TENSOR TRIANGULATED CATEGORIES WITH SUB-PICARD GRADING

ISAIAH DAILEY

ABSTRACT. We develop an axiomatizatic generalization of the classical, motivic, and equivari-
ant stable homotopy categories. In this general setting we: explore graded anticommutativity
properties of stable homotopy rings, develop a notion of cellularity, prove an analogue of the
Kiinneth theorem and the universal coefficient theorem, and construct a version of the dual
E-Steenrod algebra and formulate the precise in which sense it is a graded anticommutative
Hopf algebroid. All of our work will culminate in the construction of a (homological) E-Adams
spectral sequence, and we characterize its E2 page in terms of Ext of comodules over the dual
E-Steenrod algebra.
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1. INTRODUCTION

Arguably the most famous problem in modern homotopy theory is computing the stable ho-
motopy groups of spheres. This is an extremely difficult problem. State of the art computations
by Isaksen, Wang, and Xu ([13]) have only computed these groups up to dimension 90. The key
tool used for these computations is the Adams spectral sequence, of which there are many differ-
ent flavors. Given a flat, cellular commutative ring spectrum FE, the E-Adams spectral spectral
sequence is Z>2-graded and has signature

Ey'(X,Y) = Exty, (5) (Bu(X), Exra(Y)) = [X, Y],

Here Ext is taken in the category of Z-graded comodules over the dual E-Steenrod algebra. The
spectral sequence was originally constructed in 1958 by Frank Adams in the case £ = HF, and
X =Y = 5 ([2]). While a great deal may be ascertained about the stable homotopy groups
of spheres with just this spectral sequence, more is needed in order to compute beyond the first
twenty or so stable stems.

In 1998, Voevodsky introduced concepts from homotopy theory into algebraic geometry, cre-
ating a new field called motivic homotopy theory ([29]), also called A'-homotopy theory. Rather
than working with topological spaces, in motivic homotopy theory, the fundamental objects are
varieties over some base scheme .. The theory goes quite far, and one may construct a sym-
metric monoidal stable model category of motivic spectra over ., whose homotopy category is
the motivic stable homotopy category over .#.! Later in 2009, Dugger and Isaksen constructed
a motivic version of the Adams spectral sequence in the motivic stable homotopy category ([9]).
Given a flat, cellular motivic commutative ring spectrum FE, the motivic E-Adams spectral spec-
tral sequence is Z3-graded and has signature

E3"(X,Y) = Exth, () (Ban(X), Bagrpanta(Y)) = [X, V5], ,

(where here Ext is taken in the category of Z2-graded left comodules over the motivic dual E-
Steenrod algebra). Dugger and Isaksen construct the spectral sequence only for the case E = HIFy
and X = S. Furthermore, they leave out many details of the construction, leaving them for the
reader to fill in. The work we present here was originally conceived with the aim of filling in
these details and constructing the spectral sequence in the more general form given above. More
general results were achieved upon pursing this aim, and the scope of our results have changed
significantly.

IFor a review of these constructions, we refer the reader to Section 2 of [30].
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1.1. Goals & Outline. The two main goals of this paper are as follows:

(1) Provide an axiomatic generalization of classical, motivic, and equivariant stable homotopy
categories.

(2) Provide a reference for the full and explicit details of the construction of the classical,
motivic, and equivariant F-Adams spectral sequences, the characterization of their Ey
pages, and some basic facts about their convergence.

The idea for the generalization came to the author after reading the pair of papers [7] and [10],
which roughly discuss graded commutativity properties of what one might call “sub-Picard graded
symmetric monoidal categories”.

We warn the reader that, as a result of goal (2), this document is primarily expository in nature.
Furthermore, it aims to be a mostly self-contained reference, which accounts for its significant
length. Indeed, a large portion of the results contained here constitute only slight generalizations
of results already found elsewhere in the literature. Nevertheless, we believe the approach outlined
here is valuable even beyond serving as a self-contained reference, as we do make several original
innovations:

(1) We provide a general construction of the Adams spectral sequence which equally applies to
the classical, motivic, and equivariant stable homotopy categories. This is quite flexible,
for example, in the G-equivariant case: we can construct a version of the spectral sequence
which intrisically keeps track of the RO(G) grading, or, alternatively, could be constructed
to be graded by the entirety of the Picard group of the equivariant stable homotopy
category. In particular, we give a more general version of the motivic Adams spectral
sequence than that found in the literature.

(2) We develop the notion of a “tensor-triangulated category with sub-Picard grading,” which
roughly is a category which is graded by some abelian group, symmetric monoidal, and
triangulated, all in a compatible way. Along with a few extra categorical conditions,
such categories provide a surprisingly powerful axiomatization of the (classical, motivic,
equivariant) stable homotopy category, and a shockingly large amount of the theory
therewithin can be carried out entirely in this framework.

(3) We provide an encompassing notion of “cellularity” in a tensor triangulated category
with sub-Picard grading, which parallels the same notion in the motivic stable homotopy
category.

(4) We work out some of the graded-commutativity properties of 7, (E) for a commutative
monoid object (E,u,e) in a tensor triangulated category with sub-Picard grading. In
particular, we provide a complete picture of the preliminary analysis given in [7, Remark
7.2].

(5) We suggest a definition for the correct notion of an “anticommutative A-graded ring” for
a general abelian group A. In particular, we suggest a new candidate for the category in
which the motivic Steenrod algebra is a Hopf algebroid/co-groupoid object.

This paper should be viewed as a natural successor to the nLab page on the Adams spectral
sequence ([25]) written by Urs Schreiber. Indeed, this paper tells mostly the same story told
there, albeit in a more general setting. Along the way, we fill in many of the details not contained
there. Furthermore, we are of the opinion that the more general and categorical approach can
serve to clarify and even “trivialize” many of the proofs and ideas involved here. It is the hope of
the author that this document can serve as an equally valuable resource for those first learning
classical, motivic, and equivariant stable homotopy theory.

We give an outline of the structure of the paper. In Section 2, we start by giving the re-
quired background for the paper, and we give a brief review of coherence for symmetric monoidal
categories. We then develop the notion of tensor triangulated categories with sub-Picard grad-
ing, which will be defined in Definition 2.3. We will discuss Dugger’s paper [7] which concern
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“sub-Picard graded symmetric monoidal categories”, and we will apply some of the results from
therewithin to our situation. Then we will fix such a category 8H (with a few extra categorical
conditions), which acts as an axiomatic model for the classical, motivic, and equivariant stable
homotopy categories. In this category, we will be able to develop much of the theory of stable ho-
motopy theory, in particular, we will be able to formulate the notion of A-graded stable homotopy
groups 7, (X) of objects X in 8K, as well as homology, and cohomology represented by objects in
this category. We will show that (co)fiber sequences (i.e., distinguished triangles) in 8K give rise
to long exact sequences of homotopy groups, and that SH is equipped with an A-indexed family
of “suspension” and “loop” autoequivalences.

After just this first section, we will actually have all the data needed to construct the Adams
spectral sequence, yet we will not actually do so until the very end in Section 7. The goal of
this spectral sequence will be to compute the A-graded abelian groups of stable homotopy classes
of maps [X,Y], between objects X and Y in 8K, by means of algebraic information about the
E-homology of X and Y. This is useful because in practice, for a suitable homology theory F, it
is often easier to compute E-homology than it is to compute general hom-groups. To achieve this
goal, Sections 26 will be devoted to formulating suitable conditions on F, X, and Y under which
enough structure may be captured on the E-homology groups E,(X) and E.(Y) that algebraic
information about homomorphisms between them gives suitable information about the groups
X, Y],

In Section 3, we will formulate the notion of cellular objects in 8J. Intuitively, these are the
objects in 8H which may be constructed by gluing together copies of spheres. In the case SH is the
motivic stable homotopy category, these objects will correspond to the standard notion of cellular
motivic spaces. In the case SH is the classical stable homotopy category, every object will turn out
to be cellular, as a consequence of the fact that every space is weakly equivalent to a generalized
cell complex. The class of cellular objects in 8H will satisfy many very important properties,
for example, given cellular objects X and Y in 8H, a map f : X — Y will be an isomorphism
if and only if it induces an isomorphism on stable homotopy groups m.(f) : m.(X) — m.(Y).
Many of the important theorems and propositions presented in this paper will require some sort
of cellularity condition.

In Section 4, we will discuss the theory of monoid objects in 8}, which correspond to ring
spectra in stable homotopy theory. We will show that given a monoid object E in 8H, its stable
homotopy groups 7, (F) naturally form an A-graded ring, and furthermore, E-homology E.(—)
will yield a functor from 8H to the category of A-graded left modules over 7.(E). Here a great
deal of effort will be put into formulating the exact sense in which the rings 7, (F) are A-graded
anticommutative when E is a commutative monoid object in 8H. In particular, here we will
develop the notion of A-graded anticommutative rings, and we will show that m.(F) is an A-
graded anticommutative algebra over the A-graded anticommutative stable homotopy ring 7. (.S)
(where S is the monoidal unit in 8X), in a suitable sense. We will also briefly discuss some of the
consequences of these results in the classical, motivic, and equivariant stable homotopy categories.

In Section 5, we will prove analogues of important theorems for homology in 8H. First of
all, we will prove that for £ a commutative monoid object and objects X and Y in 8H, under
suitable conditions we have a Kinneth isomorphism

Z(E) @ gy Bx(W) 5 m(Z@EQ@W)

relating the Z-homology of E and the F-homology of W to the stable homotopy groups of
Z ® E®W. We will then take a bit to develop the theory of module objects over monoid
objects in 8H, with which we will prove a generalization of the universal coefficient theorem,
which will tell us that under suitable conditions, for a monoid object E in SH and an object X,
the cohomology E*(X) of X is the dual of the homology FE,(X) as a m,(F)-module. These two
theorems will be very important for our later work.
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In Section 6, we will show that for nice enough commutative monoid objects E in SH, that
the E-self homology E,(FE), along with the ring 7. (E), forms an A-graded anticommutative Hopf
algebroid, which we define to be a co-groupoid object in the category . (S)—GCAA of A-graded
anticommutative 7, (S)-algebras. This pair (E,(E), 7.(E)) with its additional structure as a Hopf
algebroid is called the dual E-Steenrod algebra, over which the A-graded E-homology group E.(X)
of X is canonically an A-graded left comodule for each X in 8H. This will be the culmination of
our efforts to place additional structure on the E-homology groups E,(X), and we will finish the
section by constructing an isomorphism

X, E®Y], = Homj, 1) (B.(X), E.(E® Y))

for a suitable commutative monoid object E and objects X and Y in SH.

