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Abstract

Zhang twists are a tool for “deforming” the product of graded k-algebras while
preserving desirable ring-theoretic properties. As the study of algebras in monoidal
categories beyond Vecy grows in popularity, it has become increasingly important
to find ways of twisting algebras in monoidal categories. To this end, this thesis
generalizes Zhang twists to the setting of closed monoidal categories equipped with a
canonical enriched structure.

Along the way, we also prove several results concerning closed monoidal categories
and algebraic structures within them. We use these results to provide necessary and
sufficient conditions for when graded algebras connected by Zhang twists produce

equivalent categories of graded modules.
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Chapter 1

Introduction

In 1991, Artin, Tate, and van den Bergh [ATVdB91, Section 8] introduced the notion
of “twisting” a graded k-algebra A using successive powers of a graded automorphism 7
to produce a new algebra A7. In 1996, J. Zhang [Zha96] abstracted this procedure and
introduced twisting systems: families of graded automorphisms of A that also produce
a new algebra when they satisfy a certain compatibility condition. Throughout the

years, twisting systems have found use in:

« Non-commutative Projective Geometry (e.g. in the study of noncommutative
surfaces in [VdBO1]),

« Non-commutative Algebra (e.g. in the study of degenerate Sklyanin algebras in
[Wal09]),

o Quantum Groups (e.g. the study of twists of Manin’s universal quantum group
in [HNU'22]), and

« Graded Morita Theory (e.g. in [Siell]’s incorporation of twisting systems into

the graded Morita theory developed in [Rio91]).

This work extends [Zha96]’s results to the class of closed monoidal categories, which

are themselves ubiquitous and of wide interest.



1.1 Historical background
1.1.1 Artin-Schelter Regular Algebras

The polynomial algebras k[z1, ..., x,] are among the first objects of study in algebraic
geometry and commutative algebra. As interest in non-commutative algebras grew
in the 1980s, a natural question to ask became: which algebras serve as the non-
commutative analogues to the polynomial algebras?

Artin-Schelter regular algebras arose as one answer to the above question. These
were developed through the work of Artin and Schelter [AS87], while finding analogues
of the polynomial algebras that shared in certain homological properties. These ideas
were further developed in the work of Artin, van den Bergh, and Zhang [AdB90, AZ94],
setting much groundwork for modern non-commutative projective geometry. The key
insight here was that, graded commutative algebras A could be studied geometrically
via their associated projective scheme ProjA. The geometry of ProjA, in turn, could
be studied via a quotient of the category of graded modules of A. This latter category
could be defined for certain classes of non-commutative algebras, thus allowing for a
definition of ProjA in cases where A was non-commutative and graded.

While trying to characterize Artin-Schelter regular algebras constructed from
automorphisms of certain elliptic curves, Artin, Tate, and van den Bergh [ATVdB91]
introduced the notion of “twisting” a graded algebra A by an automorphism. Namely,
if 7 is a graded automorphism of A, then A admits a new multiplication * using the
rule:

a*b::a'Td(b)

for elements a,b € A where deg(a) = d.



1.1.2 Twisting Systems

One issue with the twisting construction introduced in [ATVdB91] was that it did
not define an equivalence relation on the collection of N-graded k-algebras modulo
isomorphism. This made it hard to use in classification problems. One could instead
try looking at families of graded automorphisms {7,, : A — A},en of A, but the

corresponding twisted product:

a*xb:=a-T7,(b) if deg(a) =m,

in general failed to be associative without any conditions helping relate the different
automorphisms. In [Zha96], Zhang formulated the necessary condition to ensure

associativity of the twisted products, namely:

To(a - Tm(2)) = Tu(a) - Tnpm (D),

for all n,m,¢ € N with deg(a) = m and deg(b) = ¢. Furthermore, he proved that
algebras related by such twists shared in several ring-theoretic properties, and, under
some mild conditions, also possessed equivalent categories of graded modules®.

In [Siell], Susan Sierra expanded on Zhang’s results and unified them with “classi-
cal” graded Morita theory. In particular, to graded algebras A and B, Sierra associated

new “matrix algebras” A and B, and showed that:

1. A and B are graded Morita equivalent if and only if A = B; and

2. A= B if and only if B is isomorphic to a twist of A.

*These categories of graded modules only considered morphisms in degree 0, i.e. degree preserving
morphisms.



1.2 Problem description

The broad objective of this thesis is to generalize the results of Zhang’s original paper
[Zha96] to categories beyond Vecy.

To do this, we need our categories to have a notion of multiplication, so that we
may define algebras in these categories. This serves to first limit our scope to monoidal
categories. Recall that a monoidal category (C,®, 1) is a category C equipped with
a bifunctor ® : C x C — C serving as a multiplication, and a distinguished object
1 € C serving as the unit of multiplication, all subject to axioms guaranteeing that
the associativity of ® and the unitality of 1 hold up to unique isomorphism.

The next insight comes from noticing that [Zha96, Theorem 3.3] requires an
isomorphism between a graded k-algebra A and an algebra constructed using hom-
spaces between vector spaces. When C = Vecy, this is not an issue since for any
V,W € Vecy, we can naturally think of Homyee, (V, W) as a k-vector space. However,
in the general case, we need a way of ensuring that we may speak of hom-spaces as if
they were objects in the category. This leads to the notion of an enriched category.
Recall that C-category (or category enriched over C) is a generalization of the concept
of an ordinary category, wherein we designate objects in C to serve as hom-spaces
between objects. In particular, in analogy with the case when C = Vecy, we seek
categories that are “enriched over themselves”, so that we may view both the objects
and the hom-spaces as objects of the same category.

The next issue comes from realizing that our algebras have to be graded. A simple
solution is to switch from the category C to some product category D = (C X C x ---).
This shift allows us to view the objects in D as tuples whose pieces make up the degrees
of a graded object. The price for this change, however, is that we now have to specify a

monoidal structure for D = (C xC x - - - ). These various hurdles lead us to right-closed



monoidal categories. A right-closed monoidal category is a monoidal category C for
which the “tensor-hom adjunction” holds (i.e. for each object X € C, the functor
(— ® X) has a right adjoint). By analogy, the adjoint to the functor (— ® X) may
be thought of as the covariant hom-functor Home (X, —), which produces an object
in C when applied to any object. Thus, right-closed monoidal categories admit a
“canonical” structure of a category enriched over themselves. Finally, under some mild
algebraic conditions, we can show that the product categories D = (C x C---) are
also right-closed. This allows us to discuss graded algebras and modules in D, and

generalize several of [Zha96]’s results to this new setting.

1.3 Main results

Though the main goal of this thesis is to generalize Zhang’s results in [Zha96] to the
setting of closed categories, we prove several results about closed, enriched, and graded
categories along the way, which are of independent interest. These are based on recent
work of the author with Walton in [LW25].

The first couple results pertain to closed-categories;

Theorem 1.3.1 (Theorem 3.2.3). If C is a right-closed monoidal category with certain
limits, then for any algebra A € Alg(C), the category Mod(C)4 of A-modules in C

admits an enrichment over C. L]

The second result categorifies the notion that A-linear endomorphisms A — A are
fully specified by where they map the unit, thus defining a correspondence between

such endomorphisms and elements of A.

Theorem 1.3.2 (Theorem 3.3.3). If C is a right-closed monoidal category with
certain limits, then every algebra A € Alg(C) is isomorphic to the algebra of A-linear

endomorphisms of A. O



Next, we move on to graded categories. As stated before, our approach is to define
graded algebraic structures in C using tuples of elements (Ag, Ay,---) € (CxC---).
This allows us to easily define graded algebras and modules by defining products
and actions degree by degree. For example, the multiplication of a graded algebra
A is defined as a family of maps A,, ® A, — A,,, parametrized by pairs (m,n) of
non-negative integers. These graded algebras and graded modules form categories
which we denote by GrAlg(C) and GrMod(C) 4, respectively.

Although our approach allows us to define graded structures in terms of relatively
simple components, it comes at the expense of losing the “traditional” setting of
studying algebras and modules in monoidal categories. The next result remedies this

issue.

Theorem 1.3.3 (Theorem 4.2.6). Let C be a right-closed category satisfying Hypothe-

ses 4.0.1. Then there is a monoidal structure on D = (C x C---) such that:

(a) GrAlg(C) = Alg(D), and
(b) for any graded algebra A € GrAlg(C), we get that GrMod(C)4 = Mod(D),. O

The next result ties together closed categories and graded categories.

Proposition 1.3.4 (Proposition 4.2.2). Let C be a right-closed category satisfying
Hypotheses 4.0.1. The monoidal structure on D = C x C--- from Theorem 1.5.3

makes D a right-closed monoidal category. [

In particular, the proposition above allows us to prove statements about the
product category D through its right-closed or self-enriched structures, without having
to deal with graded objects.

Finally, we extend and prove several of Zhang’s [Zha96] definitions and results to

the setting of closed categories.



Definition-Proposition 1.3.5 (Definition 5.1.1, Proposition 5.1.4). Given a graded
algebra A € GrAlg(C), a twisting system on A consists of a family of graded isomor-
phisms 7 = {7, : A = A} satisfying a twisting condition. Every twisting system on A
induces a new algebra structure on A, obtained by “twisting” the multiplication of A

using 7. We denote this new algebra by A™, and call it a twist of A. m

Finally, we explore several graded-Morita type results about algebras related by

twists. To do this, we first introduce two ways of comparing graded algebras;

Definition 1.3.6 (Definition 5.2.1). Two graded algebras A, B are twist equivalent if

there is a twisting system 7 on A making B = A".

Definition 1.3.7. Two graded algebras A, B € GrAlg(C) are Zhang-Morita equivalent

if there is an equivalence of categories GrMod(C) 4 ~ GrMod(C)p.
The two main results are as follows.

Theorem 1.3.8 (Theorem 5.3.1). Twist equivalent algebras are Zhang-Morita equiva-

lent. In fact, the categories GrMod(C)a and GrMod(C) g are isomorphic. O

Theorem 1.3.9 (Corollary 5.3.5). Zhang-Morita equivalent algebras A, B € GrAlg(C)
are twist equivalent, provided that the corresponding equivalence of categories maps

“shifts” of A to “shifts” of B. O

1.4 Organization of the thesis

In Chapter 2, we provide background material on several categorical notions, including:
additive categories, adjoint functors, monoidal categories, algebras and modules in

monoidal categories, and enriched categories.



Chapter 3 is focused on introducing closed categories and proving general results
about algebras coming from such categories. In particular, we prove Theorem 1.3.1
and Theorem 1.3.2.

Chapter 4 focuses on graded versions of our categories C, and explore when
these categories inherit monoidal, self-enriched, and right-closed structures of C. In
particular, we prove Proposition 1.3.4 and Theorem 1.3.3

Chapter 5 focuses on extending the results in [Zha96] to the closed monoidal
setting. In particular, we prove Theorem 1.3.8 and Theorem 1.3.9.

Finally, we provide an index of notation and references.



Chapter 2

Background

In this chapter, we recall background material on monoidal and enriched categories.
In Section 2.1, we review categorical notions that will be used throughout. Next,
in Section 2.2 we discuss monoidal categories and algebraic structures within them.

Finally, in Section 2.3, we give a primer on enriched categories.

2.1 Preliminaries

We assume the reader is familiar with standard terminology from category theory
(categories, functors, natural transformations, equivalences, etc.) and algebra (rings,
modules, algebras, graded algebras, additive and abelian categories, etc.). We present
most of the relevant definitions here, but refer the reader to [ML13, Riel7, Wal24] for
further details.

We begin by establishing categorical notation we will use throughout.

Notation 2.1.1. Categories will be denoted using calligraphic script (C,D,...).
Objects X,Y in a category C will be denoted by X,Y € C. The identity morphism
of X € C will be denoted 1x : X — X. Finally, the hom-set between two objects
X,Y € C will be denoted by Home(X,Y).

Next, we establish definitions and notation regarding certain (co)limits in categories.

Notation 2.1.2. Let {X;};c; be objects in a category C.



10

Z X —5 11 X
EN I E Nk}kel {gk}kez\OJ EIN N2
Hiin — X Z

Tk

Figure 1 : Universal property of products and coproducts.

(a) We will denote the product of {X;}icr by [1; Xi. It comes with projection maps
{me : II; Xi = Xk}rer- The universal property of []; X; states that objects
Z € C equipped with morphisms {fy : Z — Xy }res are in 1-1 correspondence
with morphisms []; f; : Z — [I[; X; satisfying fi, = (mp o [1, fi) for all k € I, as
shown in the left diagram of Figure 1.

(b) We will denote the coproduct of {X;}ier by [1; X;. It comes with inclusion maps
{1k : X — 11; Xi}rer- The universal property of [; X; states that objects Z € C
equipped with morphisms {gx : X; — Z}rer are in 1-1 correspondence with
morphisms [[; g; : [1; X; — Z satisfying gx = (I1; gi o tx) for all k € I, as shown

in the right diagram of Figure 1.

(c) If C has a zero object 0, there is a canonical map w : [[; X; — []; X; arising from
combined universal properties of the product and coproduct. If this map is an
isomorphism, we identify []; X; and []; X;, denote them as @, X;, and call the

result the biproduct of {X;}ies.
Finally, we introduce the notion of equalizers for pairs of morphisms.

Definition 2.1.3. Given morphisms f,g:Y — Z in a category C, we say h: X — Y
equalizes f and g if fh = gh. An equalizer for f and g consists of an object £ € C
and a (mono)morphism eq : F — Y, such that every morphism equalizing f and g

factors uniquely through eq. In other words, for any morphism h : X — Y satisfying
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fh = gh, there exists a unique morphism h : X — E such that h = eqo h.
X}:
f

g

>

<

Most of the categories we will be focusing on fall under the following type.

