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Abstract

We define and study the two-colour gl-web categories Web' (gl) and Web™(gl), which gener-
alize the gl-web categories that have previously appeared in the literature. After establishing
some basic properties of these categories, we show that Web“(g[) is isomorphic to a partial
idempotent completion of the oriented skein category OS. This completion is obtained from
OS by adjoining objects corresponding to the quantum symmetrizer and antisymmetrizer
morphisms. We use this isomorphism to generalize results about web categories from the
literature. In particular, we study the web incarnation functors from Web™ (gl) to the cat-
egory of type 1 weight modules for the quantum enveloping superalgebra Uq(g[m|n). Our
approach allows us to translate fullness and kernel results for OS-incarnation functors into
corresponding theorems for web incarnation functors, extending existing results to new cases
where the base ring is not a field.
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Chapter 1

Introduction

1.1 Intended audience

This thesis is designed to be accessible to readers with some background in abstract alge-
bra (algebras, modules, quotients, etc.) and familiarity with category theory (particularly
monoidal categories; the key definitions and properties can be found in Appendix A). No
previous knowledge of web categories is assumed. Some experience with super mathematics
(super vector spaces, superalgebras, etc.) and quantum mathematics (specifically, quantum
groups/enveloping algebras) would be helpful, but we recall the relevant definitions and
results for these topics in §2.3 and §2.4, respectively.

1.2 History and overview

The modern study of web categories traces back to [Kup96|, in which Kuperberg defined
various combinatorial spiders, consisting of web diagrams subject to certain natural geo-
metric/topological relations (“web category” is a more modern term). The spiders studied
in [Kup96| correspond to the rank 2 simple Lie algebras (types Ay, By, and G5) and their
quantum enveloping algebras, with webs representing certain morphisms between represen-
tations of these Lie algebras or quantum groups. These sorts of diagrammatic approaches
to representation theory have become increasingly popular in recent years; many identities
that are opaque when written algebraically become much simpler and more intuitive when
drawn diagrammatically. In addition, it is often possible to define a single diagrammatic
category that captures the representation theory of a whole family of groups or algebras in
one unified view.

In [CKM14], Cautis, Kamnitzer, and Morrison introduced the SL,,-spiders, extending
Kuperberg’s work to type A in general. In the years since, many new web categories have
been defined and studied. In this thesis, we aim to unify and build upon previous approaches
to type A web categories, giving economical presentations of the two-colour gl-web category
Web'(gl) and the two-colour gl-web category with duals Web™(gl), which generalize the gl-
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web categories that have previously been studied. In the process, we fill in a few gaps in
the literature by providing full proofs for some results that have been mentioned in previ-
ous papers. Our main result is Theorem 4.13, which establishes an isomorphism between
Web™ (gl) and OS", the latter being a partial idempotent completion of the oriented skein
category OS. Specifically, OS" is obtained from OS by formally adjoining objects that cor-
respond to the idempotent quantum symmetrizer and antisymmetrizer morphisms, which
are quantum analogues of Young (anti)symmetrizers. In terms of representation theory,
these (anti)symmetrizer objects correspond to symmetric and exterior powers of the natural
representation for Uq(g[mm), the quantum universal enveloping superalgebra of the general
linear Lie superalgebra gl,,, ,,.

As applications of Theorem 4.13, we generalize some results about gl-web categories
from the literature. For instance, we use the isomorphism Web™(gl) = OS" to show that
our two-colour web categories Web'(gl) and Web™(gl) contain subcategories isomorphic
to the monochromatic web categories that have previously appeared in the literature (see
Proposition 5.1.6); this was previously known only for specialized gl-web categories, which
correspond to particular dimension parameters m,n € N. Our main focus is on gl-web
categories, though we also discuss sl-web categories in §5.3. In §5.4, we will discuss the
precise connections between our web categories and those that have appeared previously in
the literature. In Chapter 6, we give a new perspective on the web incarnation functors
Web™(gl) — Uy(gl,1,)-mod, defining them in terms of the related OS-incarnation functors
OS — Uy(gl,,,)-mod. In general, Theorem 4.13 allows one to systematically translate
definitions and results for OS, which has been studied quite extensively, into corresponding
definitions and results for Web™(gl).

At the same time, Theorem 4.13 provides a new perspective on the way that web
categories are defined. The relations used to define sl-web categories in [CKM14| were
derived using quantum skew Howe duality, which relates the actions of U,(gl,,) and U,(sl,)
on various exterior power modules; similar dualities underlie the definitions of the gl-web
categories in [TVW17] and [QS19]. The isomorphism Web™(gl) 22 OSY can be viewed as
giving an alternate definition of the gl-web category in terms of the existing category OS,
independent of these dualities. As we will discuss further in §1.4, this sort of approach could
be used to define new diagrammatic categories that are analogous to web categories, even
in settings where suitable representation-theoretic tools (analogous to quantum skew Howe
duality) have not yet been developed.

1.3 Originality of results

Chapter 2 is largely a review of standard definitions and results. In §2.4, we have included
many remarks to help explain some details that are usually omitted in the literature. The
facts we prove about (anti)symmetrizers in §2.5 would be unsurprising to those who have
worked with such objects before, but the present author was unable to locate complete proofs
in the literature for many of the properties we establish in that section.

Our two-colour upwards-oriented gl-web category Web'(gl) is isomorphic to the one
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studied in [TVW17], though our presentation is smaller; in §3.2, we show that our collection
of defining relations implies the larger set used in [TVW17]|. To the best knowledge of the
present author, a two-colour gl-web category with duals has not previously appeared in the
literature. Our definition of Web'™ (gl) extends the approach to gl-web categories with duals
from [QS19| (which, in the language of this thesis, treated the monochromatic purple case) to
the two-colour setting. The web category symmetry functors we describe in §3.1 are partially
new. Many previous papers have discussed horizontal reflection symmetries of web categories,
and a symmetry between the two colours of strands was noted in [TVW17] (though the
colour-swapping symmetry we use in this thesis is slightly different; see Connection 5.4.3).
Our functors corresponding to vertical reflection and 180° rotation appear to be novel, though
similar symmetries have been described for other diagrammatic categories.

In §3.2, we prove Proposition 3.2.5, showing that the general “square-switch” identities
follow from just the special case (MIRROR). This fact has been mentioned before, e.g. in
[ST19, Rem. 2.5], but the present author is not aware of a complete proof in the literature.

The braided monoidal structure on WebT(g[) we define in §3.3 has appeared before in
[TVW17]|. Our extension of this structure to the gl-web category with duals is novel, but
similar to the monochromatic case addressed in [QS19]. Our proof of Proposition 3.3.23

is new, though the idempotents appearing in that result have been studied before; see e.g.
[RT16, Def. 2.11, Rem. 2.21].

The material in Chapter 4 is novel. The general idea of embedding one diagrammatic
category into some suitable completion of another diagrammatic category has appeared
before (for instance, this is one of the key techniques employed in [SSS24|, a joint work
between the present author and Alistair Savage), but this approach is relatively new, and
has not previously been applied to web categories.

The first two sections in Chapter 5 are mostly concerned with extending existing material
to our two-colour web categories. As noted in §1.2, Proposition 5.1.6 generalizes a result that
had previously only been proved for specialized gl-web categories. Our presentation of the
sl,-web categories in §5.3 is new, taking inspiration from the presentation of the category
¢-Schur given in [Bru25|. The isomorphism of Theorem 5.3.19 (which is closely related to
the material in Chapter 4) is also novel.

The incarnation functors we define in Chapter 6 have appeared previously in the lit-
erature in many forms. Our approach gives a new perspective on these functors, directly
relating them to incarnation functors for OS. We use these connections to extend existing
fullness and kernel results for web incarnation functors to new cases where the base ring is
not a field. Even in cases where such fullness and kernel results were previously known, our
method of proof is new.

1.4 Further directions

e In Chapter 6, we prove the existence of web incarnation functors working over a fairly
general base ring, and for arbitrary dimension parameters m,n € N. However, we
only prove that these functors are full and describe their kernels in certain special
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cases, corresponding to what has been proved for related diagrammatic categories in
the literature. We expect that existing methods can be extended to show that our
fullness and kernel results hold more generally.

e In [DKMZ23|, Davidson, Kujawa, Muth, and Zhu introduced a family of gl-web su-
percategories Web?’“ depending on a superalgebra A. There are incarnation functors
from these A-enriched web categories to the category of modules for gl,,(A), analogous
to our incarnation functors in Chapter 6. In the case where A is a symmetric Frobe-
nius superalgebra, it seems likely that the methods from Chapter 4 could be adapted
to prove that the A-enriched gl-web category is isomorphic to an appropriate partial
idempotent completion of the upwards-oriented part of the oriented Frobenius Brauer
category OB(A), which first implicitly appeared as a subcategory of the Frobenius
Heisenberg category Heisap in [Sav19], and then was explicitly defined and studied in
[MS23]. More generally, one could define a quantum version of Web’;l’a, which would
be isomorphic to a partial idempotent completion of the upwards-oriented part of the
quantum Frobenius Heisenberg category introduced in [BSW22].

e Given a braided monoidal category C, one can define the affinization of C, Aff(C), by
adjoining invertible “dot” morphisms subject to appropriate relations; see [MS21]| for
details. Various affinizations of web categories have been studied to date, with close
connections to the representation theory of their associated Lie algebras or quantum
groups; see [SW26|, [SW25a|, [SSW25], [SW25b|, and [DKM25]|. Like in the previous
bullet point, it seems likely that our methods from Chapter 4 could be adapted to
the affine setting, yielding an isomorphism between affine web categories and a partial
idempotent completion of the affinization of OS (or another appropriate diagrammatic
category, depending on the specific web category under consideration).

e As briefly mentioned above, web categories have also been studied outside of type A.
For instance, webs of type C' were studied in [BERT21], types B, C, and D in [ST19],
type P in [DKM24|, and type @ in [BDK25] (the last two types appear only in the
super setting). As above, we expect that the methods from this thesis could be adapted
to these other types of web categories.

e Taking a broader view, Theorem 4.13 tells us that Web™(gl) can be obtained from OS
by adjoining objects corresponding to symmetric and exterior powers of the natural
Uy( g[m|n)—module. Here, Theorem 4.13 gives us a new perspective on a preexisting cate-
gory. Taking the reverse approach could inspire definitions for new diagrammatic cate-
gories. Namely, given a diagrammatic category C with incarnation functor C — A-mod,
one could investigate the completions of C at idempotent morphisms corresponding to
certain families of A-modules, analogously to how (anti)symmetrizers correspond to
symmetric and exterior powers in this thesis. One could then define a new diagram-
matic category (analogous to web categories) specifically designed to be isomorphic to
such a partial idempotent completion, but presented in a more convenient and compact
way.



Chapter 2

Preliminaries

2.1 Conventions

Fix a commutative ground ring k. We use the terms “k-vector space” and “k-module”
interchangeably, regardless of whether or not k is a field. All of the modules we will consider
are left modules. We set N = Z~, so in particular 0 € N.

2.2 String diagrams

We will make extensive use of string diagrams throughout this thesis. In this section, we give
a quick rundown of the essential conventions and properties; a more detailed introduction
to string diagrams can be found in [Sav21|. For a comprehensive treatment of the topic,
see e.g. [TV17, §2]. The definitions of monoidal categories and related notions that we will
mention below can be found in Appendix A.

Morphisms in a monoidal category can be represented by string diagrams. Given a
morphism f: X — Y| its corresponding string diagram is a line (called a string or strand)

decorated with a coupon labelled by f:
Y

(f |

Note that the domain is indicated at the bottom and the codomain is indicated at the
top, i.e. we read string diagrams bottom-to-top. Morphisms between tensor products of
objects are represented by multiple strands going into/out of the coupon, one for each tensor
factor. Composition of morphisms is represented by vertical stacking, and tensor products
are represented by horizontal juxtaposition. Identity morphisms are represented by strings
without coupons. For example, if f: AQB—->C®D,g: X -Y , h:Y - Z andi: E— F,
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are morphisms, then f, ho g, g ® 1, and idy would respectively be drawn as:

z
¢ D Y F X
®)
Y 7 Y
A B X E X
X

The fact that ® is a bifunctor manifests as the interchange law for string diagrams, which
says that one can freely move morphisms up and down along strings:

(2.2.1)

< <
»—O—w
I
o=
»—O—w
I
o =
> —O—w

The unit object 1 is typically represented by the absence of a string. For instance,

X

l and m

XY

respectively represent morphisms 1 — X and X ® Y — 1. Here and throughout most of
this thesis, we represent morphisms using certain shapes of string diagrams (sometimes with
dots or other decorations) without giving those morphisms traditional names like f, g, h, etc.

String diagrams are best suited for representing morphisms in strict monoidal cate-
gories. When working with non-strict monoidal categories, there is some mild ambiguity.
For instance, (idy ® idy) ® idz and idx ®(idy ® idz) would both be drawn as

XY Z

XY Z

but those two morphisms need not be equal in a non-strict monoidal category. We mostly
work with strict monoidal categories in this thesis, so these issues will not come up very
much. When interpreting string diagrams in non-strict monoidal categories, one must insert
appropriate associators and/or unitors to obtain well-defined morphisms and identities. Al-
ternatively, one can reduce to the strict case by using the fact that every monoidal category is
monoidally equivalent to a strict monoidal category (this follows from Mac Lane’s coherence
theorem; see [MLIS, §2]).

Definition 2.2.1. Let C be a monoidal category and X,Y € ob(C). We say that Y is
left dual to X, or, equivalently, X is right dual to Y, if there exist morphisms v and
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Y (respectively called a cap and a cup, also known as an evaluation and a coevaluation)

- m . (ZIGZAG)

If Y is both left and right dual to X, we say it is two-sided dual to X, or simply dual to X.

satisfying the zigzag equations:

Left and right duals (when they exist) are unique up to isomorphism, so we will often
simply refer to “the” dual of an object X, which we typically denote X*. We will usually
leave the choice of cups and caps implicit when discussing duals.

An object X with a two-sided dual X™ is typically represented in string diagrams by an
upwards-facing arrow, and its dual by a downwards-facing arrow. Thus, cups and caps for a
dual pair (X, X*) would be drawn as:

M X* X ) X X+
XX*’ U? X*X’ Ua

though some authors would omit the labels X* and draw just e.g. Q .

The braiding morphisms in braided monoidal categories are represented by crossings of
strings. The diagrams corresponding to the braidings Bx y and B)_(,ly are, respectively:

Y X X Y
\ %
Ao X
X Y Y X
We call the first type of crossing an over-crossing or positive crossing, and the second type

an under-crossing or negative crossing. The fact that positive and negative crossings are
inverse to each other is represented diagrammatically by the double-crossing relations:

O = - O. (2.2.2)

The braiding axioms (A.3) and (A.4) imply that crossings involving tensor products can be
written in terms of crossings between the individual tensor factors:

Y®Z X z XQY Z XY

Y= / _ \/K . (2.2.3)

X Y®Z Yy z X®YZ X Vv A
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It follows that the analogous identities hold for negative crossings as well. Hence, when
defining crossings for a braided monoidal category generated (via tensor product) by certain
objects, it suffices to specify the crossings between those generators, with general cross-
ings implicitly recursively defined via (2.2.3). The requirement that the braiding is natural
manifests in string diagrams as the sliding relations:

for any morphisms f: A — X and g: B — Y. (Imagine the coupons sliding along their
respective strings, past the crossing.) We will typically use the sliding identities in the
special case where either f or g is an identity morphism.

2.3 Super-mathematics

In this section, we briefly recall the basic definitions related to super vector spaces and
related structures.

Definition 2.3.1. A super vector space is a Zs-graded vector space. Explicitly, a super
vector space is an ordinary vector space V' equipped with a decomposition into subspaces
labelled by Z, = {0,1}, i.e. V.= V5 @ Vi. The elements of Vj are called even, and the
elements of V| are called odd. Elements that are either even or odd are called homogeneous.
If v € V;, then we write v = ¢, and say that ¢ is the parity of v. (Some authors use the
term “grade” instead of “parity”.) The even dimension of a super vector space V' is dim(V}).
Similarly, the odd dimension is dim(V}).

It is important to note that, unless V5 = {0} or Vi = {0}, most elements of a super
vector space V' are not homogeneous, and hence v is not defined for all v € V. Throughout
this thesis, whenever we state definitions or theorems involving parity terms v, we implicitly
assume that all of the involved elements are homogeneous. The full definition or theorem is
then obtained by linear extension to the whole super vector space.

Definition 2.3.2. A linear map f: V — W between super vector spaces is called parity-
preserving or even if f(v) = v for all (homogeneous) v € V. We say f is parity-reversing or

odd if we instead have f(v) =1+ 0.

It follows that Homy (V, W) = Homy (V, W) & Homy(V, W);, where Homy (V, W), con-
sists of even linear maps and Homy(V, W), consists of odd linear maps. Hence, for any
(homogeneous) linear map f: V' — W, we have f(v) = f + 7.

Definition 2.3.3. Let V and W be super vector spaces. The tensor product (of ordinary
vector spaces) V ® W becomes a super vector space when equipped with the Zj-grading
given by

VoW = VoW e (VieoW,), (VeW)=V,eW)a (VieW).
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Thus, the tensor product is parity-preserving, i.e. v@w = v +w. If f:' V — W and
g: X — Y are linear maps between super vector spaces, f®¢g: V® X - W ®Y is defined
on simple tensors by

(f@g)ver)=(-1)"f(v)&g(). (2.3.1)

When considering individual spaces, there is no distinction between a “super vector
space” and a “Zs-graded vector space”. The difference only arises when considering tensor
products and braidings. The tensor product of objects is the same for both types of vector
space (as given in Definition 2.3.3). The tensor product of linear maps is different; for
super vector spaces, one uses (2.3.1), but for Zy-graded vector spaces, one uses the ordinary
definition of f ® g, without the sign term (—1)9”. The standard braiding for the category
of Zy-graded vector spaces is the usual symmetric one, given by Bxy(z ® y) = y ® z.
On the other hand, the braiding for the category of super vector spaces is given by the
supersymmetric braiding Bxy(x ® y) = (—1)"y ® x. That is,  and y commute past each
other without a sign if at least one of them is even, but if x and y are both odd, then
Bxy(z®y)=-y®u.

In definitions and theorems, appropriate sign terms should be included whenever two
elements from super vector spaces swap places. For instance, this is why the sign term (—1)9°
appears in (2.3.1). Such sign terms appear automatically if one phrases everything explicitly
in terms of the supersymmetric braiding.

There is a small technical complication: the full category of super vector spaces, with
arbitrary linear maps as morphisms, is not actually a monoidal category. Due to the sign
term in (2.3.1), the tensor product does not satisfy the identity needed to be a bifunctor
when acting on pairs of odd morphisms. These signs mean that the tensor product is instead
a superbifunctor, and the full category of super vector spaces is a monoidal supercategory.
However, the category of super vector spaces with only even linear maps as morphisms s
monoidal in the ordinary sense. All of the functors we will define in this thesis involve
only even maps, so we can largely ignore the distinction between monoidal categories and
monoidal supercategories. For further details, see e.g. [SS22, §2, §3.1] or [BE17|.

Definition 2.3.4. A superalgebra is a super vector space A equipped with a parity-preserving
associative bilinear multiplication map A? — A.

Let A be a superalgebra. An A-module M is defined just like a module for an ordinary
algebra, with the additional condition that M is a super vector space and the action of A
on M is parity-preserving, i.e. a-m =a + m for all a € A and m € M.

Suppose M and N are both A-modules. A k-linear map f: M — N is called A-
equivariant if the following identity holds for all a € A and m € M:

fla-m) = (=1)f%- f(m).

We write A-mod for the category of A-modules, with morphisms being A-equivariant k-linear
maps.

Definition 2.3.5. A Lie superalgebra is a super vector space g equipped with a parity-
preserving bilinear Lie bracket [—, —]: g> — g, satisfying the skew symmetry and Jacobi
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identities:

[ﬁ,y] = _(_1)@7[19717}7 [‘T7 [y7 Z]] + (_1)552—&-@2[27 [{L‘, y” + (_1);cy+;rz[y’ [Z>‘T” =0.

If 2 is not invertible in k, we additionally require [z, 2] = 0 for all even x € g. If 3 is not
invertible in k, we require that [[z,z], 2] = 0 for all odd = € g. These identities follow from
skew symmetry and the Jacobi identity if 2 (resp. 3) is invertible.

Examples 2.3.6. Let m,n € N. Write k™" for the (m + n)-dimensional super vector space
with even dimension m and odd dimension n. The general linear Lie superalgebra gl,,, is
the super vector space Homy (k™™ k™") (usually realized as the space of (m +n) x (m +n)

matrices with entries from k), equipped with the (super)commutator Lie bracket:

[(X,Y]:= XY — (-1D)*YX.
The special linear Lie superalgebra sl is the subalgebra of g, consisting of elements with
Xoo Xo1
X0 Xn
in block form, where Xyg is m x m, Xop; is m X n, Xj9 is n x m, and X7 is n x n. The
supertrace of X is tr(Xop) — tr(Xi1), where tr denotes the ordinary trace of a matrix.)

mln

supertrace equal to 0. (Suppose X = [ } is an (m + n) x (m + n) matrix written

2.4 Quantum arithmetic, enveloping algebras, and mod-
ules
In this section, we first recall the basic definitions and properties related to quantum arith-

metic. We then do the same for the quantum enveloping algebras Uy(gl,,,,) and some of
their associated modules.

Definition 2.4.1. For each n € Z, we define the quantum integer

" —q" 1
n|=-————~eZlqq |
)= T €]
It follows that [—n] = —[n], and if n € N,
[n] _ qnfl + qnf?) 4ot qfn+3 + q7n+1 _ an+1f2i _ qunflJrZi. (2.4.1)
i=1 i=1

For n € N, we define the quantum factorial
[n]! = [n][n —1]- - [2]1].

(If n = 0, the above product is empty, so [0]! = 1.)
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Setting ¢ = 1 in Definition 2.4.1 recovers the usual integers and factorials. For instance,
2] = g + ¢!, which evaluates to 2 after setting ¢ = 1.

We warn the reader that there is another convention for quantum integers commonly
n—1

seen in the literature: [n] := > ¢'. As such, one needs to be careful when comparing
i=0

statements about quantum arithmetic between different sources. Definition 2.4.1 is standard
in the context of web categories.

From this point forward (except where noted otherwise), we work over one of two base
rings, denoted k, and k, ;. There are two options:

e Take k, = Q(k[q]), the total ring of fractions of k[g]. (If k is an integral domain, then
Q(k[q]) is equal to k(g), the ring of rational functions in q.) Take k,; = Q(k[q])[t, ¢ !].

e Take k, to be the smallest subring of Q(k[g]) containing the elements ¢,q¢!, and,

for all nonzero n € Z, [TIL] For ease of later reference, we denote this subring Q(k[q]).

Similarly, take k,  to be the smallest subring of Q(k|g, t]) containing ¢, ¢ *,¢,t7 1,
and, for all nonzero n € Z, ﬁ We denote this subring Q@k]\,t])

With rare exceptions that will be explicitly pointed out, all definitions and results in this
thesis are valid with either choice of base rings. Note that, for either option, we may view
k, as the subring of k,,; generated by k, ¢, ¢', and ﬁ for n # 0. When working with
objects that do not involve ¢, we will state definitions and results over k,. All such results
in this thesis also hold over k,, (with the same proofs), and we will use them when working
over the larger base ring without further comment. For instance, we will define and study
(anti)symmetrizer morphisms over k, in §2.5, then use (anti)symmetrizers in a k,-linear
context later on.

Remark 2.4.2. In the literature, web categories are typically defined over k(q), k(q, ), or
k(q)[t,t7'], most often with k = C. The advantage of instead working over the smaller

—

subrings Q(k[q]) and Q(k]g,t]) is that it allows one to take ¢ = 1, which is ill-defined over
k(q), k(q,t), and k(q)[t,t™']. Setting ¢ = 1 recovers the classical (that is, non-quantum)
versions of the definitions and theorems that we will state in this thesis.

Note that, since k, and k,; each contain ﬁ for all nonzero n € Z, in order for setting

q = 1 to be well-defined, one must assume that k contains % for each such n. We implicitly
assume this is the case whenever we mention setting g = 1.

Definition 2.4.3. Let a — a denote the involution of k,, that acts as the identity on k
and maps q — ¢!, — t~! (not to be confused with our notation v € {0, 1} for the parity
of an element in a super vector space). We use the same notation for the restriction of this
involution to k,.