In Section 7, we will finally construct the Z x A-graded spectral sequence (E2%(X,Y),d,)
called the E-Adams spectral sequence for the computation of X and Y, and we will show that
under suitable conditions, its Fo page may be characterized in terms of a graded isomorphism

E3*(X,Y) 2 Exty’ ) (Bu(X), E(Y)).

Furthermore, we will briefly discuss that the natural target group of this spectral sequence is the
object [X,Y}],, where Y2 is the “E-nilpotent completion” of Y. Furthermore, we will briefly
discuss some conditions under which the spectral sequence strongly converges to this target group.
We can summarize all of the results in the following theorem:

Theorem 1.1. Let (E, u,e) be a commutative monoid object in 8H, and let X and Y be objects.
Further suppose that:

o E is cellular and flat,
o X is cellular and E.(X) is a graded projective left w.(E)-module, and
o Y is cellular.

Then there exists an object Y7 in 8H called the E-nilpotent completion of Y and a Z x A-
graded spectral sequence called the E-Adams spectral sequence for the computation of [X,Y],
with signature

E3°(X,Y) = Exty 3 (B.(X), B.(Y)) = [X, V4],

Furthermore, if the derived Eo term RFE. of the sequence vanishes, then this spectral sequence
converges strongly to the indicated target group.

We will give all of the relevant definitions along the way.

Finally, in Section 8, we will suggest some further directions in which one can develop the
theory we have set up.

We also include five appendices on the theory of (tensor) triangulated categories, A-graded
abelian groups, rings, and modules, monoid objects in symmetric monoidal categories, homological
(co)algebra and derived functors, and Hopf algebroids.

1.2. Acknowledgements. I am grateful to Peter May and Noah Wisdom for mentoring me
during this project. I also would like to thank Peter May for hosting the UChicago REU — the
experience was truly invaluable. Finally, I am indebted to my peers for the continual support and
encouragement they have provided during the program and the months following.

2. PRELIMINARIES

2.1. Background. To start, we give a brief review of the assumed background. The most im-
portant tool we require of the reader is a familiarity with category theory, and in particular
additive, abelian, and (symmetric, closed) monoidal categories. We do not recall any definitions
here (mostly so as not to make an already lengthy document any longer), for that we refer the
reader to any standard treatment of category theory, for example, Emily Riehl’s book [27], or
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Mac Lane’s book [15]. In particular, see chapters 7 and 9 of the latter book for a reference on
(symmetric closed) monoidal categories.

When working in monoidal categories, we will nearly always be implicitly using Mac Lane’s
coherence theorem for monoidal categories, which was originally proven in Mac Lane’s paper [16],
along with a stronger version of the theorem for symmetric monoidal categories. These theorems
are tedious to rigorously state, and we do not do so here (for that we refer the reader to [7,
§2]), but their consequences are intuitive. Roughly, they say that there is a strong monoidal
equivalence from any monoidal category to a strict monoidal category, where tensoring with the
unit, the associators, and the unitors are all the identity. In the symmetric case, the theorem says
in addition that in a symmetric monoidal category, any morphisms between two objects given
by “formal composites” of products of unitors, associators, symmetries, and their inverses are
equal if the domain and codomain of the composites have the same underlying permutation (after
removing units). In practice, the most immediate consequence of these theorems is that when
constructing maps and showing diagrams commute, we will nearly always suppress associators
and unitors from the notation, instead taking them to be equalities. Similarly, we will assume
that tensoring with the unit is the identity. This style of reasoning is essential to understanding
nearly anything written here, and as such we will usually not point out when we are applying the
coherence theorems. An example of where we use coherence is in the very first proof we give, in
Proposition 2.7 below.

We also assume the reader is familiar with the theory of modules and bimodules over (non-
commutative) rings, along with products, direct sums, and tensor products of them. In Appen-
dix B, assuming this knowledge, we will develop the theory of A-graded versions of these notions,
as well as some of their properties. These notions should be very familiar to any reader familiar
with the standard notion of Z or N-graded rings and modules. This appendix can — and perhaps
should — be skipped by anyone knowledgeable in these matters.

Finally, ideally the reader should be familiar with triangulated categories, monoid objects in
monoidal categories and their modules, and derived functors, although each of these topics are
developed or at least reviewed in the main body of the paper or its appendices. With all of that
out of the way, we may finally get to our the key definition which underlies our work.

2.2. Triangulated categories with sub-Picard grading. Our goal is now to construct a list
of conditions which axiomatize “a stable homotopy category of spaces”. To do so, we will build
up the necessary definitions one-by-one. Along the way, we will discuss some of the ramifications
of our definitions and how they relate to each other. Once we have defined everything needed,
we will establish the axiomatization in Convention 2.6. The first definition we will need is that
of a triangulated category.

Definition 2.1. A triangulated category (€, %, D) is the data of:

(1) An additive category C.
(2) An additive auto-equivalence % : € — C called the shift functor.
(3) A collection D of distinguished triangles in €, where a triangle is a sequence of arrows of
the form
X—=>Y—>7Z-%YX.
Distinguished triangles are also sometimes called cofiber sequences or fiber sequences.
These data must satisfy the following axioms:

TRO Given a commutative diagram

X Y Z YX

K

X' Y’ A >X'
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where the vertical arrows are isomorphisms, if the top row is distinguished then so is the
bottom.
TR1 For any object X in C, the diagram

idx

X —X—-0—-3X

is a distinguished triangle.
TR2 For all f: X — Y there exists an object C; (also sometimes denoted Y/X) called the
cofiber of f and a distinguished triangle

xLyooroex
TR3 Given a solid diagram

Y A X

1] Jo

X' Y’ z' SX/

such that the leftmost square commmutes and both rows are distinguished, there exists
a dashed arrow Z — Z’ which makes the remaining two squares commute.
TRA4 A triangle

xLvszhex
is distinguished if and only if
vy zhex vy

is distinguished.
TR5 (Octahedral axiom) Given three distinguished triangles

xLyhyxoeox
vy4z5z2/7v 5sy
x 2L 75 7/x 59X
there exists a distinguished triangle
Y/X 5 Z/X 5 7)Y 5 2(Y/X)

such that the following diagram commutes

X 901 Z k z/)y w 2(Y/X)
\‘ Y / \ Z/X / \ Y A
Y/X DX

It turns out that the above definition is actually redundant; TR3 and TR4 follow from the
remaining axioms (see Lemmas 2.2 and 2.4 in [18]). In Appendix A, we develop some of the
theory of triangulated categories. For those familiar with the theory of model categories, the
homotopy category of any stable model category is canonically triangulated (see [12, Chapter
7]). The most commonly considered example of a triangulated category is the derived category
D(A) of an abelian group A, obtained by localizing the category of chain complexes in A at the
quasi-isomorphisms.




8 ISATAH DAILEY

In nature, one will often encounter categories which are both triangulated and symmetric
monoidal. It is natural to ask that the two structures are compatible in some sense. Such
categories are called tensor triangulated categories, and there are multiple proposed definitions
given in the literature for what these categories look like. For our purposes, we will use Definition
2.1 from Balmer’s paper [3], which defines a tensor triangulated category to be a triangulated
symmetric monoidal category for which the functor — ® — is triangulated in each argument.
Unravelling definitions, we may give the following more explicit definition:

Definition 2.2. A tensor triangulated category is a triangulated symmetric monoidal category
(€,®,5,%, D) such that:
TT1 For all objects X and Y in C, there are natural isomorphisms

exy :ZX QY S N(X@Y).

TT2 For each object X in €, the functor X ® (—) & (—) ® X is an additive functor.
TT3 For each object X in €, the functor X ® (—) = (—) ® X preserves distinguished triangles,
in that given a distinguished triangle/(co)fiber sequence
AL B olsa,
then also
XoA X xoB X% x g0 XN v(x g A)
and
A X 125 pox 28 0o x 12X, v(4 0 X)
are distinguished triangles, where here we writing X ® h and h ®" X to denote the

compositions
X0 X X094 5 YA X 25 N4 X) 25 S(X @ A)
and
CoXx 22N 540X 25 540 X),
respectively.

This definition will suffice for our purposes, but we warn the reader that it is the weakest
found in the literature. Often additional coherence axioms are imposed, for example, one may
require that the ex y’s to be compatible with the associators and to satisfy a sort of “graded
commutativity condition”. For an in-depth discussion of such extra conditions, we refer the
reader to the treatment given by May in [18]. For examples of tensor triangulated categories, we
refer the reader to Section 1 of Balmer’s paper [4].

Definition 2.3. Given a tensor triangulated category (C,®,S,%, e, D), a sub-Picard grading on
C is the following data:
e A pointed abelian group (A4, 1) along with a homomorphism of pointed groups h : (4,1) —
(Pic g, 3S), where PicC is the Picard group of isomorphism classes of invertible objects
in C.
e For each a € A, a chosen representative S* called the a-sphere in the isomorphism class
h(a). We additionally require S° = S.
e For each a,b € A, an isomorphism ¢, j : S¢+° =, 5% ® Sb. This family of isomorphisms
is required to be coherent, in the following sense:
— For all @ € A, we must have that ¢, ¢ coincides with the right unitor pgal =

S%® S and ¢, coincides the left unitor Aga : S® = 550

2Recall an object X is a symmetric monoidal category is invertible if there exists some object Y and an
isomorphism S 2 X ® Y.
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— For all a,b, c € A, the following “associativity diagram” must commute:
Gatb @ ge (Lette  gatbie Pubte, ga o ghe
%,b@scl LS'“@%,C
(5* ® 8% ® S° = 5% @ (SP @ S°)

Arguably the most interesting part of the above definition is the family of isomorphisms ¢q  :

Sa+b =5 ga @ §b. First of all, note that the two conditions we have given above imply a rather
strong notion of coherence for these isomorphisms:

Remark 2.4. By induction, the coherence conditions for the ¢, ;’s in the above definition say
that given any a1,...,a, € A and by,...,b,, € A such that a; +---+a, = by + -+ 4+ b,, and
any fixed parenthesizations of X = S @ ---® S% and Y = " ® --- ® S, there is a unique
isomorphism X — Y that can be obtained by forming formal compositions of products of ¢q,
identities, associators, unitors, and their inverses (but not symmetries).

In light of this remark, when working in a triangulated category with sub-Picard grading, we
will usually simply write ¢ or even just 2 for any isomorphism that is built by taking compositions
of products of ¢,,’s, unitors, associators, identities, and their inverses.