Definition 2.1.4. A category C is pre-additive if:

(a) each hom-set has the structure of an abelian group (Hom¢(X,Y), +,0),

(b) such that composition of morphisms distributes over addition, i.e.

go(f+f)=(gof)+(gof) and (¢ +g)of=1(g0cf)+(gof),

forall XY, Z €C, f, f' € Hom¢(X,Y), and g,¢ € Home(Y, Z).
We call C additive if it is pre-additive and admits finite products and a zero object.
Remark 2.1.5. The following are standard results for which we omit proofs.

o In pre-additive categories, finite products and coproducts are biproducts. In
these cases, the map w from Notation 2.1.2(c) is an isomorphism.
 If a category has equalizers and arbitrary (resp. finite) products, then it has

arbitrary (resp. finite) limits.

Example 2.1.6. The categories Ab and R-Mod of abelian groups and R-modules over
a ring R are additive. In particular, so is the category Vecy of vector spaces over a

field k. In all these cases, the hom-sets form abelian groups under function addition.

Finally, we recall and establish notation for the notion of adjoint functors.
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Definition 2.1.7. Two functors F : C — D and GG : D — C are adjoint if there exist

natural isomorphisms 7 : 1 = GF and € : FG = 1p satisfying the triangle identities:

Triangle Identity 1: lp =€F o Fn, (2.1.1)

Triangle identity 2: lg = GeonG. (2.1.2)

We call n the unit of the adjunction and € the counit of the adjunction. We say F' is

left adjoint to G and that G is right adjoint to F', and write F' 4 G.
The next proposition gives an alternative characterization of adjoint functors.

Proposition 2.1.8. Functors F': C — D and G : D — C are adjoint if and only if

for all X € C and Y € D, we have natural bijections between hom-sets:

Homp(FX,Y) = Home(X, GY).

In terms of the unit and counit, the bijections above are given by the formulas:

W:FX =Y) » (@ : X2 GFX 2% GY) (2.1.3)
(o*  FX L5 FGY 25 Y) « (p: X = GY). (2.1.4)

We call ©* the right transpose of p and call Y the left transpose of 1.

Finally, the following minor result connects the notion of equalizers and adjoint

functors. It will be used in Section 3.2.
Lemma 2.1.9. If F 4 G are adjoint, then h: X —'Y equalizes f,g:Y — GZ if and
only if F(h) : FX — FY equalizes f* ¢* : FY — Z.

Proof. Notice fh = gh if and only if (fh)* = (gh)*. Using formula (2.1.4), the latter can
be expressed as €z F f Fh = ¢; Fg Fh. Using (2.1.4) again gives f* Fh = g¢* Fh. O
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2.2 Monoidal categories

In this section, we review monoidal categories, along with algebras and modules in
them. We refer the reader to [EGNO15, Chapter 2,7][Wal24, Chapter 3,4] for more

details.

Definition 2.2.1. A monoidal category consists of a category C, a choice of object
1 € C called the unit object, and a bifunctor ® : C x C — C called the tensor product,

equipped with the following structure morphisms for all X,Y, Z € C:

o anatural isomorphism axyz : (X®Y)®Z = X ® (Y ® Z) called the associator,
e a natural isomorphism £y : 1 ® X = X called the left unitor, and

e a natural isomorphism ry : X ® 1 = X called the right unitor,

satisfying coherence conditions called the pentagon and triangle axioms. We call C

strict if the components of its associator and unitors are identity maps.
Notation 2.2.2. For the remainder of this section, C, D denote monoidal categories

Definition 2.2.3. The bifunctoriality of the tensor product ® : C x C — C implies

that for morphisms f: X — X’ and g : Y — Y’ in C, we have the following equality:

(fe@g)=({foly)(x®g)=(1x@g)(f®ly). (2.2.1)

We call this property level exchange.

Definition 2.2.4. A monoidal functor from C to D consists of a functor F' : C — D,
a natural transformation F%y : F(X) ®p F(Y) — F(X ®¢Y), and a morphism
FY:1p — F(1¢) in D, that satisfy associativity and unitality constraints. If C and D

are strict, these amount to:

Associativity:  Fxyez(lrx ® FY 5) = Figy ,(Fry ® 1rz), (2.2.2)
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Unitality: — F} x(F® 1px) = lpx = Fx;(1px ® F), (2.2.3)

for all X,Y,Z € C. We refer to F'? and F°, respectively, as the binary and nullary
components of F. We call F' strict if F’ )%’Y and I are identity maps for all X, Y € C.
Two monoidal categories are monoidally equivalent if there exists a monoidal

functor between them, whose underlying functor is an equivalence of categories.

Remark 2.2.5. MacLane’s strictness theorem states that every monoidal category
is monoidally equivalent to a strict monoidal category. Therefore, we may assume

without loss of generality that all our monoidal categories are strict.
Next we define algebras and modules in monoidal categories.

Definition 2.2.6. An algebra (A, m,u) in C consists of an object A in C, a morphism
m:A®A— Ain C called the multiplication of A, and a morphism « : 1 — A in C

called the unit of A. The structure morphisms of A are required to satisfy:

Associativity: m(m® 1) =m(ly @m), (2.2.4)

Unitality: mu®1s) =14=m(la®u). (2.2.5)

Given algebras (A, ma,us) and (B, mp,up) in C, an algebra (iso)morphism from
A to B consists of an (iso)morphism ¢ : A — B in C that is multiplicative and unital,
that is, oma = mp(p ® ¢) and pus = up. The algebras in C and their morphisms

form a category Alg(C).

Definition 2.2.7. Given an algebra (A, m,u) € Alg(C), a right A-module (M, p) in

C consists of an object M in C, along with a morphism p: M ® A — M in C called
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the action of A on M. The action is required to satisfy:

Associativity: plp®@14) = p(lyr @ m), (2.2.6)

Unitality: p(la®@u) =1p. (2.2.7)

Given right A-modules (M, pys) and (N, py) in C, an A-module (iso)morphism from
M to N consists of an (iso)morphism ¢ : M — N in C such that py (¢ ® 14) = @pu.

The right A-modules in C and their morphisms form a category Mod(C) 4.

Example 2.2.8 (Regular right A-module). For every algebra (A, m,u) € Alg(C), the
multiplication map defines an action of A on itself. We call (A, m) € Mod(C)4 the

regular right A-module.

Monoidal functors transport algebras and modules, and induce functors between

corresponding categories of algebras or modules.
Proposition 2.2.9. Let F': C — D be a monoidal functor and (A, m,u) € Alg(C).

(a) Then F(A) € Alg(D) when equipped with the structure morphisms:

2

F m
Multiplication:  F(A) ® F(A) =% F(A® A) 2™ p(4),  (2.2.8)

. FO F(u)
Unit: 1p — F(1¢) — F(A). (2.2.9)

The assignment A — F(A) defines a functor F' : Alg(C) — Alg(D).
(b) If (M, p) € Mod(C) 4 then F(M) € Mod(D)p(a) via the action:

2

F(M) ® F(A) 222 (M @ A) 22 pa). (2.2.10)

The assignment M — F(M) defines a functor F': Mod(C)4 — Mod(D)peay. O
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Proof. (a) Since the assignment F': C — D is a functorial, so is F' : Alg(C) — Alg(D).

We verify associativity of F'(A) below:

m D (m" W @ 1p)) = Fmo F 4o (Fm Fj 4 © Lpa)
=F(m(m®1y))o fo,A ° (le,A ® 1pw)
= F(m(la@m)) o F3 4o (lpw @ F3 4)
=FmoFj 4o (lpay® FmF} ,)

= D (L) @ mF ),

Here the first and last equalities follow from definitions; the second and fourth from
naturality of F?; and the third from associativity (2.2.2) and (2.2.4) of F? and m.

Next, we verify left unitality of F(A):

mE@ (UF(A) ® 1pay) = Fmo FE&,A<FU F'® Lr(a))
=F(m(u® 1A))F31,A(FO ® 1r(a))

Here the first equality follows from definitions; the second from naturality of F'%; and
the third from unitality (2.2.3) and (2.2.5) of F? and m. The proof of right unitality

is analogous, and the proof of (b) is also analogous to the proof of (a). O

2.3 Enriched categories

In this section, we review the basic definitions and results involving enriched categories.

We refer the reader to [Kel82][Wal24, Section 3.11] for further reading,.

Definition 2.3.1. Fix a monoidal category C. A C-category consists of a class of
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objects € equipped with the following structure:

o for pairs X,Y € £, a Hom-object C(X,Y) in C,
o for each X € &, an identity morphism idx : 1 — C(X, X) in C, and

o for all triples X,Y, Z € £, a composition morphism in C:

CXY,Z : C(Y, Z) ®C(X, Y) — C(X, Z)

The structure morphisms are subject to the following constraints for all W, XY, Z € &:

ASSOCi&tiVity: CW,X,Z(CX,Y,Z (029 1C(W,X)) = CW,Y,Z(l(Z(Y,Z) X CVV,X,Y); (231)
Left Identity: CX’y’y(idy X 1(;(X7y)) = 1C(X,Y)7 (232)
Right Identity: CX,X,Y(lc(X,Y) X idx) = 1C(X,Y)' (233)

We also refer to C-categories as C-enriched categories or categories enriched

over C.

Notation 2.3.2. Since we will deal with multiple categories and enriched categories,

we establish the following pieces of clarifying notation:

(a) When emphasizing the C-enriched structure on &, we write £/ instead of &.
(b) Identity morphisms in ordinary categories will be denoted by 1x : X — X, while

identity morphisms in the enriched setting will be denoted by idx : 1 — C(X, X).

Example 2.3.3. Recalling Definition 2.1.4, notice that every pre-additive category
£ has the structure of a category enriched over Ab, the category of abelian groups.
Indeed, the hom-object between X, Y € & can be chosen to be the hom-set Homg (X, Y)
equipped with its pre-additive abelian group structure. Continuing on Example 2.1.6,

this means Ab and R-Mod are both enriched over Ab.
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Next, we show how enriched categories give rise to ordinary categories.

Proposition 2.3.4. Let £ be a C-category. There is a category & with:

objects being the objects of &,

o one morphism f: X —Y in & for each morphism f:1c — C(X,Y) inC,

e the composition of X LY andY % Z in &y being defined as the morphism
corresponding to 1¢ = 1o ® ¢ 994, C(Y,Z)®C(X,Y) S C(X,Z) in &, and

o the identity morphism 1x : X — X of X in & being defined as the morphism

corresponding to idy : 1¢ — C(X, X) in E.
We call & the underlying category of £.

Proof. Composition of morphisms in Cy is associative by (2.3.1). The fact that idy is

the identity morphism of X in Cp follows from (2.3.2) and (2.3.3). O
Monoidal functors transport enrichments, as shown in the following lemma.

Lemma 2.3.5. Let £ be a C-category and let F': C — D be a monoidal functor. Then,

F induces on £ the structure of a D-category as follows:

o the Hom-object from X toY is D(FX,FY):= F(C(X,Y)),

F(id$,)
Bl S

o the identity morphism of X € & isid% : 1p N F(1c) F(C(X, X)),

o the composition morphism C;%YZ of X,Y,Z € & is:

F(Cg(,y,z)

F(C(Y,Z)) @ FC(X,Y)) 225 F(C(Y, Z) ® C(X,Y)) F(C(X, 2)).

We call the D-category structure on £ the change of base of £ along F, and denote

it by g[FC—)D}
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Proof. We verify associativity of the composition morphisms below:

C%/)V,X,Z(CQ,Y,Z ® 1D(W7X)) = FCCI/’V,X,Z o F?o (ch(,Y,Z F*® 1F(C(W,X))
= F<CCI/’V,X,Z(C§(,Y,Z ® 1C(W,X)>) o F?o (F2 ® 1F(C(VVJ())>
= F(dyyz(le.z) ® dxy)) © F2 o (Lperrzy ® F?)

= chv’y,z oF%o (Ipwy,z) ® FC%V,X,YFz)

= Cev,y,z(lD(YvZ) ® ch,X,Y)-

Here the first and last equations follow from definitions; the second and fourth by
naturality of F'?; and the third by associativity (2.2.2) and (2.3.1) of F? and of £ as
an enriched C-category.

Similarly, we verify the left identity axiom:

C)?Y,Y@de ® 11?(X7Y)) = ch(,Y,Y F? (F(ldg() F'® 1F(C(X7Y)))
=F (Cg(,xy(idX & 1C(X,Y))) F2 (FO ® 1F(C(X,Y)))

= lrex,y) = loxy)-

Here, the first and last equations follow from definitions; the second from naturality
of F?; and the third from the identity laws (2.2.3) and (2.3.2) of F? and of £ as an

enriched C-category. The right identity axiom is proven similarly. ]
Finally, we introduce the notion of functors between enriched categories.

Definition 2.3.6. Given C-categories £ and &£, a C-functor (or C-enriched functor)

from &£ to £ consists of the following data:

 a choice of object FX € & for each X € &,
« a choice of morphism Fyy : C(X,Y) = C(FX, FY) for each pair X,Y € £.
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The morphisms Fx y are subject to the following constraints for all X,Y, 7 € &:

Respect composition: Fxzocxyz = crxrpyrz(Fyz @ Fxy) (2.34)

Respect identities: idpx = Fx x oidy. (2.3.5)

We denote C-functors by F' : &£ Ny , and call F' fully faithful if the structure

morphisms Fxy are isomorphisms for all X, Y € £.
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Chapter 3

Results on Closed Categories

In this chapter, we discuss right-closed monoidal categories and prove some new results
about modules over algebras coming from these categories. In Section 3.1, we go over
basic definitions and results about right-closed monoidal categories. In Section 3.2, we
show that the categories of modules over algebras coming from right-closed monoidal
categories admit canonical enrichments. In Section 3.3, we show that algebras in
right-closed monoidal categories can be reconstructed within the enriched setting of

Section 3.2 by studying endomorphisms.

