subject to any stated
constraints):

Uiz;n = ln, 81'2;,, = &in, Tiz;n = Ti;n = Ti;n0i;n = OisnTisn, (P1)
Oin€i;n = €i+1;n0in,  €in€i+1;n0i;n = Ein€i+inm, (P2)
Ei;n€jn = &jn€in, TimnTim = Tjntin, (P3)
0i:n0j:n = 0j:n0i:n. Oi:nTj:n = Tj:nOin if|i —j|>1, (P4)
0i:n0jn0isn = 0j:n0i;n0jin,  OinTjn0izn = OjinTi;n0jin ifli —jl=1, (P5)
Oi;n€jn = €5;n0isns  Tisn€jn = Ej;nTisn if j #i,i +1, (P6)
Tisn€jnTizn = Tizns  EjnTisn€im = Ejin lf] =i,i+1. (P7)

Theorem 3.1 (cf. [28,29,39]). For any n € N, the partition monoid P, has present-
ation (Xy : Ry) via ¢p. [

Now, let I' = L U R U X be the digraph over vertex set N as in (2.8) and (2.9),
and let ¢ : T'* — P be the morphism given in (2.10). Let Q be the set of relations
over I consisting of |, ey Rn, and additionally

AnPn = ln, PnAn = En+1;n+1, (P3)
OinAn = Anbim+1,  pPubizn = Oint1pn  for 0 € {o, e, 7}. (P9)

In the language of Assumption 4 (ii), we have w, = &€,41;,41 for all n € N. The maps
in Assumption 4 (iv) are given by

9:,, = (ei;n)-i- = 9i;n+1

for 6 € {0, ¢, t}.
Here is the first main result of this section, expressed in terms of the above nota-
tion. For the proof, it will be convenient to define an embedding

Py — Ppy1a>at =a®7; foreachn e N.

So, a™ € £, is obtained from a € P, by adding the transversal {n + 1, (n + 1)}
Our reuse of the T notation stems from the fact that

¥t =x*t

for all x € X,,, and hence, W+ = wT forall w € X

Theorem 3.2. The partition category P has presentation (I : Q) via ¢.
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1 m 1 m 1 n
~ rooom Lo n
Aman = I I o= o=
. . . |
1 n 1 n 1 m
1 n 1 m n 1 n
~ . Poomo oo n
P = [ ] R (1) = Lm(@) =
J. . mr .
1 m 1 n 1 m n

Figure 5. The partitions A, , and Py, (0 < m < n) and the mappings Ry : Pr.n — Pn
and £, Pun.m — Pn; cf. Remark 3.3.

Proof. In order to apply Theorem 2.17, all that remains to check is that items (i)
and (v) of Assumption 4 hold. The first is easily checked diagrammatically. In fact,
given Theorem 3.1, we only need to check (P8) and (P9); see Figure 4 for (part of)
the latter. To verify Assumption 4 (v), we use Remark 2.13, which says it suffices to
show the following, where for simplicity we write &€ = g4 1:n41:

* Foralln € Nandw € X, we have swe ~ eute for some u € Xy

To show this, let w € X 1 1-and puta = ewe € Pn+1. Note that @ contains the blocks
{n + 1} and {n + 1}'. Let B € P, be the partition obtained from « by deleting these
two blocks, so o« = 8T E. By Theorem 3.1, we have B = u for some u € X, and we

note that B+ = ™ = u~*. But then,

cwe =a =efTE = cu'e.

+

It follows from Theorem 3.1 (and R,+; € 2) that ewe ~ eu™e. [ ]

Remark 3.3. The proof of Theorem 3.2 involved an application of Theorem 2.17.
Various ingredients in the proof of Theorem 2.17 have natural diagrammatic meanings
when € = . For example, Figure 5 shows the elements Im,n and p, ;m (0 <m < n)
and the mappings Rpmn : Pun — P and Ly + Pnm — Pp defined in (2.6).

Remark 3.4. Certain redundancies exist in the presentation (I" : ) from Theorem
3.2. For example, only the j =i 4 1 case of (P7) is needed. Indeed, using this and (P1)
and (P2), and writing 6; = 6;.,, we have 7;&; T; ~ T;0; & Tj ~ T;€i+10iTi ~ Ti&i+1Ti ~
7;. The other part of (P7) is similar.
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1=>< sz u- o= L=I

Figure 6. Partition generators x € P (x € A), as well as /.

Remark 3.5. Asin Remark 2.12, we could have made different choices for the one-
sided units A,, p, € & to those shown in Figure 3. For example, out of many other
possibilities, we could instead have taken A, and p, to be of the respective forms

T

This would result in a change to the second part of relation (P8), which would become
PnAn = Tn:n+1. The first part of (P8) would remain the same as above, as would both
parts of (P9). The resulting presentation for J° does not seem to be any less “natural”
than that given in Theorem 3.2, though of course the above proof of the theorem
would have to be modified accordingly.

Now that we have the presentation (I" : ) for &, we wish to use Theorem 2.19 to
transform it into a tensor presentation. We begin by defining the digraph A on vertex
set N with four edges

X:2—-2, D:2—=2, U:1—-0, 1:0—1.

Define the morphism ® : A® — £ : w — w, where the partitions x (x € A) are

shown in Figure 6. It will also be convenient to write / = ¢; for the empty path 1 — 1

and / = 1 for the identity partition from 4 ; the latter is also shown in Figure 6.
Let E be the set of the following relations over A, remembering that I = 4,

XoX =y, HOU=L(), (Pl)/
DoD=D=DoX=XoD,

P2y

De&Ho(I®D)=ISD)o(DPI),
XohHholdX)o(XdN)=UDX)o(XDI)o( & X), (P3)
X@hHhoI®D)o(X®)=UIDX)o(DDI)o( P X), (P4)
Xo(IoU)=U®I, (I&MNoX=0&1, (PSY
I®MoDo(I®U)=1, Do(I®USN) oD =D. (P6Y

Note that by Lemma 2.2 we automatically have the additional relations

UoN=UN=NaU. 3.6)
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Figure 7. Relation (P4): (X @ No(I®D)o(X @) =U S X)o(D®)o(I S X).

Several other tensor presentations in the paper involve generators with
r(U)=d(1) =0,

so (3.6) holds in all of those as well.
The second main result of this section is the following, expressed in terms of the
above notation.

Theorem 3.7. The partition category P has tensor presentation (A : E) via ®.

Proof. To apply Theorem 2.19, it remains to verify the conditions of Assumption 6.
Condition (i) is easy to check diagrammatically; see Figure 7 for (P4)’.
Conditions (ii)-(iv) involve a morphism I'* — A® : w > 1, which we define by

~

Oin =i 1®X®t i1, En=4u1OUSNB,i, Ay=1,D 1,
Tign = Li-1® D @ th—i—1, Pn =1tn ®U.

Condition (ii) says that x® = x¢ for all x € T', and this is easily verified diagram-
matically. Conditions (iii) and (iv) are verified in Lemmas 3.8 and 3.10, respectively.
The first of these refers to the terms X, , = t;y ® x D 1, (x € A, m,n € N). For the
rest of the proof, we write ~ = EgB.

Lemma 3.8. For any m,n € N, and for any x € A, we have X , ~ W for some
w e ™

Proof. This is clear for x = X or D, since Xy, n = Om+1:m+n+2 and
Dmn = Tt timins2.
By symmetry, it remains to consider the case of x = U. For this, we claim that
Unn ~ C’;m—i-l;m—i-n—i-l ©:-+0 C’;m—i-n;m-i-n-i-l ° Pmtn- (3.9
We prove this (for any m) by induction on n. For n = 0, we have

Unn =tm®U @19 =t DU = P,
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which agrees with (3.9) since the product of 6’s is empty when n = 0. Forn > 1, (P5)’
gives

Om+1:mAn+1° Untin—1 = (tm ® X S tn-1) o (tm ® 1 S U @ 1-1)
= D Xo(BU)) Dty
Rl ®U DI Bin—1 = Uppy,

and we then apply the inductive assumption to Uy, 41;4—1- |
Lemma 3.10. For any relation (u,v) € 2, we have u ~ 1.