In [7], Dugger studied the more general notion of an additive symmetric monoidal category
(€,®,S) equipped with an abelian group A and a group homomorphism h : A — Pic(C). In
particular, there the following question was explored: Given a chosen representative S in each
isomorphism class h(a) with S° = S, can one find such a coherent family of isomorphisms ¢, :

Gatb =5 ga g Gb? (Dugger calls these families “A-trivializations of €”). The answer, given in
Proposition 7.1 in Dugger’s paper, is that we can always find such a coherent family, although
it is certainly not unique, nor is there a canonical choice for such a family. Furthermore, given
such a coherent family of isomorphisms, if we define 7.(S) to be the A-graded abelian group
7. (S) := @,cal5% S], we may endow it with an associative and unital graded product sending
x:5% = S and y:S° = S to the composition

gath Loty ga g gb TV, 606 Z g

The bad news is that this product is very much dependent on which choice of coherent family
odf isomorphism we chose, and in fact, different coherent families may give rise to strictly non-
isomorphic ring structures on 7, (.5).

The upshot of this discussion is the following: given a tensor triangulated category, in order
to give it a sub-Picard grading, all one needs to do is give the information specified in the first
two bullet points in Definition 2.3, and then one gets a coherent family of isomorphisms for free,
although they must make a choice between several different and non-canonical choices of such
families. As we will see in Section 4, this ring structure on 7, (S) directly controls a large amount
of the additional algebraic structure we can place on hom-groups of objects in 8H, so one must
be very careful to choose the “correct” family.

2.3. The category 8H and its conventions. Now, we may finally fix the category 8 in which
we will work for the remainder of this document. Before we can do so, we need one last technical
definition.

Definition 2.5. Let C be an additive category with arbitrary (set-indexed) coproducts. Then
an object X in C is compact if, for any collection of objects Y; in € indexed by some set I, the

canonical map
EB C(X,Y;) = C(X EBY
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is an isomorphism of abelian groups. (Explicitly, the above map takes a generator z € C(X,Y;)
to the composition X = Y; < P, Y:.)

Now we may define the category.

Convention 2.6. Let (8H,®,5,%, e, D) be a tensor triangulated category with sub-Picard grad-
ing (A,1,h,{S%},{¢ap}). We require in addition that:

e S8H is monoidal closed,
e SH has arbitrary products and coproducts, and
e for each a € A, S is a compact object.

The motivating examples of such a category are the following:

e The classical stable homotopy category hoSp, which is equipped with an isomorphism
h: Z =5 Pic(hoSp)

sending n € Z to the n-sphere spectrum S™.
e The motivic stable homotopy category SH & over a base scheme ., which is equipped
with a homomorphism

h:7Z* — Pic(SH)

sending a pair (p, q) to the motivic (p, q)-sphere spectrum S?-9.
e The equivariant stable homotopy category hoGSp associated to a group G, which is
equipped with a homomorphism

h: RO(G) — Pic(hoG-Sp)

taking a representation V to the representation sphere SV.

Each of these categories may be realized as the homotopy category of some monoidal stable
model category. For a discussion of the classical stable homotopy category and its properties, we
refer the reader to the nLab page [22], which gives the construction in explicit detail and proves
all the required properties. In particular, we point out the . For the motivic stable homotopy
category, we refer the reader to the wonderful treatment given in Section 2 of the paper [30] by
Wilson and Ostveer. There the construction and properties are only reviewed, and no proofs are
given, but at the beginning of the section the authors include a comprehensive list of resources
which contain full proofs of all the relevant details. For the equivariant stable homotopy category,
we refer the reader to the the book [17] of Mandell and May. We will discuss how exactly the
family of ¢, s are chosen in these three examples in section 4.

For our purposes, we will not actually need the full power of a closed monoidal structure on
8H — all we will need is that the monoidal product — ® — preserves arbitrary (co)limits in each
argument. In practice though, and for all the examples we will discuss here, any such category
will usually be monoidal closed, so we keep this assumption. In order to reinforce our idea of SH
as “a stable homotopy category”, we will establish some relevant notational conventions in SJH.
Given an object X and a natural number n > 0, we write

n times
P ey
X" =X® --0X and X%.=3.

When we want to be explicit about them, we will denote the associator, symmetry, left unitor,
and right unitor isomorphisms in 8H by

axyz:(X@Y)©Z 5 XY ©2) ™y XY SHY X
A S@X 5 X px X ®S = X.
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Often we will drop the subscripts. As we discussed above, by the coherence theorem for symmetric
monoidal categories, we will nearly always assume «, p, and A\ are actual equalities, and will
suppress them from the notation entirely.

Given some integer n € Z, we will write a bold n to denote the element n -1 in A. Note
that given some fixed choice of isomorphism v : 35 =N S, we may use it to construct a natural
isomorphism ¥ = §1 ® —:

SAY e5.x 18X o1
EX —E65@X) —/— 25X — S X

where exy : ZX ®Y — E(X ®Y) is the isomorphism specified by the fact that SH is tensor-
triangulated. The first two arrows are natural in X by definition. The last arrow is natural in X
by functoriality of — ® —. Henceforth, we will assume some v : ¥.5 =, S has been fixed, and we
always use v to denote the induced natural isomorphism.

Given some a € A, we define functors 3¢ := §*® — and Q¢ := 3X7% = ST ® —. We specifically
define Q := Q. We say “the a'" suspension of X” to denote £*X. It turns out that X¢ is an
autoequivalence of S8H for each a € A, and furthermore, 2% and 3¢ form an adjoint equivalence
of 8 for all a in A:

Proposition 2.7. For each a € A, the isomorphisms

d)a,—a@X
E—

n% : X S°® S @ X =N'0°X

and
$L ®X
e XX =550 X —— X
are natural in X, and furthermore, they are the unit and counit respectively of the adjoint autoe-

quivalence (Q%, 5% n% %) of 8H.

Proof. That n® and €* are natural in X follows by functoriality of — ® —. Now, recall that in
order to show that these natural isomorphisms form an adjoint equivalence, it suffices to show
that the natural isomorphisms n¢ : Idggc = Q%% and % : 340°% = Idgg¢ satisfy one of the two
zig-zag identities:

Q(l Qana QGEGQG E(IQQZ(I 7]“2‘1 Ea
Qe e

(that it suffices to show only one is [20, Lemma 3.2]). We will show that the left is satisfied.
Unravelling definitions, we simply wish to show that the following diagram commutes for all X
in 8H:

S Qba,—a
e’y LexFeggigsee X
\ l¢:i,a®s—”®x
ST X
Yet this is simply the diagram obtained by applying —® X to the associativity coherence diagram

for the ¢qp’s (since ¢q,0 and ¢ 4 coincide with the unitors, and by coherence we are taking the
unitors and associators to be equalities), so it does commute, as desired. O

In particular, since the functor ¥ is naturally isomorphic to X1, and Q = Q! is a left adjoint
for X, we have that ¥ is apart of an adjoint autoequivalence (2, %, 7,¢) of 8H, where n and ¢ are
the compositions

1 —1 1
n:ldsy 2= Y10 Z=2 ¥0  and  £: 082 0y = Idgg.
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In other words, we have shown that the category SH is adjointly triangulated, in the following
sense:

Definition 2.8. An adjointly triangulated category (C,Q, X, n,e,D) is the data of a triangulated
category (C,X,D) along with an inverse shift functor 2 : € — € and natural isomorphisms
n:Ide = XQ and € : QX = Ide such that (Q, X, 7, ) forms an adjoint equivalence of €. In other
words, n and e are natural isomorphisms which also are the unit and counit of an adjunction
Q X, so they satisfy either of the following “zig-zag identities”:

Q 27, ox0 TOon <25
\ l&Q Esl /
Q 5

(Satisfying one implies the other is automatically satisfied, see [20, Lemma 3.2]).

We warn the reader that the above terminology is nonstandard. We prove some results about
adjointly triangulated categories in Appendix A.3. Now given two objects X and Y in 8H, we
will write [X, Y] with brackets to denote the hom-abelian group of morphisms from X to Y, and
we will denote the internal hom object by F(X,Y). Keeping with our intuition that 8H is a
“homotopy category”, we will often refer to elements of [X,Y] as “classes”. We may extend the
abelian group [X,Y] to an A-graded abelian group [X, Y], by defining [X, Y], := [E*X,Y]. It is
further possible to extend composition in 8H to an A-graded map

[K Z]* ®z [X’ Y]* - [X’ Z]*a

but we do not explore this here. Given an object X in SH and some a € A, we can define the
abelian group
mo(X) =[S, X],
which we call the a** (stable) homotopy group of X. We write 7,(X) for the A-graded abelian
group @, 4 ma(X), so that in particular we have a canonical isomorphism
T (X) = [5*, X] =[S, X],.
Given some other object F, we can define the A-graded abelian groups F,(X) and E*(X) by the
formulas
E,(X)=7m,(F®X)=[5FE®X] and EYX):=[X,5*® E].

We refer to the functor E,(—) as the homology theory represented by E, or just E-homology, and
we refer to E*(—) as the cohomology theory represented by E, or just E-cohomology.

A nice result is that in 8K, (co)fiber sequences (distinguished triangles) give rise to homotopy
long exact sequences. Of key importance for this exact sequence (any many applications beyond),

will be some fixed family of isomorphisms s y- : [X, 2¢Y], N [X,Y],_,. We fix these now, once
and for all:

Definition 2.9. For all XY in 8H and a € A, there are A-graded isomorphisms
sky [X XY = [X, Y],
sending 7 : S*® X — S*®Y in [X, XY ], to the composition

b—a —a b STz —a a ¢:¢11,a®y
S ®RX ST X —— ST R5QY —— Y.