Let a — a* denote the involution of k,, that acts as the identity on k[t,#"!] and maps
q— —q'. We use the same notation for the restriction of this involution to k.
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We say a k-linear map f: V — W between k,-vector spaces is g-antilinear if

flavy + bvy) = af(v1) + bf(va)

for all a,b € k, and vy,v, € V. If V and W are k, ;-vector spaces and f satisfies the same
identity for all a,b € k,,, we say that f is (q,t)-antilinear. If we instead have

flavy 4+ bvg) = a* f(v1) + " f(vg),
we say that f is g-skew antilinear, regardless of whether V' and W are k,;-vector spaces or
kq-vector spaces.

We say that a functor F': C — D between k,-linear categories is g-antilinear if the action
on each morphism space is g-antilinear. We define (g, t)-antilinear and g-skew antilinear
functors in the same way.

Definition 2.4.4. For all a € Z and b € N we define the quantum binomaial coefficients

a lalla—1]---[a—b+1]
= e 242

In the special case b = 0, the products in the numerator and denominator are empty and

should be interpreted as 1, i.e. [‘(ﬂ = % = 1. For b € Z(, we define m =0.

Note that when a,b € N and b < a, we have []] = —[b]!%z]ib}!,

Lemma 2.4.5. For all m,n € Z, we have

] =[n], [0 =(=1)""[n], (2.4.3)
([ = (-1)B ) ifneN, (2.4.4)
K’Z] = (—1)mntn [ﬂ (2.4.5)

Proof. First,

If n is even, then (—¢)" = ¢", and so:

n]* = (q" — q‘"> I G )l G D B ] = (—1)"H ],

q—qt —q14+q qg—qt

If n is odd, then (—¢)" = —¢", and so:

= (200 < SR ST g (e

q—q! —q 1 4+q q—qt
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For (2.4.4), we compute:

3

n

() =TT 2% TI-0 1) = ()3 )t = (~1) 0T+ = (1) G )t

i=1 =

—

Finally, if n < 0 then (2.4.5) holds trivially. If n > 0, then:

{m]* I e T e e
[ — 1= 1)
(2.4.3) (—1) (éjl m+2—i)+(§jl n+2—i) [m][m —1] -+ [m —n + 1]
[2]fn =1} ---[1]

= (1)t ("3t ("]) [m} = (—1)mmn {m] O

n

n n

Quantum integers and binomial coefficients satisfy the following useful identities, for all
a,b € Z and ¢ € N. These facts are standard, and follow from straightforward computations;
we include the statements here as a reference for readers who are less familiar with quantum
arithmetic.

[J= [ et- ) S ]

1=0

1
a+ — qa+1—c a + q—c a — qc a + q—a—l-‘rc a if ¢ 2 17
c c—1 c c c—1
-1 -1
{a]:qc{a }—ch_a{a ]ichl, {a}:01f0§a<c.
c c c—1 c
Throughout the rest of this section, fix dimension parameters m,n > 0, not both equal to

lfizl’andqi:q(*l)gz q if1>1,

- 0
0. Fori € {1 —n,...,m}, we define i = o o
1 ifi <0, g ! ifi<0.

In the following, we recall the definition of the quantum enveloping superalgebra Uq(g[mln),
largely following the conventions in [SSS26, §5]. This definition is only applicable for the
choice of base ring k, = Q(klq]), since it involves division by ¢ — ¢~*, which is not invertible

—

in Q(k[g]). In Definition 2.4.13 we will describe an alternate form of the quantum enveloping
superalgebra that is well-defined over either choice of base ring.

Definition 2.4.6. The quantum enveloping superalgebra of gl,,,, is denoted Uq(g[m|n), and

defined to be the unital associative Q(k[g])-superalgebra generated by the elements

{E,F;,D;, D;'|ic{l—n,....m—1}}u{D,,, D, '},
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with parities given by

Py e S ) Ny e
1 ifi=0,

These generators are subject to the following relations, for all ¢, 7 € Z such that the expres-
sions are well-defined:

D.;D; = D;D;, D;D;'=1=D;'D,, (2.4.6)
DiE; = ¢ "M ED;,  DiF; = ¢ T ED;, (2.4.7)
Yy D;D; Yy — D1 D;
EZF’] — (—I)El FJFJEZ = 51] ol 7;r1 ¢ , (248)
qi — q;
for all |Z —]| Z 2, EZEJ = EjEl and FI.FJ = FjFZ‘7 (249)
E}=F; =0, (2.4.10)

EyE_1EyEy + E_\EoE\Ey + EgEyEyE_y + E\EoE_1Ey — [2|EoE_1E1Ey =0,  (2.4.11)

FoF 1 FoFy + F FoF\Fy + FoFVFoF_y + FyFoF 1 Fy — 2] FoF_1 F1 Fy = 0. (2.4.12)
For 7 # 0 we also impose:
E’Eiy1 — 2)EiEi B+ B E} =0, E’E, 1 —[2|EE;, 1B+ E;1E} =0, (2.4.13)

FPFi — RFiFF+ F, FP =0, F!F, — [2FF,_\F; + F,_F? =0. (2.4.14)

(2 K3

There is a natural Hopf superalgebra structure on Uq(g[mln). We will not make explicit use of
this structure, but we state the definitions of the structure morphisms here for completeness.
(The Hopf structure is used to define tensor products of modules, dual modules, and the
trivial module; we omit all of these details for the sake of brevity.) The coproduct A, counit
e, and antipode S are given by:

A(E)=E;®14+D;D;, ® E;, A(F,)=F,®DiuD;'+1®F, A(D;)=D;® D,
AD;Y =D '® D", e(E) =0, e(F)=0, <D)=1,

The subalgebra of U,(gl,,,) generated by the E;, Fi, K; := D;D;Y, and K; ' := D; ;1 D; ! is
Uq(slnjn), the quantum enveloping superalgebra of sly,,.

i+1
We write V' for the natural module of U,(gl,,,,), and V'~ for its dual. These modules
respectively have k,-bases {v;" : 1 —n < i < m} and {v; : 1 —n < i < m}, with parities

mln

given by v;" = v;” =4i. The action of U,(gl,,,) on V' and on V'~ is given by:

+_ - + _ 5.t +— Oyt
Ewi = 0oy, Fy = 0ivih,,  Dvf = g¢;7v5,

i 7

- — - 57:0 — - —(51‘]‘ —
Ei’Uj —5ij 1 Fﬂ)j = i+1,j(_1) Uj—l? Dﬂ)j =4q; Uj .
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Remark 2.4.7. The quantum enveloping superalgebra U, (gl,,,,) is often defined with respect
to a different choice of indices. Namely, the generators E; and F; usually have i ranging over
{1,...,m+n—1} rather than {1—n,...,m—1}, and the generators D; and Dj_1 usually have
j ranging over {1, ..., m+n} rather than {1—n,...,m}. Following the approach in [SSS26,
85|, we use the latter indices since this yields nicer formulas. One can translate between
the two conventions as follows. Let U ¢(8l,),) denote the version of U,(gl,,,,) generated with
respect to the indices {1,...,m+n—1} and {1,...,m+n}. See e.g. [TVW17, Def. 3.1] for
a full definition (their generators L' correspond to our Di'). We will use hats to denote
the generators for Uq(g[m|n). An isomorphism f: Uy(gl,,,) — Uq(g[m|n) is given by:

FB) = (“)F Posy F(F) = (-1 Bpss (D)= Dloss £(D7) = Do
Direct calculations show that f is indeed a well-defined isomorphism. To understand why f
maps F; to +F m—; rather than j:Em,i (and similarly for F;), one should look at the classical
case. Our isomorphism f is a quantum analogue of the map gl,,,;,, — gl,,;,,, given by reversing
the order of both the columns and rows of a given matrix; this action naturally exchanges
the roles of the usual generating matrices F; and Fj.

Remark 2.4.8. The module V™ is isomorphic (as a U,(gl,,,)-module) to the usual Hopf
dual (V*)* = Homy, (V',k,), but we warn the reader that the obvious map v — v;” (where
v} denotes the functional given by v;(v]") = ;) is not an isomorphism of U, (gl

An isomorphism ¢: (V*1)* — V™ is given by:
(/5(?]:) _ (_1)i+i+1q\i—1\vi—'

Using the basis {v; : 1 —n < i < m} for V~ yields nicer formulas than those obtained when
using the usual dual basis {v} : 1 —n <i < m} for (V*)*; this is why we work with V.

mln)-odules.

Remark 2.4.9. As noted above, Definition 2.4.6 cannot be used with the base ring k, =

M) since ¢ — ¢! is not invertible in that ring, and hence the relation (2.4.8) is not
well-defined. One can modify the definition of U,(gl,,,,) by introducing a new family of even
generators H; (for i € {1 —n,...,m — 1}), and replacing (2.4.8) with

which is well-defined over m ). It is straightforward to see that, working over Q(k[q]),
the resulting superalgebra is isomorphic to the original U,(gl,,,). After replacing (2.4.8)
with (2.4.15), we obtain an integral form of U,(gl,,,,), wherein all of the coefficients of the

mln
defining relations belong to Z[q, ¢! (and hence the relations are well-defined over Q(k[q])).

This is the appropriate definition of U,(gl,,,,) when working over Q(k[g]). We obtain a
corresponding integral form of Ug(sl,,) by taking the subalgebra generated by the E;, Fj,

and K; = D;D},.

For the case of Uy(sl,,,), it is straightforward to see that, after evaluating at ¢ = 1
and imposing the additional relations K; = 1 for all i € {1 —n,...,m — 1}, the resulting
superalgebra is isomorphic to the ordinary universal enveloping superalgebra U (sl,,,); the
relations involving the E; and F; reduce to precisely the usual relations for U(sl,,p,).
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Unfortunately, we cannot recover U (g[mm) in the same way. After setting ¢ = 1 and
imposing K; = 1foralli € {1—n,...,m—1}, we get that D; = D; foralli, j € {1-n,...,m},
and that D; is central and invertible. If k is a field of characteristic 0 and m # n, one can
obtain U(gl,,,) from U(sl,,,) by adjoining one additional central generator (corresponding
to the one-dimensional centre of gl,,,,), but that generator is not invertible in U(gl,,,), so
the quotient of Uy=1(gl,,,,) We just specified is not isomorphic to U(gl,,,). If k is not a field
of characteristic 0 or m = n, it is a bit more complicated to extend U(sly,) to U(gl,,,),
since generally gl,,,, 61, ©kI. Regardless of the choice of k, one cannot straightforwardly
recover U(gl,,,,) from U,(gl,,,,) by setting ¢ = 1. The idempotent form of U,(gl,,,,) that we
describe in Definition 2.4.13 remedies this issue.

The idempotent form of U, (gl
weight modules.

to be defined shortly, is closely linked to “type 17

m|n)7

Definition 2.4.10. We write Z™" for the additive group Z™*", but with indices starting
from 1 — n rather than 1 to match our conventions for U,(gl,,,). That is, if A\ € Zm" | the
first entry of A is denoted A;_,,, the second is Ay_,,, ..., and the last entry is \,,.

A type 1 weight module for U,(gl is a module that admits a decomposition into

weight spaces,

with each generator D; acting on W) as multiplication by q;\

Remark 2.4.11. While we will only work with type 1 weight modules in this thesis, we
point out to the curious reader that the terminology “type 17 comes from the fact that there
are 2™*" types of weight modules in total, corresponding to choices of signs in the actions
of the D; on weight spaces. Precisely, if s € {1, —1}™" is a tuple encoding such a choice of
signs (with indices starting at 1 — n like for Z™") and W is a type s weight module, then
D, acts on W, as multiplication by siqi’\". Thus, a type 1 weight module is equivalently a
type (1,1,...,1) weight module. For each type s, the category of type 1 weight modules is
equivalent to the category of type s weight modules; an equivalence is given by tensoring
with the one-dimensional representation upon which E; and F; act trivially, and D; acts as
multiplication by s;. We work with type 1 weight modules in particular because they are
the only type that form a monoidal subcategory of U,(gl,,,)-mod; the tensor product of a
type s and type r weight module is type sr, and the monoidal unit is type 1.

Examples 2.4.12. The natural module V% is a type 1 weight module for U,(gl We

have V* = @ V7, where ¢; € Z™™ is the tuple with a 1 in position 7 and zeroes elsewhere.
i=1-n
Each weight space V' is the span of v;. Similarly, V= is a type 1 weight module, with
Vo= @ V., and V__ = Span(v; ).
i=1—n
If U and W are type 1 weight modules, then U ® W is a type 1 weight module, with

weight spaces given by (U®@ W)y = @ U, ® W,, where u and v range over Z™".
utv=>X
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Definition 2.4.13. Lusztig’s idempotent form of the quantum enveloping superalgebra of
gl is the ky-linear category denoted U,(gl,,,), whose objects are weights A € Zm" and
whose morphisms are generated by

El‘id)\I)\—>>\+Oéi, Eld)\)\—))\—Qz

for i € {1 —n,...,m — 1}, where oy = ¢ — ¢;41 € Z™" has a 1 in position i, a —1 in
position 7 + 1, and zeroes elsewhere. The parities of the generating morphisms are given by
FE;idy = F;idy = ;0. These morphisms are subject to the following relations:

EiF;idy —(=1)P B F B idy = 6i[\ — (—1)%0 ;4] idy, (2.4.16)

(For the avoidance of doubt, [\; — (—=1)%);,;] denotes a quantum integer. In (2.4.16) and
in what follows, we omit identity morphisms whose subscripts can be deduced from the rest
of the expression. For instance, the first summand in (2.4.16) would be written in full as
Eiidy_q, Fjidy; the omitted subscript A — oy is the codomain of F;idy.)

for all |Z — ]| Z 2, EZEJ 1d>\ = E']EJZ ld)\ and FZF} 1d>\ = F'JE 1d>\7 (2417)
E3idy = F}idy =0, (2.4.18)

EoE_1EOE1 ld)\ +E_1EOE1E0 ld)\ +EOE1EOE_1 ld)\
+ ElEOEflEU ld/\ —[2]EOE,1E1E0 ld)\ = 0, (2419)

FoF \FyFyidy +F_FoFy Fyidy +Fo Fy Fo Fy id,
+ FyFyF 1 Fyidy —[2|FoF_1Fy Fyidy = 0. (2.4.20)

For i # 0 we also impose:
E?E; 1 idy —[2|EiEiy 1 B idy +E; 1 E? idy, = 0,
E?E;_1idy —[2|E;E;_1E;idy +E;_ 1 E?idy = 0,
F?F 1 idy —[2]FFi Fyidy +Fp F idy, = 0,
F?Fi_1idy —[2|FFi_1 F;idy +F,_ F} idy = 0.

(2.4.21)

A Uq(g[m|n)—m0dule is a k,-linear functor from U, (gl to the category of k,-super vec-

tor spaces. We write U,(gl,,,)-mod for the category of U,(gl,,,)-modules, with natural
transformations as morphisms.

Conceptually, U,(gl,,,) is a form of U,(g! partitioned according to its action on

. m|n)

weight spaces. Given a U,(gl,,,)-module R, the associated type 1 U,(gl,,,,)-weight module

is @ R(\), with R(\) being the A-weight space. The action of E; on R()) is given
Aezmin

by R(E;idy), and similarly for F;. The category of Uq(g[m|n)—modules is equivalent to the

category of type 1 weight modules for U, (gl,,,); see [Lus10, §23| for details. All of the

modules we will consider in this thesis are type 1 weight modules, so we are free to work
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with Uq(g[m|n) rather than Uy(gl,,,,)-
Definition 2.4.13 without any issues. Let W be any type 1 weight module for U, (gl
considering the action of U, (gl
relation (2.4.8) becomes

The advantage of doing so is that we can take ¢ = 1 in
min)- When
on the A-weight space of W, the previously problematic

i —Ait1 Aitr1 =X
= q; 4q; — ;41 4; i+l
(EiF; — (-1)5 5 FE) |w,= 0y +1q» — q_—l+1 = 0[N — (=) A,

as in (2.4.16). This form of the relation is well-defined when taking ¢ = 1. The category of
modules for Uy—1(gl,,,,) is equivalent to the category of weight modules for U(gl,,,,) with
integral weights. Hence, throughout the rest of the thesis, we can always recover the classical

version of any construction involving U, (gl simply by setting ¢ = 1 (with the choice of
base ring k, = Q(k[q])).
Remark 2.4.14. The definition of L‘lq(g[m‘n) is sometimes given in terms of the divided

powers E"idy and F(" id,, with r € N. In our setting, we can define E\"” idy = % and

Fi(T) idy, = Fi[rri]c!l* rather than introducing extra generators. One needs to explicitly include

the Ei(r) and Fi(r) generators when working over Z[q, ¢~'] or some other ring in which the
quantum factorials [r]! are not invertible.

The category U,(gl,,,,)-mod has a natural braided monoidal structure, depending on a
choice of universal R-matrix R € U,(gl,,,,) ®Uq(g[m|n), where ® denotes a certain completion
of the ordinary tensor product. We omit the details here for the sake of brevity, but emphasize
that there are multiple possible choices, leading to different braided structures. We use the
same choice of braiding/ R-matrix as in [SSS26, §5]. Given U,(gl,,,,)-modules U and W, we
write Byw: U @ W — W ® U for the associated braiding morphism. We will only make

explicit use of the braiding for two copies of the natural module, as follows.

Definition 2.4.15. With respect to our chosen braided monoidal structure on U, (gl,,,,)-mod,
the braiding morphism By+ y+: VT @ VT — VT @ V7T is given by
(=1)g @ v ifi=j,
By+ v+ (v @ vf) = (=)uf @vf + (¢ — ¢ v @ o) ifi<j, (2.4.22)
(—DVvt @ vf if i > j.

Direct calculations show that B‘2/+7V+ =id+(q—q ')By+ v+, and the inverse of By+ y+
acts as:

(=1)'q; v @ vf ifi=j,

Byt v+ (0 @0f) = ¢ (=1)0f @ vf if i < j, (2.4.23)
(—Dvf @vf = (g— g v @vf ifi> ;.

Definition 2.4.16. Let W be a U,(gl,,,,,)-module. We define the (quantum-braided) symmet-

ric superalgebra Sym®*W to be the quotient of the tensor superalgebra TW by the two-sided
ideal generated by the following elements:

Byw(w) —quw forallwe W @ W. (2.4.24)



2.5. SYMMETRIZERS AND ANTISYMMETRIZERS 19

The product in Sym*W is denoted by juxtaposition. Since By is parity-preserving, Sym*W
inherits a Zs-grading from T'W namely
Wy~ Wq = Wy + Wy + -+ - + W

For each d € N, we write Sym?WW for the subspace of Sym®W spanned by products of length
d. We call Sym?W the dth symmetric power of W. The U,(gl,,1n)-module structure on

Sym?W is the one induced by the U, (gl

mln)-module structure on W&,
Similarly, we define the (quantum-braided) exterior superalgebra A*W to be the quotient

of TW by the two-sided ideal generated by the following elements:
Byww(w) + ¢ 'w forallweW e W. (2.4.25)

We will use the terms “exterior” and “alternating” interchangeably. The product in A*W is
denoted by A. As in the symmetric case, we have

Wy AWy A AWg =Wy + Wy + -+ + Wg.

For each d € N, we write AW for the subspace of A®*W spanned by products of length d.
We call AYW the dth exterior power of W. These exterior powers inherit a U,(gl,,,,)-module
structure from the one on W®¢, as in the case of symmetric powers.

Remark 2.4.17. The definitions of Sym®W and AW differ by an application of the involu-
tion ¢ — —q¢~!. In Definition 3.1.8, we will introduce a functor that extends this involution
to the gl-web category. This correspondence between symmetric and exterior /antisymmetric
objects will be used extensively throughout this thesis.

2.5 Symmetrizers and antisymmetrizers

In this section, we define and study (quantum) symmetrizer and antisymmetrizer morphisms.
Such morphisms have appeared many times in the literature, but often with different con-

n—1
ventions, e.g. using the previously mentioned quantum integers [n] := > ¢* rather than the
i=0
ones we specified in Definition 2.4.1. For the sake of completeness, we will provide proofs of
some key identities related to (anti)symmetrizers here. Most of these identities have previ-
ously appeared in the literature in some form, but often without a full proof. We will use

(anti)symmetrizers extensively in Chapter 4.

(Anti)symmetrizer morphisms in web categories are also referred to as “clasps”; this term
was coined by Kuperberg in [Kup96]. We use the term “(anti)symmetrizer” to emphasize the
connection to the Young (anti)symmetrizers that appear in the study of the representation
theory of symmetric groups; our quantum (anti)symmetrizers are a somewhat more general,
g-deformed version of those classical (anti)symmetrizers.

Definition 2.5.1. For n € N, the Hecke algebra H, is the unital k,-algebra generated by
the elements tq,...,t,_1 subject to the following relations:

ti=1+(q—q Ht;, forallie{l,...,n—1}, (2.5.1)
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tit; =t;t; foralli,j€{l,...,n— 1} such that [i — j| > 2, (2.5.2)
titiv1ti = Cip1titip for all 7 € {1, e, — 2} (253)

Note that in the special cases n = 0 and n = 1 there are no generators ¢;, and so Hy and H;
are both the one-dimensional unital k,-algebra.

We extend the involution —* of k, (see Definition 2.4.3) to a ¢-skew antilinear involution
of H, by setting tf =t; for alli € {1,...,n —1}.

The following three lemmas state some basic properties of Hecke algebras. For proofs
and a detailed treatment of these algebras, see e.g. [Mat99]. In the following and throughout
the rest of this thesis, we write S,, for the symmetric group on n letters, 7; € S, for the
adjacent transposition that exchanges ¢ and i + 1, and [(o) for the minimal length among
decompositions of a permutation ¢ into a product of adjacent transpositions, also called
simply the length of o.

Lemma 2.5.2. Let n > 2. Each generator t; € H,, is invertible, with t;l =qt—q+t,.

Lemma 2.5.3. Let n > 1. If 0 = 7, ---7, and 0 = 75, --- 75, are both minimal-length
decompositions of a permutation o € S, then ¢; ---t;, =t;, ---t; in H,. Hence, for each
o € S, there is a well-defined element t, € H,, given by t, =1t;, ---t; , where 0 =7;, - - - 73,
is any minimal-length decomposition of . In particular, ¢, = ¢; for each 7, and tiq = 1g,,.
Moreover, the set {t, | o € S,} is a k,-basis for H,,.

Lemma 2.5.4. Let n > 1. If 0,k € S, satisty [(ok) = (o) + l(k), then in H,, we have:

tot = tow. (2.5.4)
Definition 2.5.5. For n > 1, we define the (idempotent quantum) symmetrizer to be:
e = g ) S ¢, € A, (2.5.5)
[n]‘ O'ESn

and the (idempotent quantum) antisymmetrizer to be:

el = % > (=¢) ", € H,. (2.5.6)

O’GSn

Note that the exponent (Z) appearing in the definition of (anti)symmetrizers is the

maximum length among elements of 5,,.

It follows quickly from Lemma 2.4.5 that, for each n > 1, e} =€/ and (e},)* = e,. In
other words, mapping ¢ — —¢~! interchanges e, and €/,.

Lemma 2.5.6. Let n > 1. For alli € {1,...,n — 1} we have

tien = qen = enti, tiel = —q e =€ t,. (2.5.7)

n n n

More generally, for any o € S,,,
toen = ¢ e, = ent,, tye = (—q)_l(”)e; =l t,. (2.5.8)

n

These identities are known as the absorbing property of quantum (anti)symmetrizers.
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The following arguments are adapted from the proof of [Pagl3, Thm. 4].

Proof. Fixn > 1landleti € {1,...,n—1}. Define D = {o € S, | l(ri0) = l(7:) +1(0)} and
E={c€S,|l(rio) <l(r)+1(o)}. We have that D and E are disjoint, and D U F = S,,.
We claim that the map o +— 7,0 is a bijection of S,, that interchanges D and E. Being a
bijection is clear; this map is its own inverse. Noting that [(7;) = 1, the definitions of D and
E immediately imply that if 0 € D, I(1;,0) =l(0) + 1, and if 0 € E, l[(1;0) < (o). Since S,
is a Coxeter group, the inequality in the latter case implies that I(7,0) = (o) —

If we had some ¢ € D such that 7,0 € D, then we would get
(o) =l(rimio) = (rio) + 1 =1(0) + 2

a contradiction. We get a similar contradiction if o, 7,0 € E. Thus the map ¢ + 7,0 indeed
interchanges D and E. Hence, 5,, is the disjoint union of D and E = 7;D, and so:

tiel, _t'rz ,Z 4 (—q) O, P2 e ,Z ) tte + (=)™ et
oeD oeD
(2.5.1) q<2 o o) — _
@ ﬁZ(—m Ot + (=)0 1+ (0= a )t

O+ (-0) O = (=) ()t

b

= o0 Sty + () =

oceD

which establishes the first equality for antisymmetrizers in (2.5.7). The equality with multi-
plication by ¢; on the right follows from essentially the same calculation, and the identities
for symmetrizers follow after applying —*.