Proof. Most of the commuting relations from €2 follow immediately from the tensor
category axioms. For example, consider the second part of (P4). If j > i + 2, then

Oin ©Tjin = (Lic1 ® X BLj—i 2@ 1@ ly—j—1)0(lLi—1DL2BL—i—2 DD Sty—j—1)
=4 1 BOXDPLi i 2DD Dy,

and similarly, Tj., 0 0i;n = tic1 @ X D tj—i2® D ®typ—j—1. The j <i —2caseis
virtually identical, as is the first part of (P4), both parts of (P6), the first part of (P3),
and the |i — j| > 2 case of the second. The |i — j| = 1 case follows from (P2)’, as

Tim 0 Tigtn = Li-1 O (D ® 1) o (I & D)) & tn—i—2, 3.11)
Tit1nOTin =Llic1 D (U D D)o (DDI)) ® ty—i. '

For the first part of (P9), we use Lemma 2.1 (iii), with a = é,-;,,, b=1,,and c = 11,

é\i;noin:é\i;no(tn@[]):(é\i;notrz)@[):(Lnoé\i;n)@(ﬂol)
:(Ln@n)o(é\i;n@I):inoé\i;rﬁl-

The second part is similar.

For every other relation from €2, we adopt the following basic pattern. We first
use the tensor category axioms to write 4 = (x @ s ®(; and U = 1 Dt H y; for
some k,! € N, and where 5,1 € A® are relatively simple, as in (3.11), and then use
relations (P1)—(P6)" to show that s =~ ¢. Table 1 shows the required calculations for
the remaining relations from 2. (For the (P7) entry, recall from Remark 3.4 that it
suffices to consider only j =i + 1.)

Many of the reduced relations s ~ ¢ in Table 1 are simply contained in €2 itself;
this is the case for (a), (c), (f), (g), (h), and (j), while (k) follows straight from (3.6).
This leaves us with (b), (d), (e), and (i), and we treat these now.

(b) For this, we use (P1)" and (3.6):

U MoUdN)=UoNoUoN~UolgoN=UocN=U¢ .
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Relation Label Reduced relation s ~ ¢t
(P1) @ XoX~=~u
(b) UeMoUaNM)~UoIN
(©) DoDa~D~DoX~XoD
P2) (d) XoUdNodl)~IdUdMNoX
e UdNeolo(IldoUd MoXxUdNdl)o(IdU & N)
(P5) ) XolhHho(IdX)o(XB)r(UDX)o(XDI)o(I D X)
(2) X@olHho(IdD)o(XDl)~(UDX)o(DDI)o(I B X)
P7) (h) Do(I®dU®N)oD=~D
6] ITeoUd MHoDo(IadUdMN~1dU @

P8) () AoU =~
&k UoNaU®&N

~
~
~
~

Table 1. Reduced relations s & ¢ required in the proof of Lemma 3.10; see the text for more
details.

(d) For this, we have

XoUe@Neal)
=Xo(NU®I) by (3.6)
~ Xo(N®(Xo(I®U))) by (P5)
=XoXo(N1®I®U) byLemma?2.l(ii),witha=/1,b=X,andc=1 U
~ po((IdM)oX)dU) by (P1) and (P5)
=IeNdU)oX by Lemma 2.1 (iv), witha=1 & 1,b=X,and c=U
=IeU®N)oX by (3.6).
(e) Here, we must show thatw o X &~ w,wherew=(U ® 1@ )o(I ®U & ).
First, by (3.6), we have
w=UeNeHo(l@USN)=((UdMol)® (ol &)
=UesMeUeN=UsUeNaN. (3.12)

Also, note that

N MoX=((Aol)® D)o X
=No(I®MN)oX  byLemma?2.1(iii), witha=c=AQand b=1
~No(N@I) by (P5)
=N@((Nol) by Lemma 2.1 (ii), witha=b=1/1 and c =1
=Ne¢N. (3.13)
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Using (3.12) and (3.13), and also Lemma 2.1 (i), witha = U @ U, b = 1 & /1, and
¢ = X, we then have
woX=UeU®NdN)oX
=UspU)d (N Mo X)~UdUdNDA=uw.

(i) Here, we have

IeU®MoDo(IdUN)

~(({®N@U)oDo(IdU))® 1 by (3.6)and Lemma 2.1 (iii),
witha = (1 @U & 1) o D,
b=1®U,andc =1

=((®MoDo(IdU)dU &1 byLemma?2.1(iv),
witha=1® 12, b=Do(I ®U),
andc =U

~1oU®N by (P6)'. .

As noted above, now that we have proved Lemmas 3.8 and 3.10, the theorem is
proved. |

Remark 3.14. Surjectivity of ® was also discussed by Martin in [65, pp. 127-128].
Comes [16], in his study of the so-called jellyfish partition categories, stated an altern-
ative (tensor) presentation for & in terms of the five generators

O A

The proof given by Comes relied on some highly non-trivial results concerning cobor-
dism categories and Frobenius algebras [1,53]. Theorem 3.7 leads to an alternative
proof of Comes’s result, relying on no such heavy machinery; we simply rewrite our
presentation (A : E) into his, using Tietze transformations.

Remark 3.15. We mentioned in Section 3.2 that the category & has a natural involu-
tion o — «*. The presentation (A : E) from Theorem 3.7 could be modified to give an
involutory tensor category presentation, in which the involution is part of the signature
(as well as o and ). Here, we would add the relations

X*=X, D*=D, U*=01, and N*=U

(or eliminate one of U or /1 altogether), and some of relations (P1)'—(P6)’ could then
be removed. For example, we can remove “= X o D” from (P2)’, since using the
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other parts we have
XoD~X*oD*=(DoX)"~D*~D.

Similarly, we would only need to keep one part of (P5)'.

Recall from Section 3.2 that 2 is a so-called PROP in the sense of [59, Section
24]. Thus, one could also give a PROP presentation for &, in which case the sub-
groups (isomorphic to) S, are part of the background “free” data. In this way, X is
simply the freely existing non-trivial element of S, C A? and acts according to the
PROP laws. Thus, (P3)’ and the first part of (P1)’ are part of the free data, so too are
relations (P4)" and (P5)’. These are less obvious but follow from the PROP law

(@a®b)o fu1= fmrkob@®a) foraecCy,andb c €.
Indeed, since f1,1 = X, fo.1 =t1,and fio = (X ® 1) o (I & X), these follow from
Ueel)ofo1=finiec(I®U) and (I @ D)o fio= fino(D®I),
and other such identities.

Remark 3.16. It is worth observing that the partition category & is finitely presen-
ted as a tensor category, as the sets A and E from the presentation in Theorem 3.7
are both finite. In fact, all of the categories considered in this paper have the same
finiteness property; see Theorems 3.20, 3.23, 4.4, 4.13, 4.17, and so on. The author
believes it would be interesting to investigate this phenomenon, and in particular to
seek necessary and/or sufficient conditions ensuring that a category € (satisfying
Assumptions 1-6) has a finite tensor presentation.

3.3. The Brauer category

We now turn our attention to the Brauer category 8. The argument here follows the
same pattern as that of Section 3.2, so we will for the most part abbreviate it. In order
to avoid a buildup of notation, we also reuse symbols such as I', 2, o, 7, etc., and
indeed in later sections as well.

Since blocks of Brauer partitions have size 2, Assumption 1 holds in 8 with d =2.
As for Assumption 2, this time we take Xn € Bunt2 and p, € By42,, to be the
partitions shown in Figure 8. The presentations for the Brauer monoids 8, required
for Assumption 3 are taken from [54]. For n € N, define an alphabet

Xp=8,UT,, where S,={oip:1<i<n} and T,={t,:1=<i<n}.