Furthermore, these isomorphisms are natural in both X and Y.
In particular, for each a € A and object X in 8H, we have natural isomorphisms

b—a,p®@X

s% m (B9X) = [S%,X9X] =[S, 29X, =5 8, X]ioa — Tea(X)
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sending z : S* — 5% ® X in 7,(X%X) to the composition

e age 6oL @X
gh—a Poaty goa g b STUET, goa g ga g x PaeBT, y

Proof. First, by unravelling definitions, note that s% ,- is precisely the composition

(¢—a,-®X)"
SRR

X, 27], = [S" @ X,5° @ V] 2% S §* @ X, V] [S*7® X, Y] = [X,Y]—a,

where the adjunction is that from Proposition 2.7. The adjunction is natural in S* ® X and Y
by definition, so that in particular it is natural in X and Y. It is furthermore straightforward to
see by functoriality of — ® — that the second arrow is natural in both X and Y. Thus s% y is
natural in X and Y, as desired. |

Now we may construct the long exact sequence:

Proposition 2.10. Suppose we are given a distinguished triangle

xhy 9% zhex

and an object W in 8H. Then there exists a “connecting homomorphism” of degree —1

9: W, 2], = [W, X]

*—1

such that the following triangle is exact at each vertex:

W, x], —L Wy,

I

W, Z],
Proof. By axiom TR4 for a triangulated category and the fact that distinguished triangles are
exact (Proposition A.2), we have the following exact sequence in 8H

xLy L zhex 2wy

Thus, we may apply [W, —|, to get an exact sequence of A-graded abelian groups which fits into

the top row in the following diagram:

W, X], L (W Y], —2 (W, Z], —s (W, BX], —s W3V,

yux)* l(m*

1
w,s1x], =L w1y,
J{S‘l/V,X S%V‘y

W, X], — (W,Y], & W, 2], -2 W, X], , L (WY, ,

*

where here we define 0 : [W, Z], — [W, X],_; to be the composition which makes the third square
commute. The diagram commutes by naturality of v and s, so that the bottom row is exact
since the top row is exact and the vertical arrows are isomorphisms. Thus the bottom row is the
long exact sequence, and we may roll it up to get the desired exact triangle:

W, x], L Wy,

k 2 O
W, 7],
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3. CELLULAR OBJECTS IN 8H

One very important class of objects in SH are the cellular objects. Intuitively, these are the
objects that can be built out of spheres via taking coproducts and (co)fibers.

Definition 3.1. Define the class of cellular objects in SH to be the smallest class of objects such
that:

(1) For all a € A, the a-sphere S is cellular.
(2) If we have a distinguished triangle

X—=-Y—>7—-%¥X

such that two of the three objects X, Y, and Z are cellular, than the third object is also
cellular.

(3) Given a collection of cellular objects X; indexed by some (small) set I, the object @, ; X;
is cellular (recall we have chosen SH to have arbitrary coproducts).

We write 8H-Cell to denote the full subcategory of 8H on the cellular objects.

This definition is adapted from that given on pg. 21 in the paper [9] by Dugger and Isaksen.
By the same reasoning given therewithin, in the motivic stable homotopy category, our definition
is equivalent to the original definition of cellularity given in [8]. More generally, given an object
E in 8, Dugger and Isaksen consider the class of E-cellular objects in 8H. This is defined to
be the smallest class of objects in 8H satisfying the above three conditions, and in addition the
requirement that if X is E-cellular then so is £ ® X. Note that by Lemma 3.4, the class of
cellular objects in 8JH is equivalently the class of S-cellular objects in SH. For our purposes, we
will only be concerned with standard cellular objects, so we will not pursue any of the theory of
E-cellular objects in 8H for a general FE. For an extensive review of cellularity in the motivic
stable homotopy category, as well as a treatment of its construction, we refer the reader to the
delightful paper [11] written by Joseph Hlavinka for the 2021 UChicago mathematics REU.

We devote the rest of the section to proving some important facts about cellular objects. These
should be familiar to anyone acquainted with the usual notion of cellular spaces (CW complexes).

Lemma 3.2. Let X and Y be two isomorphic objects in SH. Then X is cellular iff Y is cellular.

Proof. Assume we have an isomorphism f : X =, Y and that X is cellular. Then consider the
following commutative diagram

X 1,y 0 N X
| H
X=—X —o 00— ¥X

The bottom row is distinguished by axiom TR1 for a triangulated category. Hence since X is
cellular, 0 is also cellular, since the class of cellular objects satisfies two-of-three for distinguished
triangles. Furthermore, since the vertical arrows are all isomorphisms, the top row is distinguished
as well, by axiom TRO. Thus again by two-of-three, since X and 0 are cellular, so is Y, as
desired. O

Example 3.3. Every object in the classical stable homotopy category is cellular.

Proof. By [23, Proposition 2.16], every object in hoSp is isomorphic to a CW spectrum, which
are spectra that can be constructed by gluing copies of spheres together, and are thus clearly
cellular (since the cofiber of f: X — Y in hoSp is precisely the spectrum obtained by “gluing”
a disk to Y along f(X)). O

Lemma 3.4. Let X and Y be cellular objects in 8H. Then X ® Y is cellular.
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Proof. Let E be a cellular object in 8H, and let & be the collection of objects X in 8H such that
E ® X is cellular. First of all, suppose we have a distinguished triangle

X—=>Y—>7-3¥X

such that two of three of X, Y, and Z belong to €. Then since 8K is tensor triangulated, we
have a distinguished triangle

E®X EQRQY - EQZ—-X(E®X).

Per our assumptions, two of three of F ® X, E® Y, and F ® Z are cellular, so that the third is
by definition. Thus, all three of X, Y, and Z belong to & if two of them do.

Second of all, suppose we have a family X; of objects in € indexed by some (small) set I, and
set X := @, X;. Then we’d like to show X belongs to &, i.e., that £ ® X is cellular. Indeed,

E®RX=E® (@X) ~PE e Xx),

where the isomorphism is given by the fact that SH is monoidal closed, so F ® — preserves
arbitrary colimits as it is a left adjoint. Per our assumption, since each E ® X; is cellular, the
rightmost object is cellular, since the class of cellular objects is closed under taking arbitrary
coproducts, by definition. Hence F ® X is cellular by Lemma 3.2.

Finally, we would like to show that each S* belongs to &, i.e., that S® ® E is cellular for all
a € A. When E = S for some b € A, this is clearly true, since S® ® S® 2 §%*° which is cellular
by definition, so that S® ® S® is cellular by Lemma 3.2. Thus by what we have shown, the class
of objects X for which S* ® X is cellular contains every cellular object. Hence in particular
E®S* = S*R® F is cellular for all a € A, as desired. O

Lemma 3.5. Let W be a cellular object in SH such that w.(W) =0. Then W = 0.

Proof. Let € be the collection of all X in 8H such that and [¥"X, W] = 0 for all n € Z (where
for n > 0 we define 7" := Q" = (S7! ® —)"). We claim & contains every cellular object in K.
First of all, each S* belongs to &, as

[L"S* W] =2 [S™ @ 8% W] = [S*™ W] < 1. (W) = 0.
Furthermore, suppose we are given a distinguished triangle
X-=>Y 7YX

such that two of three of X, Y, and Z belong to €. By Proposition A.9, for all n € Z we get an
exact sequence of abelian groups

[EMHIX, W] = [ Z, W] = [2"Y, W] = "X, W] — [2"1Z, W

Clearly if any two of three of X, Y, and Z belong to &, then by exactness of the above sequence
all three of the middle terms will be zero, so that the third object will belong to € as well. Finally,
suppose we have a collection of objects X; in € indexed by some small set I. Then

[z" @Xi,W] o @Z"Xi,W] = [[="x:, w)=]Jo=0o,

i
where the first isomorphism follows by the fact that X" is apart of an adjoint equivalence (Propo-
sition 2.7), so it preserves arbitrary colimits.
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Thus, by definition of cellularity, & contains every cellular object. In particular, & contains W,
so that [W, W] = 0, meaning idy = 0, so we have a commutative diagram

0 =————=0
Wem—m——7=W
Hence the diagonals exhibit isomorphisms between 0 and W, as desired. O

Theorem 3.6. Let X and Y be cellular objects in SH, and suppose f : X — Y is a morphism
such that fi : 7(X) = m(Y) is an isomorphism. Then f is an isomorphism.

Proof. By axiom TR2 for a triangulated category, we have a distinguished triangle
xLy %o hex
First of all, note that by definition since X and Y are cellular, so is Cy. We claim 7, (Cy) = 0.

Indeed, given a € A, by axiom TR4 for a triangulated category and the fact that distinguished
triangles are exact, the following sequence of abelian groups is exact:

15°, X] L5 [5%, Y] 25 59, ¢4 22 (59, 2x] 2 (5, Y.

where the first arrow is and last arrows are isomorphisms, per our assumption that f is an
isomorphism. Then by exactness we have imh, = ker(Xf,) = 0. Yet we also have kerg, =
im f, = [S%Y], so that kerh, = img, = 0. It is only possible that kerh, = imh, = 0 if
[S%, Cf] = 0. Thus, we have shown 7,(Cy) = 0, and C; is cellular, so by Lemma 3.5 there is an
isomorphism C'y = 0. Now consider the following diagram:

x 1,y o SX
O
Y =— Y — 50— %Y

The middle square commutes since 0 is terminal, while the right square commutes since Cy = 0
is initial. The top row is distinguished by assumption. The bottom row is distinguished by
axiom TR2. Then since the middle two vertical arrows are isomorphisms, by Lemma A.3, f is an
isomorphism as well, as desired. O

Lemma 3.7. Let e : X — X be an idempotent morphism in SH, i.e., eoe = e. Then this
idempotent splits, meaning e factors as

XLHYSX
for some object Y and morphisms r and v with r o = idy . Furthermore, if X is cellular than so

isY.

Proof. In [19, Proposition 1.6.8], it is shown that idempotents split in triangulated categories
with countable coproducts, and in particular, the object Y through which the splitting factors
may be taken as the homotopy colimit of the sequence

XS5XS5XS3X5X 5.

Thus since 8K is triangulated and has arbitrary coproducts, given an idempotent e : X — X in
8H, e splits as desired. Furthermore, the splitting factors through the homotopy limit Y of the
above sequence, so we have a distinguished triangle in SH

éX% éX =Y — E(éX).
=0 =0 =0
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Then if X is cellular, by definition ;" X is as well. Thus by 2-of-3 for distinguished triangles
for cellular objects, we would have that Y is cellular as desired. O

4. MONOID OBJECTS IN 8H

So far, we have shown that each object E in 8H yields an E-homology functor F, from SH to
the category Ab? of A-graded abelian groups. In this section, we will examine some conditions
on E under which we may refine this functor by identifying more structure on its image. The key
assumption will be that E is a monoid object in SH, i.e., that there is an associative and unital
multiplication p : E® E — E. For a review of monoid objects in a symmetric monoidal category,
see Appendix C. The most important example of a monoid object in 8H is the unit .S, which has
multiplication map ¢(I(1) =As =ps:S®S — S and unit map idg : S — S.

4.1. Monoid objects in 8H and their associated rings. To start, we will show that if E is
a monoid object in 8K, then 7. (F) is canonically a ring.

Proposition 4.1. The assignment (E, p,e) — m.(E) is a functor m, from the category Mongg
of monoid objects in SH (Definition C.3) to the category of A-graded rings. In particular, given a
monoid object (E, i, e) in SH, m.(E) is canonically a ring with unit e € mo(e) = [S, E] and product
To(E) X m.(E) — 7.(E) which sends classes x : S* — E and y : S® — E to the composition
xy:Sa+bMS“®Sb%E®Ei>E.