3.1 Closed categories

Given a monoidal category C, every object Y € C gives rise to an endofunctor
(—®Y) : C — C mapping objects X — X ® Y and morphisms 1) — ¢ ® 1y. Recalling
the definition of adjoint functors introduced in Definition 2.1.7 and Proposition 2.1.8,
we may naturally ask when (— ® Y) admit adjoint functors. This motivates our first

definition.

Definition 3.1.1. A right-closed monoidal category is a monoidal category C,

for which each of the functors (— ® Y') admits a right adjoint [Y,—]: C — C .

Notation 3.1.2. Let C be right-closed monoidal. The unit and counit of the adjunction
(—®Y) - [Y,—] will be denoted by n¥ : lc = [V,—®@Y] and €' : [V, -] Q@Y = 1¢

respectively. The natural bijections Home(X ® Y, Z) = Home (X, [Y, Z]) give rise to
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left and right transpose maps which can be expressed by the following formulas:

Home¢(X ® Y, Z) = Home (X, [Y, Z])
VXY >Z — =Y, Ynk, (3.1.1)

o = e§(¢ R1ly) <~ ¢: XY, 7], (3.1.2)

forall X,Y, Z € C. Ity : Z — Z and ¢’ : X’ — X, the naturality of these adjunctions

can be expressed in the following equations:

(W) = [Y, ¥ ¢k = [Y, ']y, (3.1.3)

(pe) = ex (09 @ 1y) = P (¢’ ® 1y). (3.1.4)

Example 3.1.3. Cartesian closed categories are, by definition, right-closed
monoidal categories whose tensor product is given by the categorical product and

whose unit object is a terminal object. Examples of these include:

o Cat: the category of small categories;

o Set: the category of sets and functions between them:;

o (G-Set: the category of sets equipped with a group action;

« Set®: the categories of functors C — Set, for C a small category;
o DirGraph: the category of directed graphs;

o SimplicialSet: the category of simplicial sets;

o CG-Haus: the category of compactly generated Hausdorff topological spaces.

Example 3.1.4. For R a commutative ring, the category R-Mod of modules over R
is both additive and right-closed monoidal. Here, the tensor product is the standard
tensor product of modules, and right-closure expresses the standard “tensor-hom

adjunction”. In particular, Ab = Z-Mod is additive and right-closed monoidal.
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The next proposition shows that right-closed monoidal categories admit canonical
enrichments over themselves. To this end, recall the notions of left transposes (—)”

and right transposes (—)* introduced in Proposition 2.1.8.

Proposition 3.1.5. If C is right-closed monoidal, then C admits the structure of a

C-category. The data of the enrichment is given as follows:

o The Hom-object from X toY is [X,Y].
o The identity morphism idx for an object X € C is the right transpose ({x)" of
the left unitor {x : 1 ® X — X under the adjunction (— ® X) - [X, —].

o The composition morphism cxy.z of X,Y,Z € C is the right transpose of:
Ly, 71 @65 4
Y. Zl@ [X,)Y]|e X —= [V, Z]®Y = Z,

under the adjunction (—® X) - [X, —].
We call the resulting C-category the self-enriched structure on C.

Proof. Using formula (3.1.1), the identity and composition morphisms are defined by:

idy = (£x)" = [X, tx]nf (3.1.5)

CX,Y,Z = [X7 6;] [X, ]_[Y7Z] ® 6})5] n[)f/,Z}@[X,Y} (316)

Using equation (3.1.2), we can express the left transposes idf‘x and cg(’y, 4, respectively,

as either of the composites in the following commutative diagrams:

cx,y,z®ly

]1®Xi%[X,X]®X Y, Z] @ [X,)Y]® X (X, Z]® X

x J{e§ 1[Y,Z]®€))§l JEA;( (3.1.7)
X

X Y, Z] @Y Z
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Instead of proving the associativity constraint (2.3.1) and identity constraints
(2.3.2) and (2.3.3) of the enrichment directly, we take the left transpose of all the

equations. After unpacking definitions, these constraints amount to:

Associativity: ex(exyvz®ed) =1y @€y )1y @ ewxy ® lw),
Left Identity: e (idy ® ) = ey,
Right Identity: & (Lxy) ® ex)(lxy ®idx ® 1x) = €.
Associativity is shown in the diagram below, where the top-right square commutes by

level exchange (2.2.1) and the other two commute by the right diagram of (3.1.7).

c®1

Y. Z@ X, Y]o W, X]o W (X, Z]@ W, X]e W

\ l:l@ew
1®1Re

1@cal Y, Z]® [X,Y]® X —2 (X, Z]@ X
1®€XJ/ JEX
Y.zleW.Y|eoW —F—— (V. ZleY - Z

The left and right identity constraints are proven below. Here, both bottom right
triangles commute by the left diagram of (3.1.7).

X ot 105"
X, Y] X —Y ——1RY (X,)Y]® X X, Yol X
Exl Jidy@)l EXJ V Jm@idx@l
Ly
Yéﬁy Y, Y]oY Ye—— [XY]o X [X,V]® X, X]© X

]

At this point, notice that C is both an ordinary category and a C-category. Following
Notation 2.3.2, we use C°! when referring to the self-enriched structure on C.
The data of CI! retains information on the objects of C, but not its morphisms.

However, one may reconstruct C from the self-enriched structure by passing to its
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underlying category (defined in Proposition 2.3.4).

Proposition 3.1.6. Let CI! be the self-enriched structure of a right-closed monoidal

category C. There is an isomorphism of categories (CI€1)y = C.

Proof. As categories, C and (C)y have the same class of objects, so it suffices to
define bijective correspondences between hom-sets Home(X,Y) = Homcey, (X, Y)
for all X,V € C. But by definition, morphisms in Hom gy, (X,Y) correspond to

morphisms in Home (1, [X, Y]). Notice we have bijections:
Home(X,Y) = Home(1 ® X, Y) = Home(1, [X, Y]),

induced by the left unitors £x : 1 ® X = X and the adjunctions (— ® X) - [X, -],
respectively. A quick check shows this assignment is also functorial, which concludes

the proof. O

Next, we show that in the right-closed self-enriched setting, the Hom-objects
behave analogous to Hom-sets in ordinary categories. In particular, we are allowed to

move between Hom-objects by (pre/post)-composing with specific morphisms.

Definition 3.1.7. Let C be a right-closed monoidal category equipped with its self-
enriched structure. For every X € C and Y % Z in C, we define post-composition

by ¢ as the following morphism in C:
g.: [X,Y] 2% X, 7],

Equivalently, we may express g, = (g o e )’. For every Y € C and W S XincC , We

define pre-composition by f as the following morphism in C:

w

[X,Y] Wlix,y)®f]
— =0

i X)Y] Jeen, (W, [X,Y]® W] ! W]

WX, Y] @ X] —— [W,Y].
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b
Equivalently, we may express f* = (e{f(l[xy] ® f)) .

The following proposition shows that the (pre/post)-composition morphisms satisfy

several properties one might expect.

Proposition 3.1.8. Let C be a right-closed monoidal category equipped with its

self-enriched structure.

(a) Post-composition and pre-composition commute. That is, given morphisms

fW—=Xandg:Y — Z inC, the following diagram commutes:

X,Y] L WY

g{ F

X. 2] — [W.2)

(b) If h: X =Y is an isomorphism, then idx = (h™Y),oh*oidy = h*o (h™1), 0idy.

(c) If f: X' = X and g: Z — Z' are morphisms in C then:

exyz(g: @ fF)=(f"og)ocexyz = (g0 f")ocxyyz.

o

(d) If h : W =Y s an isomorphism, then for all X, Z € C:
CX,I/V,Z(h* & h;l) =CX\Y,Z-

Proof. (a) We use definitions to expand the diagram to the one shown below.

w
Mx,v] Wer]

X, Y] 5w X, Y] @ W — e

(W, [X, Y] ® X]

[th] [Wv[ng](g)lW] [Wv[ng}@)lX} [Wvg}

l l

X, 2] —— W, (X, Z]|@ W] ————— [W,[X, 2] © X] ———— [W, Z]

n[X,Z] [‘/Vv1®ﬁ [W76§}

(W, Y]
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Notice that the left square commutes by naturality of ", the right square commutes
by naturality of X, and the center square commutes by level exchange (2.2.1).
(b) By part (a) of this proposition, it suffices to show the first equality. Using

Definition 3.1.7 and (3.1.5), we rewrite the equation as:

(x) = (B o) (6 (Lyyy] @ b))’ idy.

Taking left transposes and using naturality (3.1.4) of left transposes results in an

equivalent equation which we place as the outer paths of the diagram below.

Lx

1®X X
ligx
£x
1, oR I1®X
idy ®1x 1,k 1 ht
1Y
idy @1y &
Ly, ®h ~
Y,Y]@ X — [V, Y] X ——— 5 [V,Y]®V _ Y
€y
X, Y)Y X X X, Y)Y Y X—— XY X
[ 7[ ’ ]® }® [X,1[y,y1®h]®@1x [ 7[ ’ ]® ]® [ ,e;‘;]@x[ ’ }®

Here, the bottom two quadrangles commute by naturality of ¢X; the bottom left
triangle commutes by a triangle identity (2.1.1); the upper left quadrangle commutes
by level exchange (2.2.1); the center-right triangle commutes by (3.1.7); the top right
quadrangle commutes by naturality of the left unitor ¢; and the remaining top triangles
commute trivially.

(c) By part (a), it suffices to show the first equality. Left transposing the equation



28
and making use of naturality (3.1.4), we obtain the equivalent equation:
CﬁX',Y,Z/ (0: @ fF®1x) = (f*)jj (9 @ 1x/) (ex vz ® 1x1).

Expanding this equation using Definition 3.1.7 and (3.1.7), we obtain the outer paths

of the following diagram:

Y, Z] @ [X,Y] ® X' ex .28l X, Z] ® X’
[Y,g]®1®1J(
Y, Ze[X,Y]® X’ [X,g9]®1
1®nf§{7y]®1l T —
c ’ 1
Y. Zle X [XY]eo X]o X —— [\, Z]|®[X,Y]® X' e (X, 2" e X'
1®e ’
1®[X’,1®f]®1l e 1®(1®f)l l1®f
c r®1
Y, 2@ X, [X,Y]eX]®e X' ——— [V, Z|@[X,Y]o X Xz @ (X, 2] ® X
1®e
1®[X/’€)Y(]®1J, iex 1®5’Y(J( J{JZ(,
Y, 2o [X"Y]®X' Y.zZ1eY z'
18y’ €z

Notice that the bottom left square and the square above it commute by naturality of
X' the bottom right square commutes by (3.1.7); the square above it commutes by
level exchange (2.2.1); and the triangle commutes by the first triangle identity (2.1.1).

To show that the top region commutes, it suffices to prove equation () below:

(X, glexy,z = g Cxyz o cxy,z (9« ® lixy)) = exyz (Yo 9] @ 1ixyy)-

Left transposing and using (3.1.4) and (3.1.7) gives an equivalent equation which we

place as the outer paths of the diagram below:

cx,y,z®1

Y. Zlo[X,Y]oX [X,

Zl®e X

[v,9]®101 Y, 2| @Y ———— Z (4.}

ol T L)

Y.Z10[X.Y]0X —2 [V, Z]0Y ——— 2’
1®6§5 eY
Z/
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Here the outer curved regions commute by definition; the left quadrangle commutes
by level exchange (2.2.1); the top right quadrangle commutes by (3.1.7); and the
bottom right square commutes by naturality of €.

(d) By left transposing the equation and using naturality (3.1.4), we obtain:
C&,W,Z(h* ® h;1 ®1x) = CﬁX,Y,Z'
Using Definition 3.1.7 and (3.1.7), we expand the left-hand side to:

& (Iwz @ &) (W, e (Lyz @ Wl 4 ® Lxwgex ) Lz ® [X, b7 @ 1y)

= ey (W, 2] © 1w) (L. z1ev) @ €) ([W7 ly,z1 @by 7 © [X, h 1] ® 1x)
= exeymey Lwy.ziey]) @ €y) ([W7 ly,z1 @by 2 @ [X, 7' ® 1X)
Ll ey (W 1z ® B @ 1w) (wvziew) @ €y) (nfYz ® [X, 7] ® 1x)
= (1,2 ® B)ely gow (Lw v, ziew] © €y) (77[@/,2] ® X, h 1 ® 1X)

= 6?(1[Y,Z} @ h)(lyy,z1 ® E)Vf/)(l[y,z} ®[X,h ' ®1x)

Z e (lyz@h)(Lyn@0h ) (lys @ 6)

= ey(lyz ® &)

)
= CXxyz

Here, the first and third equalities follows by level exchange (2.2.1); the second, fourth,
and sixth equalities follows by naturality of various counits €; the fifth equality follows
from a combination of level exchange and the first triangle identity (2.1.1); the seventh
equality follows by composing h and h~!; and the eighth equality follows by definition,

as shown in the right diagram of (3.1.7). O
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3.2 Enrichment of the category of modules

In this section, we prove a canonical enrichment for the categories of modules over a

right-closed monoidal category. We begin with a motivating example.

Example 3.2.1. Fix a ring R and right R-modules M and N. Recall that R-module

homomorphisms ¢ : M — N are group homomorphisms satisfying:

o(m-r)=p(m)-r Vr € R, Vm € M.
In particular, Hompg moq (M, N) is the subgroup of Homa, (M, N) consisting of mor-
phisms for which the following square commutes.

1xact

HOHlAb(M,N) X M X R%HomAb(M,N) x M

evX IJ Jev

N xR act N

where “act” and “ev” refer to the respective action and evaluation maps. Put
differently, Hompg mod(M, N) < Homap(M, N) serves as the equalizer of a pair of
maps:

HOIHAb(M, N) = HOHlAb(M X R, N)

mapping ¢ € Homay,(M, N) to (m,r) — @(m - r) and (m,r) — @(m) - r respectively.
Since Ab possesses such equalizers, we may use the self-enriched structure of Ab to

construct the Ab-enriched structure of R-Mod described in Example 2.3.3.
We now generalize the above example to right-closed monoidal categories.