Define a morphism ¢, : X,; — 8, : w — w, where the partitions X (x € X,,) are
shown in Figure 8.
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1 i n 1 n
Oisn = I I X I I An = I I
"R
1 i n 1 n
(B L4
Tl';n = pl’l =
¢ ®
Figure 8. Brauer generators X € B (x € IN).
Let R, be the following set of relations over Xj,:
2 _ 2 B1
Oijn =, Ty = Tisn = TisnOisn = OisnTisn, (B1)
O0i;n0jsn = O0j;n0isn,  TisnTjsn = TjnTisn, (B2)
Oi;nTj;n = Tj;nOisn if|i _]| > 1,
O0i;n0;j:n0i;n = 0j;n0i;n0j;n,  Oi;nTjnOi;n = 0j;nTi;n0j;n, (B3)

Ti;n0j;nTi;n = Tisn if|i _]l =1L

Theorem 3.17 (cf. [54]). For any n € N, the Brauer monoid B, has presentation
(Xn : Ry) via ¢y. n

Now, let I' = L U R U X be the digraph over N as in (2.8) and (2.9), and let
¢ : T* — B be the morphism given in (2.10). Let 2 be the set of relations over T’
consisting of | J,,epy Rn, and additionally,

AnPn = tn, Pnin = Tn+1;n+2> (B4)
Hi;n)tn = /\nei;n-i-zy Pnei;n = 9i;n+2)0n for 0 € {0, t}. (BS)

Here is the first main result of this section, expressed in terms of the above nota-
tion. The proof is essentially identical to that of Theorem 3.2; the role of ;41,541
in that proof is played instead by t,41:,+2, and we use the map B,, - B4z : o —

L _
am =o P .

Theorem 3.18. The Brauer category B has presentation (I : Q) via ¢. [

Remark 3.19. As in Remarks 2.12 and 3.5, we could have made different choices
for the one-sided units A,, p, € B to those in Figure 8. However, and in contrast to
the situation with the partition category (cf. Remark 3.5), the choices we have made
here seem the most “natural” in the sense that any other choice leads to arguably less
convenient forms of the relations (B4) and (B5).
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e,
X = U = n= 1=
'SR )

Figure 9. Brauer generators x € B (x € A),as well as /.

Next, let A be the digraph over N with three edges
X:2—=2, U:2—0, 1:0—2.

Define the morphism ® : A® — B : w > w, where the partitions x (x € A) are shown
in Figure 9. It will again be convenient to write / = (1, and I =717 € 8.
Let E be the set consisting of the following relations over A:

XoX=1w, NoU=1, XoU=U NoX=DAN, (B1Y
X®Dol®X)o(X®N)=UDX)o(XDI)o( D X), (B2)
eMoUdl)=1=AN®1)o(IBU), (B3

XehHho(IldU)=UIdX)o(UI),

(B4)
NeHol®X)=U M) o(X®I).

The second main result of this section is the following, expressed in terms of the above
notation.
Theorem 3.20. The Brauer category 8B has tensor presentation (A : E) via ®.

Proof. The proof follows the same outline as that of Theorem 3.7. We need only to
verify Assumption 6. Condition (i) is checked diagrammatically, and for the remaining
assumptions, we use the morphism

' - A®: w0,
given by

Oin =L 1D X®lyiz1, Tn=1i1OUS AP 11,

An =1 ® 1, Pn = 1n @ U.

Condition (ii) is again verified diagrammatically. Condition (iii) is proved as in Lem-
ma 3.8; e.g., we have

Unn = Tmt1:m4nd+2°+* © Tptngmtnt2 © Pmtn-

Condition (iv) is proved as in Lemma 3.10; the details are again mostly very similar,
with the only substantial exceptions being the second and third parts of (B3), so we
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treat just these. The second part of (B3) follows from

X®Ho(l®U®N)o(XBI)
=((XpHo(IBU)PdMo(XBI) by Lemma 2.1 (iii)
~((IeX)o(UI)®Mo(X®I) by (B4)'
=IdX)oUdI®dMo(XDI) by Lemma 2.1 (iii)
=IdX)o(Ud((ID Do (X DI))) by Lemma 2.1 (i)
~{U®X)o(Ud (N1 I)o(I & X)) by (B4)’
=@ X)oUeNdI)o(IDX) by Lemma 2.1 (i).

For the third part of (B3), we consider only the j =i + 1 case (j =i — 1 is similar),
which follows from

U Ndlo(IdX)oc(UdNDI)
=Us((AdNHo(I®dX)o(UdN@®I) byLemma?2.l(i)
~UsoMo(X®I)o(UdNSI) by B
=Udp((dMDo(XDHo(UdNBI)) by Lemma 2.1 (i)
=U®((I®Mo(XoU)®d(Io(NdI))))

~Us (o MoUe(1a1)) by (B1)'

=Ud((I® Mo (NdUGI)) by (3.6)
=Ud(Nd((Id Mo (UaI))) by Lemma 2.1 (ii)
~U NI by (B3)'. n

Remark 3.21. As in Remark 3.15, certain relations could be removed from the pre-
sentation by considering the involution and/or PROP structure. The involution was
built into the presentation for B given by Lehrer and Zhang in [58, Theorem 2.6];
note that / = ¢; is explicitly listed as a generator there, as well as relations such as
lol=1land(I®I)oX =X.

3.4. The Temperley-Lieb category

The methods of Sections 3.2 and 3.3 can also be used to quickly obtain presentations
for the Temperley—Lieb category 7L. Here, we let I" be the digraph over N with edge
set

LURU | J X,. where L={A,:neN}, R={py:n €N}, X, ={1i;: 1 <i <n}.
neN

The partitions x € 7L (x € I') are as already shown in Figure 8. We define in the
usual way the morphism ¢ : I'* — T£ : w + w, and this time, €2 is the following
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set of relations:

2 . . .
Ty = Tims  TimTjm = TmTim if]i —j| > 1,
in ’ J J o . (TL])
Ti;nTinTi;n = Tin 1f|l _]| =1,
Anbn =tln,  PnAn = Tnti;nt2.
’ (TL2)

Ti;n)tn = AnTi;n-i-Za Pntlizn = Ti;n+2Pn-

For fixed n, relations (TL1) constitute defining relations for the Temperley—Lieb mon-
oid T£,,; cf. [12,30,45].

Theorem 3.22. The Temperley—Lieb category T has presentation (I' : Q) via . =

Next, let A be the digraph over N with edges U : 2 — O and /1 : 0 — 2. We have a
morphism ® : A® — &£ : w — w, where the partitions U and /2 from 7 are as in
Figure 9. Let 2 be the set consisting of the following relations over A, where I = (1,

NoU=1, and U DoUdI)=1=(N®1)o(IU).

0]

)

via . [

Theorem 3.23. The Temperley—Lieb category TL has tensor presentation (A :

Remark 3.24. It is not clear to whom Theorem 3.23 should be attributed, though
it appears to be folklore. See the discussion in [2, Section 3.1], which refers to [23,
34]; the results from these papers concern so-called free pivotal categories but are
equivalent to Theorem 3.23.

Remark 3.25. As explained in [47, p. 264] and [39, p. 873], the monoid P, of
planar partitions of degree n is isomorphic to T&£,,, the Temperley—Lieb monoid
of degree 2n. Although the categories PP and T&L are not similarly isomorphic (as
T £ also contains partitions of odd degree), one can derive presentations for PP from
those for & above. These are in terms of generators €;.,, Ti:n, X,,, and p, (as pictured
in Figure 3), or U, /2, and D (as pictured in Figure 6). Other diagram categories could
be treated similarly [9,20,37,67].