Proof. First, we show that 7, (F) is actually a ring as indicated. By Lemma B.8, in order to make
the A-graded abelian group m.(F) into an A-graded ring, it suffices to construct an associative,
unital, and bilinear (distributive) product only with respect to homogeneous elements. Suppose
we have classes z, y, and z in 7, (F), 7p(FE), and 7.(E), respectively. To see associativity, consider
the following diagram:

E®FE

QF
e
TRYR 2z
Y E

Gatbte =, gag Gbg g VN BFo ERFE

o

E®FE

(here the first arrow is the unique isomorphism obtained by composing products of ¢, 4’s, see
Remark 2.4). It commutes by associativity of u. It follows by functoriality of — ® — that the top
composition is (z - y) - z while the bottom is z - (y - z), so they are equal as desired. To see that
e € mp(F) is a left and right unit for this multiplication, consider the following diagram

Sa
QFE X p__E¥ pg
\/
E

Commutativity of the two top triangles is functoriality of — ® —. Commutativity of the bottom
two triangles is unitality of pu. Thus the diagram commutes, so e -z = x = z - e. Finally, we wish
to show this product is bilinear (distributive). Suppose we further have some 2z’ € 7,(E) and

E E
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y' € my(E), and consider the following diagrams:

gatb _ Yet |, gag gb (5° @59 @ st YT (pop) e R

3| [« = S e

A®SY

a+b atb a b a
e S mbeaasa (S*®s)e(s ®S)®y)@( ®(y) ®E)&(Ee®E) 4>E®E—>E
SchLSa@Sb&‘gb (Sb®5b ME@ (E® E)

| [« = e

Sa+b@sa+b (Sa®5b) (Sa®sb £E®E) (EQE) —— E®QE ———E

ba, @¢ Ry)o(z®

The unlabeled isomorphisms are those given by the fact that — ® — is additive in each variable
(since 8H is tensor triangulated). Commutativity of the left squares is naturality of A : X —
X & X in an additive category. Commutativity of the rest of the diagram follows again from the
fact that — ® — is an additive functor in each variable. Hence, by functoriality of — ® —, these
diagrams tell us that (z+2')-y=z-y+2 -yand x- (y+vy') =z -y+x -y, respectively. Thus,
we have shown that if (E, u,e) is a monoid object in 8H then 7. (FE) is a ring, as desired.

It remains to show that given a homomorphism of monoid objects f : (E1, u1,e1) — (Ea, 2, €2)
in Mongg; that m.(f) : m«(E1) — m.(E3) is an A-graded ring homomorphism. First of all,
we know this is an A-graded abelian group homomorphism, since SH is an additive category,
meaning composition with f is an abelian group homomorphism. Thus, in order to show it’s a
ring homomorphism, it remains to show that 7. (f)(e1) = e2 and that for all z,y € 7.(E) we have
T (f) (@ - y) = m(f) (@) - m(f)(y). The former follows since 7. (f)(e1) = f oe; = ea, since f is
a monoid homomorphism in 8. To see the latter, first note by distributivity of multiplication
in m(E1) and 7, (F2) and the fact that m.(f) is a group homomorphism, it suffices to consider
the case that 2 and y are homogeneous of the form x : S — E; and y : S® — E,. In this case,
consider the following diagram:

gatb Pty gag gb "V p oo B 1% 5o B,

| Iz

El;}EQ

The top composition is m.(f)(x) - m«(f)(y), while the bottom composition is 7.(f)(x - y). The
diagram commutes since f is a monoid object homomorphism. Thus m.(f)(z - y) = m.(f)(x) -
m(f)(y), as desired. O

The most important example of such a ring will be the stable homotopy ring m.(S), which
controls essentially the entire structure of 8. We have shown that m, takes monoids to rings.
Next, we will show that given a monoid object (E, i, €) in 8K, the functor E, is valued in A-graded
left 7, (E)-modules. First, we prove the following lemma:

Lemma 4.2. Let X and Y be objects in SH. Then the A-graded pairing
T (X) X (V) 5> (X ®Y)
sending x : S® — X and y : S® — Y to the composition
gatb Pty ga g gb T, v oy

is bilinear, i.e., it is additive in each argument.



TENSOR TRIANGULATED CATEGORIES WITH SUB-PICARD GRADING 19

Proof. Let a,b € A, and let 1,29 : S — X and y : S® — Y. Then consider the following
diagram

Sotb 2 gaggh A8 (gag gayggh

Al = l(931€9$2)®y

(S*® S?) @ (¢ ® SP) (XeX)®Y

(w1®y)€B(w2®y)J{ / lv(g)y

(XoY)s(XQY) —Y— XY

The isomorphisms are given by the fact that — ® — is additive in each variable. Both triangles
and the parallelogram commute since — ® — is additive. By functoriality of — ® —, the top
composition is (x; + x3) - y and the bottom composition is x; - y + z2 - y, so they are equal, as
desired. An entirely analagous argument yields that - (y1 + y2) = - y1 + @ - yo for x € m.(X)
and y1,y2 € . (Y). |

Now we can show that E.(X) is a graded module over m,(E).

Proposition 4.3. Let (E, p,e) be a monoid object in SH. Then E.(—) is an additive functor from
8H to the category ﬂ*(E)—ModA of left A-graded modules over the ring w.(E) (Proposition 4.1)
and degree-preserving homomorphisms between them, where given some X in 8H, E.(X) may be
endowed with its canonical structure as a left A-graded m.(E)-module via the map

T (E) X E(X) — E(X)
which given a,b € A, sends x: S* — E and y : S® — E ® X to the composition

2y S§th Luby g b T8 po pe x XX B X

Similarly, the assignment X — X.(E) is a functor from 8H to right A-graded ,(FE)-modules,
where the structure map

X (E) x me(FE) = X.(E)
sends : S - X @ FE and y : S® — E to the composition

2oy §oth Luty g b T8y o po g X0 X o E.
Finally, E«(E) is a m.(E)-bimodule, in the sense that the left and right actions of m.(E) are
compatible, so that given y,z € m(E) and x € E.(E), y-(x-2)=(y-x) - 2.

Proof. By Lemma B.9, in order to make the A-graded abelian group F,(X) into a left A-graded
module over the A-graded ring 7, (E), it suffices to define the action map 7. (F)x E.(X) — E.(X)
only for homogeneous elements, and to show that given homogeneous elements x, 2’ : S - E® X
in £,(X),y:S*— Ein m(E), and 2,2’ : S¢ = E in 7.(E), that:
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Ttems (1) and (2) follow by the fact that E.(X) = m(F®X) and Lemma 4.2. To see (3), consider
the diagram:

E®RE®X

gatbte 2, geg b G BV popo Be X E®X
" ®m L@X
EQE®QX

It commutes by associativity of u. By functoriality of — ® —, the two outside compositions equal
z-(y-x) on the top and (z - y) -  on the bottom. Hence, they are equal, as desired. Next, to see
(4), consider the following diagram:

Se d E®X
EF®X
e’z e®é®x neX
~
EQE®RX

The top triangle commutes by definition. The left triangle commutes by functoriality of — ® —.
The right triangle commutes by unitality of p. The top composition is  while the bottom is e -z,
thus they are necessarily equal since the diagram commutes.

Thus, we have shown that the indicated map does indeed endow E,(X) with the structure
of a left . (E)-module. Next we would like to show that E,.(—) sends maps in 8H to A-graded
homomorphisms of left A-graded m, (E)-modules. By definition, given f : X — Y in 8K, E.(f) =
[S*, E ® f] is the map which takes a class z : S* - F ® X to the composition

s L Eeox 2L Eey.

Since 8H is additive, composition is bilinear, so [S*, F ® f] is an A-graded group homomorphism
by definition. To see that it is a further a homomorphism of 7, (E)-modules, it suffices to show
that given classes ¥ : ¢ - E® X and y: S® — E that E.(f)(y-z) =y E.(f)(x). To that end,
consider the following diagram:

gatb Py gb g ga YT po e xS po EgyY

H®XJ( J{;A@Y

EoXx —2% L EBay

It commutes by functoriality of — ® —. The top composition is E.(f)(y - z), while the bottom
composition is y - E«(f)(z), so they are equal, as desired.

Thus, we've shown E, (—) yields a functor SH — 7, (E)-Mod; it remains to show this functor
is additive, equivalently, Ab-enriched. This is clear, as given f,g: X — Y in 8H, we have

Ef+g9)=[S"E@(f+9]=[S"(E®f)+(E®g)] = E.f)+ E(9),

where the second equality follows since — ® — is additive in each variable.
Showing that X.(E) has the structure of a right m.(E)-module and that if f : X - Y is a
morphism in 8H then the map

X.(E) = [$*, X © B] Y22 (s v @ B] = Y.(E)

is an A-graded homomorphism of right A-graded . (F)-modules is entirely analagous.
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It remains to show that E,(E) is a m.(E)-bimodule. Let z : S* — E, 3y : S* - E® E, and
z: 8¢ — E, and consider the following diagram:

EFEQEQRFE

REQE
1% / lE@H
TQUYR2z

Gatbte _ =, gagobo e PV popopoE M L  EoE

QF
Em T,U.

EQE®LE

Commutativity follows by functoriality of —® —, which also tells us that the two outside compo-
sitions are (z - y) - z (on top) and x - (y - z) (on bottom). Hence they are equal, as desired. O

Lemma 4.4. Let E and X be objects in SH. Then for alla € A, there is an A-graded isomorphism
of A-graded abelian groups

t%  Eu(X9X) 2 B, o(X)
which sends a class x: S* - E®@ XX = E® S* ® X to the composition

o E®Tros~° E®X®s, ",
—_

gh—a Phey gbg g-a 85 pogug X @9t BEES Y po X 95009 E®X

-1

with inverse (t%)” " : B._o(X) — E.(%%X) sending a class  : S*~* — E® X to the composition

Sb Pb—a,a Sbfa ® Sa —>w®5a E®X [ Sa m E®Sa ®X

(where here we are suppressing associators and unitors from the notation). Furthermore this
isomorphism is natural in X, and if E is a monoid object in SH then it is an isomorphism of left
. (E)-modules.