Definition 3.2.2. Let A be an algebra in a right-closed monoidal category C. For

each pair of right A-modules (M, p™), (N, pV) € Mod(C) 4, consider the maps:

EM
pn M N] @ M oA 222 (M N o M 2 N, (3.2.1)
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EM
vun [MN] e MeoA X Ne Ay, (3.2.2)

whose right transposes give maps (i} v, I/]b\/[, N [M,N] = [M® A, N|. When it exists,
the equalizer of #3\4, ~ and V?VL y will be denoted [M, N]4 and be called the hom-object
from M to N.

The next result justifies the naming convention above.

Theorem 3.2.3. Let A be an algebra in a right-closed monoidal category C. Assume
that for each pair of right A-modules, the equalizers of Definition 3.2.2 exist in C.

Then, the self-enriched structure of C induces a C-enrichment on Mod(C) 4.

Proof. To define the C-enrichment, we need to specify hom-objects, composition
morphisms, and identity morphisms, subject to associativity and unitality axioms.

For each pair of A-modules (M, p*M), (N, p%) € Mod(C) 4, we set the hom-object
in C from M to N to be:

Mod(C)a(M, N) := [M, N]a. (3.2.3)
As an equalizer, [M, N]4 comes equipped with a monomorphism:
CAdp N ¢ [Ma N]A — [M7 N]7

satisfying M?w, NOedy N = I/wa’ ~ ©edy n- Using Lemma 2.1.9 on this equality, we get

the auxiliary equation:

parn (edyn @ Iuga) = varn(edy v @ luga). (3.2.4)

It remains to define the composition and identity morphisms for the enrichment, and
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verify the associativity and unitality axioms. The proofs of these are relegated to the
next two claims. O
Claim 3.2.4. Let M, N, P, € Mod(C) 4 be right A-modules in C.

(a) There is a composition morphism cjly  p : [N, Pla ® [M,N]a — [M, P]4 render-

ing the following diagram commutative.

A - - leQN,P ® edns, N
M,N,P_ -~
"N 7N, Pl @ [M, N]
g \LCM,N,P #5»“:
K ednm,p '/—’\§
(M, P]a M, Pl— TIM®A,P)
V?M,P

(b) The composition morphisms are associative, i.e. they satisfy:

C§\447N,Q © (C]éf,P,Q ® 1[M7N}A) = Ciz?zaP,Q © (1[P,Q]A ® Cﬁ,N,P)' (3.2.6)

Proof of Claim 3.2.4. (a) Looking at diagram (3.2.5), if we prove that the composition
of the vertical morphisms ¢y v,p(edy p ® eqy, y) equalizes ,u?m p and V]bm p, then the
universal property of eq,, p guarantees the existence of the desired map cﬁ ~.p- By
Lemma 2.1.9, it suffices to prove that (car,np®lyea)(edy p@edy v @ 1yga) equalizes

par,p and vy p. This is shown below:

parp(cmnpe @ Iyga)(edy p @ edpy v @ 1aga)

—~
—
~—

ep (1prpy @ p™)(earn,p @ Luga)(edy,p @ edpyy © Iiga)

2
2 eX(evunp ® Ia)(edn p @ ey y @ p™)

= (CM,N,P>ﬁ(GQN,P K eqyny @ p™)

I

)
Eg(l[N,P] ® EJAVJ)(QQN,P ®edy N ® p")
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= ep(edyp ® In)(Liw,pis @ ex) (U, placpan) @ M) (Liv,ply @ edayy @ Larsa)
= ep(edyp @ 1n)(Awpiy @ parn) (Ui pis @ €dary © Lysa)

= €g(GQN,P ® 1N)<1[N7P]A ® VM7N>(1[N:P]A ®edy N @ Lyga)

= epleanp @ In)(In,pp, © P ) (A, @ ey @ 1a)(Inp), ® edarn @ Luea)
6gu[N,P] ® PN>(GQN,P ® 1N®A)(1[N7P]A ® EAN4 ® 1A)<1[N,P]A ® eqp,n @ Lyea)
= unp(edyp @ Ivea) (e, @ v @ 14) (1P, @ edpry @ Lirga)

= vnrledyp @ Inea) (I p, @ ey ©14) Ly, © edan © Lauea)

= pV(ep @ 1a)(edy p @ Inea)(Aypi, @ en @ 1a)(Liy,plu @ €dpy v @ Larga)
= pN(ep ® La)(1v,p @ en ® La)(eqyp ® edyrn ® lyga)

= p"((cmn.p) @ La)(edn p @ edy y @ 1yga)

= p’(ep @ 1a)(cunp ® Iuea)(edy p @ edy y @ 1yga)

= vpp(cunp @ Lyga)(edy p ® edy v @ Luga).

Here equations 1, 6, 8, 10, 12, and 16 follow from the definitions (3.2.1, 3.2.2) of u
and v; equations 2,5,9;, and 13 follow from level exchange (2.2.1); equations 3 and 15
follow from the definition (3.1.2) of left transposes; equations 4 and 14 follow from
the definition of composition in the self-enriched setting (3.1.6); and equations 7 and
11 follow from the auxiliary equation (3.2.4).

(b) Associativity of the composition morphisms is proven below, keeping in mind

that eq o is a monomorphism, hence left-cancellable.

A A
Cdp,Q CCuN,Q © (CN,P,Q ® 1[M7N]A)

—~
~

= CMNQ© (eQIN,Q ® eqM,N)(Cﬁ,P,Q ® 1[M,N]A)

—
~

= cung © (v @ edpy vy (enpe @ 1y, ) (edpg @ edy p @ 1arny,)
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= cunelen,po @ 1) (LpQen,p ® edyy)(edpg @ edy p @ Liarny,)

= cupo(lipqen.r ® cun,p)(Lipqen,r) © edy,n)(edpg @ edy p @ 1iany,)
= cp(lipqev.p ® cunp)(edpg ® edy p ® edy y)

= cenpo(lipg © edyp)(1ipg © i np)(€dpg @ 1y plaeina)

= cuproledpo @ ey p)(ipgia @ iy p)

A A
= edyq © Chrpg © (LpQla @ Chrnp)-

Here, first, second, sixth, and eighth equalities follow from the definition of the enriched
compositions ¢; the third, fifth, and seventh equalities follow from level exchange

(2.2.1); and the fourth equality follows from associativity of composition (2.3.1). [
Next, we define the identity morphisms of the enrichment.
Claim 3.2.5. Let M, N € Mod(C)a be right A-modules in C.

(a) There is an identity morphism id5, : 1 — [M, M]4 rendering the following

diagram commutative.

(3.2.7)

—

1A -

1dM _ - o
_ id},

~

ednr, M

P
(M, M| ————

b
Har v

[M,M] " [M®A M|

b
Yy, m

(b) The identity morphisms satisfy the identity azioms, i.e. they satisfy:

chrvn © (idy @ Tang,) = L (3.2.8)

Proof of Claim 3.2.5. (a) Looking at diagram (3.2.7), if we prove id$, equalizes ,u*}\/[, M
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and u]bm > then the universal property of eq,, p guarantees the existence of the desired
map id‘]@. By Lemma 2.1.9, it suffices to prove that id% ® laga equalizes puar s and

vap,v- This is shown below.

s (idSy © Targa) = €3 (dS, @ p™)
= Uy (1 @ p™)
= p™ o lyrga
= pM (e} @ 14)(idS; @ 1prea)

= VM,M(ldg/[ (29 1M®A)-

Here, the first and last equations follow from the definitions (3.2.1,3.2.2) of ppsn and
varar; the second using the definition of left transposes (3.1.2) and identity morphisms
in the self-enriched setting (3.1.5); the third by the naturality of the left unitor; and the
fourth using the same reasoning as equality two, plus the fact that (o4 = {3y ® 14.

(b) We focus the left identity axiom, since the right identity holds similarly. Using

the fact that eq,, v is a monomorphism (hence left cancellable), we have:

ey v Chrv (N ® Tparng,) = carny (edy v ® edyy ) (Idy ® 1jarng,)
= cuvy (id§ @ ey )
= l,v) (11 ® ey )

— eqM7N K[M’N]

Here the first equality follow from the definition (3.2.5) of ¢f; . y; the second by (3.2.7)
of idﬁ; the third by the left identity axiom in the self-enriched setting; and the fourth

by the naturality of the left unitor. m
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3.3 Endomorphism algebras

For this section, we fix a right-closed monoidal category C, an algebra (A, m,u) in C,
and assume the category of modules Mod(C) 4 comes equipped with the C-enrichment

of Theorem 3.2.3.

Definition-Proposition 3.3.1. The hom-object [A, A]4 € Mod(C)4 of the right
regular A-module to itself admits the structure of an algebra over C, with multiplication
and unit given by composition and identity morphisms in Mod(C)4. We call this the

C-endomorphism algebra of A.

Proof. We need to show that cﬁy a4 and id’} satisfy the associativity and unitality

axioms defined in (2.2.4) and (2.2.5). Explicitly, these are:

Associativity: Cf\,A,A(Cﬁ,A,A ® liaa,) = CQ,A,A(l[l‘LA]A ® Cﬁx‘,A,A)»

Unitality: CjA,A(idﬁ X 1[A,A]A) = 1[A,A}A = Cﬁ,A,A(l[A,A]A X idf‘),

which amount to instances of equations (3.2.6), (3.2.8), and (3.2.9). This was proved
in Claim 3.2.4(b) and Claim 3.2.5(b). O

Example 3.3.2. If C = Vecy, then A € Alg(C) is a k-algebra, and [A, A]4 is the
algebra of all A-linear endomorphisms of A. Notice that [A, A]4 = A as k-algebras,
expressing the fact that the A-linear endomorphisms of A are uniquely determined by

where they send the unit element.

The main result of this section generalizes the example above to right-closed

monoidal categories.

Theorem 3.3.3. For all A € Alg(C), we get that [A, Ala = A in Alg(C).
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Proof. We need to construct an isomorphism of algebras ® : A — [A, A]4. We start

off by defining the inverse map ®~!: [A4, AJ]4 — A as the composite:

€q4,A0u
e

O [A AL =[4A4,01 (A, Al @ A A

To construct ®, we first consider the right transpose m’ : A — [A, A] of the multiplica-
tion map. Using the universal property of eq, 4 : [A, A]a < [A, A], we are guaranteed
amap A — [A, A]4 if we can check that 1 ym’ =% 4m’. This is visualized in the

diagram below.

. A
[A, Al a YWY (A, A — [A® A, A]
Va,A

b

By Lemma 2.1.9, pi% ym’ = v 4m’ is equivalent t0 1 4(m’®@1aga) = vaa(m’®@1aga).

We verify the latter equality below.

paa(m’ @ Laga) = €4(lpa @ m)(m’ ® Llaga) = e4(m’ @ 14)(1a @ m)
= m(lya®@m) = m(m® 1y)
D ()t @ 1) D (et @ 1a) (" @ 14) @ 14)

= VA,A(mb ® laga)-

The first equality follows from the definition (3.2.1) of pa 4; the second by level
exchange (2.2.1); the third, fifth, and sixth using the definition (3.1.2) of left transposes
or the fact that (m”)* = m; the fourth by associativity (2.2.4) of the multiplication of

A; and the seventh from the definition (3.2.2) of v 4.
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Next, we verify that ®~! is an inverse to ® below. We show ®~'® = 1, below.

A=A®1 2% A A ; o4 Ao A
AN N

. . - A, AR Ao A

\ J[Avm}(@lA )

eda,A 1(a,4)®u

(A, Aly —22 5 [A,A) 20 (A4l A —2 5 A
\Qlj

Here, the leftmost triangle commutes by construction of ®; the left quadrilateral

m

commutes by level exchange (2.2.1); the center triangle commutes by definition of
m’; the top right triangle commutes by a triangle identity (2.1.1); and the rightmost
quadrilateral commutes by naturality of e*. By unitality (2.2.5) of A, the upper path
of the diagram is m(14 ® u) = 14, thus showing that ®~'® = 14.

Next, we need show ®®~! = 114 47,. Applying eqy 4 to both sides and taking left

transposes (—)¥ gives an equivalent equation, which we verify below:

(e a® 0@ ) & (o a7y

= mo (P ®1,)

= mef ® La)(equr ®u®14)

= vaaledq 4 ® laga)(laa, @ u® 1y)
= paa(edsa ® laga)(liaa, ® u® 1y)
= h(lag @m)eqy s ®u®ly)

= €iledq s ©14)

= (e(lA,A)ﬁ'

Here, the first equality follows from the construction of ®; the second by naturality
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(3.1.4) of left transposes; the third by definition of ®~1; the fourth by level exchange
(2.2.1) and the definition (3.2.2) of v4 4; the fifth by the auxiliary equation (3.2.4)
characterizing eq, 4; the sixth by level exchange (2.2.1) and the definition (3.2.1) of
fa,A; the seventh by a unitality axiom (2.2.5) of A; and the eighth by definition (3.1.2)
of left transposes.

Next, we need to show the map & is unital, i.e. that ® ou = idﬁ. Instead of
proving this directly, we again apply the monomorphism eq, 4, and take left transposes

(—)* of both sides of the equation. The resulting equality is verified below:
(eqqao0®o u) = (m" ou)f=mu®ly)=14= (idA)ﬁ = (equ4© idﬁ)ﬁ.

The first equality follows from the construction of ®; the second using naturality of
left transposes (3.1.4) and the fact that (m”)* = m; the third by unitality (2.2.5) of A;
and the last two by the definitions of identity morphisms in the C-enrichments of C
and Mod(C) 4 respectively (see equation (3.1.5) and diagram (3.2.7).