3.5. Linear diagram categories

Fix a field k, and an element § € k \ {0}. For m,n € N, we denote by J’,‘fl,n the
k-vector space with basis &, ,, i.e., the set of all formal k-linear combinations of
partitions from $, ,. We also write
=\ 7,
m,neN

for the set of all such combinations. This set is a category (over N) with composition
* defined as follows. Consider basis elements o € %5, , and B € P, . We write



J. East 32

m(c, B) for the number of “floating” components in the product graph I1(«, 8), as
defined in Section 3.1, i.e., the number of components contained entirely in [1]”. (So,
m(w, B) = 1 for «, B in Figure 1.) The product o x 8 € J’i i 1s defined by

axf=5"@Pap.

So, a » B is a scalar multiple of the basis element 8 = o o B € P, x. This compos-
ition on basis elements is then extended to all of P% by k-linearity. The operation &
and the involution * on & also extend to corresponding operations on P

Here, we call P the linear partition category (associated to k and §) in order to
distinguish it from the partition category . Most authors simply call £ the partition
category. We also have linear versions of the Brauer and Temperley—Lieb categor-
ies: B% and T£9.

The presentations for the diagram categories given in Sections 3.2-3.4 may be
easily modified to yield presentations for their linear counterparts. To do so, we use
the method of [28, Section 6]; this was originally formulated for algebras but works
virtually unchanged for (tensor) categories.

Let € be any of &, B, or TL, and let I be the digraph defined in Sections 3.2, 3.3,
or 3.4, as appropriate. Consider some path w € I'*. If w is empty or a single edge, we
define m(w) = 0. Otherwise, write w = xp --- X%, Where k > 2 and each x; € I". In
the category €%, we have X * -« * Xx = 6”@, where

m(w) = m(xy, X2) + m(X1x2,X3) + -+ + m(X1 - Xp_1, Xk)-

We may then obtain a presentation for el by replacing each relation ¥ = v in a
presentation for € (cf. Theorems 3.2, 3.18, and 3.22) by §m)y = §m)y,.
e For € = £, we replace sl.z;n = &ip and Ay, oy = 1y bY 81.2;,1 =8¢y and A, pp = Sty.

2
isn

* For € = B and T, we replace t7,, = ;. and A, p, = 1, by rl%n = 07, and

AnPn = 8tn.

We may similarly obtain tensor presentations for 2%, 8%, and T4 from the cor-
responding presentations for &, 8, and 7L (cf. Theorems 3.7, 3.20, and 3.23). For
all three, this simply amounts to replacing /2 o U = 1y by /10 U = §up.

4. Categories of (partial) vines, braids, and transformations

Next, we consider a number of natural categories of braids and vines, namely, the par-
tial vine category &V (Section 4.2), the partial braid category I8 (Section 4.3),
and the (full) vine category V (Section 4.4). Again, we apply the general theory
developed in Section 2 to obtain presentations for each category. The connectivity of
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the categoryV is slightly different from the other categories considered so far, requir-
ing the use of Theorem 2.20 instead of Theorem 2.19.

In Section 4.5, we apply the results of Sections 4.2—4.4 to quickly obtain present-
ations for several categories of (partial) transformations/mappings, and in Section 4.6,
we obtain analogous results for categories of isotone (order-preserving) mappings.

4.1. Preliminaries

We begin by defining the partial vine category £V, following [5,27,32,55]. By a
string we mean a smooth, tame embedding s of the unit interval [0, 1] into R3 such
that

* the z-coordinate of (¢) is 1 — ¢ for all 7,
* 5(0) =(a,0,1)and (1) = (b,0,0) for some a,b € P.

For such a string s, we write /(s) = a and T(s) = b, which codify the initial and
terminal points of .

A partial vine is (a homotopy class of) a tuple @ = (51, ..., $¢) of strings, where
k > 0, satisfying

o I(zy) <--- < I(s1),
o ifs;(t) =s,(t) forsomet € [0, 1], then s; (u) = s, (u) forallu € [z, 1].

For such a partial vine «, we define
I(a) = {I(sl),...,l(sk)} and T(x) = {T(sl), . .,T(gk)}.

Examples of partial vines are shown in Figure 10.
Form,n € N, we write £V,, , for the set of all partial vines « with /() C [m]
and T'(«) C [n], and we define the vine category

PV = {(m,a,n) :m,neN, e ?Vm,n},

with domain, range, and composition operations as follows. For m, n,q € N, and for
a€PVyy,andp € PV, ,, we define

dm,oe,n) =m, r(m,a,n)=n, m,a,n)o(n,pB,q)=m,ap, q),

where the product o8 = @ o f € PV, 4 is obtained by

» placing a translated copy of 8 below «,

» scaling so that the resulting object lies in the region 0 < z < 1,
* removing any string fragments that do not join top to bottom.

Figure 10 gives an example product. To avoid clutter in our notation, we will typically
identify an element (m, o, n) of 'V with the partial vine ¢ € PV, , itself but regard
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N T
KV.\ . b5k

S\
%r@ N

. O

. O

Figure 10. Calculating a3, where « € V4 5 and f € PV5 3.

m and n as “encoded” in ¢, writing d(«) = m and r(«) = n. In this way, the hom-sets
of PV are the #V,, , (m,n € N), and the endomorphism monoids are the partial
vine monoids PV, = PV, , of [27]. The units in PV, form the usual Artin braid
groups B, [5]; since we will no longer refer to the Brauer monoids, we will reuse the
symbol B, as it is standard.

The category £V is a (strict) tensor category, with & defined as for diagram
categories; o @ B is obtained by placing a translated copy of B to the right of «.
Unsurprisingly, #°V is a (strict) braided tensor category in the sense of Joyal and
Street [49] and hence a PROB (PROducts and Braids).

We say that @ € PV, 5, is a (full) vine if /(«) = [m] or a partial braid if the strings
of o do not intersect. The sets 'V and I B of all vines and partial braids are subcat-
egories of P V: the vine category and the partial braid category. Endomorphisms in 'V
and I8 form the vine monoids V, [55] and inverse braid monoids I B, [25]. The
category I B was studied in [32, Section 12], where it was observed to be an inverse
category in the sense of [50] and [15, Section 2.3.2]: for any o € I 8B, the partial braid
obtained by reflecting « in the plane z = % is the unique element 8 of I B satisfying
o = afa and B = Baf. The categories V and I B are both closed under &, and both
contain the braid groups 8B, (n € N), so they are both PROBs. However, while all
hom-sets in *V and I $ are non-empty, we have V,, o = @ form > 1.

4.2. The partial vine category

In this section, we apply Theorems 2.17 and 2.19 to obtain presentations for the partial
vine category P V.

First, note that Assumption 1 holds in £V with d = 1. For Assumption 2, we
take the partial vines X,, € PVyn+1 and p, € PVyy1,, pictured in Figure 11. For
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Assumption 3, we require presentations for the partial vine monoids PV, (n € N),
and these are given in [27]. For n € N, we define the alphabet

X, =S, US'UE, UM, UH,,
where

Sp ={oin:1<i<n}, M,={pin:1=<i<n},

St =Aoja:1<i<n}, Hy={nn:1=<i<n}

En ={ei;n 1 1 <i <nj, 4.1)
We define a morphism ¢, : X7 — PV, : w — w, where the partial vines X (x € X,,)

are also shown in Figure 11.
Now, let R, be the following set of relations over Xj,:

-1 -1 2
O0i;n0i.p = 0i:nOisn = lns &y = Eisns Eisn€jn = &jnéisn, (PV1)
2
Misn = Uiy = NisnMisn = OisnMizn = NinOisn,
2’ (PV2)
Nisn = MNisn = MisnMlisn = OiznMisn = Mi;nOisn,
MHisnMi+1;n = KisnOi+1;n, Misnlli+1;n = Misn,
(PV3)
Ni+1;nMisn = Ni+1;n0in,  Ni+LnMlizn = Ni+1n,
Mi+1;nMisn = Misnli+1;nMin = Hi+1nMinli+1;n,
(PV4)
NisnMi+1;n = NisnNi+1;0Misn = Ni+150Min i+ 150,
Kin€i+1;n = Kisns  €i+LnMisn = €it+1;n,
(PV5)