Proof. Expressed in terms of hom-sets, t% is precisely the composition

E.(2X) =———— [S*, F® 5 ® X]
l(E@ﬂ*
[S*,E® X ® 5%
[
[S*®S " F®X®S*®S™
J(E®X®¢;La)*
[$*® S~ E® X]

[

[$* 1 E® X] =——-—F, (E®X)

We know the second vertical arrow is an isomorphism of abelian groups as — ® — is additive in
each variable (since SH is tensor triangulated) and Q* = —® S~% is an autoequivalence of 8K by
Proposition 2.7. The three other vertical arrows are given by composing with an isomorphism in
an additive category, so they are also isomorphisms. Now, note the proposed inverse constructed
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above can be factored into the following composition:

B olE®X) =——— [$* % E® X]

l7®sa

[S**®@ S E® X ® 5%

J/(¢*—a,a)*

[S*, F® X ® 5]

l(E®T)*

[S*,E® S ® X] =———— E,(39X)

It is entirely straightforward to check that this is an inverse to t%, and we leave it to the reader
to check this. (Since we already know t% is an isomorphism, it suffices to show this composition
is either a left or right inverse.)

Now, to see t% is a homomorphism of left 7, (E)-modules, suppose we are given classes r : .S b
Einm(E)and z:S° = E®S*®X in E.(X*X). Then we wish to show that t% (r-x) = r-t%(z).
To that end, consider the following diagram:

ERT®S™

Gbte—a E®SeXes e 29" \poxesees e
= RS @X®S™® EQX®¢; ",
b c rr®S” a —a
S'®S® S —>E®E®S RX®S #®X®SG®S_QE®X
EQEQT®S™* wRX

ERE®X®S'®5* ———— S EQE®X
EQERX®¢

a,—a

Both triangles commute by functoriality of — ® —. The top composition is t% (r - «) while the
bottom is r - t% (), so they are equal as desired.

It remains to show t% is natural in X. let f: X — Y in 8H, then we would like to show the
following diagram commutes:

E.(20X) -2 B, (X)
(1) B2 )| |Beeat)
E.(2°Y) —2 B,_.(Y)

We may chase a generator around the diagram since all the arrows here are homomorphisms. Let
r:8" 5 E®8?® X in F.(3%X). Then consider the following diagram:

~ - E®X®d, -
Sh-a =, b g-a @5 L peo gag x g PR EoX®©5 ®5™ T he X
E®sa®f®s*al E@fost@s— lE®f

ERSQY 57" — ERY 5*"® S *>1E®Y
E®r®S ¢ EQY®é, L,
The left rectangle commutes by naturality of 7, while the right rectangle commutes by functoriality
of —® —. The two outside compositions are the two ways to chase x around diagram 1, so the
diagram commutes as desired. ]
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4.2. Commutative monoid objects in SH and their associated rings. We have shown that
7« (F) is an A-graded ring when (F, u, €) is a monoid object in 8. A natural question that arises
is: In what sense is 7.(FE) “graded commutative” if (F, u,e) is a commutative monoid object in
SH? Tt turns out that it satisfies a rather strong commutativity condition. In this subsection, we
will show that 7,(E) is an A-graded anticommutative ring, in the following sense:

Definition 4.5. An A-graded anticommutative ring is an A-graded ring R along with an assign-
ment 6 : A x A — R sending (a,b) — 6, such that for all a,b,c € A,

L4 9(10:00,11217

-1
L4 aa,b = Gb,aa
Oap - Ha,c = 9a,b+c and ob,a ’ ec,a = 0b+c,aa and

)

for all homogeneous x and y in R,

Y=y Oy
Given two A-graded anticommutative rings (R, 6) and (R’,6’), an A-graded ring homomorphism
f: R — R’ is a homomorphism of A-graded anticommutative rings if it satisfies f o6 = 6’. We
write GrCRingA for the resulting category.

In fact, the above definition was entirely motivated by the work we will do here. An interesting
fact is that the initial object in the category GrCRingA is the group algebra Z[A A A] viewed as
an A-graded ring concentrated in degree 0, where here by “AAA” we mean the quotient of A®z A
by the subgroup generated by the elements a ® b+b® a for a,b € A. The element 6, € Z[AN A]
isa Ab = —bAa, where here a A b denotes the image of the element a ® b under the quotient map
ARz A—» ANA.

We will show that not only is 7, (F) an A-graded anticommutative ring, but it is an A-graded
anticommutative algebra over the stable homotopy ring 7. (S), defined as follows:

Definition 4.6. Given an A-graded anticommutative ring (R,#) (Definition 4.5), we write
R-GCA“ to denote the slice category (R,#)/GrCRing” under (R, #). Explicitly:

e The objects are pairs (S, ) called A-graded anticommutative R-algebras, where S is an
A-graded ring and ¢ : R — S is an A-graded ring homomorphism such that for all z € S,
and y € Sy, we have

zy=y- -z p(0ap),

e The morphisms (S, p) — (5, ¢) are A-graded ring homomorphisms f : S — S’ such that
foo=¢"

Note that our notation for the category R-GCA?# is somewhat deficient, as there may be
multiple choices of families of units 0, € Ry satisfying the required properties which give rise to
strictly different categories, as the following example illustrates:

Example 4.7. Consider R = Z as a ring graded over A = Z concentrated in degree 0, and
let 0y, = (—1)™™ for all n,m € Z, then R-GCA? is simply the standard category of graded
anticommutative rings, i.e., Z-graded rings R such that for all homogeneous =,y € R, x -y =
Y- x- (—1)‘“'”'. On the other hand, if we instead define 6, ,, = 1 for all n,m € Z, then the
resulting category R-GCA* becomes the category of strictly commutative Z-graded rings.

Like the standard category of Z-graded anticommutative rings, it turns out that the category
R-GCA* has many nice properties. In particular, in Appendix B.4 we show that R-GCA#
has finite coproducts and pushouts, and as in the standard category of (graded anti)commutative
rings, they are formed by taking the underlying tensor product of bimodules and endowing it with
a (graded anti)commutative multiplication. The details of this contruction are straightforward
but somewhat tedious, so even in the appendix we simply outline what needs to be shown, and
leave it to the reader to verify the minute details if they desire.
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The rest of this subsection will be devoted to proving that for each commutative monoid object
(E,p,e) in 8H, 7 (E) is an A-graded anticommutative algebra over the A-graded anticommu-
tative ring 7, (S), with structure map m.(e) : m.(S) — 7. (F). Before continuing, we explain
how these facts manifest themselves in the classical, motivic, and equivariant stable homotopy
categories:

Example 4.8 (|24, Proposition 0.1]). In the clasical stable homotopy category, given any com-
mutative ring spectrum (E, p, €), m.(E) is a Z-graded anticommutative ring in the standard sense,
ie., 045 = (—e)® € mo(E) for all a,b € Z, so that the graded commutativity formula for . (E)
reads

rToy=y-x- (,1)|arHy|_

Example 4.9 ([10, pg. 3]). In the motivic stable homotopy category, there exists an element
€ € m,0(S) and a standard family of ¢, ’s such that that m, .(S) is a Z*-graded anticommu-
tative ring and the element 64, a,),(5,,0,) € T0,0(S) is given by (=1)4b1 (—g)azbr—arbatazbs Ty
particular, given a motivic ring spectrum (E, y1, e) and homogeneous elements = € 7, 4, (EF) and
Y € Ty, 5, (E), we have

xTYy=y-x- (_1)a1b1 . (e o (_6))a2b1—a1b2+a2b2-

For motivic ring spectra (F,pu,e) such that e o e = —e (for example, for the motivic mod-p
Eilenberg-MacLane spectrum), this formula becomes

zoy=y x-(~1)Mn

For readers interested in learning more about the different possible graded anticommutativity
structures on 7, .(S) in the motivic stable homotopy category, we refer the reader to the paper
[10] of Dugger, Dundas, Isaksen, and Ostveer. There also some of the graded anticommnutativity
properties of the Cs-equivariant stable homotopy category are discussed in relation to the motivic
stable homotopy category (see Remarks 2 & 3). In general, the graded commutativity properties
of the G-equivariant stable homotopy category are highly dependent on the group G, and there
is not a standard choice of coherent family of ¢, 4’s in this setting. Thankfully, the literature
on equivariant stable homotopy theory is usually quite explicit about keeping track of the 6, ;’s
(painfully, this is not the case in the motivic setting, where graded commutativity issues are often
sidelined).

Now, we continue on with our proof of the graded commutativity properties of 7. (E) in SH.
To start with, we identify the elements 6, € m(S), and show they control anticommutativity in
7« (F) for E a commutative monoid object:

Proposition 4.10. For all a,b € A there exists an element O, € wo(S) = [S,S] such that
given any commutative monoid object (E, p,e) in SH, the A-graded ring structure on m.(E)
(Proposition 4.1) has a commutativity formula given by

z-y=y-x-(eo0byp)
for all x € m,(E) and y € m,(E).
Proof. Given a,b € A, define 6, € Aut(S) to be the composition

§2 g b grggh SO grah g gb g ga 2, g
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where the outermost maps are the unique maps specified by Remark 2.4. Now let (E, u,e), z,
and y as in the statement of the proposition, and consider the following diagram

gatb _Pety ga g gb TV po g

| \“/‘
b} 2 OTOBq b ! T r E

5

gatb P, gb g ga YO, po g

The left square commutes by definition. The middle square commutes by naturality of the sym-
metry isomorphism. Finally, the right square commutes by commutativity of E. Unravelling
definitions, we have shown that under the product on 7, (E) induced by the ¢g’s,

2oy =(y )0 (dye°T0Pab):

Thus, in order to show the desired result it further suffices to show that

(y-2)o(dya0T0dap) =y -z (€00up).