For general 0 € S,,, let 0 = 7, ---7;, be a minimal-length decomposition. Then, by
definition, t,e!, = t;---t,e.,, and similarly for e,. The identity (2.5.8) then follows after
using (2.5.7) (o) times, and similarly for multiplication by ¢, on the right. O

The following identities will be used later in this section to prove that e, and e/, are
idempotent.

Lemma 2.5.7. For all n > 1, we have

S ¢ > (-2 = L (259

o€Sn q ) oESy q

Proof. It is well-known that the cardlnahty of {oc € S,, : l(0) = a} is given by the coefficient

n i—1

of ¢ in [[ 3. ¢/. Hence Y @) = H Z ¢’. Replacing the variable ¢ with ¢%, we get

i=175=0 oc€Sh i=135=0
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i—1

5 e =HZ e

q —i+2j+1 (2:4.1) ﬁqi—l[i]
i=1

oESH i=1 7=0
" (i-1) n !
~ ltg5 ™ = () -
q 2
as desired. The second identity in (2.5.9) follows from the first after applying —*. O

Lemma 2.5.8. For all n € N, the following subspaces of H,, are one dimensional:
{reH,: tir=qrforallie{1,...,n—1}},
{r€H, tix=—q 'zforallic{l,....,n—1}}.

Proof. We prove the claim about the first subspace; the claim about the second follows

after applying —*. Suppose x = > a,t, € H, satisfies t;z = gz for alli € {1,...,n — 1},
O'ESn
or equivalently, ¢~'t;x = x. So we have

Z q_laatita = Z Ayt

c€Sn 0ESH

Using Lemma 2.5.4 and the exchange lemma for Coxeter groups, each product ¢;t, is either
equal to t,, (if [(r;0) = 1+ 1(0)) or to trs + (¢ + ¢ ')t, (if (7;0) < 1+ 1(c)). Hence, for
any k € Sy, if [(1;k) = 1+ [(k), then the coefficient of ¢, on the left hand side (relative to
the basis {t, : 0 € S,,}) is ¢"ta,, and so ¢~ 'a, = a,,,. It follows by induction on length that
ay = ¢"“ay for any o € S,,. This shows that any x satisfying our assumption is determined
by the choice of scalar a;q, and hence the subspace in question is at most one dimensional.
The symmetrizer e, is nonzero and lies in this subspace by (2.5.7), so the dimension is 1.

Lemma 2.5.9. Fix some n > 1. Let p,: H, — H, denote the k,-linear automorphism that
acts on generating elements as p,(t;) = —t; . Then p,(e,) = €/, and p,(€,,) = e,.

Note that p, is well-defined since it preserves all of the defining relations for H,,; this
follows from straightforward calculations.

Proof. We will prove the first identity; the second follows from the fact that p, is self-
inverse. By (2.5.7) we have t;e, = ge, for alli € {1,...,n — 1}. Multiplying by ¢~'¢;! on
both sides, we get ¢~'e, = t; 'e,. With this in mind, we compute:

tipn(en) = —pn(t; )pn(en> = _pn(t;len) = _qilpn@n)'

By Lemma 2.5.8, the subspace of elements z € H, that satisfy the identity tix = —q 'z

for all ¢ € {1,...,n — 1} is one dimensional, and that space contains e/, by (2.5.7). Hence,
pn(en) = ael, for some a € k,. Using the fact that p,(t,) = (—1) o)L -1, which follows from
a straightforward induction on the length of o, we get:

~G) (o) ;—1
o 2 () = ,Z

|
[ ] o€ESy, " o€Sy
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Applying the sign character (given by t; — —q~ ! for all 4) to both sides then yields:

-(3) (%)
q[n—], > (=) = a(fn], > (=)

T oeS, " 0€Sy

Using the second identity in (2.5.9), the right hand side simplifies to a. Applying ~ and then
—* to the first identity from (2.5.9), we get that the left hand side is equal to:

q_(g) <@>* (2.4.3) q_(g) ([n]' )* (2.4.4) q_(g) - (—1)(3) [n]! _
o | ) i

Hence a = 1, and so p,(e,) = €, as desired. O

Definition 2.5.10. We say that an object X in a k,-linear monoidal braided category is
Hecke-braided if the following identity holds:

? = +(g—q7") H (2.5.10)

or, equivalently (after composing with a negative crossing and simplifying),

X X X X
- H e
- =(g—q)
) f
X X X X
If X is Hecke-braided, then for each n > 1 there is a homomorphism of algebras
hx.n: H, — End(X®"), (2.5.12)

X X

(2.5.11)

X X

which we refer to as the Hecke-braid homomorphism, given by sending each generator t¢; to
the positive crossing between the ¢th and (i + 1)th strands, i.e.

i—1 n—i—1

X X X

(2.5.13)

For each a € H,,, we draw the hx ,-image of a as:

X X

(@) = @ & Fnd(X®").

X X
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When using this notation, we will usually write just o instead of ¢, (for o € S,,) for the sake
of simplicity, i.e. we set

X X X X
()= (i)
X X X X

Note that, since hx,, is a homomorphism, for all a,b € H,, we have

X X X X X X

Ll Lol oesg g ) o)
@D - (Y
X X X X o€5n X X

X X X X ) X X
1 (2.5.6) q\2 _llo

o - ()" 0

X X X X o€5n X X

We will also refer to these image morphisms as (anti)symmetrizers. To allow for more uniform
statements of identities, we also define:

X X X X
& - @ -«
X X X X

(Recall that 1 denotes the monoidal unit object.)

Examples 2.5.11. The natural U,(gl,,,,)-module V' is Hecke-braided with respect to the
braiding specified in Definition 2.4.15. For each d > 1, the Hecke-braid homomorphism
hy+q: Hg — End((V1)®?) is always surjective, and is in fact an isomorphism whenever
d < m+ n. These claims follow from [Brul7, Thm. 1.2|.

If (1,4) is a dual pair of objects and 1 is Hecke-braided, then | is also Hecke-braided.
This follows from the fact that the positive crossing for two copies of | must be the mate
of the positive crossing for two copies of 1 (see Definition A.5 for the definition of “mate”),
which is a consequence of the axioms of a braided monoidal category. In particular, we have

that V'~ is Hecke-braided.
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Lemma 2.5.12. Suppose that (1,]) is a dual pair of Hecke-braided objects in a strict pivotal
category (see Definition A.7). For each n > 1, the mate of # is # , and the mate of

-

Proof. Fix some n > 1. As noted above, the positive crossing for two copies of | is the
mate of the positive crossing for two copies of 1. Using the fact that taking mates reverses
the order of tensor products, this implies that, for each i € {1,...,n — 1},

mate <> = tnf

The action t; — t,_; induces an automorphism f of H, such that for all o € S,,, f(t,) = 5,
where & denotes the conjugation of o by the permutation that maps i to n — ¢ + 1 for
each i. Note that we have [(¢) = [(0) since the map ¢ — & simply permutes the adjacent
transpositions 71, ..., 7,_1. Thus:

e () ( 5 ﬁ) S
# : X - 6

where in the second-to-last equality we use the fact that o — ¢ is an automorphism of .5,,.
The identity for antisymmetrizers follows after applying —*. 0J

Lemma 2.5.13. Let | be a Hecke-braided object. For all 1 < m < n, all ¢ € N such that
i+ m <mn, and all ¢ € S,, we have:

(2.5.15)

7 n—m-1

In particular, taking m =n and ¢ = 0 in (2.5.15), we get that # and # are idempo-

tent.



2.5. SYMMETRIZERS AND ANTISYMMETRIZERS 26

Proof. The first identity is simply the image of (2.5.8) via the Hecke-braid homomorphism
h . For (2.5.15), we compute:

i n—m-41 7 n—m-i

Z ql(a)

" 0ESm

q_(g)
m]!

[

21(0) (2.5.9) #
| Z q # = :
[m]! =
The second equality follows from essentially the same computation. The identities for anti-
symmetrizers follow after applying —*. O

The following recursive formulas for (anti)symmetrizers will be used in the proof of
Proposition 3.3.23, which forms the foundation for many results later in this thesis.

Lemma 2.5.14. Let | be a Hecke-braided object. For each n € N we have:

i—1 n—i+1 n—i+1 i—1
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Proof. Every permutation o € S, 1 has a unique factorization of the form
o= (i,i+1,...,n,n+1)ok
for some k € S, C S,41 and some i € {1,...,n + 1}. Straightforward arguments then

show that (o) = l(i,...,n+ 1) + (k) = I(k) + n — i+ 1, and hence, by Lemma 2.5.4,
te = t(i,..n+1)ls-  Using these facts, we compute:

q_( ‘2*‘ n+1
_ l(k)+n—i+1
@ - Y - Y
O’ES +1 i=1 KESH

i—1 n—i+1

which proves one of the equalities in (2.5.16) after multiplying by [n+1]¢"™. The second follows
from a similar calculation, and the antisymmetrizer identities then follow after applying
—*. We will prove the antisymmetrizer part of (2.5.17); the symmetrizer part follows after

applying —*. We compute:

n+1]¢™" # R A

(In the fourth equality, we use (2.5.14) to absorb n—i crossings from the middle of the diagram

into the top antisymmetrizer.) This proves the first equality in (2.5.17) after dividing by
q~". The second equality follows from totally analogous arguments. O



Chapter 3

(General linear web categories

In this chapter, we will define and establish some fundamental properties of the main objects
of study in this thesis: the gl-web categories. Such web categories have appeared in many
forms in the literature. Our definitions incorporate elements from various prior approaches,
taking particular inspiration from the presentations in [TVW17] and [QS19].

3.1 Definitions and symmetries

In this section, we introduce the two-colour gl-web categories Web'(gl) and Web™(gl). The
former is isomorphic to the web category studied in [TVW17| (we will discuss this further
in Connection 5.4.3), and the latter expands Web'(gl) by adjoining duals for each of the
objects, extending the approach from [QS19] to the two-colour setting. We then define several
functors that reflect different types of symmetry exhibited by these categories. Analogous
symmetries have been studied for many diagrammatic categories, but to the best knowledge
of the present author, our functors corresponding to vertical reflection, 180° rotation, and
colour-swapping have not been discussed in the literature in the context of web categories
(though a different colour-swap symmetry has been employed; see Connection 5.4.3).

Definition 3.1.1. The (two-colour) gl-web category, which we denote Web'(gl), is a k,-linear
strict monoidal category whose objects are generated (via tensor product) by:

{1,rae N JU{T, :a € NorJU{T}.

We write 1, for the monoidal unit of Web'(gl). For the sake of convenience, we also set
To=To="Toand [, =1, =1y, i.e. strands labelled by 0 or 1 may be drawn in an arbitrary
colour. We will sometimes refer to the label of a strand as its thickness. Strands of thickness
1 are called thin. We will discuss the intuitive meaning of these variously coloured strands
just after the present definition.

The morphisms in WebT(g[) are generated (via tensor product, i.e. horizontal juxtapo-
sition, composition, i.e. vertical stacking, and taking k,-linear combinations) by those of the

28
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following types, for a,b € N:

a+b a+b
A : T(z ® Tb — T(IJrl)’ X : TCL ® Tb — /]\(1+b’
a b a b

a b a b
V‘ : T(Hr/) — Tu ® T/n ,Y‘ : T(Hrb — T(L ® /I\b'

a+b a+b

The first two are called merge morphisms, and the latter two are called split morphisms.
These generators are subject to the following relations (for all a, b, ¢ € N), together with the
analogous relations obtained by changing the colour of all strands to be purple rather than
orange:

a a a 0 0 a a
A= A== =T (TR
a 0 0 a a a a
(“TRIV” is short for “trivial merge/split”.)

a+b+c a+b+c

2\ A Ri/ \7 (ASSOC)

a+b+c a+b+c

m — m +la—1b T T (MIRROR)
a b a b a b

We also impose the following mixed-colour relation:

1 1 /1\/1\ 1 1
[Q]TT = | + j{ (MIX)
N

Note that, to avoid visual clutter, we often omit labels on strands that can be in-

ferred from other labels. For instance, we left two labels implicit in the leftmost diagram of
a b

1
(MIRROR). Drawing all labels explicitly, that diagram would be depicted as a—;[j[ b1 .

a b

We adopt the following useful convention: any diagram involving a string labelled, either
explicitly or implicitly, by a negative number is (by definition) equal to zero. This allows us
to state and work with families of relations in a concise way, without needing to explicitly
note constraints on the variables appearing in those relations. In fact, we already employed
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this convention when stating (MIRROR); some of the diagrams appearing in that relation
would otherwise be undefined when a = 0 or b = 0 due to the presence of a strand labelled by
—1. With this convention, it immediately follows that the identities in (TRIV), (ASSOC),
and (MIRROR) hold more generally for all a,b,c € Z, i.e. where we allow a, b, and/or ¢ to
be negative.

The category Web'(gl) is closely related to the representation theory of I, (glnpn); and it
is often helpful to think about the properties of Web(gl) and related categories through this
lens. To aid readers who are not already familiar with web categories, we will now briefly

outline some of the key connections.

As we will discuss in further detail in Chapter 6, for all m,n € N there is an incar-
nation functor I,: Web'(gl) — L.{q(g[m‘n)—mod which is known to be full under certain
assumptions on k, m, and n, and that we conjecture to be full more generally. For each
a € N, I, sends T, to the symmetric power Sym“V" and 7, to the exterior power A*V*
(recall that V* denotes the natural representation of U, (gl,,;,)). As such, Web'(gl) can be

thought of as a diagrammatic version of the full subcategory of Uq(g[m|n)—modules generated
by such symmetric and alternating powers, for all choices of m and n at once. This also
explains why we allow strands labelled by 0 or 1 to be drawn in an arbitrary colour; we have
Sym'V+ = V+ = AW+ and (by convention) Sym°V*t =2 1 = A%V, where 1 denotes the
trivial representation.

mln

a+b
The I,,-image of L is the morphism Sym“V* @ Sym’V+ — Sym®™V* given by
a b

(U;"'U;Z)@(U;"'U;;)HU;"'U;ZU;;"'U;;7

and similarly for purple merges. The images of split morphisms are more complicated to
describe; we will fully specify such images in Chapter 6. In the purely even classical case,

a b
i.e. where ¢ = 1 and n = 0, the I,,jo-image of ’Y‘ acts as:
a+b
’Uﬂ_ fo’— ;_)L Z(U+ U+ )®('U+ ...fUT"_ )
i1 Viatb aldb! io(1) io(a) io(at1) to(atb)/
0ESatb
a b
The image of ’Y‘ has a similar action, with a factor of sgn(o) in the sum. Many identities
a+b

in Web'(gl) become intuitively clear after taking I, )n-images; for instance, the first relation
in (ASSOC) corresponds to the fact that the symmetric superalgebra Sym®V " is associative.

Example 3.1.2. Using our convention for negative labels in Web'(gl), we have:

3 3 3 3 3 3 3 3 3 3 3 3

el =R i su R H =t =

4 2 4 2 4 2 4 2 4 2 4 2
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3 3 3 3 3 3 3 3
2 1 RIV 2
4 2 4 2 4 2 4 2

(This sum is the right hand side of the upcoming identity (3.2.5), with parameters a = 4,
b=2i=2 andj=1)

Definition 3.1.3. The (two-colour) gl-web category with duals, which we denote Web™ (gl),
is the category obtained from WebT(g[) by adjoining new generating objects

{loraeNs JU{l, raeNs FU{l}

and generating morphisms

QZTU(@\LU_)ILJ m :¢(1®T(1_>1]'7 U:l_)\l/u®/ru7 U :I]-_>T(1®\Lu7
a a a a
(:it.®l,—1, ():l.eth—-1 (J:1-,0t, TJ:1-18IL,

(for all a € N) subject to the following relations (for all a,b € N). We adopt the convention
that a string labelled by 0 in either orientation (and in any colour) is equal to the monoidal
unit, so 1, = J, = 1. We also define |, = |, = |;. The first two relations apply to black
strands:

0 0 0 0 0
A-N-U-U-1-u TRV
00 0 0 0

t—t1,
O = O = = idy . (SPEC)

(“SPEC” is short for “specialization”.)

The following two relations are imposed on both orange and purple strands; we draw
only the orange versions for brevity.

a a

- e

a a a

ap ap a-+b a+b
a+b a+b ap ba
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The final set of relations feature slight variations between the two colours:

1 1 1 1
ta — 1~ 1,—1 t -1 t_l
=44 . L (RBLOB)
q—q qa—q
1 1 1 1

1 1 1 1

tg — t_l —1 t -1 _ t_l
; A4 4 _4 —- 97 (LBLOB)
q—q q—q

1 1 1 1

1 1 1 1 1 1 1 1
_2_ —24 _ 24—1
t U+lT 1:%U+JT,(RSQUIG)
¢a—qt ) 1=a ()
1 1 1 1 1 1 1 1

_Pt—gt! 1U T l L Zt_—qu_?f 1% T l . (LSQUIG)

11 11 11 L1

(“SQUIG” is short for “squiggle”.)
We define the rotated split and rotated merge morphisms by:

a+b MATE MATE
) ( (3.1.1)
a+b

and the same for purple strands.

Remark 3.1.4. One should think of the parameter ¢ appearing in the defining relations for
Web™(gl) as being equal to ¢° for some & € Z. After setting t = ¢° (as we will do in Chapter
6), the specialization relation (SPEC) simplifies to

1 = O = [0]idy,
which, by definition, says that 1, and |, each have categorical dimension equal to [d].

Lemma 3.1.5. The category Web™(gl) is strict pivotal (see Definition A.7) with respect to
the following duality data:
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e For each a € N, weset (1,)* =1, (L) =1, (1) =1,,and (1.)" =1,

a a a a

e The chosen cap-cup pairs for the dual pair (1, |,) are ( M , U) and (m , U) .
Similarly, the chosen cup-cap pairs for (1,,/,) are (m, U) and (m , U ) .

e The dual of a general object X;l ® - X (where we have X' € {1,/,7,]} and
a; € N)is (X! )@ - ® (X;))".

e For a general dual pair (X, X*) = (X, ®---®@ X} (X! )*®---®(X,,)*), the chosen
cup-cap pair is given by nesting, i.e.

(Xa ) (Xg)* Xoy - X&,

X1, e XXt (X1)*

Proof. It is immediate that the first four properties in Definition A.7 are satisfied. For
the final property regarding mates, recall that the morphisms in Web™(gl) are generated by
splits, merges, cups, and caps, and so it suffices to show that left and right mates coincide
for each of these generators. For cups and caps this follows immediately from (ZIGZAG).
For splits and merges, this is precisely given by the defining relation (MATE). O

We now introduce another diagrammatic category that will play an important role in
Chapter 4, and will also help motivate the upcoming Definition 3.1.8.

Definition 3.1.6. The oriented skein category, denoted OS, is the strict k, ;-linear monoidal
category with two generating objects, 1 and |, and generating morphisms

Hitet=tet Xiter-tet,
(tel-=1 (piet—=1 (J:1=]lef, 11210l

subject to the following relations:

IR EID O o

/ \ (q—q* (3.1.3)

%:ﬂ: M NZI mzl Oy = ;:Z__lidﬂ. (3.1.4)
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The sideways crossings appearing in (3.1.2) are defined by /\C = m and 'X = m
We also define:

X =0 %=1 /@ \@

The variously oriented crossings (the generators and those defined in terms of the generators)
equip OS with the structure of a braided monoidal category.

Note that (3.1.3) tells us that T € ob(OS) is Hecke-braided, and hence | € ob(OS) is
also Hecke-braided (see Examples 2.5.11).

Recall that a “g-skew antilinear” map is k-linear and sends ¢ to ¢* = —¢~! (see Definition
2.4.3).

Definition 3.1.7. We write ): OS — OS for the unique ¢-skew antilinear strict monoidal
endofunctor that fixes each of the generating morphisms for OS. All of the defining relations
for OS are invariant under mapping ¢ — —¢~!, and hence Q is well-defined.

Definition 3.1.8. We define a ¢-skew antilinear strict monoidal functor
cswap: Web'(gl) — Web'(gl),
short for “colour swap”, as follows. For all a,b € N we set:

cswap(l,) =1,, cswap(l,)="1,,

a+b a+b a+b a+b

cswap | L = X, oewap| X = X,

a b a b a b a b
a b a b a b a b
eswap [ Y] = (=D N, eswap | Y| =(=1D)® V.
a+b a+b a+b a+b

We also write cswap for the g-skew antilinear strict monoidal functor Web™ (gl) — Web™(gl)
that acts on the generators for WebT(g[) as specified above, and acts on the new generators
for Web”(g[) by simply changing orange strands to purple and vice versa:

cswap(l,) =1,, cswap(l,) =/,

avan([1) = (e (1) = )0 e (1 5) = (5
(ﬂ 0

cswap(U) = U, cswap(Q) = Q, cswap

on(15) = e () -
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The sign term appearing in the action of cswap on split morphisms can be understood as
follows. In Chapter 4, we will construct an isomorphism ® between Web™(gl) and a partial
idempotent completion of OS. This isomorphism acts on splits as

a b a b
b|! - b|! L
i Hoj 5= i o]l =2
The functor Q: OS — OS from Definition 3.1.7 maps symmetrizers to antisymmetrizers and

vice versa, and it is straightforward to show that (%) = (—1)% {Z]T[Z%: using (2.4.4). The

functor cswap is the Webm(g[)—analogue of Q). More precisely, we have cswap = ® 1o Qo ®.
This is why the factor of (—1)? appears in our definition. (The isomorphism ® sends merge
morphisms to (anti)symmetrizers without a scalar factor, and hence there is no sign term
when acting on those generators.)

Lemma 3.1.9. The functors
cswap: Web'(gl) — Web(gl), cswap: Web™(gl) — Web™(gl)
are well-defined.
Proof. It suffices to show that the defining relations for Web'(gl) and Web™(gl) are pre-

served by cswap. This is immediate for (TRIV) and the first identity in (ASSOC). For the
second, we have:

a b c a b c a b c a b ¢
(ASSOC)
cswap v = (—1)latbletab W = (—1)abte)tbe = cswap
a+b+c a+b+c a+b+c a+b+c

The argument for the purple version of the identity is the same. For (MIRROR), we compute:

a b a b a b a b
cswap m _ (_1)(a1>-1+1-bﬁ e m +fa - b]T T
a b a b a b a b
a b a b a b a b
1 1
(243) (—1)Hb-DFar m tla— b]*T T = cswap m + [a — ] T T
a b a b a b a b

Note that we use the fact that cswap is g-skew antilinear in the last equality. Again, the
purple argument is the same. Next, we compute:

1 1 1 1 1 1 1 1 1 1 1 1

(2.4.3) M) N S
B e
N N

1 1 1 1 1 1 1 1 1 1 1 1
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so (MIX) is preserved. This shows that cswap: Web'(gl) — Web(gl) is well-defined. The
fact that cswap preserves the additional defining relations for Web'™ (gl) follows from similar
direct calculations, e.g.

1 1 1
(RBLOB) tq ' —t g
cswap 1 = — 1 = -
q—4q
1 1 1
1 1
(tq—t_lq_l)* tq—t_lq_l
= - 1 = éswap 1 y
q—4q qa—4q
1 1

which shows that the first equality in (RBLOB) is preserved. The remaining calculations
are analogous. 0

Definition 3.1.10. Given a monoidal category C, C** denotes the monoidal category with
the same objects, morphisms, composition, and monoidal unit as C, but with the reversed
tensor product on both objects and morphisms, given by & Qcrev y = y ®¢ x. Similarly, CP
denotes the monoidal category with the same objects, morphisms, and monoidal structure
as C, but with the opposite composition, given by x ocop y = y 0 .

It follows immediately from the definitions that, for any monoidal category C, we have
(Crev)rev = C, (C°P)°P = C, and (C™V)°P = (C°P)*¥. We define the shorthand (C*V)°P = C™*,
with rot being short for “rotated 180°”, corresponding to the effect on string diagrams that
reversing the order of tensor products and compositions has.

Definition 3.1.11. We define two (g, ?)-antilinear strict monoidal symmetry functors as-
sociated to Web™(gl) as follows. The first is hflip: Web™(gl) — Web™(gl)™¥ (short for
“horizontal flip”), which acts as the identity on generating objects, and on morphisms by
reflecting diagrams horizontally (that is, left-to-right, across the vertical axis) and apply-
ing the involution - (see Definition 2.4.3) to the coefficients on diagrams. The second
is vlip: Web™(gl) — Web™(gl)? (“vertical flip”), given by vflip = hflipomate, where
mate: Web™(gl) — Web™(gl)™" is the k, -linear functor that sends each object to its dual
and each morphism to its mate (using the duality data specified in Lemma 3.1.5).