Ni;n€isn = Nisns  €inNisn = Eisn,

Mi+1;00i5n = OisnOi+1inMisnMi+1n>  NisnOi+1:n = Oi+1;n0imNi+1;nNin, (PV6)

Oi:n€i;n = €i+1;n0i;n,  Oin€i+1;n = €in0isn, Oz%ngi;n = &in, PVvT)
Oin€in€i+1i;n = €in€i+1;n = Min€in = Nign€i+1n, (PVY)
O0i;n0jin = 0j;n0isn,  MisnMjn = Hjnlisn, (PV9)
NisnMjsn = NjnMisn if[i —j[>1,

OisnMjn = UjnOins  OinNjm = NjnOin ifli —j[>1, (PV10)
0i;n0;j;n0i;n = 0j;n0i;n0j;n if |i _]l =1, (PV11)
MisnNjn = NjinMisn,  Oisn€jin = €j;n0iin ifj 7"é ii+1, (PV12)
Misn€jn = EjsnMisn,  Nizn€jm = €jnMNisn if j #i,i+1 (PV13)

Theorem 4.2 (cf. [27]). For any n € N, the partial vine monoid PV, has presenta-
tion (X, : Ry) via ¢,. [
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Figure 11. Partial vine generators X € PV (x € T).

Now, let "= L U R U X be the digraph as in (2.8) and (2.9), and let ¢ : T* — PV
be the morphism in (2.10). Let €2 be the set of relations over I consisting of | J,,en Ra,
and additionally,

Anpn = ln, pnkn = &n+1;n+1, (PV14)

ei;nkn = Anei;n—i-l, Pnei;n = 0i;n+1Pn for 0 {U, (7_1,8,/% 7}}- (PV15)
The proof of Theorem 3.2 is easily adapted to give the following.

Theorem 4.3. The partial vine category PV has presentation (I" : Q) via ¢. ]

Next, let A be the digraph over N, with edges
X:2-2, X ':2-2, V:i2-1, U:1-0, 1:0-1.

Define the morphism ® : A® — PV : w > w, where the partial vines x (x € A) are
shown in Figure 12. As usual, we also write / = ¢ for the empty path 1 — 1 and
I =T, for the identity braid from &V, (also shown in Figure 12).

Let B be the set of the following relations over A:

XoX '=X1oX =1, NoU=., (PV1Y
XoV=V, VoU=U®®U,

(PV2)
VehoV=>UI®V)oV, (I®&N)oV =1,
XeDhDoI®dX)o(XD)=UDX)o(XBI)o(I D X), (PV3y
XoU®N=10U Xo(laU)=Ua®I, (PV4Y
NeHoX=101, (I®dMoX=NN&I, (PV5Y
IV oX=XdDNo(IDX)o(VaI),
( ) ( )o( )o( ) (PV6)

VehoX=UI®X)o(X®o(IDV).
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Figure 12. Partial vine generators x € PV (x € A), as well as /.

Figure 13. The third and fourth parts of relation (PV2): (V. @ I)oV = (L & V) oV and
I®MoV =1.

Theorem 4.4. The partial vine category PV has tensor presentation (A : B) via ®.

Proof. As ever, it remains to check Assumption 6. Again, condition (i) is established
diagrammatically; see Figure 13 for the third and fourth parts of (PV2)'.

For the remaining conditions from Assumption 6, define a morphism I'* — A® :
w — W by

Oin = Lic1 DX ® ty—i—1, ﬁi;n =4 BV NBlic1, =1, D ],

>

Gin =1 @ X ' @tnict, Nin=i1 ®NBV Stpi1, Pn=12DU.
gj;n = lji—1 ©® U ©® N b ln—i,

Condition (ii) of Assumption 6 is verified diagrammatically. Conditions (iii) and (iv)
are dealt with in Lemmas 4.5 and 4.6. As usual, we write ~ = Ega-

Lemma 4.5. For any m,n € N, and for any x € A, we have Xy, ~ W for some
we ™

Proof. Forx € {X,X~1,U, 1}, the argument is the same as in Lemma 3.8. Forx =V,
we first use (PV1)" to show that m+1:m+n+2 © Unt1:n & Vin,n. We then apply the
x = U case. [

Lemma 4.6. For any relation (u,v) € Q, we have ti = 0.

Proof. The first part of (PV1) follows from the first part of (PV1)'. The remain-
ing relations from €2 involving only o0;;, and ¢j;, are dealt with in the same way
as for Lemma 3.10, apart from the third part of (PV7), which follows (using (3.6),
Lemma 2.1 (ii), and (PV4)") from

XoXo(UdABI)=X0Xo(NdUDI)=ND0DXoXo(U®I))
~NeUsH=Us Nl
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Relation Label Reduced relation s = ¢
(PV2) (a) VealdxVeMNo(Ve N~ (1AdV)o (VN
~Xo(Ve M~ (1dV)oX
(PV3) (b) Venleho(IdVeNa~VeolNdl)o(IdX)
(c) Veldelho(dNdV)=Vaolel
(PV4) (d) Ve MHo(VeNadl)
~IdVeMNHo(VeAddl)o(IdV ®N)
~WVeNlel)ocIdVeMHo(VeaeNadl)
(PV5) (e) VeMHoIldUd M~V ®N
() TeUsdsMHo(VeNH~TIdUaN
(PVo6) (2) aeaVeMoXdl)arXdI)o(I & X)

o(WaeNdl)o(IdV ®N)
PV8) () (UeNeholaUeM~VaeloUeNaI)

~(NdV)oIDdU DN

Table 2. Reduced relations s & t required in the proof of Lemma 4.6; see the text for more
details.

Relations (PV14) and (PV15) are treated in the same way as (P8) and (P9) in Lemma
3.10.

The commuting relations (PV9), (PV10), and (PV13) follow immediately from the
tensor category axioms, so too does the |i — j| > 1 case of the first part of (PV12);
for j =i — 1, we must show that

eVeMoNaVael)~(AdVdl)o(IdV & N).
For this, Lemma 2.1 (ii) and the tensor category axioms give

IeaVeMoNaVaeal)=(({AadV)o(AdV)® (1)
=N dV)oV)d .
Similarly, (1@ V @& l)o(I VBN =0 ((VHI)oV)® 1, at which point
we apply (PV2)'.
As in the proof of Lemma 3.10 (cf. Table 1), the remaining relations from €2 boil
down to certain reduced relations s ~ ¢. Up to symmetry, these are shown in Table 2.
Before we begin with the reduced relations, we make three observations. For the
first, Lemma 2.1 (iii) and (PV2)’ give
VaeMoV=(Vol)dMoV=Vo(lIdMNoVaVol=V,
and similarly, (2@ V)oV = V. “.7
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For the second, (PV2)" and (PV5)’ give
NdHoVa@®l)oXoValdN)oV x~I. 4.8)
For the third, Lemma 2.1 (iii) and (PV2)’ give
N MoV =>(Acl)y®d MoV =N DMNoVaxNol =01, (49

(a) For this, we have

e VoMoV M=((VeeDoV)yd 1=~V & 1, using Lemma 2.1 (iii)
and (4.7);

s (NdV)o(Ve D) =((A®V)oV)® N1~V @, using Lemma 2.1 (iii)
and (4.7);

e Xo(Vee D) =XoV)®d N~V @1, using Lemma 2.1 (iii) and (PV2);

e (NBV)oX=NDDdVol)oX=Vo(Al®I)oXx~Vo(ladN)
=WVol)®d 1=V & (1, using (PV5) and Lemma 2.1 (ii) and (iii).
(b) This follows from

VenelhodX)=Veol)d (Ao X)~ValeN,
where we used (PV5)’ in the last step, and

(Veneho(IeVeN) =Vo)®(A®I)o(V & N))
=Vae(AeHoV)d N by Lemma 2.1 (iii)
~AVeIleN by (4.8).