/ @@ SP

Consider the following diagram:

Saer

|

St® st St g ST w SP Sb®Sa
Sb®5“®S‘“"“®Tl // laﬁb a
SteSre sty St Ssr = S ST sa+b

yezee EQE
e
EQRER®E Een E®F
] t
E®F - E

Here any map simply labelled 2 is an appropriate composition of copies of ¢, s, associators, and
their inverses, so that each of these maps are necessarily unique by Remark 2.4. The triangles in
the top large rectangle commutes by coherence for the ¢4;’s. The parallelogram commutes by
naturality of 7 and coherence of the of ¢, ;’s. The middle skewed triangle commutes by functori-
ality of —® —. The triangle below that commutes by unitality of x. Finally, the bottom rectangle
commmutes by associativity of u. Hence, by unravelling definitions and applying functoriality of
— ® —, we get that the right composition is (y - z) o (¢;; 0T 0 ¢gp), while the left composition is
y-x-(e0byyp), so they are equal as desired. |

Now, it remains to show that the assignment 6 : A% — m(S) descends/restricts to a group
homomorphism A A A — m(S)*, i.e., that it satisfies the first three conditions outlined in
Definition 4.5. First, we prove the following useful lemma:

Lemma 4.11. Suppose we have homogeneous elements x,y € m.(S) with x of degree 0 (so x is
amap S — S and y is a map S* — S for some a € A), then we have x -y =y-x =z oy (where
the - denotes the product given in Proposition 4.1).
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Proof. As morphisms, y is an arrow S* — S for some a in A, and x is a morphism S — S. Then
consider the following diagram:

$0,a=Aga ba,0=Pga
S® S s 5 fs 5°® S
~ -
S®y Ul YRS
> As=psg ps=As ol
YR SRS —3 5§ &&= 5SS Ty
- ~N
@RS $l SQx
I'd ~
S® S - 9 - S® 8
¢010:p5 4)0’0:)\5

The trapezoids commute by naturality of the unitors, and the triangles commute by functoriality
of — ® —. The outside compositions are y - x on the left and x - y on the right, and the middle
composition is z o y, so indeed we have y-x = x -y = x oy, as desired. O

Now, we will check the rest of the conditions in Definition 4.5 1-by-1.
Lemma 4.12. Given a € A, we have 8y, = 0,0 = idg.
Proof. Recall 0, ¢ is the composition

57 ®¢a.0 ST ®¢q. e
— —

S P—a,a S % ge S—a®(S“®5)mS‘“®(S®S“) SRS — §

By the coherence theorem for symmetric monoidal categories and the fact that ¢, and ¢gq
coincide with the unitors, we have that the composition

sa

0.0=A
S90S T S w8 ST ga

is precisely the identity map, so by functoriality of — ® —, we have that 6, ¢ is the composition

¢a,o:f7§;
e

Sa

§ Sony goa g g0 2y goa g ge Py g
Hence 60,0 = idg, as desired. An entirely analagous argument yields that 6y, = ids. O
Lemma 4.13. Let a,b& A. Then 0,4 - 0, = idg.
Proof. By Lemma 4.11, it suffices to show that 0, 500; , = ids. To see this, consider the following

diagram:

—a—b
§ 2y 5abgshg gl L §Tgrabggageh ¢ g

T~

S b @ 5@ SP

lsfa*b@)r

STt St s
&
S

Here we are suppressing associators, and any map labelled ¢ is the appropriate composition of
¢a,p’s, unitors, associators, identities, and their inverses (see Remark 2.4). Clearly each region
commutes, the middle by the fact that 72 = id, and the other two regions by coherence for the
@’s. Thus we have shown Oqp, - Op.q = 04 - 0o = ids, as desired. O

Lemma 4.14. Let a,b,c € A. Then Oqp - 04.c = 0o prc and O - Oc.a = Optca-
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Proof. First we show 8,404, = 04.4+c. By Lemma 4.11, it suffices to show that 8, 500, c = 84 p4c-
To see this, consider the following diagram:

(2)

S ¢ S§—a—cgage L g—a—cgecga % S
® (A) ¢J (B) P (©) ¢

—c

g-a—b—cgagbte __® | Sfafcsfbsasb%*caﬂft’sﬁa*cscsfbsasb ¢  g-a-bgagb
goa-ver D) 55 rme  (B)  secssts (F) 5-a-tr
G-a—b—cgbtega L} Sfafcsfbsbsc%:aaﬂscgiafcsjsfbsbsa * g-a—bgbga
4 (G) Tcﬁ
® §-a—cgega —__________ g-a—cgega ®
(H)
S S

Here we are omitting ® from the notation (so that the diagram fits on the page), and each
occurrence of an arrow labelled ¢ indicates it is the unique arrow that can be obtained as a
formal composition of tensor products of copies of ¢q_p’s, unitors, associators, and their inverses
(Remark 2.4). Clearly the composition going around the top and then the right is 6, 5 06, . while
the composition going left around the bottom is 0, 4. Thus, we wish to show the above diagram
commutes.

Regions (A), (C), and (H) commute by coherence for the ¢’s (see previous remark). Region (E)
commutes by coherence for the 7’s. To see region (B) commutes, consider the following diagram,
which commutes by naturality of 7:

g—a—cgage ST §-a—cgega

ST ba—b,pS¢ ST bab b

—a—

“Tsa—bgb ge

S
S—a—csa—bsbsc

574 "¢h_y 450 8°

5
S—a—cs—bsasbsc

a—c_
s—bsashﬁé
_—

S—a—cscsa—bsb

§—a=c5eg_, .S

—a—cscs—bsasb

To see region (D) commutes, note that it is simply the square

S—a—b—csa5b+c
g—a—b—c_

S—a—b—csb+csa

D—a—c,—bS"Pp.c
e

G—a—c,—bPb,cS
e

S—a—cs—bsasbsc
|

Sfafcsfb

. 1
S—a—cs—bsbscsa

Tga gbge
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This diagram commutes by naturality of 7. To see region (F) commutes, consider the following
diagram, which commutes by functoriality of — ® —:

7C¢c,—bsa

—a b a gb
Sfafcscsfbsasﬁ szafcscfbsasde“*C@*bS s §—a—bgagb

Sfafcscsbe Sfafcscfb_r Sfabe
g—a—cy _, gbge o pStSE
S§—a—cgeg—bgbga Pe,—b SfafcscfbSbsa(zb e—b §—a—bgbga
Finally, to see region (G) commutes, consider the following diagram:
ST _pgb geS”
§—a—cg-bgbgcga 578 :Sv—a—cscs—bsbsa
Sfa*cfi)fb,bSCSaT TS’“’CScﬁLb,bS“
§aeggega’ TR gma—cgegga
Sfafc%ycsazsfafckggsﬁ Tsfafc(ﬁcyosazsfafcsp;sa
S*d*CSCSa S*G*CSCSG

The top region commutes by naturality of 7, while the bottom region commutes by coherence
for a symmetric monoidal category. Thus, we have shown that diagram (2) commutes, so that
Oa,p - Oa,c = Oa,btc, as desired. Now, to see that 0p 4 - 0c.q = Optc,q, note that
) pm1 - - 1 ()
91)711 . Hc,a = ea’i : ea,}; = (ea,c : ea,b) t= ea’élprc = 9b+c7a7
where each occurrence of () is Lemma 4.13. (]

To recap, we have shown that the assignment 6 : A2 — my(S)*

a,b,c € A:
® 0uo="00a=1,
° 0;; = Ob,a,
L4 0a,b : 0&,(: = Ga,b+c and ob,a ' oc,a = 9b+c,aa and
e for all homogeneous x and y in 7. (5),

satisfies the following for all

TY=Y T Oy
Thus, the stable homotopy ring 7, (S) is an A-graded anticommutative ring, as desired. Now, we

just have a few details left to check in order to conclude that m,(E) is an A-graded anticommu-
tative m,(S)-algebra for E a commutative monoid object in SJH:

Proposition 4.15. The assignment (E, p,e) — (m.(E), 7 (e)) yields a functor
7. : CMonggc — m.(S)-GCA*

from the category of commutative monoid objects in SH (Definition C.3) to the category of A-
graded anticommutative . (S)-algebras (Definition 4.6).

Proof. By Proposition 4.1, we know that 7, yields a functor from CMongyc to A-graded rings.
Furthermore, by Proposition 4.10, we know that for all homogeneous z,y € 7. (F) that

voy=y -z (eobyy) =y z m(e)(Oy)
as desired. Thus, it remains to show that m.(e) : m.(S) — 7. (F) is an A-graded ring homomor-
phism for any (commutative) monoid object (F, u,e) in 8H, and that given a monoid homomor-
phism f : (E1,p1,e1) — (Eao, p2,e2) in CMongsgc, that m.(f) satisfies m,(f) o me(e1) = ms(e2).
The latter clearly holds, as since f is a monoid homomorphism, we have f oe; = es, so that

me(f) o mu(er) = mu(f o e1) = mu(ea).
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Furthermore, since e : S — E is a monoid object homomorphism (Lemma C.6), we know that
mi(€e) : e (S) = m(E) is an A-graded ring homomorphism by Proposition 4.1. O

5. SOME IMPORTANT THEOREMS IN 8H

So far, we have already identified a good amount of structure on the objects m.(E), E.(E) =
m.(E ® E), and E,(X) for E a (commutative) monoid object and X an object in 8H. Namely,
we have shown that 7, (F) and E.(E) = m.(F ® E) are canonically A-graded anticommutative
algebras over the stable homotopy ring (Proposition 4.15), and that E.(X) is canonically an
A-graded left 7, (E)-module (Proposition 4.3). We would like to identify even more structure on
these objects, namely, in Section 6, we will show that the pair (E.(E),m.(F)) is an A-graded
anticommutative Hopf algebroid, over which E,(X) is an A-graded left comodule. To that end,
we need two important theorems, namely, we need analogs of the Kiinneth isomorphism and the
universal coefficient theorem from algebraic topology. This section is dedicated to formulating
and proving these theorems. The proofs of these theorems are arguably the most technical and
difficult in this paper, so we will be especially careful to give them in their full and explicit detail.

5.1. A Kiinneth isomorphism. The goal of this subsection will be to prove the following
theorem, which, given a monoid object (E,u,e) and objects Z and W in 8K, relates the Z-
homology of F and the E-homology of W to m.(Z @ E @ W):

Theorem 5.1 (The Kiinneth isomorphism). Let (E, i, e) be a monoid object and Z and W objects
in 8H. Then if
e Z.(E) is a flat right m.(E)-module (via Proposition 4.3) and W is cellular (Defini-
tion 3.1), or
o E.(W) is a flat left m.(E)-module (via Proposition 4.3) and Z is cellular,
then there is a natural A-graded isomorphism of A-graded abelian groups, called the Kiinneth
isomorphism:

Dy i Zu(E) @ro ) B.(W) S m(Z0 EQW).
There is much work to be done. First, we construct the map and show it is natural:

Proposition 5.2. Let (E, u,e) be a monoid object and Z and W be objects in SH. Then there
is an A-graded homomorphism of abelian groups

which given homogeneous elements x: S* — Z @ E in Z,(E) =m.(Z®@FE) andy : S®* = E@ W
in E.,(W) =m.(E®W), sends the homogeneous pure tensor x @y in Z,(E) @, (g) E«(W) to the
composition

Dy (z@y): S 22t se g st Y o peEeW 22V, 2o Eo W

Furthermore, this homomorphism is natural in both Z and W.

Proof. By Lemma B.14, in order to get an A-graded homomorphism
Pyw : Z(E) @n.(p) E(W) 5 1 (ZR@ER W),

it suffices to define an assignment P : Z,(E) X E,(W) — 7.(Z® E®QW) on homogeneous elements
(which we have), and show that it is additive in each argument for homogeneous elements of
the same degree, and that for all homogeneous z € Z.(E), r € m.(F), and w € E, (W) that
P(zr,w) = P(z,rw), where concatenation denotes the module action.