Remark 3.1.12. Strictly speaking, the composition vflip = hflip o mate mentioned in Defi-
nition 3.1.11 is not well-defined, since the codomain of mate is Web™ (gl)™*, but the domain
of hflip is Web™(gl). More precisely, we define vlip = hflip™" o mate, where

hflip™: Web™ (gl)™" — (Web™(gl)")™" = Web™ (gl)*®

has the same action on objects and morphisms as hflip. We identify functors in a similar
way in Proposition 3.1.13 and throughout the rest of the thesis; for instance, the upcoming
claim that mate is “self-inverse” really means that mate™" omate = idyyt (g -
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Proposition 3.1.13. The functor hflip is well-defined. The functor vflip acts on generating
objects as

Vﬂip(T(I) = J/(17 Vﬂip(\LU) = T(l’ VﬂiP(T(I) = \l/(l,7 VﬂiP(i(I) = T(I,?

and on morphisms by reflecting diagrams vertically (that is, top-to-bottom, across the hori-
zontal axis) and applying the involution ~ to the coefficients on diagrams. The functor mate
acts on generating objects as

mate</r(l) = \L(l7 mate(\L(I) = T(l’ mate(T(}) = \L(I,7 mate<\l/(1) = T(l’

and on morphisms by rotating diagrams by 180° (without changing the coefficients on said
diagrams). All three of these symmetry functors are self-inverse, and we have

mate = hflip o vilip = vflip o hflip .

Proof. We need to show that hflip preserves the defining relations of Web”(g[). It is
immediate that hflip preserves (TRIV), (ASSOC), (TRIV2), (ZIGZAG), and (MATE). Since

quantum integers and ;:Z__ll are both invariant under ~, (MIX) and (SPEC) are also preserved.

For (MIRROR), we compute:

a b b a b a b a
1 1 1 T
a b b a b a b a
b a b a a b a b
! (2.4.3) . .. 1
= + [a — b] =" hflip + [a — b] ,
b a b a a b a b

as desired. (The same calculation shows that the purple version of (MIRROR) is also
preserved.) The identities in (LBLOB) and (RBLOB) are the hflip-images of each other,
and the same is true for (LSQUIG) and (RSQUIG). Hence these four relations are preserved
by hflip. This completes the proof that hflip is well-defined. Turning our attention to the
claims for vflip, for any a € N we have

vilip(T,) = hilip(mate(?,)) = hflip(|,) = |, vflip(},) = hflip(mate(],)) = hilip(",) =7,

and similarly for purple generating objects. All that remains is to show that vflip acts on
generating morphisms by vertical reflection; the claim for general diagrams then follows from
the fact that vflip is a functor from Web™(gl) to Web™(gl)°P. The desired equalities follow
from direct calculations. For instance,

a+b a+b . b a a b

vilip [ X = hflip [ mate [ 1 (LY hilip | Y = Y.

a b a b a+b a+b
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The calculations for the other generating morphisms are analogous.

The fact that hflip and vflip are self-inverse follows from the fact that horizontal and
vertical reflection are each self-inverse transformations of the plane. For the claim about the
action of the mate functor, note that hflip o vflip = hflip o hflip o mate = mate, and so mate
acts on diagrams by flipping them vertically and then horizontally; this has the net effect
of a 180° rotation. The same action can equivalently be obtained by first flipping diagrams
horizontally and then vertically, and so we also have vflip o hflip = mate. The fact that mate
is self-inverse then follows from vflip and hflip being self-inverse. O

3.2 Key diagrammatic identities

In this section, we will establish several key identities in the gl-web categories. Several of
these identities have previously been assumed as part of the definition of gl-web categories
in the literature; for instance, the identity in Lemma 3.2.2 is typically assumed directly. The
presentations of Web'(gl) and Web™(gl) we gave in the previous section are smaller than
most preexisting presentations (that is, our presentations involve fewer defining relations),
and hence we need to provide proofs for these foundational identities.

Lemma 3.2.1. The following identity holds in Web'(gl) for all a € N, for both colours of

strands:
a_1¢1 = [aﬂ = 1¢a_1. (3.2.1)

Proof. We prove the statement for orange strands; the purple version follows after applying
cswap and dividing by (—1)*"1

If @ = 0, then the first and third diagrams in (3.2.1) are zero due to the presence of a
string labelled by —1, and the second diagram has a coefficient of [a] = 0, so the identity
holds. Assuming a > 1, we compute:

a

@ a 0 a 0 0 a
TRIV 1 MIRROR 1
a1$1(:)/l>[( - )M""[G]T :[G]T:
a a 0 a 0

a 0 a

where in the last equality we remove the first diagram since it has a string implicitly labelled
by —1, and we remove the string labelled 0 from the second diagram since WebT(g[) is a
strict monoidal category. Applying hflip then yields the second desired equality (recall that
hflip is g-antilinear, and mapping ¢ — ¢~' fixes quantum integers). U
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Lemma 3.2.2. The following identity holds in Web'(gl) for all a, b, i, j € N, for both colours
of strands:

a—i—j b+itj a—i—j b+i+j
’ e (3.2.2)
)
a b a b

Proof. We prove the statement for orange strands; the purple version follows after applying
cswap and dividing by (—1)e+aiti+itii,

Let a,b € N. If i = 0 or j = 0, (3.2.2) follows immediately from (TRIV), noting that

[iﬂ} = 1 in such cases. For another special case, suppose ¢ = 1 and 7 € N. Then

)

a—1—j b+1+j a—1—j b+1+j

a—1—j b+1+j . a—1—j b+l+j
. J )
14 1+4j (3.2.1) , (ASSOC) (ASSOC) 1
= 7 1 = = s
1
a b a b
a b a b

as desired. We now proceed by induction on i. Let i € N5, and suppose that (3.2.2) holds
for all j € N with that choice of i. Then, using the i = 1 case of (3.2.2) proved above,

a—i—1—j btitl+j

a—i—1—j btitl+j i o amizleg bl
J (322) 1 (3:2.2) [ﬁ]} *
{::1 i+ i+
a b . , a b
a—i—1—j btit+l+j a—i—1—j btit+l+jy
(5.22) [i+]}[i+j+1] M _[z‘+1+j] M
i [i 4+ 1] i+1 ’
a b a b
as desired. O

Lemma 3.2.3. The following identity holds in Web'(gl) for all a,b € N, for both colours of
strands:

a-+b a+b
a-+b
a = ) 3.2.3
e = [ (42
a+b a+b
Proof. We compute:
0  atb 0  atb

a+b

$ , (TRIV) m (3.2.2) [a—i—b} atb | (TRIV) [a—i—b] T
a a '

a+b atb 0 atb 0 atb
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The purple version of the identity follows after applying cswap and dividing by (—1)%. O

The following identity will be used in the proof of Proposition 3.2.5. It follows from a
straightforward but tedious calculation, which we omit for the sake of brevity.

Lemma 3.2.4. For all a,b,i,j,s € N we have

[N+ 1= s+ [ T [a = b— 20 — 1+ ] {a—b—i— 1+ j

: i ] . (3.24)

S

The following result is mentioned in [ST19, Rem. 2.5, but a proof is only given for the
case 1 = 2,7 = 1. To the best knowledge of the present author, a full proof of Proposi-
tion 3.2.5 has not appeared in the literature to date, though the identity has been directly
assumed in some presentations of web categories, e.g. [CKM14, (2.10)] and [TVW17, (2-8)].

Proposition 3.2.5. The following identity holds in WebT(g[) for all a,b,i,7 € N, for both
colours of strands:

a—i+j b+i—j a—i+j b+i—j
w :Z{a—b—ﬂrj] @ (3.2.5)
5 ) 2.
s>0
a b a b

The above identities are sometimes referred to as the “square-switch” identities, corre-
sponding to a slightly different way of drawing the diagrams:

a—i+j b+i—j a—i+j bti—j
AN .Z A AN Z—\S AN
A Z |:CL —b—1 + ]:| ’
A A = A A
% S j—s
S 520 Z
a b a b

Proof. We prove the statement for orange strands; the purple version follows after applying
cswap and dividing by (—1)e+eitiititi,

Let a,b € N. We begin by proving (3.2.5) in some special cases. If i = 0, then we have:
atj b—j atj b—j atj b—j
J 0 i 0-s
i (TRIV) il _Z {a—b‘lﬂ}
s>0 §
a b a b a b

as desired. Note that in the second equality we use the fact that the summands corresponding
to s > 0 are zero since they feature a string labelled by —s < 0. Similarly, if j = 0, then

a—1i b+i

a—1i b+i a—1i b+i
0 (TRIV) i a—>b—1i i—s
= =2, | Bl
s>0
a b a b

a b
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as desired. If i = j = 1, then

a b a b a b
1 1
: (MIR:ROR) i + [a o b] T T
a b a b a b
a b a b a b
(TR1v) [a —b 1 a—>b 0o~ a—>b| | =2
w [T ) R -]
s>0
a b a b a b

We have shown that (3.2.5) holds for all 4,7 € N such that i = 0 or j = 0ori+j < 2.
We prove the remaining cases by induction on i + j. Let k € N>, and suppose that (3.2.5)
holds for all 7,7 € N such that i + j < k. Let 7,5 € Nyg such that ¢ + j = k. Note that this
implies j + 1 < k. Then:

a—i—1—j btitl+j a—i—1—j btitl+j
a—i—1+4j btitl—j

. J 1-s
J (322 1 (25 1 Z[a—i—b—i—l—i—j] Q
TET i+ 1] i+ 1] & s =
a b

a b

a—i—1—j btitlty a—i—1—j btitl+j
0

! [a—b—2 —1+ 7]
I g + [i + 1] ﬂ

a b a b

Next, we rewrite the last two diagrams in terms of simpler ones:

a—i—1—j btitl+j a—i—1—j btit+l+j
1 o 1
d (335)Z{a—b—z+1} ﬂ
| ; =]
s>0
a b a b

a—i—14j btitl—j

(3.2.2) a—b—i+7].. e
= 1—
z[ ) }m i @ ,

a b

and
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a—i—1—j btitl+j

o a—i—1+j b+i+l—j a—i—147 b+i+l—j
ﬂ (TRIV) w (325)Z[a—b—i+j—1}
b - - r
r>0
a b a b

a b

a—i—14j b+i+1—j
N s—1 ’
s>0
a b

where in the last equality we switch the summation variable to s = r + 1. Note that we have
added one term to the sum after this switch of variables, namely the term where s = 0, but

that summand is zero since [a_b__i;“j _1} = 0 by definition. Putting our calculations together,
we have
a—i—1+4j btitl—j a—i—1+j btitl—j
; —b—itj][; —b—itj—1 , . 1
= [i 4 1]
a b a b

a—i—1+4j btitl—j
- . i+1—s
(3.2.4)2{a—b—2—1+]} ]i[
s>0 s
a b

which shows that (3.2.5) holds with ¢ 4+ 1 in place of i. An analogous calculation shows that
(3.2.5) also holds with j + 1 in place of j, and hence it holds for all i + j < k + 1. This
completes the induction. O

We conclude this section by introducing some morphisms that will play an important
role throughout the rest of the thesis.

Definition 3.2.6. For n € N, we define the multi-merge and multi-split morphisms

1 1 1 1

"\ =1, v o, =%, AL e VAR
A e A %

n n

in WebT(g[) as follows. For n = 0 and n = 1, we set the corresponding multi-merge and
multi-split morphisms to be the identity on 1, = 1,. For n > 1, we inductively define:

1 11

n+1
n+1 1 1
ALy Y- 020
1 1 n+1
1 11

n+1
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and the same for purple strands. We also define the downwards-oriented multi-split and
multi-merge morphisms

1 1

N T N o b AN T o N o b
1 1 n M

1 1

1 1 n 1 1 n
in Web™(gl) to be, respectively, the mates of \/ , A , \/ , and A .
n 1 1 n

1 1

Example 3.2.7. The (orange) upwards-oriented multi-merge and multi-split morphisms for

2 11
n = 2 are simply the generating morphisms X and "y . For n = 3, the morphisms are
11 2
3 3 11 1 11 1
(ASSOC) (ASSOC)
AN TET A and NIRRT
11 1 11 1 3 3

For n = 4, the morphisms are

4 4 4 4 4
A = A = %\ = &\ = A
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

and

(ASSOC) (ASSOC) (ASSOC)

W (ASSOC)

1 1 1 1 1 1 1 1
4 4

1 1 1 1 1 1 1 1 1 1 1 1
4 4 4

In general, (ASSOC) implies that the multi-merge and multi-split morphisms for any n are
equal to the diagrams built by composing n — 1 binary merge or split morphisms in an
arbitrary order.

Lemma 3.2.8. The functor cswap acts on multi-merge and multi-split morphisms as follows:

n n 1 1 1 1
cswap A = A ,  cswap \/ = (—1)(3) \/ ,
1 1 1 1 n n
(3.2.7)
n n 1 1 1 1
cswap /\4 = (—1)(721) /\ , cswap v — v .
1 1 1 1 n n

The same is true after exchanging the orange strands for purple ones and vice versa.
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a+b a+b
Proof. The first identity follows from the fact that cswap [ X | = L . We prove the
a b a b
second identity by induction on n. For n = 0, we have
1 1 0 0 1 1
0
cswap \/ = cswap T = T = (_1)(2) \/ 7
0 0 0 0
and similarly, for n =1,
1 1 1 1 1 1
1
cswap \/ = cswap T = T = (_1)(2) '\/ .
1 1 1 1
Assuming the identity holds for some n > 1, we compute:
1 11 1 11
1 1 1 1
cswap \/ = cswap ’w = (_1)(§)+n-1 w = (—1)(n§1) \/ ’
n+1 n+1
n+1 n+1

as desired. Taking mates yields the third and fourth identities in (3.2.7). The same arguments
prove the corresponding identities with the roles of the colours swapped. 0

Lemma 3.2.9. For all n € N and for both colours of strands, we have

;} = [n]!i {> - [n]!I (3.2.8)

For the avoidance of doubt: the morphisms on the left hand sides of (3.2.8) are the
composition of a multi-split and a multi-merge morphism. That is,

We draw such compositions with only one set of ellipses to reduce visual clutter.

Proof. We prove the identity for upwards-oriented orange strands; the purple version follows

after applying cswap and dividing by (—1)(3), and the downwards-oriented identities then
follow after taking mates.
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The desired identity is trivial for n = 0 and n = 1. Suppose that (3.2.8) holds for some
n > 1. Then:

n+1
n+1 n+1 n+1 n+1
$ (626 , 629 [n]!n$1 B2 [+ 1] T ~ ] T |
n+1 n+1 n+1 n+1
n+1
as desired. O

3.3 Braided monoidal structure

In this section, we will equip Web'(gl) and Web™(gl) each with the structure of a braided
monoidal category, and then prove several results related to these structures. The braided
structure on Web'(gl) has appeared previously in [TVW17]. The extension to Web™(gl) is
new, though [QS19] previously treated the monochromatic purple case. As mentioned in the
introduction, Proposition 3.3.23 appeared previously in [RT16, Rem. 2.21], but the approach
outlined in that remark is quite different from the proof we will give in this section.

Definition 3.3.1. We define the monochromatic positive crossings in Web'(gl) as follows,
for a,b € N:

b a bs—i—b—aa b a bs—l—b—aa
Feseo T K ecr S e
a b s>0 a b s>0

a b a b

(Only finitely many of the summands appearing above are nonzero, since for s > a the
diagrams have a strand implicitly labelled by a negative integer.)

The monochromatic negative crossings are obtained by replacing ¢ with ¢~! in the above
definition, i.e.

b a bs+b7aa b a bs+b7aa
e K mer Sean 5] e
a b s>0 a b 520

a b a b

Remark 3.3.2. In the literature, gl-web categories featuring only one colour of strands,
corresponding to our purple strands, have sometimes been equipped with crossings that
differ from those specified above by a factor of (—1)®. These alternate crossings correspond
to a different choice of braided monoidal structure on U, (gl,,,,)-mod, for which the braiding
for two copies of the natural module V' is the negation of the one we specified in Definition
2.4.15. In order to define web category crossings that properly correspond to that alternate

braided structure, one should multiply both the orange and purple crossings of Definition
3.3.1 by (—1)%.
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Lemma 3.3.3. The thin orange and purple crossings coincide. That is,
11 11 11 11
N — K A A
K=X, X =X. (3.3.3)
11 11 11 11
Proof. We will prove the identity for positive crossings; the calculation for negative crossings

is totally analogous. Recalling that 1, = 1, by definition, we compute:

1 1 1

1 1 1
(3.3.1) _
= [ ]+

1 1

Pt

11 1
11 11 11 11 11 11
ST X m e - e
11 11 11 11 11 Lo
where in the second equality we use [2] = ¢+ ¢~ O

In light of (3.3.3), we can unambiguously draw thin crossings using strands of arbitrary
(even mixed) colour:

11 11 101 11 11 L1 11 /1\/1\ 11
N _ K _ K . K _ K _ -1 _

/\‘—K—/\‘-—K—/\‘——QTTﬂLX—q —’X,
11 11 11 11 11 Ll D L 7

(3.3.4)

11 11 11 11 11 11 11 /1\/1\ 11
A A A A A _ -1

'/\—X—/\-—X—’/\——QTTJFX—Q —X-
11 11 11 11 11 L1 D L 7

These formulas for thin crossings immediately imply that 1, is Hecke-braided. It follows that
1, is also Hecke-braided (with respect to downwards-oriented crossings that we will define
shortly).

Definition 3.3.4. We define the mized-colour crossings in Web'(gl) as follows, for a,b € N:

X - % Z ~ éQ
: b Z Z (3.3.5)
55 A

IS]
o

Note that the crossings on the right hand side of each definition are the thin ones from
(3.34).
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Proposition 3.3.5 (|[TVW17, Prop. 2.22]). The crossings of Definitions 3.3.1 and 3.3.4
equip WebT(g[) with the structure of a braided monoidal category, with

b a ! a b b a -1 a b b a ! a b
P A =X, K =X
a b b a a b b a a b b a

Definition 3.3.6. For all a,b € N we define the following rotated crossing morphisms in

Web™(gl):
ba
ba ba
b a t b a b a
A - N —
X = Lf\l X = f/J K= b :
a b a b a b
ab ap ab
(3.3.6)
ba ba ba
b a b a 7\ b a
N — K — /
- K- K-
a b a b a b
ab ab
ab
ba
b a t
We adopt these definitions for arbitrary strand colours, so we also have e.g. X = Lf\l
a b
ab

Lemma 3.3.7. The functor cswap acts on crossings (with arbitrary strand labels, colours,
and orientations) by simply swapping the colour of both strands. For instance,

b a b a b a b a b a b a
N _ K A _ A AN — N\
cswap /\‘ = /\‘ , cswap x = /\J , cswap \/N = A :
a b a b a b a b a b a b
Proof. We have:
b a
b a T s+b—a
3.3.1 _
cswap | 0 (521 cswap 2:(—61)S a j
a b s>0
a b
b a b a
s+b—a T s+b—a (33.1) b a
3o T s T 0 7
s>0 52>0 a b
a b a b

proving the first claimed identity. The other upwards-oriented monochromatic cases follow
from totally analogous calculations. The upwards-oriented mixed-colour cases then follow
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from (2.4.4) and (3.2.7). The cases involving rotated crossings follow immediately from the
upwards-oriented ones and the fact that cswap acts on caps and cups by simply swapping
the colour of the strand. O

Lemma 3.3.8. For all a,b € N and for arbitrary strand colours, we have:

b a ba b a ba b a 0
A _ / \ AN _
X = F/J X = m K = LJ )
a b a b a b
ab ab o
(3.3.7)
ba ba ba
b a / I;(a b/tl
AN _ _ _
/y - m’ AN m’ z\,« - J
a b a b a b
abp ap ab

Note that the identities in (3.3.7) are slight variants of our original definitions of the
b a

rotated crossings in (3.3.6). For instance, the definition of /\7“ features a zigzag labelled

a b
by b, whereas the first identity in (3.3.7) features a zigzag labelled by a.

Proof. We prove the monochromatic orange identities; the arguments for other colours are
identical.

The third and sixth identities follow from the fact that Web™(gl) is strict pivotal,
and hence the left and right mates of the (positive or negative) upwards-oriented crossing
coincide. For the first identity, we compute:

b a
ba m ba b a
(3.3.6) (ZIGZAG) (3-3.6) 2
a b
ap ab
a b

The second identity follows similarly:

a

b
ba ba )
\ (3.3.7) (ZIGZAG) (3.3.6) /a
W = U = 0 K
ab ab @b
b

a

(In the first equality above, we use the third identity from (3.3.7).) The fourth and fifth
identities follow from totally analogous calculations. 0
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Lemma 3.3.9. For all a,b € N we have:

b a b a
b a As#)/+a“ b a s—b+a
Iy\‘ = Z(_Q)Sib * Y N = Z<_q)bis S )
a b s>0 a b s>0
© v 3.3.8
b a b a (3:3.8)
b a T s—b+a b a T s—b+a
- e K - e
a b s>0 a b s>0
a b a b

Note that the summand diagrams appearing on the right hand sides of (3.3.8) are
mirrored versions of those from the original definition of the crossings, (3.3.1).

Proof. Recall that [8} =1 and [S] = 0 for all s > 1. With this in mind, for any s > 0 we

have:
b a b a b a b a
s+b—a _ B .
ﬁ (3i5)2|:a_b_3+3+b_a:| Smr _ Z|:0:| Smr _ ‘H
’I"ZO r 7,.20 r
a b a b a b a b
Hence:

b a b a b a
b a (33.1) s+b—a s , r—b+a
ETENY (=)t = > ()" e | =3 ()" ,
a b s>0 s>0 r>0

a b a b a b

where we switch to a sum over r = s 4+ b — a in the final equality. The second identity
follows after replacing ¢ with ¢=!. The purple identities then follow from the orange ones
after applying cswap. O

Corollary 3.3.10. The symmetry functors hflip, vflip, and mate act on crossings (either
positive or negative, in any orientation, and with arbitrary strand colours) by, respectively,
horizontally flipping (across the vertical axis), vertically flipping (across the horizontal axis),
or rotating the crossing in question by 180°. For example, we have

b a a b b a a b
hflip ’X‘ = X‘ ,hflip /\7; = ’f/\ ,
a b b a a b b a

<o
S}

b a b

mate \’X :X‘,Vﬂip \’X :X.

a a b b b a

IS}
S

S]

o~

S}
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Proof. The claimed monochromatic identities follow from Definition 3.3.1, Definition 3.3.6,
Lemma 3.3.8, Lemma 3.3.9, and the fact that mate = vflip o hflip = hflip o vflip, as shown
in Proposition 3.1.13. We will provide proofs for the four examples given in the corollary
statement; the other monochromatic cases follow from totally analogous calculations. First,

b a a b
b a s+b—a s+b—a a b
. (33.1) | 4. s—a a—s (3.3.8)
hilip [ 7 =" hflip Z(—q) m :Z(—q) m =Y K2,
a b 5>0 5>0 b a
a b b a

where in the second equality we use the fact that hflip is g-antilinear. We use this first
identity in the proof of the second:

ba ab

b (3.3.6) i\ 7| 336 | b
utip (0 | e | (Y0 | = ()] 5
a b \ / b a
ap ba
Next, we have
b a
b oa b b b oa
| 636 J B J (z16zAC) |\ (33.6)
mate \’(\ =" mate f = F = oo X -
a b a b
ab ab
a b
Finally,
b a b a b a a b
vilip \’x = hflip | mate \’x = hflip X} = K\/\ )
a b a b a b b a

The identities for mixed-colour crossings follow from those for thin crossings. For instance,

b a a b
. 3.3.5 3.3.5)
hifip | 2 (:)[a // \*\( X
a b

where in the second equality we use the fact that hflip fixes multi-merge and multi-split
morphisms. 0

Lemma 3.3.11. The following cup- and cap-sliding relations hold in Web™(gl), for all
a,b € N, all possible orientations of the strands, and arbitrary strand colours:

ada aba ada ada b

A= M= B Y=o S o e

b abpa apa abpa abpa



3.3. BRAIDED MONOIDAL STRUCTURE 51

Proof. We will prove the monochromatic orange identities where the strand labelled b
crosses over the strand labelled a; the identities with the other type of crossing and/or
different strand colours follow from totally analogous arguments. For one orientation of the
first identity, we compute:

aba aba
336 w ZIGZAG bm (336 L,R/
b

For another orientation, we compute:

abpa aba

%j (3.3.6) & ZIG£AG) &

The remaining orientations of the desired identities follow from these two after applying
hflip, vflip, and mate. U

Lemma 3.3.12. Upwards-oriented merge and split morphisms slide through all crossings.
That is, for all a,b, ¢ € N, for both possible orientations of the strand labelled ¢, and for
arbitrary strand colours, the following identities hold:

)

acl:rb Za—l—b atb ¢ atb ¢ ac‘”b : a+bc (3.3.10)
-1z %:w Ty

(3\ e b Yb ( Yb

Proof. We will give a proof for the monochromatic orange case; the proofs for other colours
of strands are identical. Proposition 3.3.5 tells us that the sliding identities hold when all
strands are oriented upwards. For the case where the strand labelled c is oriented downwards,
we compute:

c a+b ¢ a+b

i e Uy (0g) = @ﬂ L5
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which establishes the first identity from (3.3.10). Note that the use of (3.3.10) in the above
calculation has all strands oriented upwards, so this argument is not circular. Applying hflip
yields the second identity. The arguments for the third and fourth identities are analogous.
The identities on the second line of (3.3.10) follow from essentially the same proofs as for
those on the first line, with all positive crossings replaced by negative ones and vice versa. [J

Corollary 3.3.13. Downwards-oriented split and merge morphisms slide through braidings.
That is, for all a,b, ¢ € N, for both possible orientations of the strand labelled ¢, and for
arbitrary strand colours, the following identities hold:

¢ a+b a+b ¢ a a ch a
f{ % ?l )\ v\ ) & # -
a a c a+b a+b ¢ atb ¢
’ ’ ’ (3.3.11)
c a+b c at+b a+b ¢ at+b ¢ a a pc ch a ch a
l )
fi A A A e A AN
a a c a+b c  a+b a+b ¢ at+b ¢
Proof. These identities are simply the vflip-images of those from Lemma 3.3.12. 0

Note that Lemma 3.3.12 and Corollary 3.3.13 immediately imply that multi-split and
multi-merge morphisms (in either orientation, and in both colours) slide through crossings.