Next, we check that @ is multiplicative, i.e. ® om = ¢4 4 4(® ® ®). We deal with
each side of the equation separately, but again proceed by first applying eq4 4 and

take left transposes. The left-hand side of the equation becomes:
(equa0 ®om)t = (m om)  =m(m® 14) =m(la @ m),

where the first equality follows by construction of ®, the second using naturality (3.1.4)
of left transposes, and the third by associativity (2.2.4) of the multiplication of A.

Meanwhile, the right-hand side becomes:

—~
~

i #
(qu,A ° Cﬁ,A,A(Cb ® (I))) = (CA,A,A(teA,A ®eqy ) (P® Q’))
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#

—
~

= (CA’AA(?”Hb &® mb)>

—
w
=

0?47A7A(mb ® mb ® 1A)

—
N
=

4l @ e)(m @m’ @ 14)

—~
ot
=

e4(m’ ©14)(1a@eh)(1a®@m’ @ 1)

(M) (14 @ (m))

—~
=)
=

—~
-3
—

m(ls ® m),

thus showing ® is multiplicative. Here the first equality follows from the definition
¢hana (see diagram (3.2.5)); the second by our construction of ®; the third by
naturality (3.1.4) of left transposes; the fourth by diagram (3.1.7); the fifth by level
exchange (2.2.1); the sixth by definition (3.1.2) of left transposes; and the seventh

since (m’)* = m.
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Chapter 4

Graded Categories

In this chapter, we focus on generalizing previous results to categories whose objects
and morphisms are graded by some group G. These categories have been studied
extensively in several contexts, including higher category theory [AHLF18], Hopf
monoids [AM13, AM14], knot theory [Str12], Morita theory [Szl104], and perturbative
quantum field theory [Nor20].

For the rest of this chapter, we will focus only on categories satisfying the hypotheses

outlined below.

Hypothesis 4.0.1. Fix a group G with identity element e € G. We will assume that

our categories C satisfy the following three conditions:

(a) C is right-closed monoidal,
(b) for every tuple of objects {X,}4eq, both their product and coproduct exist in C,

(c) for each X € C, the endofunctors (X ® —) : C — C preserve coproducts.

When referring to (b) above, we sometimes say that C has G-indexed (co)products.

If the group G is finite, we may equivalently assume that C has finite (co)products.

The organization of the chapter is as follows: in Section 4.1 we introduce notions
of graded algebraic structures in categories; in Section 4.2, we recast these definitions
using a monoidal structure on a single graded category; in Section 4.3, we give a
sufficient condition for a graded category to inherit a right-closed monoidal structure;
and in Section 4.4, we introduce shift endofunctors that serve to permute degrees of

graded objects.
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4.1 Graded algebraic structures
We begin by introducing a category of objects and morphisms in C graded by G.

Definition 4.1.1. The category Gr(C) = [[,cc C of graded objects in C has:

as objects: tuples X = (X,)4ec of objects in C indexed by G, and
as morphisms: morphisms ¢ : X — Y in Gr(C) consist of tuples of morphisms

(‘P|g t Xy — Yq)geG in C.

We refer to X, and ¢, as degree g of X and ¢, respectively.

In Gr(C), we may now define graded algebras and modules as objects in Gr(C),
equipped with families of multiplication or action maps that satisfy the expected

associativity and unital constraints, but also respect the degrees of the grading.

Definition 4.1.2. A G-graded algebra in C consists of an object A = (Ay)yeq in
Gr(C), a multiplication map mgp : Ay ® A, — Agy, in C for each pair g,h € G, and a

unit map v : 1 — A, in C, satisfying the following constraints for all g, h, k € G-

ASSOCi&tiVity: mghﬁ(mgﬁ &® ldAk) = My nk (idAg &® mhk), (411)

Unitality: Meg(te @ ida,) = ida, = my(ida, ® ue). (4.1.2)

Given two graded algebras (A, m;,, u?) and (B,m},, u”), an (iso)morphism of
G-graded algebras from A to B is a tuple of (iso)morphisms ¢ = (¢|, : Ay = By)gec

in C that respect the multiplication and unit morphisms:

Respect multiplication: m2 (¢lg @ ¢ln) = @lgn m;h,

B

Respect unit: olous = uPb.
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for all g, h € G. Note that G-graded algebras and their morphisms form a category,
which we denote GrAlg(C).

Definition 4.1.3. If A is a G-graded algebra in C, a G-graded right A-module
in C consists of an object M = (My)gec in Gr(C), along with a collection of action

maps pgn : My @ A — My, in C for all g, h € G, satistying:

Associativity: Pah i (Pgn @ ida,) = pgnr(idar, @ mpk), (4.1.3)

Umtahty pg,e(idMg X Ue) = idMg. (414)

Given two graded A-modules (M, p)},) and (N, pY,) in C, an (iso)morphism of G-
graded modules from M to N is a tuple of (iso)morphisms ¢ = (¢|, : My = Ny)zea

in C that respect the action maps:
Respect actions: — p, (¢ly ® ida,) = @lgn o},

for all g, h € G. Graded right A-modules and their morphisms form a category, which
we denote GrMod(C) 4.

4.2 Monoidal structures on graded categories

In this section, we endow Gr(C) with a monoidal structure called the Cauchy monoidal
structure. This can be understood as a generalization of the Cauchy product of power
series. Furthermore, we show that the graded algebras and modules defined in the
previous section admit cleaner representations, as algebras and modules over the
graded category Gr(C).

We begin with an auixiliary lemma for which we omit the proof.

Lemma 4.2.1. The category Gr(C) inherits any limits and colimits that C has. [



44

We now introduce the monoidal structure on Gr(C).
Proposition 4.2.2. The category Gr(C) admits the following monoidal structure:

(a) The tensor product X @Y € Gr(C) of X = (Xy)gee and Y = (Yy)geq is the tuple
whose degree g is:

(X@Y),:= ][] Xp ® Y1, (4.2.1)

peG

(b) The monoidal unit lgycy has l¢ in degree e and the zero object 0 elsewhere:

]lGr(C) = (69,616’)5]6(?'

The monoidal structure on Gr(C) outlined above is commonly refer to as the

Cauchy monoidal structure on graded objects of C.

Proof. For simplicity, we assume C is strict monoidal. We first verify that d,.1¢ serves
as a monoidal unit for Gr(C). Given X € Gr(C), take the tensor product with Lg)

and calculate degree g € G to obtain:

(HGr(C) ® X)g = H (lc)p ® Xp‘lg =1 ® Xg = Xg-

peG

For the isomorphism above, we use the fact that if 0 is an initial object, then there
is a canonical isomorphism 0 UY =Y for any Y € C. A similar calculation shows

X ® lgrey = X in Gr(C). Next, we verify the tensor product is associative:

—~
—
~—
—~
~

((X®Y>®Z>g H(X®Y)p®zp‘1g = H (HXq@Yq‘lp) ® Zp-14

peEG pEG \¢€eC
(:) H H Xq ® Ycrlp ® Zp*lg (é) H H Xq ® Yp ® Zp*lq*lg
peG qeG p€EG q€CG

(:) H H XP ® Yq ® qulpflg @ H Xp & (H YZI ® quplg)

q€G peG peG q€qG
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—~

DX e,, Y (Xers2)

peEG g
Equations 1,2,7 and 8 follow from definition of the Cauchy monoidal structure; equation
three follows because (— ® Z,-1,) are left adjoint functors, which thus preserve coprod-

ucts; equation four follows by re-indexing p € G with ¢gp € G; equation five follows by

swapping the roles of p, ¢ € G; and equation six follows by Hypothesis 4.0.1(c). O

Remark 4.2.3. The Cauchy monoidal structure on Gr(C) may be defined for any

monoid G. In this case, the tensor product of X,Y € Gr(C) is defined by:

(X®Y), = H Xp @Y.

pa=g
Proposition 4.2.4. The functor (—)|. : Gr(C) — C projecting graded objects and
morphisms onto the neutral degree e € G is monoidal. The binary and nullary
components of (—)|. are defined as follows:

Nullary: ()2 1e = 1¢ =: (Lgyc))]e is the identity map,

e

Binary:  (—)?: X, ®Y. 25 [[ X, @ V1 = (X @cre) V)l

e
peG

where the map txy above is the canonical coproduct inclusion. [

Proof. Functoriality, left unitality, and right unitality of (—)|. follow trivially from
definitions. Associativity (2.2.2) boils down to the statement that the two ways of

including into a doubly indexed coproduct are equal:

1®y,z

X QY. ®Z, —> X. @Y ®Z)

LX,Y®1l b
X@Y)®Z —— (XY ®2Z)
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By checking the appropriate universal property, both paths above can be shown to be

equal to the canonical coproduct inclusion X @ Y, ® Z, = (X @ Y @ Z)|.. O

Notation 4.2.5. Equipping Gr(C) with its Cauchy monoidal structure allows us to
talk about algebras and modules in Gr(C). Following the same notation as before,
we denote algebras by (A,m,u) € Alg(Gr(C)), with the added understanding that
the structure maps m : A® A — A and u : Igy) — A decompose by degrees into
tuples <m|g Npec Ap @ Ap1g — Ag)geG and (ulg : dgelc = Ag) - In particular,
since d4.1¢ = 0 for all g # e, the data of the unit map amounts to a single morphism

ule : 1 — Ag in degree e € G.
Theorem 4.2.6. Let C be a monoidal category C satisfying Hypotheses /.0.1.

(a) We have an isomorphism of categories:
Alg(Gr(C)) = GrAlg(C).

(b) For any algebra (A,m,u) € Alg(Gr(C)), the corresponding G-graded algebra

structure on A induces an isomorphism of categories:
Mod(Gr(C))4 = GrMod(C) 4.

Proof. (a) Given an algebra (A, m,u) € Alg(Gr(C)), we can take degrees to decompose

the data of the multiplication map into a tuple of morphisms in C:

(mly: T Ae® Ay — A,)

i
e €

Now considering the coproduct inclusions: (Lp’q t Ay R Ay, = e Ae® A5_1q) o
p.q

the universal property of the coproducts tells us that the multiplication map m is
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uniquely determined by the following collection of maps:

(mgn = Ag® A 22 ] Ar ® Argr, =2 Agy)

heG’
tec g:h€

Similarly, after taking degrees, the data of the unit morphism u : 1g) — A amounts
to a single map ul. : 1 — A, since for g # e the maps u|, : 0 — A, are predetermined.

We define the isomorphism of categories by mapping:

(A,m,u) € Alg(Gr(C)) — (A, mgp,ul.) € GrAlg(C).

The left unital constraint (4.1.2) is shown below:

1® A, el A, ® A,

gl J{L&g
Hp Op,eu®1

I, 1, ® Aprg ———— 1, 4 ® Ay

[

A

IR

g9

The square region commutes by universal property of coproducts; the right region
commutes by definition; and the bottom triangle commutes by a unit axiom. Right

unitality follows likewise.
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The associativity constraint (4.1.1) is shown below:

m®1

Ag ® Agflh ® Ah—lk

(HpEG' Ap ® Ap—lh) ® Ah—lk
1®e l‘ .
HqEG (HpEG AP ® Apflh) 0 Aqflk

Lem Ag® (quG Ag1q @ Aq‘1k>

I
=
m
Q
>
&
>
|
=
3

\
HpeG AP ® (quG Ap 14 ® Aq*”@)
1®@m lH tem m
/ HpeG Ap ® Ap—lk

All four outer triangles commute by definition; the top right and bottom left quadran-

Ag X Ag—lk

gles commute by the universal property of coproducts; and the top left and bottom right
pentagons commute by associativity of coproducts and multiplication, respectively.
Conversely, starting with a G-graded algebra ({A4,}seq, mg.n, u) € GrAlg(C), we
begin by setting A = (Ay)ge. To define the product map m : A® A — A, we use the
universal property of [[,c¢ Ay ® A,-14 to define degree g € G of m as the coproduct

of the morphisms {m,, ,-1,},eq-

Ap ® Ap-1g —— Tpea Ap @ Ap1y

I
m|g:= m —
M4’ o HPGG pplg
A

g

We define the unit map 1 — A in Gr(C) with v : T — A, in degree e € G and zero
morphisms in other degrees. The associativity and unitality constraints for A follow

from (4.1.1) and (4.1.2). Finally, it is a straightforward check that our assignments
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are mutually inverse. O

4.3 Closed graded categories

In this section, we give a sufficient condition for Gr(C) to be right-closed monoidal.

Theorem 4.3.1. Suppose C is a right-closed monoidal category. When Gr(C) is
equipped with the Cauchy tensor product, it is right-closed monoidal category. For

Y € Gr(C), the right adjoint of (— ®Y) is defined as follows:

On objects: Degree g € G of [Y, Z]is [ [Yy-1p, Zy).

peG

On morphisms: ~ Degree g € G of [V, ¢] is [] [Yo—1p, ©l)-

peEG

Remark 4.3.2. The above result is known in severals contexts, including higher
category theory [AM14, AHLF18], perturbative quantum field theory [Nor20], and
combinatorial species [Sch93, Joy06]. Several of the combinatorial contexts impose
the restriction that GG be finite, while higher-category contexts use the theory of Day
convolutions, which require C be symmetric monoidal.