(c) Using Lemma 2.1 (ii) and (4.8), we have

VenNeholdNadV)=Voe(A®)o(AdV))
—VeNe((AedoV)~Vaenal.

(d) First, note that

TeaVaeaMo(VaeNdl)=((IdV)oV)D(Do(ADI))
=((eV)oV)®(1®(1o])) byLemma 2.1 (ii)
~(VelhoV)eNd N by (PV2).

Thus, it suffices to show that

VeldeohHhow~wr~wo(l®V &N,
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where w = (V@ I)o V) @ /1 & /1. For this, we have
VenNeow=Veldl)o(Vel)oV)dNdN)
=((VeN®l)o(V®I)oV)®N® A byLemma?2.1 (iii)

=(((VeMoV)®(Iol))oV)eNe
~(VehoV)doNdN=w by (4.7),

and

wo(I®V & N)
=((VeDhoV)oN®d Mo(IDV BN
=(((VeDoV)oc)®d (16 D)o (V& N)
=((VaeDhoV)s (1@ MoV)d N by Lemma 2.1 (iii)
~((VelhoVyeNdN=w by (4.9).

(e) We use (3.6) and (PV1)":

VeMo(ldUaN)=Vol)®No(UaN)=Va&(QolUo)

~V®@poN)=Va.

(f) We use (3.6) and (PV2)":

TaUsMo(VeN=IaA®dU)o(VeN) =((I®A)oV)d U o)

~I1eUoIN.
(g) First, note that
UeVaeMoX@l)
=((®V)oX)®([1o1)
~(XeDHhoUdX)o(Val)aN by (PV6)'
=XehHo(UdX)o(VeaeleN by Lemma 2.1 (iii),

so it remains to observe (using Lemma 2.1 (iii) and (4.8)) that

VeldeholdVel)=WVold(AdI)o(VeN)
=Ve((NehHhoV)ye N~Vaolae

(h) By (3.12), the proof of which used only U & /1 = /1 & U, it suffices to show
that

VeMoUaNdD~AdV)o(ldUdN~USUSNSN.
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For this, we have (using (PV2)" and Lemma 2.1 (ii))

VeMoUaeNdl)=(VolU)d(Ao(N®1))
~UsU)e (1 (1o1))

=UsUq NN
A similar calculation gives (1 ® V)o (I U D N ~U U S N1 P N. [
This completes the proof of the theorem. ]

Remark 4.10. As in Remark 3.15, we could convert the presentation (A : E) from
Theorem 4.4 into a PROB presentation. In doing this, the generators X and X !, and

some of the relations from &, are part of the “free” PROB data and can hence be
removed, specifically the first part of (PV1)" and all of (PV3)'—(PV6)'.

4.3. The partial braid category

Next, we treat the partial braid category I B. Again, Assumption 1| holds with d = 1,
and for Assumption 2, we take the partial braids A, and p, pictured in Figure 11.
Several presentations for the inverse braid monoids I8, (n € N) exist [25, 26, 35],
but the most convenient one to use for Assumption 3 is due to Gilbert [35]. Forn € N,
let

Xn=S,,USn_1UE,,, whereSflz{aifnlzlfi <n}yand E, ={gj.;p 11 <i <n},

and define ¢, : X;; — I8, : w — w, where the partial braids Efnl and ¢;., are
pictured in Figure 11. Let R, be the set of relations

—1 —1 2
OisnOiy = 040 0isn = lns €y = Eisns

) (IB1)
EimEjin = Ejnim, Oin€jm = EjnOizn L j #F1,0 +1,
Oi;n€i;n = €i+1;n0i;n,  Oin€i+1;n = €i;n0isn,
) (IB2)
Oi:n€isn = €isn, Oi:n€in€i+1;n = €in€i+1;n,
0i;n0j;n = O0j:n0i;n if|i —]| > 1,
o ) (IB3)
0i;n0j;n0i;n = 0j;n0i;n0j;n if|i —jl=1.

Theorem 4.11 (cf. [35]). Foranyn € N, the inverse braid monoid I 8,, has present-
ation (X, : Ry) via ¢y,. ]

Now, letI' = L U R U X be the digraph as in (2.8) and (2.9), and let

¢:T*—> I8
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be the morphism in (2.10). Let €2 be the set of relations over I'" consisting of | ;e Ra,
and additionally,

AnPn = tn, PnAn = En+1;n+1, (IB4)
OinAn = AnOint+1, Pnbin = Oisny1pn for6 e {0,0_1,8}. (IB5)

The proof of the following is again essentially the same as for Theorem 3.2.
Theorem 4.12. The partial braid category I B has presentation (I' : Q) via¢. =
Next, let A be the digraph over N, with edges
X:2—>2, X':2-52 U:1-0 N1:0-1,

and define the morphism ® : A® — I8 : w > w, where the partial braids x (x € A)
are pictured in Figure 12. Let E be the set of the following relations over A, where
I =,

XoX '=X'1oX =1 NoU=, (IB1Y
XehDoldX)o(XD)=UDX)o(X D)ol &X), (IB2)
XoUe®l=10U Xo(IU)=U®I,

(IB3Y
NeNHoX =101, I&MoX=N0a1I.

The proof of the following is contained in the proof of Theorem 4.4.

Theorem 4.13. The partial braid category I B has tensor presentation (A : E) via .
[

Remark 4.14. For a PROB presentation, only the relation /2 o U = (¢ is needed
(cf. Remark 4.10).

4.4. The vine category

We now turn our attention to the (full) vine category V. Things are a little more
complicated here since the connectivity of 'V is different to all of the other categories
treated so far. Namely, as we have already observed, V,, , # @ <& m =0orn > 1.
Thus, we will have to use Theorem 2.20 instead of Theorem 2.19. Accordingly, we

define the subcategory
V= ) Vmn

m,neP

Assumption 1 holds in V* with d = 1. Next, note that the partial vines p, used in
Sections 4.2 and 4.3 (cf. Figure 11) do not belong to V. Thus, for Assumption 2, we
take A, € Vy n+1 and pn € V1,0 (n € IP) to be the (full) vines pictured in Figure 14.
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~

51-;%:1 IX[ ]ﬁi;n% [\H | a-

Figure 14. Vine generators x € V (x € I).

For Assumption 3, we take the presentation for the vine monoids V, (n € P) given
by Lavers [55]. For n € PP, define the alphabet

Xy =S, US T UM, U H,,
where
Sp =A{0in 11 <i <nj, My, ={pin:1 <i <nj,
St =Aoi, 1 <i<n}, Hy = {nim:1<i<n}.

Define the morphism ¢, : X7 — V,, : w — w, where the vines X (x € X,) are also
shown in Figure 14. Let R, be the following set of relations over Xj,:

—1 —1

O0i;n0i.y = 03 Oisn = ln, (V1)

2
MKisn = iy = NMisnMisn = Oisnlisn = NisnOisn,

: (V2)
Nisn = My = KisnNisn = OisnNisn = Mi;nOisn,
HisnMi+1;n = KisnOi+1ns Ni+1;nNisn = Ni+1;n00;n, V3)
HiznNi+1;n = Misns  Ni+1;nMisn = Ni+1in,
Mi+1;nMisn = MisnMi+1nMisn = Mi+1nMisnMi+1in, (V)

NisnMi+1;n = NisnNi+1;0Nisn = Ni+150Min i+ 150,
Hi+1:n0isn = OisnOit+1nfiznfbi+1ns  NinOi+1n = Oi+1:n0isnNi+1:nMizns  (VS)

O0i;n0jn = 0j;n0i;n,  MisnMjm = HjnMisn,

(Vo)
NisnMjn = NjnNin ifli —jl>1,
Oisnljsm = KjmOisns  Oisnljn = NjmOisn LI — j| > 1, 2
O0i;n0;j;n0i;n = 0j;n0i;n0j;n if |i _]| =1, (V8)
HiznTjn = NjsnMisn ifj#ii+1 (V9)

Theorem 4.15 (cf. [55]). For any n € P, the vine monoid 'V, has presentation
(X @ Ry) via ¢y. n
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Now, let I' = L U R U X be the digraph as in (2.8) and (2.9), and let
¢:T* -Vt

be the morphism in (2.10). Because of the different form of p,, (n € P), we have to be
a little more careful in constructing the relations from Assumption 4 (iv). With this in
mind, let 2 be the set of relations over I" consisting of UneP R,,, and additionally,

AnPn = tn,  PnAn = Hnn+1, (V10)
Oindn = AnBint1 for 6 € {0,071, . n}, (V11)
PnOi:n = biny10n for@ € {o,0 , w.,nyandi <n—2, (VI2)

PnOn—1:n = Mnsn+10n—1;n+1Pn for 6 € {o, U_Iv s - (V13)

In the language of Assumption 4 (iv), the mapping x — x4 is still given by
(Gi;n)-i- = 0i;n+1,
but the x > x mapping is slightly more complicated.