Lemma 3.3.14. The double-crossing relations hold in Web”(g[), for all a,b € N and for
arbitrary strand colours:

S}
<o
Q

<o
IS}

S
S}
<o

a b a b

h
O = —
)

DO
OOC
Il
I
N\
N\

IS
(=
S
<
Q
(=p
IS
(=
S
<
s}
(=n

(DCROSS)

IS
(=
S
(=
S|
(=
IS
(=
Sl
(=
Q
(=

~
— N\

Il

I
AN
DO
OC
VAN N

I

I
AN

N\

S

a b a b a b a b

s}

b a

Proof. The upwards-oriented relation (for arbitrary strand colours) is part of Proposition
3.3.5. Taking mates yields the downwards-oriented relation. We will prove the first equality
with mixed string orientations; the other equalities follow after applications of mate, hflip,
and vflip. We first consider the thin case, and compute:
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11
1 1
J U U
336 334
> @ o g 1.
1 1
1 \1/
11
1 1
(LBLOB) (t —t 4 (—q— g )(tq - t—lq‘1)> U
oE -1 +
(SPEC) q—gq I~
1 1
1 \1/
11
1 1 .
_ (q_Qt—l _q2t> U T (LSQUIG) T l
i~ ) ) '
1 1 1 1
1 \1’

o

(32:8)

2 — 9
«—

f=al

b
b
where in the equality labelled * we use the thin case of the double-crossing identity ab times

to disentangle the strands in the middle of the diagram. The same proof works for strands
of arbitrary colour. 0

Lemma 3.3.15. Cups and caps in Web™(gl) slide through crossings, i.e. for all a,b € N, for
all possible orientations of the strands, and for arbitrary strand colours:

a abp a ab ba a ba a b b b

[ U |

N7 ZU, NANES U WJ: m, %:ﬂ’

b b b b ba a ba a a abp a abp

(3.3.12)

a abp a abp ba a ba a b b b b

__J_ | . o o
(@=L G-V Al =N e -0

b b b b ba a ba a a ab a ab
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Proof. These identities follow immediately from (3.3.9) and (DCROSS). For instance, with
strands of arbitrary orientation and colour,

b b b
(3.3.9) (DCROSS)
N\ = r< = m ‘ .
[ ;
a abp a abp a abp

O

Proposition 3.3.16. The crossings of Definitions 3.3.1, 3.3.4, and 3.3.6 equip Web™(gl)
with the structure of a braided monoidal category.

Proof. In light of Lemma 3.3.14, all that remains is to show that each of the generating
morphisms for Webu(g[) slide through crossings in all possible orientations. Lemma 3.3.12
tells us that this is true for merge and split morphisms, and Lemma 3.3.15 shows that this
is also true for cups and caps. 0]

Lemma 3.3.17. For all a,b € N, the following identities hold in Web'(g):

a+b a+b a b a b
& a+b % a+b Q a b w a b
/ — qab X ’ \ — q—ab X ’ (K — q—ab YY‘ ’ \) — qab ’
\] a b ( a b a+b a+b
a b a b a+b a+b
a+b a+b

= (—g) 'y = (—q)® e (3.3.13)
% TR A

a b a b

a b a b
J X R
5 = (=" = (0™ "
a+b a+b

a+b a+b

The following argument takes inspiration from the proof of [LT26, Lem. 2B.17].

Proof. It suffices to prove the first and third orange identities; the others follow after appli-
cations of hflip and/or cswap. The arguments for merges and splits are essentially the same,
so we will only prove the first identity. For the thin case,

2 2

% N § - A =0 A

)
1 1 1

as desired. Assume that the first identity in (3.3.13) holds for all a,b € N such that a+b < k
for some fixed k € N (the thin base case establishes this for k£ = 2; the cases where a = 0 or
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b = 0 follow immediately from (TRIV)). Let a,b € N such that a + b = k. Note that this
implies a4+ 1,b+ 1 < k, and hence our induction hypothesis tells us that the first identity in
(3.3.13) holds when the bottom strands are labelled (a,b), (b,1), or (1,a). We then have:

a+b+1 a+b+1

S 3.2.3 1 & SLIDE 1

atl b atl b
a+b+1 a+b+1 a+b+1
(Assoc) 1 (& 3313)  ¢q» /<\ (assoc) ¢ & X
at1] . 57 at1] <y @+ 1 7
a+1l b a+l b a+1l b
a+b+1
a+b+1
(3.3.13) qab-‘rb (ASSOC) q(a+1)b (3.23) q(a+1)b a—l—Kb-H
la+1] a la + 1] a<§ e ’
a+1 b
a+1 b

and so the first identity in (3.3.13) holds when the bottom strands are labelled (a+1,b). An
analogous calculation shows that the same is true for strands labelled (a,b + 1), completing
the induction. U

Lemma 3.3.18. The following curl relations hold in Web™(gl), for all a € N:

a

e -0l of -ee - o

a

. . . . . . (3.3.14)
jo=ee | o) of e | - b0
W=t T =01 0O =0T =70,
‘ ‘ ‘ ’ ‘ (3.3.15)

)
S]
S]

fﬁ Zt_“(—Q)“Q‘“l = L\Jy C{ = 1%(—q)"™" l = ljj

Proof. We will prove the first pair of equalities; the others follow after applications of hflip,

Q
S|
S}
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vilip, mate, and cswap. In the thin case we have:

1 1

1 1 1
-1 1 11

T B39 : (RBLOB) [ —¢ (t—t')+tqg— T _, T

(O ! T L @1 (SPEC) < q—q*

1 X X 1 1

Assuming that the first equality in (3.3.14) holds for some a € N, we then have:

a+1
a+1 4~
a+
CL+1 O
(3.2.3) SLIDE ZIGZAG
[a + 1] T(Q 2 ( <
a+1
a+1
a+1
a+1
A a+1 a+1
(MgE) (ZIGZAG) (3. 3 14) & SLIDE) é .
Q (SLIDE) U
a 1
a+1
a+1

é a+1 at+1
(3.3.14) ‘. t“q“Q’“ ) (3.3.13) tqug —a . qga " $ ) (3.2.1) ta+1q(a+1)2,(a+1)[a +1] T ’
a+1

which establishes the first equality in (3.3.14) by induction. Similarly,

1 1 1 1
1
-1 -1 1,1
(3.34) 4 spec) [(—q ' (t—t) +tg—t'q
\ — — = = t
CP} 1 10)[ * l{ﬁ (LBLOB) ( qg—q! ’
! 1 1 1 1

establishing the thin case of the second equality in (3.3.14). For general a € N, that equality
then follows from an inductive argument that is totally analogous to the one given above. [

Lemma 3.3.19. The following cap- and cup-delooping relations hold in Web™(gl), for all
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a € N:

. (3.3.16)
J a a
(8; = t"(—q)"" Q 8 =t (—q)" LT
Proof. We compute:
The remaining identities follow after applications of vflip and/or cswap. O

Corollary 3.3.20. In Web™(gl) the following bubble-flip identities hold for all a € N:

o = Oay, o = O, (3.3.17)

Proof. We have:

(33.16) ,_ 4 a—a? a (3.3.16) (3.3.16) ,_, P—a a (3.3.16)
Cro O ot (30 PO G Ga O po(gptoe (30 029 5

0
Lemma 3.3.21. For all n € N, the following identities hold in Web™(gl):
11 11 11 11
o) - b e )] -
T T T T -
11 11 11 11
cvop | QD | - QD o | GED| - GEDD
L L [ L

Proof. The upwards-oriented identities follow immediately from the fact that cswap fixes
thin crossings (see Lemma 3.3.7) and that, as noted previously, mapping ¢ — —¢~! sends
symmetrizers to antisymmetrizers and vice versa (this follows directly from Definition 2.5.5
and Lemma 2.4.5). The downwards-oriented identities then follow after taking mates and
using Lemma 2.5.12. 0
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Lemma 3.3.22. For all n € N, the following identities hold in Web™(gl):

n 1 1 n 1 1
= - = =
1 1 n 1 1 n
1 1 n 1 1 n (
n 1 1 n 1 1
= - V - A - Y
1 1 n 1 1 n
1 1 n 1 1 n

For all n > 2, the following identities also hold in Web™(g):

n 1 1 n 1 1
-y
1.”1 n 1-”1 n
n 1 1 n 1 1
oty

Note that the colours of the strands and (anti)symmetrizers match in (3.3.19), whereas
in (3.3.20) the colours are opposite.

3.3.19)

(3.3.20)

Proof. In light of (ASSOC) and (3.3.13), for any adjacent transposition ¢ € S,, we have

(3.3.21)

n) n n

(3.3.21) q_(2

]!

(3.3.21) q(g)
= I

> (=@ /\ =0,

[n ’ gESy
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where the last equality follows from the fact that S, contains the same number of even and
odd permutations. For both (3.3.19) and (3.3.20), the second identity follows from essentially
the same argument used to prove the first one. The third and fourth identities follow after
taking mates and using Lemma 2.5.12. Applying cswap yields the remaining identities. [J

The following result will play a crucial role in Chapter 4, in which we establish a precise
correspondence between 7, and the n-strand upwards-oriented symmetrizer, and similarly
for the other types of strands.

Proposition 3.3.23. For each n € N, the following identities hold in Web™(gl):

(3.3.22)

Proof. For use in the calculation below, note that taking b = 1 in Definition 3.3.1 yields

1 a

1 a 1Loa
= X - q—lw. (3.3.23)
a 1 a 1

a 1

We will prove the first identity by induction on n; the second follows after taking mates and
using Lemma 2.5.12, and the purple identities follow after applying cswap and dividing by
(—1)(3). The equalities for n = 0 and n = 1 hold trivially. Assuming the first equality in
(3.3.22) holds for some n > 1, we compute:
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n—i+1

(3.3.22) % [n]!q
B — [n—i+1]!

(SLIDE) o [n]lg" !
B ; n—i+1]!

n+l [n] g+t

(3.3.23)
- Z n—i+1]!

=1

ntl n—i+1

(3.3.22) q
B Z [n—i+1]!

i=1

(32.8) n+1
= Z qn—z+1

i=1

n+1

_ qn+1 Zq—i
i=1
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where in the step marked * we collapse the telescoping sum, and in the step marked xx
we use the fact that any diagram with a strand labelled by —1 is equal to zero. Dividing
through by ¢" yields

as desired. O



Chapter 4

Isomorphism of categories

In this chapter, we construct an isomorphism between Web™(gl) and a partial idempotent
completion of OS, denoted OSY. As discussed in the introduction, some similar functors
have been defined involving other (completions of) diagrammatic categories, but this ap-
proach is relatively new, and has not yet been applied to web categories. Our isomorphism
Web™(gl) = OS" allows one to systematically translate theorems for OS into correspond-
ing theorems for Web™ (gl). In the remaining chapters, we use this approach to further study
the gl-web categories.

Definition 4.1. Given a category C, the Karoubi envelope of C (also called the idempotent
completion of C) is a category denoted Kar(C). The objects of this category are pairs (X, e),
where X € ob(C) and e: X — X is an idempotent morphism in C, i.e. eoe = e. A morphism
a: (X,e) — (Y, f) in Kar(C) is a C-morphism a: X — Y that satisfies foaoe = a.
Composition of morphisms in Kar(C) is inherited from C. The identity morphism for (X, e)
Is e.

If C is monoidal, then there is a natural monoidal structure on Kar(C) given on objects
by (X,e)® (Y, f) = (X ®cY,e®c f), with the tensor product on morphisms being inherited
from C. The monoidal unit in Kar(C) is (1¢,idy,).

There is a full and faithful embedding C — Kar(C) that acts as X + (X, idx) on objects
and as the identity on morphisms. We will bring up other properties of Karoubi envelopes
as they become relevant.

Note that some authors instead write Kar(C) for the additive Karoubi envelope of C, i.e.
the additive envelope of the category Kar(C) we defined above.

Definition 4.2. We write OS" (short for “OS-Web”) for the full subcategory of Kar(OS)
generated (via tensor product) by the objects

(). v )
(o) ()

62
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for all n € N. This category is the partial idempotent completion of OS that we men-
tioned at the start of the chapter; we are adjoining objects to OS corresponding only to the
(anti)symmetrizers, not all idempotent morphisms.

Remark 4.3. We have Sym' = A' = (1,id;) and Sym™ = A~! = (,id;). Hence, OS"
contains a full subcategory isomorphic to OS, namely the image of the canonical embedding

OS — Kar(0S).

We now work to define a functor ¥: OS" — Web™(gl), which we will eventually prove
is an isomorphism.

Definition 4.4. We define a k,;-linear strict monoidal functor U: 0OS — Web™(gl) as
follows. On objects, we set U(1) =1, and ¥({}) = |;. On morphisms, we set:

@(%Ff‘/{’ @(X)i\f’ =N D=0

4.1
11 11 (4.1)

v(L) = v () =1
Lemma 4.5. The functor ¥ specified above is well-defined.

Proof. We need to show that U respects the defining relations for OS. The fact that the
images of the relations in (3.1.2) hold follows from Proposition 3.3.16. The image of (3.1.3)
follows immediately from the definition of the thin crossings, (3.3.4). The images of the curl
relations in (3.1.4) are two of the identities from Lemma 3.3.18 (with @ = 1). The images of
the OS-zigzag relations are simply the defining relations (ZIGZAG) (with a = 1). Finally,
the image of the last relation from (3.1.4) is the defining relation (SPEC). O

Definition 4.6. We define a k, ,-linear strict monoidal functor ¥: OS" — Web™(gl) as
follows. On objects, for all a € Z we set ¥(Sym®) = | and W(A®) = |,. Here and throughout
the rest of this chapter, we adopt the convention that an unoriented orange strand labelled
by a > 0 represents |,, an unoriented orange strand labelled by a < 0 represents |
and similarly for purple strands. (This convention overrides the previous one that said any
diagram featuring a negative label was zero.) For the action on morphisms, suppose that
f: X = Y is a morphism in OS", where X = X" ® ---@ X% and Y =V} ® --- @ Y}’
for some ay, ..., am,b1,...,b0, € Z, and Xy,..., X, Y1,...,Y, € {Sym,A}. Then we set:

i A A

v (f) = U(f) :

ST(al,..., ) bl,..., YY

where U is the functor specified in Definition 4.4, and s and s+ are given by:

s(a) = {[a]! ifaz 9’ s'(ay,...,am) = HST(CL,'),

1 otherwise, Pl

al»
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si(b):{“b”! ifbgo" st(by,. .., by Hs

1 otherwise,

The strands appearing in the definition of W(f) should be coloured according to the values
of the X; and Y;. Explicitly, the multi-split morphism with bottom label a; appearing in
the above definition is coloured orange if X; = Sym, and purple if X; = A. Similarly, the
multi-merge morphism with top label b; is coloured orange if Y; = Sym, and purple if Y; = A.
(All of the strands appearing in \il( f) are thin, so they can be drawn in an arbitrary colour.)

Note that for any ay, . .., a,, € Z, wehave s'(ay, ..., apn)s (a1, ..., am) = [Jar]]!- - [Jan]]!.

Examples 4.7. It is important to note that a given morphism in OS may correspond to
several morphisms in OS" with different domains and codomains, and such morphisms have

different W-images. For instance, in light of (2.5.15), f = w is a morphism from

A2 ® A® to A5. (Indeed, f is a morphism from A* ® A to A°® A? for any a,b,c,d € N
satisfying a + b =5 = ¢+ d. We will illustrate the case a = 2,b = 3,¢c = 5,d = 0 here; other
cases are analogous.) While we will typically leave the domain and codomain of morphisms
in OS" implicit to avoid visual clutter, for the following examples we will explicitly indicate
them by writing the domain as a subscript and the codomain as a superscript, e.g. fj\\; DA

11
It follows immediately from Definition 4.4 that ¥ (#) = # for each n € N (and
11

similarly for symmetrizers), so:

v () - :L

5
(3319 1 (3.2.8)
B - A

2 3

On the other hand, we may view f as a morphism from A® to A2 @ A3, and then:

A2@A3 C (33.19) 1 @28 [2)8])! % 2
V) = e - W@WV

5

Using (3.2.3), we have W(f¢ 2®A3) o \IJ(fA2®A3) = id;_, which is the W-image of the 5-string
antisymmetrizer viewed as the identity morphism for A®, i.e. ¥( f//\f ).

For an example of computing the U-image of a morphism involving downwards-oriented

strings, consider g = . It is straightforward to check that g is a morphism from
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Sym? @ Sym 2 to 1 = Sym’. Then:

\I!( Sym? ) B 1 (3319) 1
Isymiesym= ) = T(2, 2)sH0) D) %
2 2
2 2
(3.1 1 m (ZIGZAG) 1 Q (3:2.1
=" o = o =
2 27
2 2

Proposition 4.8. The functor ¥ specified above is well-defined.

Proof. It is an immediate consequence of Definition 4.6 that ¥(f ® g) = ¥(f) ® ¥(g) for
all morphisms f and g. For each a > 0, we have:

a

v : = v (@) = 5o : O T

a

The calculations for a < 0 and for the identity on A® are essentially the same. Since the
objects of OSW are monoidally generated by Sym® and A® for a € Z, we conclude that ¥
preserves all identity morphisms.

Since we already know that ¥ is well-defined, all that remains is to show that U respects
composition. We will prove this in the special case where the domains and codomains of the
composed morphisms are tensor products of objects of the form Sym®. The general case is
analogous. Let ay,...,am,01,...,0,,c1,...,cp € Z, set

A:Symal ®...®Symam B:Symb1®®8ymb” C:Squ@@Symck’
and suppose that f: A — B and g: B — C are morphisms in OS". For use in the following
calculation, note that # # € Hompgw (B, B) is the identity morphism for B. We

compute:

Si

T(g)

1
B N P RO S L N NPT o I I

YY
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as desired.

(3:3.22) [[a]]! - - [[bn ]!
T (ar o am) (bl [bal]'5* (e e

\If(f)

1 oL

= [ T (g)oW (idp o (f

st(ag, ..., am)st(cy,. .., c Y Y

i A A

= [ V(gof) \Il(gof)7

st(ag, ..., am)st(cr, ... ¢ Y Y

We now introduce a new functor ®, which we will show is the inverse of V.

Definition 4.9. We define a k,,-linear functor ®: Web™(gl) — OS" as follows. On
objects, for each a € Z we set ®(|,) = Sym” and ®(|,) = A*. The action on generating
morphisms is given by:

a

(7

)
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Lemma 4.10. For all a € N| the following identities hold in OS:

(4.2)

Proof. We will prove the first equality; the others follow from totally analogous calculations.

Lemma 2.5.12 tells us that # is the mate of ﬁ . Hence:

(ZIGZAG)

O

It follows immediately from Definition 4.9 that ® o cswap = @ o ®; we will use this
property in the following proof to easily translate between orange and purple identities.
(Here and in what follows, we slightly abuse notation and write ) for the g-skew antilinear
endofunctor of OSY extended from the endofunctor Q: OS — OS introduced in Definition
3.1.7.)

Proposition 4.11. The functor ® specified in Definition 4.9 is well-defined.
Proof. It follows quickly from (2.5.15) and (4.2) that the images specified in Definition 4.9

a+b
are indeed morphisms with the desired domain and codomain, e.g. ® K = ﬁ is
a b
a morphism from Sym® ® Sym® to Sym®™. We need to show that the defining relations for
Web™(gl), namely (TRIV), (ASSOC), (MIRROR), (MIX), (TRIV2), (SPEC), (ZIGZAG),
(MATE), (RBLOB), (LBLOB), (RSQUIG), and (LSQUIG), are preserved by ®. For the
monochromatic identities, we will prove only the orange case. Using the previously mentioned
fact that ® o cswap = @ o ®, the orange version of each needed identity quickly implies the
purple version. We will illustrate this below for the first identity; the process is essentially
the same for all of the others.

Let a € N. Then:
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so the orange version of the first relation in (TRIV) is preserved. Similarly,

a 0 a
o} el
@ = = d me — @ s
( V ) [a]![0]! &= sy T
so the third relation in (TRIV) is preserved. The second and fourth relations follow from
essentially the same calculations. For the purple version of the first identity, we have:

P X = @ | cswap K = Q| K
a 0 a 0 a 0
=Q|e(T = & (cswap [ T =@ 7T

Next, for any a,b,c € N we have:

a+b+c a+b+c
¢ /& B = A\ ’
a b ¢ a b c

and similarly,

A _la+b+cflfa+0)! (2.5.15) [a + b+ ¢]!
¢ ’:i{: —[a+0)[c]![a]![b]!  [a]'[e)[¢]!

(25.15) [a+ b+ cJlb+ ¢!
'l + o] []!

so (ASSOC) is preserved. Next, for a,b € N5y,

L L [a]![b + 1]!
¢ m_ M " Ja— 1] A[]!

(2.5.15)

lallb+ 1]
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<2-5:~15>[a_b]ﬁﬁ=q’ [@—b]ﬁ |

so (MIRROR) is preserved for all such a and b. In the special case where a = b = 0,

(MIRROR) simply states that 0 = 0, which is trivially preserved by ®. If a = 0 and b > 0,
we have:

[ )
:[_b]ﬁch [o—bﬁ |

so (MIRROR) is preserved in this case as well. The case a > 0,b = 0 is analogous. Next,

2! 21! 2.5.15
[T | s e b e

(2.5.5

20 (% (1 +032) + & (11 -0 ) = e 11 = 0 (@7 7).

which shows that (MIX) is preserved. The fact that (TRIV2), (ZIGZAG), and (MATE)
are preserved by ® follows from Lemma 4.10 and OS being strict pivotal. The ®-image of
(SPEC) is simply the last relation in (3.1.4) together with the analogous relation for a bubble
with the opposite orientation. (That relation also holds in OS; it follows from a calculation
analogous to the proof of Corollary 3.3.20, with a = 1.) Next, we have:
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which shows that (RBLOB) is preserved. The calculation for (LBLOB) is essentially the
same. For the final relations, we will use the fact that (3.1.3) allows us to express sym-
metrizers in terms of negative crossings:

@5 (1) el e x). s

With this in mind, we compute:

[2])'2]! (2.5.15)
"I AJT |~ -
(2.5.5) U _1 (3.1.2) t—t_l 1.1 U
(4.3) QQJFQ } (3.1.4) q—q‘1+q ! +qt)ﬂ+l T
B —Zt—lu Pt — q 2! U L
a0 JT o ﬂ+lT ’

showing that the ®-image of (RSQUIG) holds. (In the fifth equality, we use the identity
K] = t_ﬁ, which follows straightforwardly from (3.1.3) and (3.1.4).) The calculation for

(LSQUIG) is analogous. O
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Lemma 4.12. For all n € N, we have:

)

[y
—

[y
[y

(4.4)

—
—

-
itit

<
:&titj:

—
—

Proof. We will prove the first two equalities; the next two follow after taking mates, using
the fact that ® sends caps to caps and cups to cups, and hence mates to mates. The purple
identities follow easily from the orange ones using the fact that ® o cswap = Q o @, as in
the proof of Proposition 4.11. The desired identities hold trivially for n = 0 and n = 1.
Assuming the first equality in (4.4) holds for some n > 1, we compute:

as desired. n

Theorem 4.13. The functors ¥: OS" — Web™(gl) and ®: Web™(gl) — OS" are mu-
tually inverse, and hence OS" and Web™(gl) are isomorphic as k, -linear strict monoidal
categories.