Here, we provide a constructive proof, under the simplifying assumption that our

products and coproducts be biproducts. That is, for X, Y € Gr(C), we let:

(X®Y), = @ Xp ®Yp1g and (X, Y]y = @[Ygrlpa Zy),

peEG peG

in degree g € GG. If one wishes to maintain coproducts and products separate, the
proof below should be altered to move between these structures whenever necessary

using the canonical map presented in Notation 2.1.2(c).
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Proof. We need to establish a natural bijection:

HOmGr(c) (X (%9 Y, Z) = HOmGr(c) (X, [Y, Z]) (431)
VXY 5Z = =)

gp# = (§0#|g)g€G o X =Y, Z]

for all X,Y,Z € Gr(C). Start with a morphism ¢ : X ® Y — Z. Taking degree g € G
gives a map |y : D,peq Xp ® Y14 = Z,. The universal property of the coproduct

allows us to capture the data of 1|, as a collection of maps {1y }ree in C:

2Mg : @ Xp ® Yzflg — Zy & {@/)g,h  Xp ® Y}rlg — Zg}hEGa

peG

where 9,5, = Y|y 0 tgp and tgp @ Xp @ YVjm1, — Dpec Xp @ Y14 is the canonical
coproduct inclusion. In particular, using Notation 2.1.2(b) we express ¥|; = @peg Vg.h-

Likewise, starting with a map ¢ : X — [Y, Z] and taking degree g € G gives a
map g : Xy = @pe[Yy-1p, Zp). By, the universal property of the product, the data

of |, is equivalent to a collection of maps {¢,;} in C:

1-1
olg : Xg — @[Ytq—lpv Zyl o Apgn Xy — [Yg‘lh’ Zn)}hea

peEG

where @, = g 0 0|y and mgp  [leaYo1p, Zp] — [Yg-1h, Z1] is the canonical
product projection. Using Notation 2.1.2(a), we write ¢|, = @pneg Pgn-

Next, we establish the correspondence (4.3.1). For every pair g, h € G, we define:

W)gn = (Wng)  and  (¢")gn = (g,

where (15,4)” and (¢, 4)* are defined as the transposes of the maps vy, , and ¢y, , above,
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using the right-closure of C. We use these to define:

wb‘g = @(wb)g,h = @(wh,g)b and ‘Pﬁ‘g = @(‘Pﬂ)g,h = @(@h,g)ﬁ-

heG heG heG heG

From these definitions, checking the bijectivity of the correspondence is routine. For

example:

(") g = B (W )hg)' = B (Wgn))' = B Vg =: ¥,

heG heG heG

Similarly (¢%)°], = ¢|,-
Finally, we check the correspondence is natural. Given morphisms y : X' — X

and ¢ : Z — Z' in Gr(C), this amounts to checking the following squares commute:

Homg,¢)(X ® Y, Z) —" Homg,c)(X, [V, Z])

(X®1Y)*l lx*

Homgyc)(X' ® Y, Z) — 7 Homg,(c) (X', [V, Z])
Homg;(c (X,[ Z)) N Homg ) (X ® Y, Z)

|«

HOHIGr( )(X, Y, Z']) 1T Homg,(c )(X QY, 7'

We check naturality in X here:

(o (x® 1))y = D (o (x® 1y)ng) = BWnyo (v @ 1y )’

heG heG
< @(whg) °Xg = (wb OX)|9'
heG

Here, equation (x) follows from naturality in C. Naturality in Z follows similarly. [

If C has (finite) limits, then so does Gr(C) by Lemma 4.2.1. In particular, the

results from Section 3.2 apply to Gr(C).
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Corollary 4.3.3. Let C satisfy Hypotheses 4.0.1. Then Gr(C) admits an enrichment
over C, obtained by equipping Gr(C) with its right-closed self-enriched structure, then

changing base along the projection functor (—)|. : Gr(C) — C. O
Corollary 4.3.4. Let C satisfy Hypotheses 4.0.1 and let A € GrAlg(C). Then:

(a) The category GrMod(C) 4 is enriched over Gr(C).

(b) The category GrMod(C)a admits an enrichment over C by changing base along

the projection functor (—)|. : Gr(C) — C.

Proof. Part (a) follows by applying Theorem 3.2.3 to Gr(C). For part (b), recall that
(—)]e is a monoidal functor (Proposition 4.2.4). Thus, we may apply Lemma 2.3.5 to

(—)|e and the enrichment in part (a) to get part (b). O

Remark 4.3.5. When viewing GrMod(C)4 as a Gr(C)-category, the Hom-object
between two graded modules M, N € GrMod(C)4 is [M, N4, which we defined in
(3.2.3) as the equalizer of the maps i,  and v}, v defined in Definition 3.2.2.

In contrast, when viewing GrMod(C) 4 as a C-category, the Hom-object from M to

N is the projection [M, N]al. of the aforementioned object onto degree e € G.

Using the C-enrichments of the categories of graded modules, we now define a way

to compare when graded algebras have “the same” categories of graded modules.

Definition 4.3.6. Let A, B € GrAlg(C) be graded algebras. Equip their categories
of graded modules with the C-enrichments of Corollary 4.3.4(b). We call A and B

Zhang-Morita equivalent if there is an enriched equivalence of C-categories:

GI’MOd(C)A >~ GI’MOd(C)B
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4.4 Graded categories with shifts

We begin with a definition.

Definition 4.4.1. A category £ enriched over D is G-graded if it comes equipped

with a family of D-enriched endofunctors (o, : € D¢ )gec satisfying the following:

a) o, is the identity D-functor,

(a)

(b) o, is fully faithful for all X € £ and g € G,

(c) o40n(X) =04 (X) forall X,Y € £ and g,h € G,
)

(d) (09)o,x.00y(0n)xy = (0gn)x,y forall X, Y € £ and g, h € G.
We call g, the shift functor of £ in degree g € G.

Our goal for this section is to show the categories GrMod(C) 4 of graded modules are
G-graded C-categories when equipped with the enrichment of Corollary 4.3.4(b). As a
first step, we begin by showing that Gr(C) is a G-graded C-category when equipped

with the enriched structure of Corollary 4.3.3.

Proposition 4.4.2. The following assignments give endofunctors S, : Gr(C) — Gr(C)

for each g € G:

On objects: X = (Xa)aeg = S¢(X) = (Xy-14)acc-

On morphisms: ¢ = (Pa)acc + Sg(p) = (pg-1a)acc-

Furthermore, for each graded algebra A € GrAlg(C), these endofunctors lift to endo-
functors Sy : GrMod(C) 4 — GrMod(C) 4 by mapping:

(M, pM) = (8,M, p5oM = 8,(p™)),

for each graded module (M, pM) € GrMod(C) 4.
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Proof. Let X € Gr(C) and g € G. Then for all d € G, we have:

Se(1x)|a = 1x|4-14 = Ix 1, = s,

which proves that S,(1x) = lg,(x). Next, for all X 5 Y Y Z in Gr(C), we have:

Sy(Wp)la = (Wp)lg-1a = Ylg-1aly-1a = Sg(¥)]aSy()a = (S4(1) 0 Sy(9))la-

This proves each S, defines an endofunctor of Gr(C). The same computations show
that S, is functorial in GrMod(C) 4. Finally, note that (S,M, p™) is indeed an object
in GrMod(C) 4. This follows since the module associativity and identity axioms of

(S, M, pM) in degree d € G are precisely those of (M, p™) in degree g~'d. O

Example 4.4.3. When G = Z, the functor S, : Gr(C) — Gr(C) shifts sequences “to
the left” by n, in the sense that S,,(X)|, = (Xim—n) for m,n € Z and X € Gr(C).

Proposition 4.4.4. The functors S, : Gr(C) — Gr(C) satisfy:

(a) Sy(X®Y)=95(X)®Y,

(b) [Xv SgY] = Sg[Xv Y]a

(€) [SyX,Y]qa=[X,Y]4y foralld € G,
)

(d) [SyX,SgY]a=[X,Y],~14y foralld € G.

for all X, Y € Gr(C). Furthermore, for each graded algebra A € GrAlg(C), the functors
Sy : GrMod(C) 4 — GrMod(C) 4 satisfy:

(e) [Mv SQN]A = SQ[M7 N]A;
(f) [SQM,N]A’d: [M,N]A|dg; fOT‘ alldEG,‘
(8) [SgM,SyN]ala = [M,N]al|s-14y, for alld € G.
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Proof. Parts (a)-(d) follow from the definition of the tensor product (4.2.1) in Gr(C)

and those of Hom-objects in Gr(C) (see Theorem 4.3.1). For example, for part (a):

SQ(X X Y)|d =X® Y|g*1d = H Xp X Y;)Agfld (;) H nglp X Y;)Ad

peG peG

=[] Sg(X)|p, ® Y14 = Sy(X) @ Y4,

peEG

where equality (%) above follows by reindexing the coproduct using the substitution

p— g~ 'p. We can use the same substitution to prove part (b):

So([(X, Yo = [X, V]gmra = [[1Xam1gp Yol & TT1Xa-1p, Yy,

peG peG

= [ Xa-1p, So(V) ] =2 [X, Sy (V)]a-

peEG

Parts (c¢) and (d) are proven similarly.
For parts (e)-(f), first recall that [M, N]4 was defined as the equalizer of 4}, \ and

V?WV, where:
parn = e (I @ pM) and vy = pV (e @ 1a).

It follows that Sy[M, N1, is an equalizer of Sy(1}; x) and Sy(uh v ). Similarly, we define
[M, SyN]4 as the equalizer of /L?\/LSQN and VMSQN. We show Sy[M, N|s = [M,S;N]a
by showing that Sg(uk}m]\,) = /LMSQN and Sy (V3 n) = V]bM’SgN, so that both objects are
equalizers for the same pairs of maps.

Taking degree d € GG of these maps, we obtain:

Sy(Harw)la =t wlg-1a = IM @ A, el (L) @ p")]lg-1a © g4

b
Hars,N = (M ® A, 6giz\r(l[M,SgN] ® pM)Hd © 77[]\]([/[(?512N}|d
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SeWhin) = [M @ A, pN (e @ 14)]g-1a © )i

’/?M,SQN =[M® A, PSgN(G%N ® 14)]]a 0 77[]\1\44%?]\/}'

Using Proposition 4.4.4(a)-(d), unpacking definitions, and reindexing (co)products

when necessary like we did in the proofs of Proposition 4.4.4(a), we can show that:

(M®A)| 41
77[]\1{/[%\%9*% =TT (M @ A)|4-14p, tpg-1d] n[M,SgN}d\d = 77[]\1\44%3N]|9*1d7
peG

(L @ p)lg-1a = T Tpnawilg-1p @ 0" 10 = (s, n) @ pM)la
peEG

M, 1
enlg-1a =11 EN;_lj(Wg”p,gfld ® 1Mp71d) - 6%,N|d
peG

legfld = pSQN|d-

Finally, we can use these substitutions to conclude that Sg(u?m N) = ;/JMSQ N and
SeWhin) = Vi, s,n- The proof of part (f) follows using similar strategies. Finally part

(g) follows directly from parts (e) and (f). O

Example 4.4.5. Consider Gr(C) as the C-category of Corollary 4.3.3. Then, Gr(C) is a
G-graded C-category when equipped with the shift functors (S;),eq of Proposition 4.4.2.
To verify this, we first need to recast (5;),e¢ as C-enriched functors, by defining their

action on hom-objects. For each pair, X,Y € Gr(C), we need to pick morphisms in C:
(Sg)xy  [X,Y]le = [SgX, Sy]le

By Proposition 4.4.2(d), notice that [S,X, Sy||lc = [X,Y]|e, so we can set (Sy)xy to

be the identity morphism 1pxyj,. From this, we see that parts (a), (b), and (d) of
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Definition 4.4.1 are immediately satisfied. Part (c) is verified in the next computation:

Sg(Sh(X))‘d = Sh(X)’g—ld = X|h—1g—1d = X(gh)—ld = SghX’d-

Finally, the following example shows that shift functors (S,;) on Gr(C) also make

the category GrMod(C) 4 of graded modules a graded C-category.

Example 4.4.6. Consider GrMod(C) 4 as the C-category of Corollary 4.3.4(b). Then,
GrMod(C) 4 is a G-graded C-category when equipped with the shift functors (5;),ec
of Proposition 4.4.2.

Like above, we first recast (S;)4e as C-enriched functors. By Proposition 4.4.4(g),
notice that [S;M, SyN]ale = [M, N]ale. Thus, we may set the action of S, on hom-
objects (Sg)m,n @ [SgM, SgN]ale = [M, N4l as the identity morphism 1pys w1, , for
all modules M, N € GrMod(C)4. Parts (a), (b), and (d) of Definition 4.4.1 follow
immediately since (Sg)a,n = Lias,n4le- Part (c) follows from a computation analogous

to the one in Example 4.4.5. Thus, GrMod(C) 4 is a G-graded C-category.
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Chapter 5

Twists

In this chapter, we find necessary and sufficient conditions for when algebras are
Zhang-Morita equivalent. To this effect, we generalize [Zha96|’s notion of a twisting

system to the setting of right-closed monoidal categories.

5.1 Twisted algebras and modules

For this section, we fix a right-closed monoidal category C satisfying Hypotheses 4.0.1, a
group G with neutral element e € G, and a G-graded algebra (A, mgy,u) € GrAlg(C).
Finally, recall that graded morphisms ¢ : A — A in Gr(C) consist of tuples of

morphisms {p|, : A; = A, }seq, where we call @[, the g-th degree of ¢.

Definition 5.1.1. A twisting system on A consists of a collection of isomorphisms
7 :={1,: A — A},ec in Gr(C), satistying the following twisting condition for all
g,h, k€ G:

Tg|hk O mhwzﬁ(lAh ® Th|1€) = mh,k(Tg|h & Tgh|k)- (511)

We can express the twisting condition in various other ways, as showcased in the

following proposition, which generalizes [Zha96, (2.1.2), (2.1.3), (2.1.4)].

Proposition 5.1.2. Let 7 = {7,} be a twisting system on A. Then (5.1.1) holding

for all g,h,k € G is equivalent any of the following holding for all g,h,k € G:

Tolnk © Mg = Mk (Toln @ Tonlk 7 i) (5.1.2)
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Mk (T, |0 @ Thlk) = 7, wk © mak (La, ® Tonlk) (5.1.3)

Mk (T, 0 @ Tale T3 k) = 74 nk © Mn g (5.1.4)
We refer to the equations above as the second, third, and fourth twisting condi-
tions, respectively.