Theorem 4.16. The vine category VT has presentation (I' : Q) via ¢.

Proof. As usual, the main work is in checking condition (v) of Assumption 4, and for
this, we again use Remark 2.13. Writing & = @y »+1, the proof will be complete if
we can show the following:

* Foralln € Pandw € X,;, |, we have pwp ~ puu p for some u € X

To do so, letw € X7, |, and put & = Lwpt € V1. Also, put B = wyz, and note that
a = i (since 12 = jr). Note also that

T(B) € T(n) = [n],

where T is defined in Section 4.1. Thus, removing string n + 1 of § leaves us with a
vine from V,; denote this vine by y, and write y4 =y @11 € V,,41. Since T' (X)) = [n],
we have [t = jiy4+. By Theorem 4.15, we have y = u for some u € X, and we note
that yy = 4 = uy. Butthen, pwp = o = gfpu = uy+ 4 = puypin Vy4q, so it
follows from Theorem 4.15 (and R, 41 € ) that pwy ~ pu4p. ]

Now, let A be the digraph over N, with edges

X:2-52 X ':2-52 V:2->1, N:0-1,

and define the morphism ® : A® — V : w +— w, where the partial braids x (x € A)
are pictured in Figure 12. Let & be the set of the following relations over A, where as
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usual we write I = (7:

XoX '=X"1oX =0 XoV=V, (V1Y
VelhoV=>UdV)oV, (I®dN)oV =1, (V2)y
XeDhoIdX)o(XdN=UIdX)o(X D)o & X), (V3)
NeNHoX=I100, UeMoX =01, (V4y

IeV)oX=XP)o(UBX)o(VBI),

(V5)Y
VeolhoX=U®dX)oc(XDL)o(IDV).

Theorem 4.17. The vine category 'V has tensor presentation (A : B) via ®.

Proof. We prove this by applying Theorem 2.20. We have already observed that the
subcategory VT satisfies Assumptions 1—4; we fix the presentation (I" : Q) for V'
from Theorem 4.16. Since V satisfies Assumption 7, it remains to check Assump-
tion 8. Conditions (i) and (ii) are easily verified. For conditions (iii)—(v), we use the
mapping I'* — A® : w > 1 defined by

6\—i;n =4 1D X P in—i—1, ﬁi;n =4 1DV DND i1, Xn =1, ® /1,
~—1

Oin =1 ®X ' Otuit. D=1 ®ADV Btyi1. Pa=tn1V.

Condition (iii) is easily checked. Condition (iv) is given by the next lemma. From here
on, we write as usual ~ = Ega-

Lemma 4.18. For any m,n € N, and for any x € A, if (m, x,n) # (0, 1,0), then
Xm.n &~ W for some w € T'*.

Proof. For x € {X, X!, /1}, the argument is again essentially the same as in Lemma
3.8. For x = V, we have

Vinn & Um+1;m4n+2 © Bm+2;m+n+2 ©*** © Um+n;m+n+2 © Pm+n+1-

To prove this, we first show that [y +1:m+n+2 © Vin+1:1—1 X Vin,n and then apply
induction. [

Condition (v) of Assumption 8 is given by the following.
Lemma 4.19. For any relation (u,v) € Q, we have i ~ 1.

Proof. The proof is essentially contained in the proof of Lemma 4.6, apart from rela-
tions (V10), (V12), and (V13), which involve the different p,, terms. The first two of
these are easily verified, and the third boils down to showing that

I@eV)oZr(IBVSMo(ZBI)o(IDYV)
foreachZ =X, XL Ve N and V.
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For this, noting that d(Z) = r(Z) = 2, we have

IdVaeMo(Zel)o(IdYV)
=((U®V)oZ)y®(1ol)o(IBV)
=((UdV)ocZ)yd Mo(IBYV)
=({(IeV)ocZo(UBI))DMo(IBYV)

={U®V)oZo(IDIBMo(IDYV) by Lemma 2.1 (iii)
={U®V)oZo(({ol)d((I®ND)oV))
U @V)oZo(IBI)=UDV)oZ by (V2)'. [

All that remains is to check condition (vi) of Assumption 8, and for this, we need
to show that

NdMoX~NdN, (NdMoX 'anNeN, (N®MoV ~ .

The first and third of these were proved in (3.13) and (4.9), using relations contained
in (V1)=(V5)'. The second follows quickly from the first, together with (V1)'. [

4.5. Categories of (partial) transformations

We now show how to use the results of Sections 4.2—4.4 to obtain presentations for
certain categories of transformations. Such presentations could also be obtained dir-
ectly by applying the results of Section 2, but it is quicker to realise the transformation
categories as suitable quotients of PV, V, or I 8.

For m,n € N, write 7, , for the set of all partial transformations [m] — [n];
i.e., all functions A — [n] for A C [m]. The partial transformation category is

PT = {(m,f,n) m,neN, fe ?Tm,n}.

Form,n,q € N, and for f' € 7, , and g € T, 4, we define

5

d(m, f,n) =m, x(m, fn)=n, (m,fn)on g.q)=(m,fgq),

where fg = f o g € T 4 is the ordinary relational composition. As with partial
vines, we will avoid clutter by identifying (m, f,n) € PT with f € P T, , and writ-

ingd(f) =mandr(f) = n.
There is a natural surmorphism

VPV > PT ia—>a

determined by the initial and terminal points of the strings of the partial vine «. For
o € PV, the partial transformation & € P T, , has domain /(«) and image 7 («)
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and maps a + b if and only if o has a string s with /(s) = a and T(s) = b. For
example, with o € V4 5 and B € P Vs 3 as in Figure 10, we have

_ (123 4\ __ - (1 23 45\ __
Ol—<2 4 9 1)6JJ4,5 and ,3—(_ 3 3 3 2)€JJ5,3.

The surmorphism 1 maps the vine category 'V and the partial braid category I8
onto the subcategories

T ={f € PT : f istotally defined} and I ={f € PT : f isinjective},

which are the full transformation category and the symmetric inverse category, re-
spectively. Thus, presentations for £V, 'V, or I 8 yield presentations for 7, T, or
I upon adding relations that generate the kernel of ¥ (or its restriction to V or I B).

Lemma 4.20. If€ is any of PV, 'V, or I B, then

(1)  ker(y le) is generated as a category congruence by

{(62 1) :n €N, 1§i<n},

in
(i1) ker(y l'e) is generated as a tensor category congruence by {(X o X,12)}.

Proof. We must show that ker(y ') = & = {, where
§={@2, ) neN, 1<i<n)' and {={XoX ).