Proof. The composite functors ¥ o ® and & o ¥ clearly act as the identity on objects, so it
suffices to show that they each act as the identity on morphisms. Let a,b € N. We compute:

ve K ﬂ’(ﬁ) -

a+b a+b

—— 3319) 1 (32.8) aib
'S¢ 1p1 o ’
Y (ASSOC) [a]![0]! ‘ ‘ 2

a b a b
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oo ()] <l () - s, .

a b
(3319) 1 ‘ ‘ (3.2.8) o
(Assoc) [a]![b]! orh

a+b

@) e )

e T ~ al!

i (ZIGZAG) i Q (3.2.8) m
[CL]‘ - [a]' o a a’

a a

Il =

where in the equality marked % we use the definition of downwards-oriented multi-split
morphisms; see Definition 3.2.6. The calculations for the other orientation of cap and for
the two orientations of cup are analogous. This shows that W o ® acts as the identity on
orange generating morphisms. The same being true for purple generators follows quickly
using ® o cswap = @ o ® and ¥ o Q = cswap oV (the former equality was noted previously,
and the latter is immediate from the definitions of ¥, @, and cswap). For instance, we have:

a+b a+b a+b
vioe|l X = U | ®|cswap [ X = cswap (W | D T
a b a b a b

a+b a+b

= cswap | L = X

a b a b

This completes the proof that ¥ o & = id. Next, we will show that ® o ¥ = id, where we
identify OS with the evident full subcategory of OS"W it is isomorphic to, as mentioned in
Remark 4.3. (We remind the reader that ¥: OS — Web™(gl) was introduced in Definition
4.4). We compute:

L1 11 11
2(V(32)) = e el =t ]+ 0| =
11 11 11
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(2:5.15) ! W 1] ﬁ (2.5:5) g w s w + =L

A totally analogous calculation shows that ® < ('\7‘)) \7‘ The fact that ® o U acts

as the identity on caps and cups follows immediately from the definition of ® and . Thus
we indeed have ® o U = id. Finally, towards showing that ® o ¥ = id, let f: X — Y be an
arbitrary morphism in OS", where X = Sym® ® - --®Sym® and Y = Sym” ®- - - ® Sym"
for some aq,...,a,,,b1,...,b, € Z. As in the proof of Proposition 4.8, we will only consider
the all-symmetric case; the general case is essentially the same. For use in the following
calculation, we temporarily adopt the notation

# ifn >0,

ifn <0.

\

Using this notation, the orange half of (4.4) can be restated as follows, for n € Z:

o /\ :si(n)#, ® \/ st(n)#, (4.5)

1 if 0,
where 7,, = iin2 With this in mind, we compute:
-1 ifn<0.

(15) 8" (ar, -, an)st by, -, b hh hh

2(¥(/)) s

sT(as, -, am)s (bl,..., . -
- -

where the last equality holds by the definition of f being a morphism from X to Y (see
Definition 4.1). ]




Chapter 5

Variant gl-web categories

In this chapter, we will define and study several variants of Web(gl) and Web™(gl). We use
the isomorphism Web™(gl) = OS" of Theorem 4.13 (and several slight variants thereof)
to establish connections between these various web categories. This approach allows us
to prove Proposition 5.1.6, extending a result previously only known for specialized web
categories (to be defined in §5.2). In §5.3 we give a new presentation of the special linear
web categories Web(sl,,) which emphasizes their connection to the gl-web categories, and
prove an sl-analogue of Theorem 4.13. In the final section, we describe precisely how our
web categories relate to some of those that have previously appeared in the literature.

5.1 Upwards-oriented and monochromatic subcategories

Our first goal in this section is to establish that Web'(gl) is (isomorphic to) the full sub-
category of Web™ (gl) generated by upwards-oriented objects. In principle, the generators
and relations for Web”(g[) involving downwards-oriented strands could imply new iden-
tities for purely upwards-oriented diagrams, i.e. beyond what can be proved in Web'(gl).
Proposition 5.1.5 shows that this is not actually the case. A similar result was proved for

the monochromatic purple case in [QS19, Prop. 6.8], but our proof is different, relying on
Theorem 4.13.

Definition 5.1.1. The braid category BR is the strict k,-linear monoidal category generated
by a single object 1, and morphisms

o X

subject to the following relations:

%ZH:%}’ %:X (5.1.1)

The Hecke braid category H is obtained from BR by imposing the additional relation:

74
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In other words, BR is the free braided strict monoidal category generated by a single object,
and H is the free strict monoidal category generated by a single Hecke-braided object.

Lemma 5.1.2. Let «: H — OS denote the functor that sends each generator of H to
the generator in OS drawn in the same way. Then ¢ is full and faithful. Hence, the full
subcategory of OS generated by 7 is isomorphic to H.

Proof. It is immediate from the definition of H that Homy (19%,1%") is trivial whenever
a # b, and for all a € N, the Hecke-braid homomorphism hy,: H, — Homy (1%%,1%%) (see
(2.5.12)) is an isomorphism. The basis theorem [Brul7, Thm. 1.2] for OS implies that the
Hecke-braid homomorphism ﬁm: H, — Homps (1%, 1®%) is also an isomorphism, and that
Homps (1%, T®b) is trivial whenever a # b. For each a € N, the composition

h a a a L a a
Ha L> HOIH'H(T(X) 7T® ) — Hom(’)S(T@ aT® )

is equal to szI; this follows immediately from the definition of the maps in question. Hence

¢ 1s full and faithful. O

Definition 5.1.3. The symmetric gl-web category, denoted Webgym(gl), is the full subcat-

egory of WebT(g[) monoidally generated by orange objects. The symmetric gl-web category
with duals, denoted Webgim(g[), is the full subcategory of Web™(gl) monoidally generated

by orange objects. Similarly, the alternating gl-web category Webﬁ(g[) and alternating gl-
web category with duals Web%(g[), are, respectively, the full subcategories of Web'(gl) and
Web™(gl) generated by purple objects.

Definition 5.1.4. For use in the proofs of Propositions 5.1.5 and 5.1.6, we define:

e H"W to be the full subcategory of Kar(H) generated via tensor product by the objects

Sym" := (T®”, ﬁ) and A" := <T®", #), n € N;

e 5™ to be the full subcategory of Kar(H) generated via tensor product by the objects
Sym", n € N;

e 7% to be the full subcategory of Kar(H) generated via tensor product by the objects
A", neN;

o OS™ to be the full subcategory of Kar(OS) generated, via tensor product and taking
duals, by the objects Sym"”, n € N;

e OS" to be the full subcategory of Kar(OS) generated, via tensor product and taking
duals, by the objects A", n € N;

e (OS™)T to be the full subcategory of OS" (see Definition 4.2) generated by upwards-
oriented objects.
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Proposition 5.1.5. The evident inclusion Web'(gl) — Web™(gl) (sending each generating
object and morphism to the generator that is drawn the same way in the target category)
is full and faithful. The same is true for the analogous functors Weby (gl) — Webgim(g[)

Sym
and Web] (gl) — Web ' (gl).

Proof. The definitions and arguments from Chapter 4 are still valid when restricted to
purely upwards-oriented diagrams. In this setting, instead of working with the partial idem-
potent completion OSY, we use the category H". The upwards-oriented version of Theorem
4.13 then yields an isomorphism p: H" 2 Web'(gl).

By Lemma 5.1.2, there is a full and faithful functor ¢:: H — OS. Composing with
the inclusion OS — Kar(OS) yields a full and faithful functor //: H — Kar(OS). By
the universal property of Karoubi envelopes, there exists another full and faithful functor
Kar(/): Kar(H) — Kar(OS8) extending ¢/. Restricting to H" then yields a full and faithful
functor V' : HV — (OS™)!.

The original version of Theorem 4.13 yields an isomorphism OS" = Web™(gl). Re-
stricting to (OS™)! gives a full and faithful functor u: (OS")" — Web™(gl). Consider the
following composition:

W

Web(gl) 2 HY L= (OS™)T 5 Web™(gl).

Each arrow is full and faithful, so the composition is too. This composite functor is the
desired one from the proposition statement; the fact that it has the claimed action follows
directly from the definitions of the composed functors. The claims for Webgy,,, and Weby
follow after restricting to the monochromatic subcategories. 0

We now shift our focus to the monochromatic web subcategories introduced in Definition
5.1.3. Analogously to what we discussed at the start of this section, a priori the two-
colour relation (MIX) could imply new monochromatic identities in Web'(gl), e.g. an equality
involving purely orange diagrams that does not follow from just the defining monochromatic
orange relations for Web'(gl). The following proposition rules out this possibility. Hence, the
two-colour web categories we study in this thesis contain subcategories (the monochromatic
ones) isomorphic to the gl-web categories from the literature that are defined using just one
colour of strand; we will discuss this further in §5.4.

Proposition 5.1.6. Let Webgym(g[) (resp. Webgim(g[)) denote the k,-linear (resp. k-
linear) strict monoidal category generated by the orange generating objects and morphisms

for Web'(gl) (resp. Web™(gl)), subject to the monochromatic orange defining relations for

that category (see Definitions 3.1.1 and 3.1.3). Similarly, we let Webl (gl) and Web!*(gl)
respectively denote the categories generated by the purple generating objects, morphisms,
and relations for Web'(gl) and Web™(gl).

For each category C € {Webl _(gl), Webl' (gl), Web] (gl), Webl¥(gl)}, we have C = C,

Sym Sym
with an isomorphism given by the map sending each generating object and morphism to the

generator that is drawn in the same way in the target category.
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In light of this proposition, we will identify the pairs of categories C = C after the
following proof.

The purple case of Proposition 5.1.6 is a generalization of [TVW17, Cor. 2.16]. The
argument in [TVW17| uses incarnation functors, and hence it only applies to specialized
8l ,-web categories (which we will define and discuss shortly), not the general gl-web cate-

gory.

Proof. We will give the proof for C = Webl (gl) for the sake of concreteness; the argu-

Sym

ments for the other three categories are analog%us. First, note that all of the monochromatic
orange results proved for Web™(gl) earlier in this thesis also hold in Webgtm(g[) since all of
the proofs for such results used only other monochromatic orange results. Hence, all of the
definitions and arguments of Chapter 4 are still valid when restricted to the monochromati-
cally generated orange case. In this setting, instead of working with the category OS", we
use OSS™, (In the purple case we would instead work with OS™. For the categories with
only upwards-oriented strands, we would replace OS with #.)

The monochromatic orange version of Theorem 4.13 yields Webgim(g[) >~ OSS™ If we

instead restrict the original two-colour version of Theorem 4.13 to Webgim(g[), we get that
Webgim(g[) ~ OS8Y™, Composing these two isomorphisms gives the desired result. OJ

5.2 Idempotent quotients

In this section, we define quotients of our diagrammatic categories by certain idempotent
morphisms. As we will see in Chapter 6, these idempotents generate the kernels of the
previously mentioned incarnation functors I,,,: Web™(gl) — Z){q(g[m‘n)—mod. Hence, one
can think of these quotients as specializations of our categories to particular dimension
parameters m and n.

The following definition adapts [TVW17, Def. 2.26] to the notation of this thesis. That
definition is in turn based on [Gyo86] and [AM98]. As in those papers, we use the English
notation for Young diagrams.

Definition 5.2.1. Let 1 be a Hecke-braided object in some category C. Let A be a Young
diagram with a boxes, m columns, and n rows. Write ¢; for the number of boxes appearing
in column ¢ of A, and r; for the number of boxes in row 7. Let A\_, denote the associated

Young tableau obtained by filling the boxes of A with 1,...,a in increasing order from left
to right, starting with the top row and then moving downwards. Similarly, let A\| denote the
Young tableau obtained by filling the boxes of A with 1,..., a in increasing order from top

to bottom, starting with the leftmost column and then moving to the right. Let o € S, be
the unique permutation that maps A\, to A|. We define the quasi-idempotent associated to
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A to be the following morphism:

H H

-1
Note that the morphism appearing at the bottom of the diagram is (@) . This inverse

is equal to the morphism obtained by replacing each positive crossing in with a negative
crossing.

As noted in [TVW17, Def. 2.26], [AM98, Thm. 12| implies that 53\ = iy for some
invertible scalar a;y € k,. We define 7, to be the idempotent morphism %

Remark 5.2.2. An explicit formula for «, is given after the proof of [AM98, Thm. 12|,
but note that the (anti)symmetrizers used in [AMO98| are unscaled, i.e. defined without the

n

factors % anin found in our Definition 2.5.5. Hence, one must multiply the scalar computed

via the formula in [AM98| by these missing factors in order to obtain the correct « for the
quasi-idempotents we defined above.

Examples 5.2.3. Let n € N, and consider the Young diagram \ = e . We have
N ——

n boxes

A, =M=[1]-]n],

and hence the associated permutation is 0 = id. Recalling that (anti)symmetrizers of size 1
are simply the identity, we thus have:
= ﬁ .

In this case, iy is already idempotent, so ay = 1 and i) = ix.

Next, take A = nboxes ¢ | * | . We have




5.2. IDEMPOTENT QUOTIENTS 79

so again the associated permutation is ¢ = id. Then:

w=ﬁ,

which is again already idempotent.

For an example where the permutation o is nontrivial, take \ = . Then we
1123 1135 . o
have A, = 1 and \| = 512 , so the associated permutation is o = (2354).
Then:
iy = 7
([
We have o, = %, and so i), = %E,\. (This scalar was computed using the previously

mentioned formula from [AMO9S].)

The idempotents i) are quantum analogues of the classical Young idempotents. Fix a

Young diagram A with a boxes, and some m,n € N. Write V;{‘n for the natural Z/'lq(g[m‘n)—

module, and I, Web™(gl) — Uq(g[m|n)—mod for the corresponding incarnation functor,
sending T, to an'n (as mentioned previously, we will precisely define these functors in Chapter

6). Then Ly, (iy): (V) )& — (V7

i m|n)®“ projects onto a copy of the quantum Schur module

(an‘n)A appearing in the irreducible decomposition of (Vn;n)m, if such a copy exists, and is
the zero map otherwise. For instance, if A = , then I5)9(iy) is the quantum analogue of

the Young antisymmetrizer, projecting onto the unique copy of A3(V:%) contained in (V;lro)‘@?’.
On the other hand, I5y(ix) = 0, corresponding to the fact that A3(V;|B) is the zero module.
In general, the kernel of I, is generated by ¢, for a certain Young diagram A depending on
m and n. The following definition introduces notation for the quotients of our diagrammatic

categories by these kernels. These quotients are known as specialized categories.
Definition 5.2.4. For d € Z, we define Web™(gl,t = ¢%) to be the k,-linear category
obtained from the k, -linear category Web™ (gl) by setting ¢ = ¢?.

The gl
Web'(gl) by imposing the following relation:

-web category, denoted WebT(g[ is the k,-linear category obtained from

mln m|n)7

7:)\(m+1,n+1) = 07 (IDEMO)
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where A(m + 1,7 + 1) denotes the rectangular Young diagram with m + 1 rows and n + 1
columns. Similarly, the gl -web category with duals, denoted Web™ (gl is the k,-linear
category obtained from Web™(gl,t = ¢ ") by imposing (IDEMO0). We adopt analogous
definitions for all of the other varieties of gl-web categories we have previously defined, as
well as for OS and H. For instance, Webj\i(g[mm) is obtained from Web!*(gl) by setting
t = ¢™ " and then imposing (IDEMO), and H,,,, is obtained from #H by imposing (IDEMO).
(For the specializations of web categories, the idempotent i(m11,,+1) appearing in (IDEMO)
is an endomorphism of T?(mﬂ)(nﬂ)
endomorphism of $&(m D+ )

mln m|n)’

, whereas for the specializations of OS and H, it is an

Recall that, as mentioned in Remark 3.1.4, after setting ¢t = ¢"", (SPEC) tells us that
the categorical dimension of 1, is [m — n]. This is equal to the categorical dimension of the

natural representation of U,(gl,,,)-

1 1

Remark 5.2.5. In the case n = 0, (IDEMO) says that @ = 0 (see Examples 5.2.3). In

11
light of (3.2.8), (3.3.19), and (3.3.22), this relation is equivalent to

m+1

T = 0. (5.2.1)

m+1

This latter form of the relation is more common in the literature. Using (3.2.3), we get that
1, is a zero object in WebT(g[mm) for all £ > m.

1 1

n+1
Similarly, if m = 0, then (IDEMO) says that ﬁ = 0, which is equivalent to T =0,
L n+1

and this implies that 1, is a zero object in Webf(g[mn) for all k& > n.

5.3 Special linear web categories

Special linear web categories (for general dimension parameters) first appeared in the liter-
ature in [CKM14]. In this section, we give a novel presentation of such categories, defining
them in terms of gl-web categories. We then prove some key results about our sl-web cat-
egories, establishing that they are equivalent to those found in the literature; this will be
discussed further in Connection 5.4.1. Finally, we prove Theorem 5.3.19, which is the sl-
analogue of Theorem 4.13.

Throughout this section, we work over the base ring k-, defined analogously to k,.
Explicitly, k,1/» can be taken to be either the total ring of fractions Q(k[g"/"]) (which is equal
to the ring of rational functions k(¢'/") if k is an integral domain), or the smallest subring
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of Q(k[¢'/™]) that contains ¢*/™, ¢~'/", and [le] for all nonzero a € Z. All of the definitions
and identities for gl-web categories established earlier in this thesis are also valid over this
extended base ring. These nth roots of ¢ will be used to define a braided monoidal structure

on the sl,-web category, corresponding to the natural braided structure on the category of
U,(sl,)-modules.

Our approach in the following definition, specifically the use of new generators encoding
an isomorphism |, = 1, was inspired by the presentations of the category ¢g-Schur given in
[Bru25|.

Definition 5.3.1. Let n > 1. The sl,,-web category, which we denote Web(sl,,), is the ki/-
linear strict monoidal category obtained from Webj\ (g[n|0) by adjoining two new generating
morphisms and imposing some new relations, as detailed below. In the following, we draw
diagrams in Web(sl,,) using unoriented strands rather than upwards-oriented ones; the reason
for this switch of notation will be discussed after the present definition. The new generating
morphisms we add to obtain Web(sl,,) are

L:1—=1, 7:,—1,

subject to the following relations, for all a € {0,...,n}:

, nI = idy, (DOTS)

| = (et | (SLSLIDE)

As we will prove in Lemma 5.3.7, the objects |y,...,|, in Web(sl,,) form dual pairs
(l,s],,_.)- Hence, there is no need to add a new family of dual generating objects to Web(sl,,),
as was done when moving from Web'(gl) to Web™(gl). Accordingly, we will typically draw
the generating objects and morphisms for Web(sl,) using unoriented strands rather than
upwards-oriented ones, i.e. |, rather than 1,. We will still occasionally draw morphisms in
Web(sl,,) using upwards-oriented strands; the precise meaning of such oriented morphisms
will be discussed after Definition 5.3.4.

Remark 5.3.2. Recall that purple strands in Web(gl) correspond (via an incarnation func-
tor) to exterior powers of the natural representation V* of Uy(gl,,,). In the purely even
case, i.e. m = 0, we have that A"V is the quantum analogue of the one-dimensional deter-
minant representation of gl,, = gl,,. Viewed as a U,(sl,,)-representation (using the evident
inclusion Uy (sl,,) — U,(gl,,)), we correspondingly have that A"V is isomorphic to the trivial

n

representation. The new generators | and 7, together with the relation (DOTS), translate

n
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this isomorphism of representations into the language of web categories. The isomorphism
|, = 1 will allow us to define cups and caps for the dual pairs (|

a’ ‘nfa)‘

Remark 5.3.3. We impose (SLSLIDE) so that Web(sl,,) becomes braided monoidal when
equipped with the crossings specified in Definition 5.3.4. As we will see in the proof of

Lemma 5.3.5, (SLSLIDE) precisely says that | slides through those crossings.

Definition 5.3.4. We define the positive crossings in Web(sl,,) as follows, for a,b € N:

b a
b a . s+b—a
A= (=D ) (—)t . (5.3.1)
a b s>0

a b

The negative crossings are obtained by replacing ¢ with ¢! in the above definition, i.e.

b a
b a ) ab s+b—a
= (1) Y (=g : (5.3.2)
a b s>0

a b

Note that these crossings differ from those defined for Web'(gl) in Definition 3.3.1 by a factor

of ¢= % .

The Web'(gl)-crossings from Definition 3.3.1 still play an important role in Web(sl,,).
In particular, they will be used in the proof of the following lemma about the new crossings
from Definition 5.3.4. Since we will need to work with both types of crossings, we adopt
the following diagrammatic convention: crossings drawn with unoriented strands represent
the crossings defined for Web(sl,,) in Definition 5.3.4, and those drawn with oriented strands
represent the crossings defined for Web'(gl) in Definition 3.3.1. For instance,

1 1 1 1 1

11 1
(53.1) -1 _1 (3.34) _1
XY g | | —at e K

1 1 1 1 11 1 1

Note that |, is simply an alternate notation for 1, that we use when working in Web(sl,,), so
both the Web(gl)- and Web(sl, )-crossings are endomorphisms of |, ® |, = 1, ® 1,.

Lemma 5.3.5. The crossings of Definition 5.3.4 equip Web(sl,) with the structure of a
braided monoidal category.

Proof. The fact that the proposed crossings satisfy the double-crossing relations, and that
splits and merges slide through them, follows quickly from the corresponding identities for
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the crossings defined for WebT(g[). We will prove one such identity; the others follow from
totally analogous calculations. We compute:

¢ a+b ¢ a+b ¢ at+b ¢ a+b
L e U (SLIDE) _ac _be ’[ L
= q n = q n q n 2> = iy .
| 1
a bc a pec a be a bce

All that remains to show is that the new generators , and 7 slide through crossings. Recall

that |, is a zero object for all & > n (see Remark 5.2.5). Hence, any diagram in Web(sl,)
featuring a strand labelled by some k > n is zero. With this in mind, for all a € {0,...,n}
we have:

"\ ; (5.3.1) an — o a—s Hnza an+a ln—a
UE (D)"Y (=) nts = (—1) : (5.3.3)
a n s>0
and similarly,
X _ (_1)an+a n—a : X — (_1)an+a n—a _ X ' (534)
Thus:
n a
" (SLSLIDE) wnta Ln—a
[ Ve :H‘:H’,
a [C) a a
7 " (SLSLIDE) anta | n—a
] e e o] 0

n

so | slides through all crossings. This implies that 7 also slides through crossings, e.g.

n

. . 9 ‘
(DOTS) (SLSLIDE) (DOTS) b

n a

The other sliding identities follow from similar calculations. U
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Definition 5.3.6. We define the following cap and cup morphisms in Web(sl,), for all
a€{0,...,n}:

) = (—1)am+a A , "u = HY (5.3.5)

a n—a a n—a

Lemma 5.3.7. The caps and cups of Definition 5.3.6 satisfy the zigzag equations, (ZIGZAG).
Hence, (| ) is a dual pair in Web(sl,,) for each a € {0,...,n}.

a? |nf(1

Proof. Let a € {0,...,n}. We compute:

a a
(535, \anta ln-a| (33 ¢ ) (SLIDE)e | (DOTS) |
M o2 e o] oo 4 oo oo |

The other zigzag equation follows from a similar calculation, using the analogue of Lemma
3.3.9 for the Web(sl,,)-crossings. O

Lemma 5.3.8. The following identities hold in Web(sl,) for all a,b € {0,...,n}:

a+b n—>b a+b n—b
_ bn-‘,—b _ an+a
- - (_ 1) K_)\ )

a bn—a—b a bnab
a

(5.3.6)

a bn—a—b a bn—a—b

J - UXDHSX

Proof. We have:

m (5.3.5) (—1)(atdnta+d A (ASSOC) (—1)entatbntd A (5.3.5) (= 1) Q ’

a bn—a—b a bn—a—b a bn—a—b a bn—a—b
proving the first identity, which quickly implies the second:

a+b n—b a+b

a+b n—b b a+b n—b
5 e T e TQU o e U
a ] . a

The final two identities follow from analogous computations. ([l
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Lemma 5.3.9. The left and right mates of merge and split morphisms in Web(sl,,) agree.
Explicitly, for all a,b € {0,...,n}, we have:

n—bn—a n—bn—a

Y- w1 -

Proof. We will prove the first identity; the second follows from an analogous computation.

n—bn—a n—bn—a
n—b n—a
(5.3.6) bn+b (ZIGZAG) bntb
29 (e 2 (—pyms M
n—a—b
n—a—>b n—a—b
n—bn—a
n—b n—a
(5.3.6) bn+b+(n—a—b)n+(n—a—>b (ZIGZAG) n?+n—an—a
20 e | ] o0 e
n—a—>b
n—a—>b
n—bn—a n—bn—a
(5i6) ( 1)n2+n _
n—a—b n—a—>b
where in the last equality we use the fact that n* + n =n(n + 1) is even. O

We will soon show that a category constructed from H,o (see Definition 5.2.4) is iso-
morphic to Web(sl,), with 1 € ob(#y,jo) corresponding to |, € ob(Web(sl,)). However,
|, is not Hecke-braided with respect to the crossings from Definition 5.3.4. In the follow-

11
ing, all antisymmetrizers in Web(sl,) are defined using the Web'(gl)-crossings 'X‘ and
11

1 1

’X‘ , with respect to which |, is Hecke-braided.! However, it is important to note that
11

1Strictly speaking, our definition of “Hecke-braided” states that these crossings must come from a braided
monoidal structure on the whole category, but all that is needed for our purposes is a local braiding, i.e. a
braiding for the full subcategory monoidally generated by |;.
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these crossings cannot be extended to a braided monoidal structure on all of Web(sl,). A

straightforward argument shows that any braided monoidal structure on Web(sl,,) such that
11

the positive (|, |,)-crossing is 'y\‘ must fully coincide with the braided monoidal structure
11

from Web'(gl); see e.g. [QS19, Lem. 5.11]. However, the generators | and T do not slide

through the WebT(g[)—crossings. For instance, since these generators do slide through the
Web(sl,,)-crossings, we have

an (SLIDE) N
t/l =q- y ||

Thus, even though we use the Web'(gl)-crossings for the purpose of defining antisymmetriz-
ers, the rescaled crossings from Definition 5.3.4 are needed in order to equip the whole
category Web(sl,,) with a braided monoidal structure.