Proof. Starting with (5.1.1), we may precompose by (14, ® 75, ') to obtain (5.1.2).
Starting with (5.1.3), precomposing by (74|, ® 14,) and postcomposing by 7,|nk
returns (5.1.1). Finally, starting with (5.1.4) and precomposing by (14, ® T;]ll‘k)
returns (5.1.3). O

The next proposition explores how twisting systems interact with the unit of the

algebra A € GrAlg(C). This proposition generalizes [Zha96, Proposition 2.2]
Proposition 5.1.3. Let 7 = {7,},e¢ be a twisting system on A.

a) Forallge G: u=mec (7, ®7ele) (u@u).

(a)

(b) Forallge G: 7, cou=1"cou.

(c) Forallg € G: Te|lg = meg (Teleu ® 14,).
)

(d) Forallg € G, if T|lew = u, then 7. = 14 and 14| u = u.
Proof. For (a) we have:
u:Tg_1|eolAeo7'g|eou
- Tg_1|e 0Mee (u®14,) (11 ® 7yleu)

=7, e o mee (1o, ® 7le) (u® u)

= Mec (7'9_1|e ® Tele) (u @ u),

where the second equality follows from the left unitality constraint (4.1.2); the third
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equality follows from level exchange (2.2.1); and the fourth equality follows from

(5.1.3) with h = k = e. For part (b), begin by noticing that:

u="1,"corgleou
— 79—1|e omee(la, ®@u) (Tyleu®1y)
= Mee (Tg_l‘e ® Tele Tg_lye) (Tglew ® u)
= Mee (U®Te’€T;l‘eu)

= Tele 7y Heu.

Here, the second and last equalities holds by unital constraints (4.1.2). The third

equality holds by level exchange and the twisting condition (5.1.4) with h = k = e.

Applying 7.7%|. to both sides of the equation above proves part (b). For part (c):

Telg = TelgMeg (U ® 14,)
= Telg Meg (U@ Telg 7.7t g)
= TelgMeg (La, @ Tel) (@7, "y)
= Meg (Te|e @ Tely) (W T,

=Meg (Tel|eu ® La,)-

Here, the first equality holds by unital constraint (4.1.2); the third equality holds by
level exchange; and the fourth equality holds by twisting condition (5.1.1).

For part (d), suppose that 7.|. u = u. Applying 7,|. 7.!|. to both sides results in:
Tgleuw = Tg\eTglleu = Tg\eTglleu = u,

where the second equality follows from Proposition 5.1.3(b). Finally, if 7.|.u = u,
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then:

Telg = Meg (Teleu @ 14,) = Me g (u® 1y,) = 14,

where the first equality follows from Proposition 5.1.3(c), and the third equality follows

from the left unitality constraint (4.1.2) of A. O

Proposition 5.1.4. Fvery twisting system 7 on (A, m,u) € GrAlg(C) gives rise to an
algebra (AT, m7,u") € GrAlg(C), whose underlying object is A™ := (Ay)gec, and whose

structure maps are given by:

1 v
Product:  m7, : Ay ® Ay —5 A, @ A, 20 Ay,
-1
Unit: um 1S A, Te ke, A..

We call A™ a twisted algebra of A, or say A™ is the twist of A by 7.
Proof. Associativity of the twisted product m™ is verified below:

1®Tg‘h®1 mg p®1

Ay @ Ap ® Ay Ay @ Ap ® Ay Agp @ Ay
1®1®7h‘£J/ 1®1®Tgh|éJ/ J{1®Tgh‘é
Ay @ Ap ® Ay Ag®Ah®A€W>Agh®AE
1®mh,éJ( 1®mh,eJ( J{mgh,z
Ay ® Ane 1®74(ht) Ay ® Ane Mg, he Agne

Here, the left square commutes by the twisting condition, the top right square
commutes by level exchange, and the bottom right square commutes by associativity
of Mg h-

The left unital constraint on the twisted unit is shown below:

ml, (" ®14,) =meg (1o, ® Telg) (1. ®1a,) (u®14,)
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=M (7o e @ Telg) (u® 1a,)
= Te;llg 0 Mg (14, @ Telg) (u® 1Ag)

= Tgllg ° me,g (u ® 1Ag) (1Ae ® Te’g)

= T;llgTe‘g = 1Ag'

The second and fourth equalities follow from level exchange (2.2.1); the third equality
follows from the third twisting condition (5.1.3); and the fifth equality follows from

the left unitality (4.1.2) of A. The right unital constraint is shown below:

m;’e (1Ag QRu) = Mmge (1 ® Tg|e) (1Ag ® Te_1|e) (1Ag ® u)
= mge (1a, @ Tyle) (1a, @ 7,71 e) (14, @ u)

= m&g (U® 1Ag) = 1Ag'

Here, the second equality follows from Proposition 5.1.3(b), and the fourth equality

follows from the right unitality (4.1.2) of A. O

The next result generalizes [Zha96, Proposition 2.4], and proves that we may

always safely assume that a twisted algebra A” of A has the same unit as A.

Proposition 5.1.5. For every twisting system 7 on A, there is another twisting system

7w on A, that further satisfies u™ = u, and whose twisted algebra A™ is isomorphic A™.

Proof. Fix ¢ € G. Define the twisting system 7 = {7, : A — A}yeq by 7y 1= 7497, "

We prove that 7 satisfies the twisting condition below. Let g, h,k € GG. Then:

Tglne Mk (La, @ Thlr) S (Tegme ) ne mn e (La, @ Ten7y )|k

N

2 _ _
2 Teglne 70 ne Mg (L, @ Tenlery i)
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—
=

= Tag e Mg (70 0 @ Tale 70 k) (Lay, © Tenle 77 i)

—
N
=

Teglne Mg (73 |1 @ Thli) (La, © 74 &)

—
ot
=~

Teglne Mg (La, @ k) (70 @ 75 &)

—
[=2)
=

Mk (Teglh @ Tegnli) (74w @ 7|1

—~
)
~

Mk (Tegln 70 o @ Tegnli 7 )

—~
(¢
=

Mk (Tgln @ Tgnlk)-

The first, second, and last equalities follow by the definition of my; the third equality
follows by the fourth twisting condition (5.1.4); the fourth and seventh equality follows
by composition; the fifth equality follows by level exchange (2.2.1); the sixth equality
follows by the twisting condition (5.1.1). Thus, 7 is a twisting system on A.

Next, note that 7, = Tﬂ[l = 14, so u™ := 7, '|.u = u, as required. Finally, to

show A™ = A" we show that 7 = (7|, : Ay — Ay)gec is a morphism of graded

algebras from A7 to A™. First, we show 7, respects units:

Teletw” = Tole T e = Tole ) e = u = u",

Here, the second equality follows from Proposition 5.1.3(b). Finally, we show 7,

respects multiplication:

Telgh mg;, = Tolgh Mgn (1a, ® Tyln)
= mgn (Tely @ Tegln)
= Mg (La, ® Tegln) (Telg @ 1a,) (La, @ 77 | 7eln)
=mgn (La, ® Tegln 7 1) (Telg @ 7el1)

= Myg,h (1Ag ® 7Tglh) (ng & 7'2|h)
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=my, (Telg @ 7eln)-

Here, the first and last equalities follow from the definition of the twisted multipli-
cations; the second equality follows from the twisting condition (5.1.1); the third
equality follows from level exchange (2.2.1) and introducing 14, = 7, '|; 7¢|s; the
fourth equality follows from level exchange; and the fifth equality follows from the

definition of . O

Finally, we show that twisting systems 7 on A can twist A-modules in a manner

analogous to how they twist the algebra A.

Proposition 5.1.6. Let 7 be a twisting system on A. Then for every graded A-module
(M, p) € GrMod(C)a, there is a graded A™-module (M7, p") € GrMod(C) -, whose

underlying object is M = M and whose action maps pg ,, are given by:
T 1®7g|n Pg,h
Py Mg ®Ah E— Mg ®Ah — Mgh-

We call M™ a twisted module of M or say that M™ is the twist of M by T.

Proof. We need to verify the action on M7 is associative and unital. For associativity:

Pang (Pgn ® 1a) = Pank (Laty, © Tonlk) (Pgn @ 1a,) (Lag, @ Tgln @ 14,)
= poni (Pgr @ 1ay) (Lnr, ® Tyln @ Tonlk)
= Pg.hk (1Mg ® Mp ) (1Mg ® Tyln @ Tynlk)
= pgnk (In, @ Tolnemng) (1ar, ® 1a, @ r)

= gk (1ar, ® mp 1)

The first and last equalities follow from the definitions of py , and mj ,; the second by
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level exchange (2.2.1); the third from the associativity (4.1.3) of p,; and the fourth

from the twisting condition (5.1.1). Similarly, for unitality:

Pae (Lar, @UT) = pge (g, ® Tyle) (Lag, @ 77 ow)
= Pg,e (1Mg ® 7—g|e7—g_1|eu)

= pg,e (1Mg ® u) = ]‘Mg’

where the first equality follows from definitions; the second from Proposition 5.1.3(b);

and the fourth by the unitality of pg 5. O]

5.2 Twist equivalence

The next definition uses twisting systems to relate graded algebras.

Definition 5.2.1. We call two graded algebras A, B € GrAlg(C) twist equivalent if

there is a twisting system 7 on A inducing an isomorphism of graded algebras B = A".

Example 5.2.2. Given any algebra A € GrAlg(C), the identity maps:
7= {14 A= A yer

form a twisting system on A called the identity twisting system.

Example 5.2.3. If 7 = {7, : A — A},c¢ is a twisting system on A, then
1= {Tg_l A — A}yea

is a twisting system on the twisted algebra A” called the inverse twisting system of 7.
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The twisting condition is verified below:

T;1|hk my, 1, (1a, QT k) = le\hkmh,k (1a, ® 7ale) (La, @ 75 '8)
:T;1|hkmh,k
= Mpk (7;1’h®7h‘kTg7L1’k>
=mpi (La, @ Thlk) (Tg_1|h ® Tg}l|k)

=mj ;. (7, n @ 7 k),

where the first and last equalities follow by definition of m7; the third equality follows
from the fourth twisting condition (5.1.4); and the fourth equality follows from level

exchange (2.2.1). Notice that the twisted algebra (A7)™ " = A by definition.

Example 5.2.4. If 7 is a twisting system on A, and ¢ is a twisting system on A",
then 70 := {7,0,: A - A} e is a twisting system on A called the composite twisting

system of 7 and o. The twisting condition is verified below:

Tyluk Ogl ks Mak(La, @ Thlk onlk) = Tolnk 0glne My (1a, ® onlk)
= Tglnk Mh 1, (Tgln ® Tgnlr)
= Tglnt Mk (La, ® Talr) (g0 @ ognlk)
= Mk (Tgln @ Tgnlk) (0gln ® ognlk)

= Mk (Tgln Ogln @ Tognlk Ognlr)-

Here, the first and third equalities use the definition of the twisted product m™; and

the second and fourth equalities use the twisting conditions of ¢ and 7.
As a consequence of the above three examples, we have the following result:

Proposition 5.2.5. Twist equivalence defines an equivalence relation on GrAlg(C). [
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Next, we introduce an alternative characterization of twist equivalence that is more

useful for computations. This generalizes [Zha96, Proposition 2.8].

Proposition 5.2.6. Algebras A, B € GrAlg(C) are twist equivalent if and only if there

exist a collection of isomorphisms {¢, : B 5 A} e in Gr(C), satisfying:

mi?,k (¢g|h ® ¢gh|k> = ¢g|hk mf,k and u’ = ¢e|euB’ (5.2.1)

forall g,h,k € G.

Proof. Suppose 7 is a twisting system on A and that B = A” via some isomorphism

of graded algebras ¢ = (¢|n : B, — (A7), = Ap)neg- Define:

¢g|h . Bh — Ah as ng’h = Tg|h 90|h-

We verify the first condition of (5.2.1):

mis (Dgln @ Sgnle) = mity (Tl ol ® Tyl 1)
= Mk (Toln ® Tenlk) (Pl ® ©l1)
= Tolnk mins, (1a, @ Tli) (oln © @l1)
= Tylne Mk (0ln @ @lk)
= Tg|hk <P|hk m}?,k

= ¢g|hkz mﬁk

Here, the first and last equalities follow from the definition of ¢,|s; the second follows

from level exchange (2.2.1); the third by the twisting condition (5.1.1); the fourth

A

21 and the fifth since ¢ : B — A7 is an

by the definition of the twisted product m
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algebra map. Next, we verify the second condition of (5.2.1):

A

u’ = TeleT;1|euA = T€|euAT

- 7—e|e 90|e uB = (be’e uB'
The first equality follows from the definition of the twisted unit u'"; the second since
© is an algebra map; and the third by the definition of ¢|e.

Conversely, suppose we have isomorphisms {¢, : B — A} ¢ satisfying (5.2.1).
Define a twisting system on A by 7 = {7, := ¢, 6. : A — A},eq. We check the

twisting condition below:

—
~

Toltw o My, (La, @ Tli) = bglnw &2 ne mis, (La, ® dnle &2 |x)
Oglne mi i (0 |n © ¢ k) (La, @ dnlk & |1)
Gglnk Mt (02 [0 @ &y |k dnli b2 i)
Gyl mb i (0 [0 @ &1

A -1 -1
M, 1, (Dgln @ dgnlr) (02 [n @ b2 k)

Mty (Dgln &2 |n @ dgnli &2 [k)

—
S
~

—
w
=

—
N
=

—
ot
=

—
(=2}
=

7
D i (Toln ® Tonlw)-

Here, the first and last equalities follow from the definition of 7,; the second and fifth
from (5.2.1); the third and sixth from level exchange (2.2.1); and the fourth from
composition. Thus, 7 is a twisting system on A.