Since Eiz;n =T1_10(XoX)®—i—2, wehave £ C . Since X is the transposition
(1,2) € $3, we have ¢ C ker(y ['e). It remains to show that ker(y ) C &, so sup-
pose that o, B € € and @ = ,g Write m = d(e) = d(8) and n = r(«) = r(8), and
suppose by symmetry that m < n. Let )_km,,,, Pn,m be as defined in (2.5), where the lat-
ter involves the appropriate p; (cf. Figures 11 and 14). We then have (o, ma)y¥ =
(Pn.mB)Y, With oy met, pu.mB € Cy. Now, the kernel of ¥ [ is generated (as a
semigroup congruence) by {(El%n,Tz) 11 <i < n}; see [27, Lemma 29], [55, The-
orem 9], and [26, Proposition 31] for € = PV, V, and I B, respectively. It follows
that 0, ma & PpmPB, and so, & = 1@ = AmnPnm® & AmuPnmB = tmP = B, as
required. ]

Thus, we can obtain a category presentation for 7, I, or T by adjoining the
relations oiz;n = 1, to the appropriate presentation (I" : Q) from Theorems 4.3, 4.12,
or 4.16. Combining this new relation with the first part of (PV 1), this leads to oi_;,} =
0i:n S0 that we may remove all generators from |, cpy S, ! Several relations simplify
as a result, but we will not give all the details, as we are more interested in tensor
presentations.
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We can obtain such a tensor presentation for J*J by adding the relation
XoX = %)

to the presentation (A : E) from Theorem 4.4. Keeping in mind that this also leads to
X !'=X,weend up with generators X, V, U, and /1 and relations

XoX=1, X®dDHo(IdX)o(X)=UDdX)o(X D)o & X),
NolU =19, XoV=V VoU=U&U,
VeloV=IdV)oV, (I®N)oV =1,
XoUed=100U, (Adl)oX=161,
IBV)oX=XDP)o(UBX)o(VBI).

Note that only the first part of (PV4)' is listed, as the second follows from the first and
X o X = 1p;viz.,

Xo(l®dU)~XoXo(Ul)~noUdIl)=UaI.

Similarly, we only need the first parts of (PV5)" and (PV6)'. The above presentation
is via the surmorphism determined by

12 _ 1 2 _
X|—><2 I)E?Jz, VI—><1 1)6:7)2,1,

4.21)
1
Ui—)()eﬂ)‘"],o, N+ (D) e PTor.

We can similarly obtain tensor presentations for I and 7, using Theorems 4.13
and 4.17:

» For I, we have generators X, U, and /1, mapping as in (4.21), and relations
XoX=1, XohHho(dX)o(X)=(IDX)o(XPI)o(I & X),
NolU =1, XoUdlH=1dU, AdI)ocX =16/

» For 7, we have generators X, V, and /1, mapping as in (4.21), and relations
XoX=1 X&lHodX)o(Xd)=(UBPX)o(XBI)o( & X),
XoV=V (VeloV=UI&V)oV, (Id)oV =1,

NeDHoX=I®1, ISV)oX=XdHo(IDdX)o(V&I).

Remark 4.22. All of the above presentations can be simplified by adding in the PROP

structure (cf. Remarks 3.15, 4.10, and 4.14). For example, the category I then requires
only the relation /10 U = .
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4.6. Categories of isotone (partial) transformations

A partial transformation f € P Ty, , is isotone (order-preserving) if we have x <y =
xf < yf forall x,y € dom(f). The set

PO ={f € PT : f isisotone}
is a subcategory of # 7. We also have the isotone subcategories of 7 and I:
O=20NT and OI =PONI.

The results of Section 2 can be used to obtain presentations for the categories 0O, O,
and O 1.
For O and O, we first note the following:

» For fixed n € N, the monoid # ©, has presentation with generators E, U M, U
H, as in (4.1) and all relations from (PV1)—(PV13) involving no letters from
Sy U S cf. [70].

» For fixed n € P, the monoid @, has presentation with generators M, U H, as
in (4.1) and all relations from (PV1)-(PV13) involving no letters from £, U S, U
S—1sef. [3].

Applying the usual techniques, we obtain (via Theorem 2.17) a category presentation
for @, which can then be rewritten (using Theorem 2.19) to yield the following.

Theorem 4.23. The category P O has tensor presentation with generators
1 2 1
V> 11 Gc(/j@z,], U+ 657)(91’0, [)l—)(@)efP@O,l

and relations

NoU=1, VoU=UU Ve&l)oV=UdV)oV,
e MoV=I=(NdI)oV. ]

For the category @, we first use the above-mentioned presentations for @, to
obtain (via Theorem 2.17) a presentation for O = Um’nGP Om,n and then rewrite it
(using Theorem 2.20) to give the following.

Theorem 4.24. The category O has tensor presentation with generators

V- (i f) €021 and N+ (D)€ O,

and relations

VeloV=UIdV)oV and (I® MoV =I1=1&I)oV. ]
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Remark 4.25. Theorems 4.23 and 4.24 both include the relation
e MoV=I=0N0dI)oV,

whereas (PV2) has only (I @ /1) o V = I. The reason for this is that, with the addi-
tional generator X, the second half of this relation follows from the first (and other
parts of (PV1)—(PV6)'); cf. (4.8).

For the category @ I, we could apply Theorems 2.17 and 2.19 as usual, starting
from presentations for the monoids @ I, as may be found in [33] for example. How-
ever, the relations from [33] are substantially different from (PV1)-(PV13), so this
would require a great deal more work. In any case, the category @ I is simple enough
that we can give a direct proof of the following.

Theorem 4.26. The category O I has tensor presentation with generators
1
U~ ( ) € (9.[1,0 and 1+ (@) S (9.[0,1

and the single relation 110 U = .

Proof. Let A be the digraph over N with edges U : 1 — 0 and /1 : 0 — 1, and let
® : A® — (I be the morphism in the statement. Let &~ be the congruence on A®
generated by the relation /2 o U = (.

To show that @ is surjective, let f € O I, and write f = (,a): - Z’; ), where
ap < --- < ay (and by < --- < by). For convenience, we also define ag = by = 0,
and ax+; = m + 1 and by 1 = n + 1. Then, defining p; = a;4+; —a; — l and g; =

bit1 —b; —1forall 0 <i <k, we have f = w®, where

w= (Ue)po@[]GBqO)@[EB(UGBm EBHEB‘“)EB]EB
DU @ N Bl US e N%%).  (427)

Next, &~ C ker(®) is easily checked as usual. For the reverse inclusion, it suffices
to show that every term from A® is a-equivalent to a term of the form (4.27), as
this form uniquely determines w® € @ I. In fact, by (2.4) and a simple induction,
it is enough to show that for any term w as in (4.27) and for z = (. ® x @ ¢4, with
c,d €N, x €{U, 1}, and r(w) = d(z), w o z is &~-equivalent to a term of the desired
form. For convenience, we write

w=y1®-- Dy,

where y1,...,y; € {I,U, [1} are the symbols in the order they appear in (4.27). For
0<1i <1, wewritew, =y @---® y; and w;r = Yi+1 ® --- @ y; (interpreting
wy, = wl+ = o) sothat w = w; & wi+ forall i.
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Case 1. Suppose first that x = U. Noting thatr(w) =d(z) =c+d + 1 > ¢,let0 <
m < I be maximal so that r(w,,) = c. Since r(w,,, ) > ¢, we must have y,;+1 = 1
or /1, and we have w = w,, ® ym+1 B w:g“ and r(w;;H) =d.If yyu41 = I, then

u)OZ=(w,;@l®w;_+1)o(Lc®U®Ld)
= (wyot) BT oU)® W}, o) =w,dU w,,,.

If ym41 = /1, then we similarly show (using /10 U & 1) that w o z ~ w,,, ® wntﬂ.
In both cases, the final expressions are either already of the form (4.27) or can be
transformed into the desired form using the relation U @ /1 = /1 @ U;; cf. (3.6).

Case 2. If x = /1, then we again let 0 < m <[ be maximal so that r(w,,) = c,
and this time, we have w oz = w,,, ® JoN= w,‘,t, which is again either already of the
form (4.27), or can be transformed into such form using (3.6). ]
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