Definition 5.3.10. Let Hﬁlo denote the full monoidal subcategory of Kar(H,o) generated

by the objects
AG— (¢®a, #) acN.

We then define the category HA ' by adjoining two new generating morphisms to H* [0’ which

we call “billboards”,

nl0

;:A”—HL, é 1— A",

subject to the following relations, for all a € {0,...,n}:

% _ # ~ iy, g — id,, (5.3.8)
é # jonta . _[7’2]!'[@]'
# é Jonta . _[7”2]!'[&]'

For the avoidance of doubt, the morphisms on the first line of (5.3.9) have domain A* and
codomain A™ ® A%, while the morphisms on the second line have domain A* and codomain

A ® A",

(5.3.9)
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The relations (5.3.9) are the Hﬁfo‘—analogues of the relations (SLSLIDE) for Web(sl,,).
More precisely, (5.3.9) is the image of (SLSLIDE) via an isomorphism Web(sl,) = ”HQISOI
(analogous to the isomorphism Web™(gl) 2 OS* from Theorem 4.13) that we will construct
in the remainder of this section.

Definition 5.3.11. Let F': H — Web'(gl) be the k,1/n-linear strict monoidal functor given
on generators by

1 1 1

F=t F(X) = 5. F(X)= X

(The Web' (gl)-crossings are those from Definition 3.3.1.) We write F,,: Ho — Web}(g[n‘o)

for the functor with the same action on generators as F.

Lemma 5.3.12. The functors F and F » are well-defined.

Proof. Proposition 3.3.5 tells us that F-images of the relations (5.1.1) hold in Web'(gl). We
previously noted that 1, is Hecke-braided, which precisely says that the F-image of (5.1.2)
holds. Hence, F is well-defined. The F,-image of the defining relation (IDEMO) for H,o

holds in Webj\(g[nm) by definition, so F,, is also well-defined. O

Definition 5.3.13. Define a ki/»-linear strict monoidal functor F, : 7—[2'0 — Webj\(g[nw) as

follows. The action on generating objects is given by F,(A%) = 1,. Suppose that f: X — Y
is a morphism in 7-[”0, where X = A @ --- @ A% and Y = A" ®@ --- @ A% for some
A1y .., Qpm, by, ..., by € N. Then we set:

_ I )K )k

Fu(f) = [— Fu(f)

YY

Lemma 5.3.14. The functor F,, is well-defined.

Proof. This follows from essentially the same arguments that were used to show that the
functor ¥: OS" — Web™(gl) is well-defined (see Proposition 4.8). The main difference
is that all strands are oriented upwards in the codomain of F),, whereas the codomain of
U features both upwards- and downwards-oriented strands. To make the parallel between
these two functors more obvious, note that the scalar factor appearing in the definition of
F,, above can be rewritten as

1 1

[ag]!- - [an]!  sT(ar, ... am)st(by, ..., by)

since all of the a; and b; are nonnegative, where s' and st are the functions introduced in
Definition 4.6. U
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Definition 5.3.15. We define a ki/»-linear strict monoidal functor F,: Hﬁré — Web(sl,)
as follows. On objects and non-billboard generating morphisms, F,, has the same action as

F,,. On billboards, we set
FG) - 1. (e

Lemma 5.3.16. The functor F,, is well-defined.

I
o— 3

Proof. Since we already know F), is well-defined, all that remains is to show that the F,-
images of (5.3.8) and (5.3.9) hold in Web(sl,,). These images are simply the relations (DOTS)
and (SLSLIDE), which hold in Web(sl,,) by definition. O
Definition 5.3.17. We define a k,1/»-linear strict monoidal functor G, : Web(sl,) — ’Hfzro‘
as follows. On objects, for each a € N we set G,(|,) = A The action on generating
morphisms is given by:

Lemma 5.3.18. The functor G,, is well-defined.

Proof. We need to show that the defining relations for Web(sl,,) are preserved by G,,. The
arguments from the proof of Proposition 4.11 show that the defining relations for Web'\ (gl)
are preserved. The G,-images of (IDEMO), (DOTS), and (SLSLIDE), are, respectively,
(IDEMO) (this relation is part of the definition of both the source and target category),
(5.3.8), and (5.3.9), which hold in H, = by definition. O

Theorem 5.3.19. The functors F,: ’Hﬁlf'(; — Web(sl,,) and G,,: Web(sl,) — 7-[2(3 are mu-

tually inverse, and hence Hﬁlﬁo‘ and Web(sl,,) are isomorphic as strict monoidal categories.

Proof. The composite functors F), o G,, and G, o F}, clearly act as the identity on objects.
The calculations from the proof of Theorem 4.13 show that F,, o G,, acts as the identity on
merge and split morphisms, and it follows immediately from the definitions of F,, and G,

n
that the same is true for | and J, . Similarly, it is immediate that G,, o F,, acts as the
n

identity on ; and @mmm, and the arguments from the proof of Theorem 4.13 show that

G, o F,, acts as the identity on diagrams without billboards. Thus, F}, and G,, are indeed
mutually inverse. O



5.4. CONNECTIONS TO WEB CATEGORIES IN THE LITERATURE 89

5.4 Connections to web categories in the literature

In this section, we describe how the web categories studied in this thesis relate to several of
those that have appeared previously in the literature. Some of the web categories we will
discuss were defined over rings other than the ones used in the present thesis. The difference
in rings does not impact any of the diagrammatics, so we ignore this detail in what follows.

Connection 5.4.1. The definition of a general sl,-web category first appeared in the lit-
erature in [CKM14], building upon [Mor07], the PhD thesis of one of that paper’s authors.
There was a brief discussion of gl,-web categories in [CKM14, §5] (referred to as “ladder
categories”), but the main focus was on sl,,-webs. The spider category Sp(SL,) described
in [CKM14, §2.2] is essentially the same as our web category Web(sl,,), with some technical
differences. The objects of Sp(SL,,) are generated by the singleton sequences (a™) and (a™),
for a € {1,...,n—1}, respectively corresponding to our objects 1, and |, in Web™(gl). The
generating morphisms for Sp(SL,,) are of the following types:

a+b o b n—a n—a n—a

a b a+b 1 I I
There are implicitly also cup and cap generating morphisms for the dual pairs ((a™), (a7)).
The last four types of generators above are called “tags”. These tags are diagrammatic
analogues of the isomorphisms AV 2 (A"~*V*)*. Due to the way that we defined Web(sl,,)
by adjoining generators to Web}(g[n‘o) and imposing new relations, our sl,-web category

contains an infinite sequence of zero objects, |, 1, , 5, ... (see Remark 5.2.5). There are no
analogous zero objects in Sp(SL,,).

a

There is an equivalence of monoidal categories from the full monoidal subcategory of
Web(sl,,) generated by |, ...,|, (that is, our sl,,-web category after discarding all of the zero
objects) to Sp(SL,,) acting on objects as
— (at) foralll1 <a<n-—1, =1, |, =1,

‘{l ‘77

and on generating morphisms as:

a+b a+b a b a b n
= X, Y 2N, e T eid.
a b a b a+b a+b n

In the images for merge and split morphisms specified above, we employ the following di-
agrammatic convention from [CKM14]: any strand labelled by 0 or n should be deleted.
When a strand labelled by 0 is deleted, the result is an identity morphism, as in our relation
(TRIV). When a strand labelled by n is deleted, the result is a cup or cap, with a tag facing

n

in the same direction as the orientation of the deleted strand. Thus, for instance, A gets

a n—a
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mapped to m = n = {\f , where the second equality follows from the defining

relations for Sp(SLy,). Similarly, "  gets mapped to w :

n

Connection 5.4.2. Various gl-web categories were defined and studied in [QS19], all cor-
responding to the monochromatic purple case in this thesis. The web categories in [QS19]
are defined by taking the additive envelope of diagrammatic categories, and thus correspond
to the additive envelopes of our web categories. Almost all of the arguments in [QS19] are
phrased in terms of just the diagrammatic categories themselves, not the additive envelopes,
so we ignore this detail.

The category Sp™ described in [QS19, Def. 5.1] is isomorphic to our category Web) (gl),
though the presentation is somewhat different. Instead of using merges and splits as gen-

a—i b+i ati b—i
erators, Sp™ is defined in terms of the ladder morphisms M and TZ\T . One can
a b a b
recover merge and split morphisms from these ladders by taking ¢ = a or ¢ = b. Namely,
ath 0 atb atb 0
one could either define K to be equal to M\ or M , and similarly for splits. The
a b a b a b

fact that these two definitions coincide follows from the defining relations of Sp™. It then
follows that ladders in Sp™ are equal to diagrams built up from merges and splits in the
natural way, namely:

a—i b+i a+i b—i
a—i b+i at+i b—i
_ i _ i
m - N - M
a b a b
a b a b

With this correspondence between merges, splits, and ladders in mind, one can show
that the defining relations for Sp™ are equivalent to those for Webj\(g[). In other words,
Spt Webj\ (gl) via the map that simply changes the colour of strands from black to purple.
For instance, the first relation from (ASSOC) is the special case d = a, e = ¢ of the defining
relation [QS19, (5.5¢)]:

a—d b+d+e c—e a—d b+d+e c—e
e d
d = e )
a b c a b c

and conversely, [QS19, (5.5¢)| (for general strand labels) follows from a single application of
(ASSOC). There are many relations to check; we leave the details to the interested reader.

The category Sp(f), introduced in [QS19, Def. 6.5], is isomorphic to Webj\i(g[), again
via the map that changes the colour of strands from black to purple. Their parame-
ter ¢° corresponds to our variable t. With this in mind, the new defining relations for
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Sp(B) (beyond those for Spt) are almost the same as those for Web"(gl). The relations
[QS19, (6.15a), (6.15b)] are simply (RBLOB), (LBLOB), and (SPEC). Relations [QS19,
(6.15¢), (6.15d)] are equivalent to (RSQUIG) and (LSQUIG).

Connection 5.4.3. The green-red web category oo-Web,, defined and studied in [TVW17]
is isomorphic to our category Web'(gl). Their green and red strands correspond to our
purple and orange ones, respectively. Up to this change of colour, the generating objects
and morphisms for the two categories are the same. The defining relations for co-Webyg,
are a strict superset of those for Web'(gl). The relations [TVW17, (2-6), (2-7), (2-9)] are
our (ASSOC), (3.2.3) (which we proved as a consequence of our defining relations, rather
than assuming it), and (MIX). Finally, the defining relation [TVW17, (2-8)] is our (3.2.5),
which we only assume in the special case where both rungs are labelled by 1, i.e. (MIRROR).
The quotients N|M-Web,, specified in [TVW17, Def. 5.1| are then straightforwardly iso-
morphic to our categories WebT(g[M ). (Indeed, as we noted just before Definition 5.2.1,

our definition of Web' (gl ~u) 1s an adaptation of the definitions from [TVW17].)

In [TVW17, Rem. 2.4, the authors point out that co-Web,, is symmetric under ex-
changing green and red. Phrased another way, this says there is a k,-linear monoidal end-
ofunctor of co-Web,, sending each generator to the corresponding generator in the other
colour. Note that this endofunctor is not the same as our colour-swapping endofunctor
cswap: Web'(gl) — Web'(gl) from Definition 3.1.8, since cswap is g-skew antilinear rather
than k,-linear, and its action on split morphisms involves a sign term. Simply swapping the
colours of strands does not yield a valid k,-linear endofunctor of the category with duals,
Web™(gl), since the defining relations (RBLOB), (LBLOB), (RSQUIG), (LSQUIG) are not
preserved by such a colour change.

Connection 5.4.4. The categories SWeby(gl,,) and SWeb; |(gl,,) introduced in [LT26,
Def. 2A.7, Def. 2A.23| are, respectively, isomorphic as monoidal categories to our categories
Webgym(gl) and Webgim(gl,t = ¢"). In both cases, an isomorphism is given by simply
changing the colour of strands from black to orange. The crossings for SWeb+(gl,,) and
SWeb; | (gl,,), specified in [LT26, Defs. 2A.2, 2A.3, 2A.19, 2A.21], are the orange strand
analogues of the Web(sl,,)-crossings from Definition 5.3.4. (SWeb stands for “symmetric

web”, corresponding to our orange strands.)

The presentations of the web categories in [LT26] are broadly similar to, but more
minimal than those given in this thesis; see [LT26, Thm. 4.7] for a precise statement about
the minimality of their presentation. Whereas we defined Web'(gl) using merge and split
generators with arbitrary strand labels, the generators for SWeb4(gl,,) consist of merges and
splits of the following form:

a+1 a 1
NERE
a 1 a+1

General merges and splits are then defined using multi-merge and multi-split morphisms; see
[LT26, Def. 2A.5]. In Webl _(gl), those definitions hold as identities. One can show that

Sym
the defining relations for Webgym(g[) are equivalent to those for SWeby(gl,,). For instance,
in SWeb(gl,,), the relations (ASSOC) are assumed only in special cases, but as shown



5.4. CONNECTIONS TO WEB CATEGORIES IN THE LITERATURE 92

in [LT26, Lem. 2A.12|, the general form of (ASSOC) follows from these special cases. We
leave the remaining details (for both the upwards-oriented categories and the categories with
duals) to the interested reader.

The category with duals, SWeby (gl,), adds only two new cap and cup morphisms,
together with an infinite family of downwards-oriented merges and splits, as generators:

1 1 a+1 a 1
o usoA Y
1 1 a 1 a+1

with morphisms of these shapes with general labels being defined in terms of the above
generators; see [LT26, Def. 2A.20, 2A.22]. Those definitions hold as identities in Webgim(g[).

Connection 5.4.5. The categories ¢-Schur and ¢-Schur,, studied in [Bru25| are, respec-
tively, equivalent to our categories Web!\ (gl) and Web}\(g[mo). The objects of g-Schur are
monoidally generated by the length-one compositions (a), with @ > 0. These generators cor-
respond to the objects 1, € ob(Web)\ (gl)). In Web (gl), the object 1, is defined to be strictly
equal to the monoidal unit 1, whereas in ¢-Schur (0) and 1 are distinct but isomorphic.
To this end, ¢-Schur features generating morphisms [: 1 — (0) and 1: (0) — 1, together
with relations stating that these generators are mutually inverse. As noted previously, this
approach inspired our treatment of the sl,,-web category in Definition 5.3.1.

In the following, we refer to the presentation of ¢-Schur given in [Bru25, Thm. 6.3].
The generating morphisms are the aforementioned | and 1, together with merge and split

a+b a b
morphisms A and Y , for all a,b > 0. The defining relation [Bru25, (6.4)] is the
a b a+b

¢-Schur-analogue of our relation (TRIV). Their relation (6.5) is our (ASSOC), and their
square-switch relation (1.3) is our (3.2.5) (together with an equivalent mirrored version of
the relation).

Explicitly, an equivalence Web} (gl) — ¢-Schur is given by:

a+b a+b a b a b
o1, T, (a)fora>1, X = A forab>1, N Y forab>1,
a b a b

a+b a+b

and mapping merge/split generators with one (or both) strands labelled by 0 to the corre-
sponding identity morphism in ¢-Schur, as in (TRIV). The category ¢-Schur,, is defined
to be the quotient of g-Schur by the tensor ideal generated by the identity morphisms for
strands with a label strictly larger than n, and hence, by Remark 5.2.5, the functor specified
above descends to an equivalence Webjx(g[mo) — ¢-Schur,,.



Chapter 6

Incarnation functors

In this chapter, we will define and study the web incarnation functors that we have referred
to several times earlier in this thesis. Such functors have previously been studied in various
forms. Our approach, using the isomorphism Web™(gl) = OS" from Theorem 4.13, allows
us to precisely link web incarnation functors to incarnation functors for OS. This in turn
lets us extend existing results to some new cases; in Theorem 6.10, we will show that certain
web incarnation functors are full and have kernels generated by the idempotents introduced
in Definition 5.2.4. In [Elil5, Thm. 2.58|, Elias established an analogue of Theorem 6.10 for
exterior sl,-webs over an arbitrary Z|q, ¢~ ']-algebra, but similar results for gl-webs (and for
symmetric or two-colour web categories) have only appeared in the literature for the case
where k is a field. (Recall that, in this thesis, we assume only that k is a commutative ring.)
Even for the cases where such results were already known, our method of proof is novel.

From this point forward, fix dimension parameters m,n > 0, not both zero. (Our main
results in this chapter, Proposition 6.8 and Theorem 6.10, hold trivially when m = n = 0,
but many of the upcoming arguments only make sense when m +n > 1. As such, we ignore
the case m = n = 0 to simplify the exposition.) We remind the reader that V* denotes the
natural U, (gl,,,,)-module, and V'~ denotes its dual. Recall that we introduced the Uq(gl,,,,)-
modules Sym?WW and AYW in Definition 2.4.16, and that Byw: WeW — W ®W denotes
the braiding morphism for two copies of a module W.

Definition 6.1. Let W be a Hecke-braided U,(gl,,,,)-module. For each d € N, we define

w W w W
T = im # . T4W =im #
w W w W

We call these U,(gl,,,)-modules the dth (symmetric) divided power of W and the dth alter-
nating divided power of W, respectively.

Symmetric and exterior divided powers were previously defined and studied in a more
general context in [BZ08|. The following lemma establishes variants of the canonical isomor-
phisms [BZ08, (2.3)], adapted to the setting of this thesis.

93
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Lemma 6.2. Let W be a Hecke-braided U,(gl,,,)-module. For each d > 1, the following

m\n)

maps define isomorphisms of U,(gl,,,)-modules:
Syde—>FdT/V, wl"'wdH#(w1®'“®wd)7
AdW—>F7\T/V, wl/\---/\wdH#(w1®~~®wd).

Proof. The claims follow immediately when d = 1, so we assume d > 2. We will show
that the first map is an isomorphism; the claim for alternating powers follows after mapping

g —q

Recall that Sym®*W = TW/K, where K is the two-sided ideal of the tensor superalgebra
TW generated by {Byw.w(w) — qu : w € W}. Hence, SymWW is the quotient of W®? by the
submodule M generated by

{Bi(w) —quw:we W 1<i<d-1},

where B;: W®? — W% denotes the map that acts via By on the ith and (i + 1)th
tensor factors. Given o € S, we will write B,: W® — W& for the image of t, € Hy via
the Hecke-braid homomorphism hy4: Hg — End(W®9) (see (2.5.13)). It follows that M
contains the elements B, (w) — ¢! w for all ¢ € Sy and w € W4,

w w

It suffices to show that M = ker # ; the first isomorphism theorem then implies

w W
that the map from the lemma statement is an isomorphism. Recall the absorbing property
w W W W
of symmetrizers: (2.5.7). In our present notation, this says # oB;, = q for each
w W W W
W W

1 <i<d-—1. Hence M C ker # For the other inclusion, let w € ker

147807
Then:

w W
qu()

-®
q o
°C # (w) - [d]' €Sy B : oESy

w w

: oESy
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and hence w = —4—= " ¢! (B, (w) — ¢“w). Each term B,(w) — ¢"“w lies in M, as

oESy
w W
noted above, and so w € M. Thus M = ker # , as desired. 0
w W

It follows from Lemma 2.5.12 that, for each Hecke-braided U,(gl,,,,)-module W with
dual W* and each d > 1, T9W* is dual to W, and T¢W* is dual to T¢W. Using Lemma
6.2, we get (Sym®W)* = SymW* and (AW)* = AYW*,

Remark 6.3. When working in a more general setting than we consider in this thesis, the
isomorphisms Sym?W = I'W and AW = [4W from Lemma 6.2 may no longer hold. Tt is
for this reason that we choose not to fully identify Sym®W with T?W and AW with T'¢1V.
In particular, we will define our web category incarnation functors in terms of I'*WW and
[4W, since this is what naturally arises from the proof of Theorem 6.10.

Note that the isomorphisms from Lemma 6.2 involve division by [d]!, since the defi-
d
nition of our idempotent (anti)symmetrizers features a factor of qi[rd—?. Our base rings k,
and k,, contain the inverses of all nonzero quantum integers by deénition, and hence this
division is well-defined. One can study symmetric and alternating powers more generally,
e.g. over Z[q, ¢"], in which most quantum integers are not invertible, and hence the isomor-
phisms from Lemma 6.2 are ill-defined. In such situations one can still define the unscaled
symmetrizer and unscaled antisymmetrizer, given by

6_d = Z ql(a)ta S Hd> eii = Z(_Q)_Z(U)ta € Hda

0ESy o€S,

but these elements are not idempotent for d > 2, and hence the associated maps W4 — W4
are no longer projections onto copies of Sym*W or AW contained in W®?. In the general
setting, one should define

W = {w € W B,(w) = ¢ w for all o € S,},
TIW = {w e W®: B,(w) = (—¢) " w for all 0 € S,},

which are quantum analogues of the subspaces of symmetric and alternating tensors. With
these definitions, over any commutative ring we have

(SymW)* = TIW=,  (A'W)* = T¢W™,
but in general, when [d]! is not invertible,
SymW 2 TW, AW 2 T4W.

While the notation 'YW for symmetric divided powers is standard, the author of this thesis
is not aware of any commonly used notation for the alternating divided powers. In the purely
even setting, i.e. working with U,(gl,,)-modules, we in fact do have AW = T'YW over any
commutative ring, and hence there is no need to introduce '{W as a separate object.
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The morphisms in the following definition will be used to specify our incarnation func-
tors.

Definition 6.4. In all of the diagrams appearing below, upwards-oriented strands represent
V*, and downwards-oriented strands represent V.

Fix a,b € N. Let ag: (V)@ (V)8 — (VF)8@+) denote the natural associator iso-
morphism, and let (SY™+: TaV+ — (VF)®e and A+ TeVE — (VF)® denote the inclusion
maps. Define maps

mt VT @IV 5 Ty TV T @ DA VT - TRV T

(m being short for “merge”) by

Sym _ @w= Sym,+ Sym,+ A _ @mm A+ A+
mayb o ﬁ © aa’b © (Lay ® Lb ) mayb - © aa”b © ® L :

Similarly, define maps
SO TPV S TV TV, s TV S T4V T @ T VT
(s being short for “split”) by

Sym -1 Sym,+ A -1 A+

Sa,b CYa b © La+b ’ Sa,b = aa,b o La+b'

It follows from (2.5.15) that the image of aa b © L(SIfZHF lies in ['*V* ® I'*V*, and similarly
for the antisymmetric/alternating case, so these maps are well-defined with the claimed

codomains.