Finally, we claim that ¢. : B — A is an algebra isomorphism from B to A", which

makes them twist equivalent. First, we check ¢, respects multiplication:

m2, (felg @ deln) = miy (La, @ 7gln) (Gely ® eln)

= mﬁ,h (1Ag X ¢g|h ¢;1|h) (¢e|g ® ¢€|h)
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= Mgy, (dely @ gln)

= ¢e‘gh mgh-

Here, the first equality follows from the definition of the twisted product mg ,; the
second from the definition of the twisting system 7; the third from level exchange (2.2.1);
and the fourth from (5.2.1).

Finally, we check that ¢. respects units:

ut" =17 ut = ut = @l uP.

Here, the second equality follows since 77! := ¢.¢.! = 14, and the third equality
follows from (5.2.1). Thus, ¢, is an algebra isomorphism, showing that B = A”™ and

completing the proof. n

5.3 Zhang-Morita equivalence

In this section, we compare the notions of twist equivalence and Zhang-Morita equiv-
alence. We begin by showing that twist equivalence always yields Zhang-Morita

equivalence.

Theorem 5.3.1. Let A, B € GrAlg(C). If A and B are twist equivalent via some
twisting system T on A, then A and B are Zhang-Morita equivalent. In fact, we have

an isomorphism of categories
GrMod(C) 4 = GrMod(C) 5.

Proof. Suppose B = A7 for some twisting system 7 on A. We construct an isomorphism
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of categories ® : GrMod(C) 4 — GrMod(C) 4- as follows:

On objects: ®(M, p) == (M",p"),

On morphisms ®(¢: M — N):=(p: M™ — N7).

By Proposition 5.1.6, M7 = M as objects of Gr(C), and (M7, p") € GrMod(C) 4-.
Furthermore, for each, g,h € G we verify that ¢ : M™ — N7 is a map of graded

AT-modules:

P;,h (g ®1a,) = pg,n (1Mg ® T4ln) (g @ 1a4,)
= Pg,h (909 ® 1Ah) (1Mg ® 7—g|h)
= Pgh Pg,h (1Mg ® Tg|h)

_ T
= Pgh pg7h'

Here, the first and last equalities follow from the definition of p”, the second from level
exchange (2.2.1), and the third since ¢ : M — N was a map of graded A-modules. The
above work shows that ® indeed define assignments from GrMod(C)4 to GrMod(C) 4-.
Furthermore, since ® acts as the identity on morphisms, the assignment is functorial.

Using the inverse twisting system 7-! of Example 5.2.3, we can similarly construct a
functor ! : GrMod(C) 4~ — GrMod(C) 4 mapping (M, p) — (M™ ", p™ ') and ¢ — ¢.
Since 77! =14 = 7' 7, it follows that (M7)" ' = M = (M7 )7, proving that &'

is an inverse for . O]

Our next goal is to find when Zhang-Morita equivalence is sufficient to guarantee
twist equivalence. Before we do this, we prove a couple auxiliary results, the first of

which relies on the notion of GG-graded enriched category defined in Section 4.4.
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Proposition 5.3.2. Let £ be a G-graded C-category with shift functors (o, : € < E).
Then, for every object X € &, there is graded algebra T'(X) in C, defined in degree

g € G as the Hom-object in C from o,X to X:
I'(X)|, :=C(0,X, X).
The unit map of I'(X) is defined as the identity morphism of X :

uF 10 19X (X, X) = D(X)..

For each pair g, h € G, the multiplication morphism mg’(}‘;{) of I'(X) is defined as:

1®04 c
LX)y @ T(X)|hn —= C(0,X, X) @ ClognX,0,X) = Clogn X, X) =T'(X)]|gh.
Proof. The following computation shows the multiplication morphisms satisfy associa-
tivity (4.1.1):

I'(X) (

[(X)
gh,k \T1

ah @)=c(1®0om,)(c®])(1®o,®1)

=c(c®1)(101Q0u)1Q 0, @1)
—c(c@)(1®0,®0,)(181® o)
=c(1®c)(1®o,®0,)(1®1® 0)
=c(1l®o)(1l®c)(1®1®a)

r(X r(x
= mg,(hk) (1® mh,(k ))~

Here, the first and last equalities follow from the definition of m!"X); the second from

level exchange (2.2.1); the third from level exchange and the property of shift functors
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in Definition 4.4.1(d); the fourth from associativity of composition (2.3.1) of the enrich-
ment; and the fifth since o, is an enriched functor that respects composition (2.3.4).

The next computation verifies the left unital axiom (4.1.2):

m G (W' @ 1rxy,) = ¢ (1@ 0¢) (idx @ L))
= C(idX X 1F(X)|g>

= Lrx),-

Here, the first equation follows from definitions of m"®) and «"X); the second since
o, is the identity functor by Definition 4.4.1(a); and the third by left identity (2.3.2)
of the enrichment.

Finally, we verify the right unital axiom (4.1.2):

mg,(eX) (Irco), ® u'y = ¢ (Irxy, ® 0g)(Ircx)), ® idx)
= ¢(Ir(x)), ®ide,(x))
= le@,x,x)

= Irx),-

Here, the first equality follows from definitions of m"*) and «"®); the second since o
is an enriched functor and thus respects identities (2.3.5); the third by right identity
of the enrichment (2.3.3); and the fourth by definition of I'(X)|,. O

Next, show an example of I'(X) in the case when €& = GrMod(C) 4.

Example 5.3.3. Let A € GrAlg(C). By Corollary 4.3.4(b), the category GrMod(C) 4
is enriched over C. Furthermore, by Proposition 4.4.2 and Example 4.4.6, GrMod(C) 4

is G-graded, with shift functors (Sy).ec given by S, X |, = X|;-15 and Sgp|n = @|g-1p-
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Thus, we may apply Proposition 5.3.2 to GrMod(C) 4.
Since A is a graded algebra, we may consider it as a graded A-module, where the
action is given by the multiplication map of A. We may thus construct the graded

algebra I'(A) in C. At the level of objects, we have:
F(A)‘g = [SgA> Alale = [A>A]A‘gv

where the second equality follow from Proposition 4.4.4(f). Thus, I'(A) = [A, A]4 as
objects in Gr(C). For each g, h € G, the multiplication map of I'(A) is given by:
(A
mgh) =& 4 s,aa (Ircay, ® (Sy)s,4.4)
= c5,a8,44 (LA ALl © 15,440
= CéghA,SgA,A (1[A,A]A|g ® 1[A7A]A|h)

= (Cﬁ,A,A)g,h-

P(4). the second from the defini-

Here, the first equality follows from the definition of m,j,";

tion of S; on Hom-objects found in Example 4.4.6; the third from Proposition 4.4.4(f);
and the fourth by tracking the composition morphism ¢ through the isomorphism
GrAlg(C) = Alg(Gr(C)) of Theorem 4.2.6(a).

Similarly, the unit map of I'(A) is given by 1 % [A, Alale = T(A)]e.

The computations above show that the algebra I'(A) is equal to the endomorphism
algebra [A, A]4 of Definition 3.3.1. Furthermore, in light of Theorem 3.3.3, we obtain
that:

['(A) =[AAla = A,

as graded algebras in C.
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We use the construction in the example above to work towards a partial converse

to Theorem 5.3.1.

Theorem 5.3.4. Let € and £ be G-graded C-categories, with shift functors (o4)gec
and (0y)gec respectively. Given objects X € € and X' € &', if there is a fully faithful
C-functor ® : € S € such that Doy X) = 0, X" in & for all g € G, then T'(X) is
twist equivalent to I'(X') as algebras in Gr(C).
Proof. Let @ : & % & be a fully faithful C-functor, and assume that for every g € G,
we have an isomorphism ¢, : ®(c,X) X o, X" in the underlying category &.

By Proposition 5.2.6, we can show I'(X) is twist equivalent to I'(X’) by produc-
ing isomorphisms: (¢ : I'(X') = I'(X))4ec satisfying equations (5.2.1), which we

reproduce below:

mi(;f” (Dgln ® Dgnlr) = dglnr mi(,f )7 (5.3.1)

"X = ¢ | ul . (5.3.2)
We define ¢, : I'(X')|, — I'(X)], as follows:

T(X)| = C(0 X', X") 7% €00, X, o) X') Y205 C(@(0,0.X), ) X)
(tg )«
——

C(B(oX), D(0,X)) 2 Clogp X, 0,X)

D C(on X, X) = (X))

Here, the morphism (¢,4,)* and (t;l)* represent the pre-composition and post-composition
morphisms introduced in Definition 3.1.7. We verify (5.3.2) below:

Gele ') = g L (7Y, (L) ol idx = O (t7Y), () idy

e

= q>_1 idq)X = ldX = UF(X).
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Here, the first equality follows from the definitions of ¢ and u" X"

; the second
since o, and o, are identity morphisms by Definition 4.4.1(a); the third using Proposi-
tion 3.1.8(b); the fourth since @ is an enriched functor and respects identities (2.3.5)
and the fifth by definition of u¥).

Next, we verify (5.3.1), taking an alternate approach to [LW25]:

X
mh,(k : (¢g|h ® ¢gh|k)

= c(1®01)(dgln @ dgnlk)

—~
~

= c(1@0n) (01 7 (1 )ultgn)” 0 @ Omrg1 @ (tg0 )utynn)” o)

= e (0 @7ty )ultgn) 0 @ 0y B () (i) )

= (g1 @ oy) (D71 )etgn)" 0 © @71 () (tghi)” o)

2 (o1 0 (D7t )ultyn)" 7y © Ot (tya)* )

2 o (D) (8, )utgn)" 0 @ (tgh)a(tynr)” o)

= 0y @7 e (1) )atgn) 0y © (Eg)u(tgnn)" o))

= 01 @7 e (1, )utgn)" 0 @ ((tare) (121w )
(61 @ (tgme)") ((tgn)" © (t0)-) (o ® o)
(

ty")e(tgne)") € ((tgn)” @ (tg)-) (o © o4

(
& s @7 (0 tom)”) (tan)" (8- € (o) @ )
£ 0y &7 ({1, ultana)") € (0 @ 7p)
B, ot () ltgnn)") e (0 ® 0p) (1 @ o)

(14) (0971 -1 ((t;l)*(tghk)*) a;) o (c (1® 0-;7,))

Here, equations 1,2, and 15 follow from the definitions of {¢|,},eq, m'X), and
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F(XY. equation 3 follows by composition and the way shift functors compose (see

m
Definition 4.4.1(c)); equations 4,6,9, and 13 follow by undoing a composition; and
equation 5,7, and 14 follow since o,,07, and ®~! are enriched functors that respect
composition (see equation (2.3.4)).

The rest of the equalities follow from the properties of pre-composition and post-
composition proved in Proposition 3.1.8. In particular, equation 8 follows from
Proposition 3.1.8(a), equation 10 from Proposition 3.1.8(c), equation 11 from Proposi-
tion 3.1.8(d), and equation 12 from Proposition 3.1.8(b).

Thus, by Proposition 5.2.6, I'(X) and I'(X") are twist equivalent, concluding the

proof. O

We use the theorem above to prove a sufficient condition for Zhang-Morita equiva-

lence to guarantee twist equivalence.

Corollary 5.3.5. Let A, B € GrAlg(C), and consider their categories of graded modules
as C-categories via the enrichments defined in Corollary 4.3.4(b). If A and B are
Zhang-Morita equivalent, via some C-functor ® : GrMod(C) 4 = GrMod(C) s such that
O(S,A) = S,B as objects in (GrMod(C) ) for all g € G, then A is twist equivalent
to B.

Proof. By Theorem 5.3.4, I'(A) and I'(B) are twist equivalent. But by Example 5.3.3,
['(A) =2 A and T'(B) = B as graded algebras, so A and B are twist equivalent. O
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identity morphism X — X of an object X.
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monoidal functor F' : C — D with binary component
F?: F(—)®pF(—) = F(—®¢—) and nullary component
FO:1p — F(le).

algebra in a monoidal category with underlying object
A, multiplication map m : A® A — A, and unit map
u:l— A

right A-module with underlying object M and action
map p: M ® A — M.

categories of algebras over a monoidal category C.

category of right modules over an algebra A in C.

a C-enriched category &.

Hom-object from X to Y in a C-category.

identity morphism 1 — C(X, X) of X € £.

composition morphism C(Y, Z) ® C(X,Y) — C(X, Z) for
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underlying category of £ (see Proposition 2.3.4).
change of base of a C-category £ along a monoidal functor
F :C — D (see Lemma 2.3.5)

enriched C-functor between C-categories £ and £’.

Closed-monoidal categories

cle]

the category C equipped with the canonical self-enriched

structure (see Proposition 3.1.5).
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right adjoint to functor (—®Y):C — C.

unit and counit of an adjunction (— ® Y) 4 [Y, —].

pre and post-composition by a morphism (—).
Hom-object from M to N in the C-enrichment of
Mod(C) 4 of Theorem 3.2.3.

identity morphism of M in the C-enrichment of Mod(C) 4
of Theorem 3.2.3.

composition morphism of M, N, N in the C-enrichment

of Mod(C) 4 of Theorem 3.2.3.

Graded categories

Gr(C)

Twisting Systems

T = {Tg }geG

(AT’ mT’ uT)

(M7, p7)
I'(X)

category of G-graded objects in C, for G a group.
degree g € G of an object X € Gr(C).

projection functor Gr(C) — C onto neutral degree e € G.
shift endofunctors in degree g € G.

category of graded algebras in C.

category of graded modules in C over a graded algebra

A € GrAlg(C).

twisting system on an algebra A.

twisted algebra of A by the twisting system 7.

twisted A”-module for an A-module M.

graded algebra associated to an object X, introduced in

Proposition 5.3.2.
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