Next, we recall the (co)evaluation morphisms specified in [SSS26, §5|. Define evaluation
morphisms C: VT @V~- - Tl and C": V- @ V"'t — 1 by

Clvf ®@v;) =d;(—q)", C'(v; ®v]) = di(—1)"Tigmliztl,

The corresponding coevaluation morphisms are U: 1 - V-Vt and U': 1 - VT @V,
given by

m m
E: ’U ®U17 E: 7,+z |2 1|an+®Ui.
1=1—n i=1—n

For each a € N, we define Cp: (V1)®*® (V7)®* — 1 and C: (V7)®* @ (V)® — 1 to be
the maps obtained by nesting a copies of C' or C’, like in Lemma 3.1.5. Explicitly,

C’a((v;;®---®vit)®(vj_l®---®vj_a)):C’(v;:®vj_a)0(v ® v, )

-~ C(v; ® v;),

and similarly for C!. We define the coevaluation maps U,: 1 — (V7)®* @ (V)®* and
Ul 1 — (VF)®*® (V)% by nesting copies of U or U’ in the same way.

Finally, we define (co)evaluation morphisms

CHv™. PV @T V- =1, CMTIVTeIiV™ —1,
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(CHY™ TV @TVT =1, (CHM TV @IV — 1,
U™ TV eV, UM 1 TSV oIV,
(UN™: 1 T ViV, (U1 -I4VieliVv-
as follows:
Csym =C,o (L) Sym— LSym,Jr)’ CA =C,o ( A LA’+)
(CL)™ = Clo (5™ @™ 7), (G (bt @),

() () i
- () oo ()

Conjugating by the isomorphisms from Lemma 6.2, the merge morphisms mif;)m and

mfl\, , simply become the multiplication maps from Sym®*V* and A*V*, ie.

+ by + by + + + + + + +, +
Sym*V* @ Sym’V" — Sym“ VT (vl vl ) @ (v - eev)) = v vl )

b b
AVTQNVE = APVE L (f A NS )@ (v, A A ) = ol A AT AU A A

Working in full generality, the split morphisms sif;m and sz\,b are less straightforward to

describe after conjugation. As we mentioned much earlier in this thesis, in the purely even
classical case these maps are given by

1
.ot — E + oot + oot
U’il U’La+b = alb! (/UZU<1) /Uza(a)) ® (Uzd(aJrl) /Uzg<a+b))7

UGSa+b

1
v A A ;;+b = Z Sgn(a)(vitm JARERWAN v;:(a)) ® (v;:(aﬂ) ARERWN v;t_(aer)).
0E€Sa+b
In the super case, one needs to introduce a term in the sums accounting for the signs picked
up when permuting the v;; by o. In the purely even quantum case one can succinctly define
the action of these split morphlsrns on the spanning elements U v;; and v A At b
where 7; > -+ > i,.. For details, see e.g. [CKM14 §3.1], Wthh treats the alternatlng case;
their morph1sm Mj,, corresponds to our Sk,l' One can extend this approach to the general
super quantum case, but the expressions involved become somewhat unwieldy, so we omit

the details here.
We now introduce some maps and definitions that will be used to prove Proposition 6.8.
Lemma 6.5. There exists a k,-linear isomorphism of superalgebras
P = P Ug(0lyn) = Ug(alyn)
acting on generators as:
P<Ez) = FLi’ P<Fz) = E,—m P(Dz‘) = (D/1—1'>_17 P<Di_1> - Dll—i)

where we use primes to denote the generators in the target superalgebra to avoid confusion.
Using the integral form of the quantized enveloping superalgebra discussed in Remark 2.4.9,
this map acts on the additional generators as P(H;) = —(—1)%H', = (=1)%*+'H’ .
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Proof. The specified action of P on generators is evidently parity-preserving. The fact that
P is well-defined, i.e. that it preserves the defining relations for U,(gl,,,), follows from direct
calculations. For instance,

mln

P(EF; — (-1)*DEE) = F B, — (-1)"DE F,

i
= —(—-)ES (B F — ()N PLELE))
(2.4.8) _(_1)@i5_i7_j D (D) = D:Ii—l-l(D/—i)il
q—i —q_;
2 _(_1)@@+?52j D/—i(D/—i—H)ql _ql)ll—i—l-l(D/—i)l
= 1);51']' DL(DLiy) ! = 7D1I—i+1(D/—i)71 =5, DL(DLiy) ! = l_)ll—i+1(Dl—i)71
q—dq qi — g;
=P (5..Dz‘_+11Di - Di_lDi+1> (246) p <5..DiDi_+11 — Di+1Di_1)
ij G- ij G- )

where in the equalities marked * we use the fact that
Gi—q ' =(=1'(q—q"),
and in the equality marked ** we use
ELF . +—i=06p+—i=i+1.
This shows that P preserves the defining relation (2.4.8). The calculations for the other

relations are similar. The inverse of P, is Pyjp- O

The isomorphism P discussed in Lemma 6.5 induces an isomorphism of categories

P: Uq(glp,)-mod — Uy (gl )-mod.

Explicitly, P acts as the identity on morphisms, and sends each U,(gl
Uy(gl,),,)-module with the same underlying abelian group, and U,(g!

mjn)-module M to the

njm)-action given by

X -m:=PY(X) -m,

where the action on the right is the original U,(gl,,,)-action. It is clear that P sends type
1 weight modules to type 1 weight modules, and so it restricts to an isomorphism

P: Z/'lq(g[m‘n)—mod — Uq(g[n|m)—mod.

(Recall that Uq(g[m|n) is equivalent to the category of type 1 weight modules for U,(gl,,,).)

Definition 6.6. Let A be a superalgebra and M an A-module. We define the parity-shifted
module
M = {mm :m e M},

where 7 is a formal symbol. The parities of elements in I[IM are given by wm = m + 1. The
A-module structure on IIM is given by a - mm = (—1)%r(a - m). It follows that the map
m: M — IIM (given by m — 7m) is an odd isomorphism of A-modules.
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Lemma 6.7. There is a k,-linear isomorphism p: H — H acting on generators as:

s =1 p(3X) ==, p(X) ==X

Note that p restricts on endomorphism spaces to the automorphisms p,: H, — H,
discussed in Lemma 2.5.9.

Proof. The fact that p preserves the defining relations for H follows from direct calculations.
For instance,

p(R =) ==X+ K= =1 =0 (a=aH1T),
which shows that (5.1.2) is preserved. O

Proposition 6.8. For all m,n € N, there is a k,-linear monoidal incarnation functor

OS( ) - aq(g[m\n)_mOd

m|n

that acts as follows:

M=Vt LRl =V,

m

195 (30) = Brewe, 195 (X) = Bib oo
L () =0 LR ()=¢ L) =U Li()=U.

If any of the following conditions hold:

e k,=C(q), or
e We are in the purely even case (that is, n = 0), or

e We are in the purely odd case (that is, m = 0),

then Igﬁz is full, and its kernel is the tensor ideal generated by the idempotent ix(m11,5+1)
(see Definition 5.2.4). Hence, in any of these three cases, the induced functor

=08

I OSpn — Z/'lq(g[m‘n)—mod

m|n:

is full and faithful.

Proof. The existence of Ig“i was proved over C(q) in [SSS26, Prop. 6.1]. More precisely,
that proposition deals with modules over the superalgebra U,, which contains U, (gl
a subalgebra. Our incarnation functor ]T(zﬁl is the composition of the incarnation functor
from [SSS26, Prop. 6.1] and the restriction map U,-mod — Uy(gl,,,)-mod. Almost all of
the arguments from the proof of that proposition are valid over our base ring k,. The only
step which needs to be adjusted is the verification that the curl identities from (3.1.4) are

preserved. The proof in [SSS26] uses a form of Schur’s lemma (namely: every endomorphism

m|n) as
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of a simple module is a scalar multiple of the identity) which does not necessarily hold over
k,. We sidestep this issue as follows: a direct computation in the proof of [SSS26, Prop. 6.1]

shows that 199 (%) acts as the scalar ¢"" on one of the basis vectors for V', and that

mln
calculation is still valid over k,. Since the action of U,(gl,,,,) on V" is transitive, this implies

that the image morphism is simply ¢~ -idy+, as desired. The argument for the other curl
relation is essentially the same.

If k, = C(g), the claim about fullness was proved in [QS19, Prop. 6.4], and a proof
for the claim about the kernel was outlined in [QS19, Rem. 6.19]. That remark addresses
the kernel of the incarnation functor out of Sp(m — n) = Web\"(gl,t = ¢™ "), but the
argument applies equally to OS(t = ¢™~ ™). Alternatively, one could obtain the kernel result
for OS(t = ¢™ ") from the corresponding result for Webl*(gl,t = ¢"~") by restricting to
the subcategory monoidally generated by 1, and |, which is isomorphic to OS(t = ¢™").

Next, suppose that n = 0, with no assumptions on k, (beyond those present in our defini-
tion of k,). We will deduce fullness and the kernel claim from [Bru25, Thm. 4|. That theorem
establishes the existence of a full and faithful functor ¥,,: ¢-Schur,, — Z/'{q(g[m‘o)-mod (note
that the theorem is stated in [Bru25| with the codomain being the subcategory of tilting
modules, but this change of codomain does not affect fullness or faithfulness). This result is
first proved in [Bru25| over Z[q, ¢~!], and then extended by way of a base change argument
to any field I, with an arbitrary choice of quantum parameter ¢ € F*. In fact, the same base
change argument is valid when F is any commutative ring. In particular, [Bru25, Thm. 4]
holds over our base ring k,.

Recall that there is an equivalence e: Webj\(g[m‘o) — @-Schur,,, as discussed in Con-
nection 5.4.5. The purple upwards-oriented version of Theorem 4.13 gives an isomorphism
HA — Web! (gl), which descends to an isomorphism ’Hf}ﬂo — Webz(g[m‘o); we remind the
reader that Hﬁnlﬂ was introduced in Definition 5.3.10 (see also Definition 5.2.4). Hence, the
composite functor

Honjo ——> HA

m|0

Webf\(g[mw) —~ > ¢-Schur,, m Uq(g[mw)—mod

is full and faithful; call this composite functor J. Here, ¢ denotes the indicated inclu-
sion map, identifying H,,o with the full subcategory of Hf}uo generated by 1 as in Re-
mark 4.3. Tracing the definitions of the functors involved in the definition of J yields
J) =Vt J (V) = By+y+, and J (X) = Bvi v+- In other words, J agrees with
705

m\O
5.1.2). Since U (g[m|0) -mod is a ribbon category and the objects of OS,,, are generated
by 1 and |, it follows from abstract arguments that J being full and faithful implies that

1% is also full and faithful; see [QS19, Prop. 6.2] for details (they only discuss fullness, but

m|0

OS o — U (g[m|0)—mod on Hppo (viewed as a subcategory of OS,,j, like in Lemma

essentially the same arguments work for faithfulness). Fullness of 0 0 implies that I O|

also full. Faithfulness of 1. m|0
the antisymmetrizer ¢ A(m+1,1)-

implies that the kernel of I glo is the tensor ideal generated by
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Finally, suppose that m = 0. We will deduce the desired properties of ]é%f from those
we just established in the purely even case. Let K denote the following composition:

oS

95 .
HLoH 08t =q )L'>u (8L,00)- “mod —£=11 4(8ly,)-mod .

Here, p is the map from Lemma 6.7, ¢ is inclusion from Lemma 5.1.2 (that lemma holds with
OS(t = ¢") in place of OS, with the same proof), and P is the isomorphism discussed after
the proof of Lemma 6.5. We showed above that 199 a0 18 full, and that its kernel is generated

by the antisymmetrizer iy(,11,1). Since p, ¢, and P are each full and faithful, we get that K
is full, and that its kernel is generated by the preimage of iy(,11,1) along the composition

HLoH =08t = q).

Using Lemma 2.5.9, this preimage is the symmetrizer i n41)-

Direct calculations show that K () is isomorphic (as a U,(gly,,)-module) to TIV* (here,
V* denotes the natural module for U,(gly,)). Identifying K (1) and ITV*, further direct
calculations show that

K (X) = 19?0 By+y+ o (1), K (X) 2o B ! sy O (7®?)~1

In other words, K agrees with I OS on H C OS(t = q~™) up to parity shifts and the presence
of the symbols 7. It follows that the restriction of [ ?S to H is full and has kernel generated
by ixa n+1 As in the final steps of the argument for the purely even case above, this implies
that I on is full and has kernel generated by ix(1,+1), as desired. 0

Remark 6.9. We expect the fullness and kernel results from Proposition 6.8 to hold more
generally, i.e. for any dimension parameters m and n, and any commutative ring k. The
proof of [QS19, Prop. 6.4] (which we cited above) relies on a quantized version of Schur-
Weyl duality. Quantized super Schur-Weyl duality was established over Q(g) in [Mit06],
and we expect this duality to hold over more general base rings too. As such, it should be
possible to extend the arguments in [QS19] to obtain the fullness and kernel results from
Proposition 6.8 in the case k, = Q(¢) (without any assumptions on m or n), and possibly
over other base rings in the future. It also seems likely that the material in [Bru25| can be
extended to the super setting, which would imply our fullness and kernel results without any
assumptions on m,n, or k, (beyond those present in our definition of k,).

Since our web category incarnation functors (see below) are defined in terms of those
for OS, any new fullness and kernel results for OS-incarnation functors would immediately
imply corresponding results for web categories.

Theorem 6.10. For all m,n € N, there is a ky-linear incarnation functor
Ljn: Web™ (gl t = ¢™") = U,(gl,,,,)-mod
acting on generators as follows:

[m\n(Tu) = FGV"v" [m\n(Ta) = F?\V—i_7 Im|n(¢(,) = FaV_? -[m|n(\Lu) = F?\V_’
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]

+b a+b a b a b

— ySym _ A _ Sym _ A
[m|n X - ma,b ) [m|n X - ma,b’ Im|n V - Sa,b 5 [m|n - Sa,ba
a b a b a+b

o (IY) = et (£1) = 0%, 1 (5) =0, 1 (3 7) = @
Ljn (Q) =C, npn <Q) = (C), Tnpn <U) = U, Injn <U) = (U™

We write
5™ Web/l

mln Sym

N, Weblt(gl,t = g™ ") = Uy(gl,,,)-mod

(glvt = qun> — aQ(g[m\n>_mOd7

for the corresponding monochromatic incarnation functors, obtained by restricting I,,, to
the indicated subcategories. If any of the following conditions hold:

o k, =C(q), or
e We are in the purely even case (that is, n = 0), or
e We are in the purely odd case (that is, m = 0),

Sym

then each functor I,,,, min and [ fq\l‘n is full, and its kernel is the tensor ideal generated by
the idempotent ix(m11,,+1). Hence, in any of these three cases, the induced functors

jmm: Web”(g[mm) — Uq(g[m|n)-mod,

~Sym

. ~A .
[m|n : Webgilm(g[mM) — u(J(g[m\n)_mOd’ [m\n Weiji(g[mM) — uq<g[m|n)_m0d
are full and faithful.

Proof. Since Uq(g[m|n)—m0d is idempotent complete, the universal property of Karoubi en-
velopes yields a functor Kar(]fgﬁl): Kar(OS(t = ¢™™")) — L'{q(g[m‘n)—mod extending 199

Restricting to the full subcategory generated by the objects A% and Sym® yields a functor
oSV (t=qm ") — Uq(g[m|n)—m0d.

Precomposing with the isomorphism ®: Web™(gl,t = ¢™ ") = OSY (t = ¢ ") obtained
from Theorem 4.13 yields the desired functor I,,. In the cases mentioned in the bullet
points from the theorem statement, the claimed properties for I,,),, follow straightforwardly
from the corresponding ones for [ 7(38 using the universal property of Karoubi envelopes. In

In

turn, the claims for [ M and 12, follow from those for L.
mln mln |

The fact that I,,, acts on generators as specified above follows directly from the way
Kar([ﬁﬁl ) is defined. The relevant property is as follows. Suppose F': C — D is a strict
monoidal functor, D is idempotent complete, and ¥: (X,e) — (Y, f) is a morphism in
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—_—

Kar(C). Let F(X) and F(Y) respectively denote the objects in D that F(e) and F(f)
project onto. Then Kar(F')(¢) is given by the following composition:

o —

FOX) 5 X)) 2 peyy ™ (Y,

where tx and 7y are, respectively, the natural inclusion and projection maps. In the non-
strict case, one must insert appropriate associators and/or unitors to make this composition
well-defined. For instance, we have

a+b
ol L] = ﬁ: Sym® ® Sym® — Sym®™.
o

IOS

min) to the com-

Using the notation from Definition 6.4, this morphism is mapped by Kar(

position
IOS
2t @Y™t m (ﬁ)
S
_— _—

rv+ e o+ (V)8 (V+)®boﬁ>” (V+)®(a+b) (V+)®(a+b) L Tatby+

S

i, breserves braided structure and

where 7 is the indicated projection map. Noting that Ig

hence sends symmetrizers to symmetrizers, this coincides with the definition of miybm from
Definition 6.4. The only difference is that the projection via m was left implicit when defining

miﬁm, i.e. we considered Ip,, (ﬁ) as a map from (V)24 to ToHY+ for simplicity

(since its image tautologically lies in ¢tV +). O



Appendix A

Categorical structures

In this appendix, we recall the key definitions and properties of the various types of categories
studied in this thesis.

Definition A.1. A k-linear category is a category C such that, for all X|Y € ob(C),
Home(X,Y) is a k-vector space, and composition of morphisms is k-bilinear. That is, if
a,bek,g,h: X =>Y ande, f: Y — Z, then

(ae +bf)og=ualeog)+b(fog), [olag+bh)=al(fog)+b(foh)

Definition A.2. A monoidal category is a category C equipped with the following structure:

e A bifunctor ®: C x C — C, called the tensor product for C;

A unit object, denoted 1¢ € ob(C) (or just 1 if the category is clear);

A natural isomorphism « called the associator, with components

axyz: (X@Y)®Z - X (Y ®2Z);

A natural isomorphism A\ called the left unitor, with components Ay: 1 ® X — X;

A natural isomorphism p called the right unitor, with components px: X ® 1 — X,

such that the following two diagrams, respectively called the triangle and pentagon diagrams,
commute for any objects W, XY, Z in C:

Xol)ey —2X%Y  _ ygy

% A;\Y

X®(1leY)

104
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WeX)e (Y ®2Z)

(WeX)eY)® Z WeXe(lY®Z))

aw,x,y ®idz idw ®ax v,z

WeXeY)) ez We(XeY)®2)

AW, X®Y,Z

A monoidal category is called strict if the associator and both unitors are identity maps.
Thus, in a strict monoidal category, the following identities hold for all XY, Z € ob(C):

e X®1=X=1®X;
e (XOY)®Z=X®(Y®Z).

Example A.3. The prototypical k-linear monoidal category is Vecty, the category of k-
vector spaces, equipped with the usual tensor product, associator, and unitor morphisms,
with the unit object being k (considered as a one-dimensional k-vector space).

Definition A.4. Let C and D be monoidal categories. Write 1¢, ®¢, of, p¢ and XC for
the monoidal unit, tensor product, associator, and unitors for C, and similarly for D. A
weak monoidal functor from C to D (sometimes called a lax monoidal functor) is a functor
F: C — D together with the following structure morphisms:

e A D-morphism ¢: 1p — F(1¢);
e A natural transformation with components ¢xy: F(X) ®p F(Y) = F(X ®¢Y),
such that the following associativity diagram commutes for all XY, Z € ob(C):

) O (x),F(Y).F(2)

(F(X)®p F(Y)) ®@p F(Z

F(X) ®p (F(Y)®p F(Z))

¢X,Y®DidF(z)l lidF(X) ®@DPy,z
F(X ®cY)@p F(Z) F(X)@p F(Y @ Z) (A1)
¢X®CY,Zl lﬁbx,yggcz
F(X®cY)®c Z) e o) F(X ®c (Y ®c Z))

and the following unitality diagrams commute for all X € ob(C):

eQpid id RpE
lp @p F(X) —FF(le) ®p F(X)  F(X)®p 1p —2F(X) ®p F(Lc)
)‘E(X)l ld’lc»x , p?(X)l l‘bx,lc . (A.Z)
F(X) F(le ®¢ X) F(X) F(X ®c 1¢)

FO%) F(p%)
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A (strong) monoidal functor is a weak monoidal functor such that € is an isomorphism and
¢_,_ is a natural isomorphism. A strict monoidal functor is a monoidal functor such that
and ¢_ _ are identity maps.

From this point forward, we represent morphisms using string diagrams, as outlined in
§2.2.

Cups and caps (in the sense of Definition 2.2.1) form unique pairs. That is, if the

morphisms (Q{ , U) satisfy the zigzag equations and so do <Q , U) and

( YQ{ , U ) then we must have m m and U U This follows from a

Y X
straightforward calculation using (ZIGZAG).

Definition A.5. Let X and Y be objects with two-sided duals. Let f: X — Y be a
morphism. The right mate and left mate of f are defined to be, respectively,

X+ X+
@ and F@J
y* y*

Note that these mates depend on the choice of cups and caps for the dual pairs (X, X*) and
(Y,Y™), which we have left implicit. If the left and right mates of f are equal, we refer to
that common morphism as just the mate of f, without specifying a side.

Example A.6. Each finite-dimensional vector space V € ob(Vecty) has two-sided dual
V* = Homg(V, k). The canonical cap for left duality is given by f ® v — f(v), and the

*

corresponding cup is given by 1 — Z v; @ v}, where vq,...,v, is a basis of V and v}, ..., v}

=1
denotes the associated dual basis. The cup and cap for right duality are essentially the same,

with the order of the tensor factors reversed. The mate of a linear map f: V — W between
finite-dimensional vector spaces is the linear map f*: W* — V* given by f*(¢) = ¢ o f.

Definition A.7. A strict pivotal category is a strict monoidal category C equipped with, for

X X
following conditions hold for all X, Y € ob(C) and all morphisms f: X — Y-

each X € ob(C), a choice of right dual X* and cup-cap pair X[jf , m , such that the

o 1" =1;

’

° X** :X;

e (XQY) =Y*® X*;

Y*X* X Y (X&Y)* XY

T U
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X* X+
° @ = F@J , 1.e. the right and left mates of f are equal.
Y v

Note that the last identity involves left mates, which require left duality data to define. The
condition X** = X implies that X* (the chosen right dual for an object X) is also left dual
to X via the cup-cap pair

(7 60)=00 L),

i.e. the chosen right duality cup-cap pair for X*. These are the cups and caps used to define
the left mates appearing above.

More generally, a pivotal category is a monoidal category C with chosen right duals
for each object, equipped with a monoidal natural isomorphism 7: id — (—*)*, where —*
denotes the functor sending each object to its right dual, and each morphism to its right
mate. A strict pivotal category is then a pivotal category for which 7 is the identity.

Lemma A.8. The following properties hold in any strict pivotal category C, for all objects
X,Y and morphisms f: X — Y:

(a) The chosen cap and cup for 1 are both idy;

(b)mzm;

X v v x* XQY (XQY)*
@iV -
@ () = ()

YEX* X Y (X®Y)* XeY
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(Here, we employ the convention that 1 should be represented by a dashed string whenever
it explicitly appears in string diagrams.) Attaching a cup to the bottom right of the first
and last diagrams then yields:

idy

which implies ! ! =id; by the uniqueness of cup-cap pairs.

Identity (b) follows from the fourth identity in Definition A.7 using the uniqueness of
cup-cap pairs. Identities (c) and (d) are, respectively, simply identity (b) from this lemma
and the fourth identity from Definition A.7, with X* in place of Y and Y™ in place of X

(recall that X*™* = X and Y** =Y).

Identity (e) follows from the fact that (by the definition of a strict pivotal category) left
and right mates coincide in C:

Y
Y

Y
B WA (ZIGZAG) é
X

X

as desired. O

Definition A.9. A braided monoidal category is a monoidal category C equipped with a
natural isomorphism B, called the braiding, with components Bxy: X ® Y — Y ® X, such
that the following diagrams commute:

Bxygz

XQY)®Z—"2. X (Y ®Z) YoZ)oX
Bx,y®idzj laY,Z,X , (A.3)
acl
XY ®Z) 22 (XeoY)eZ 22 70 (X@Y)
idx ®BY’Zl laE,IX,Y . (A4)

A symmetric monoidal category is a braided monoidal category whose braiding is self-inverse,
i.e. satisfying By x o Bxy = idxgy for all objects X and Y.



109

Example A.10. The monoidal category Vecty has a natural symmetric braiding given on
simple tensors by Bxy(z ® y) =y ® .

The monoidal category of Z-graded vector spaces can be equipped with a family of
braidings, depending on a choice of parameter a € k*. Fixing such an a, the corresponding
braiding acts on simple tensors by Bxy(z®y) = a™y®x, where T and y respectively denote
the grades of homogeneous elements x € X and y € Y. This braiding is symmetric if and
only if a? = 1.
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