First, note that by Lemma 4.2 it is straightforward to see that the assignment commutes with
addition of maps of the same degree in each argument. Now, let a,b,c € A, 2z : S* - Z Q E,
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w:S - E®W,and r : ¢ — E. Then we wish to show P(zr,w) = P(z,rw). Consider the
following diagram (where here we are passing to a symmetric strict monoidal category):

ZQEQEQW
Z®”W Jze@u@w
Satbte =, g0g G st Y 7o EQ EQ EQW ZQE@W
Z®EM TZ®“®W
ZQEQEQW
It commutes by associativity of u. By functoriality of — ® —, the top composition is given

by P(zr,w) and the bottom composition is P(z,rw), so they are equal as desired. Thus, by
Lemma B.14 we get the desired A-graded homomorphism 7,(Z ® E) @, (g T«(E@W) = m.(Z ®
E@W).

Next, we would like to show that this homomorphism is natural in Z. Let f: Z — Z' in 8H.
Then we would like to show the following diagram commutes:

T(Z @ E) @, () 1 (E®W) 2% 1,(Z0 E® W)
(3) m(f®E)®m(E®W)J{ Jm(f@E@W)

72 ® E) @) T(E®W) "2 n(Z @ E@ W)
As all the maps here are homomorphisms, in order to show it commutes, it suffices to chase
generators around the diagram. In particular, suppose we are given z : S — Z ® F and

w:S® - E® W, and consider the following diagram exhibiting the two possible ways to chase
z ® w around the diagram (as usual, we are passing to a symmetric strict monoidal category):

gatb Paby ga g gb 20U o po ReW N 7o B W
f®E®E®WJ/ J{f®E®W
ZQueWw

ZQEQEQW — Z/QEQW

This diagram commutes by functoriality of — ® —. Thus we have that diagram (3) does indeed
commute, so that ®; y is natural in Z as desired. Showing that ® y is natural in W is entirely
analagous. O

Now, before proving the Kiinneth map is an isomorphism under the conditions given in Theo-
rem 5.1, we prove the following lemmas:

Lemma 5.3. Let (E, u,e) be a monoid object and Z and W be objects in SH. Then for alla € A,
the following diagram commutes

arir Zx(B)®r, (myty
Z(E) ®@n, () Ex(BW) ———— Z.(E) ®r, () Esma(W)

‘bz,zawl J/‘I)Z,W

m(Z @ E® X°W) Ta—a(Z Q@ EQ@W)

tW

| |
(Z @ E).(X*W) 2 (Z @ E)w—q(W)

where the maps t, are constructed and proven to be A-graded isomorphisms of abelian groups in
Lemma 4.4.
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Proof. Note that in Lemma 4.4, it is shown that t%V : E,.(2*W) — E,_,(W) is not just an
A-graded isomorphism of abelian groups, but it is furthermore a left 7, (E)-module isomorphism.
Thus, the top arrow in the above diagram is well-defined. Since all the arrows involved are
A-graded homomorphisms, in order to show the diagram commutes it suffices to chase a pure
homogeneous tensor around, as they generate the top left object. To that end, let z: S® - Z@FE
in Z,(E)and y : 8¢ - E® S*®@ W in E,(X*W), and consider the following diagram exhibiting
the two ways to chase x ® y around:

ZQEREQW ¢

Sbte—a ZRIEQEQW RS ®S5™* — ' 7QFQEQW
[ ZQEQERT®RS™* ZQueWw
o —a ZRQuAW®S*®s ¢
Stoseose TS T s o B E® S oW @S . ZQEQW

ZQERW®R$, ",

Z@uRS*‘@WeSs™*

ZRER@S"@WRS™* ———— ZQEWes*®S5™°
ZQERTRS

Each triangle commutes by functoriality of — ® —, so the diagram commutes as desired. ]

Lemma 5.4. Given a monoid object (E, u,e) and an object X in 8H, for all a € A the A-graded
isomorphisms

s%op  T+(X'XQF) = m_o(X ® E)
from Definition 2.9 are isomorphisms of right m.(E)-modules, where here m.(X*X ® E) and
(X @ E) = X.(E) are considered with their canonical right 7. (E)-module structure given in
Proposition 4.3.

Proof. By additivity, in order to show s g p is @ homomorphism of right 7, (£)-modules, it suffices
to show that for all homogeneous z : S®* - S*®@ X ® F in m, (XX ® E) and r : S® — E in 7, (E)
that s gp(z 1) = s%gp(®) - 7. To that end, consider the following diagram:

Ghtema L, gmag g 8gag gan X 0 ES'E 2K g S e X e B
¢:§,a®X®E®EJ( qu:(llya@X@E
X®Qu

XQFERFE XQF

The top composition is s%g (@ - ), while the bottom composition is s% g (z) - 7. The diagram
commutes by functoriality of —® —, so that s% g p(2-7) = s%g () -7 as desired, meaning s% g
is indeed a right 7, (E)-module homomorphism. O

Lemma 5.5. Let (E,p,e) be a monoid object and Z and W objects in 8H, and suppose the
Kinneth map ®zw is an isomorphism. Then ®sazw and @z sew are isomorphisms for all
a€ A, and so are sz w an Pz xw.

Proof. If ®z v is an isomorphism, it follows that ®; sy is an isomorphism by Lemma 5.3. On
the other hand, in order to see ®xaz - is an isomorphism, consider the following diagram:

@ a
(22 @ E) @, gy Ts(E@W) =28 1, (3 Z@ E@ W)
(4) 5%®E®m(E)’“'*(E®W)J/ J{S%@)E@W

P
Teea(Z®E) @p,my T(E@W) 25 1 o(ZQER@W)
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Here the vertical arrows are induced via the isomorphisms constructed in Definition 2.9, and
the left vertical arrow is well-defined since s%g 5 is a right 7.(E)-module homomorphism by
Lemma 5.4. Since every arrow in diagram (4) is an isomorphism of abelian groups except the top
arrow, in order to show ®s. 7y is an isomorphism, it suffices to show the diagram commutes. To
that end, since all the arrows are homomorphisms, it suffices to chase a pure homogeneous tensor
around. Solet x: S = ¥*Z®@ E and y : S¢ - E® W, and consider the following diagram whose
outside compositions exhibit the two ways to chase the pure tensor  ® y around diagrama (4):

Stte—a %, grag gb g E (0 —ag ge g 7o R ESW I g e g 20 EoW
¢:i’a®Z®E®E®Wl l¢:i’a®Z®E®W

ZQEQEQW ZOneW ZQEQW

The diagram commutes by functoriality of —®@—, so that diagram (4) commutes, meaning ®x. z w
is an isomorphism as desired.

Now, it remains to show that ®z ssyy and ®xz 1w are isomorphisms. To that end, consider the
following diagram:

Z,5W

[
T(Z @ FE) @, (p) Tx(EQ@XW) ——— m.(Z ® E® XW)
‘IT*(Z®E)®7,*(E)7T*(E®Uw) T (ZQEQuw )

(2 @ E) @, () T (B @ ZW) o= m(Z @ E@ XW)
It commutes by naturality of ®. Furthermore, assuming ®z - is an isomorphism, by what we
have shown above we know that ® 1y, is an isomorphism, and since vy is an isomorphism, it
follows that the above diagram commutes and all arrows except ® z sy are isomorphisms, so that
®, sy must be an isomorphism itself. Finally, an entirely analagous argument using naturality
of ® with respect to vz yields that ®x 7w is an isomorphism as well. O

Now, we can finally prove the desired theorem:

Proposition 5.6. Let (E, u,e) be a monoid object and Z and W objects in SH. Then if either:
(1) Z.(E) is a flat right m«(E)-module (via Proposition 4.3) and W is cellular (Defini-
tion 3.1), or
(2) E.(W) is a flat left m.(E)-module (via Proposition 4.3) and Z is cellular,

then the natural homomorphism
Sz w: Z*(E) Qr, (B) E*(W) — 7T*(Z RE® W)
given in Proposition 5.2 is an isomorphism of abelian groups.

Proof. In this proof, we will freely employ the coherence theorem for symmetric monoidal cate-
gories, and we will assume that associativity and unitality of — ® — holds up to strict equality.
First we will consider the case that 7.(Z ® E) = Z,(F) is a flat right 7, (E)-module and W is
cellular. To start, let € be the collection of objects W in 8H for which ® 7y is an isomorphism.
Then in order to show & contains every cellular object, it suffices to show that £ satisfies the
three conditions given for the class of cellular objects in Definition 3.1. First, we need to show
that ¢z w is an isomorphism when W = S¢ for some a € A. Indeed, consider the A-graded
homomorphism

VT (Z@E®S) = 12 ®FE) @r, () T(E® 5%
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which sends a class x : S* - Z® F® S% in m(Z ® E ® S%) to the pure tensor ¥ ® €, where
T € mp—q(Z ® E) is the composition

u TS ZQE®e, ",

gh—a Phay gb g g-a 8 g0 po ga g ga Z®QFE

and € € m,(F ® S%) is the composition
§* 2%, B s,
In order to see ¥ is an (A-graded) homomorphism of abelian groups: Given z,z’ € m,(ZQE®S®),

—_~—

we would like to show that T @ e+ 7' ® € = z + 2/ ® €. It suffices to show that ¥ + 7' = x + 2.
To see this, consider the following diagram (again, we are passing to a symmetric strict monoidal
category):

gb—a A gb—a g gb—a

mfal lasb,faeam,fa
St @ S = (S ® S~ @ (Sb® S~%)

A®S’“l = (2®S~")®(z'®S %)

("o s s (ZRE®S*®@S™*)®(ZRE®S5*®S™%)
(gﬂ@m/)m—al = (ZoE®s; L, )®(Z0E0e; L ,)
(ZOE®S)®(Z@E®S")®8° (ZRE)® (Z®E)
V®Sfal v
ZQE®S"®857° Z®E

ZQE®¢, ",

The top rectangle commutes by naturality of A in an additive category. The bottom triangle
commutes by naturality of V in an additive category. Finally, the remaining regions of the
diagram commwy additivity of — ® —. By functoriality of — ® —, it follows that the left
composition is z + 2’ and the right composition is Z + ', so they are equal as desired. Thus ¥
is a homomorphism of abelian groups, as desired.

Now, we claim that ¥ is an inverse to ®z s«. Since ®z g« and ¥ are homomorphisms it suffices
to check that they are inverses on generators. First, let 2: S - Z® E® S® in m(Z @ E ® S9).
We would like to show that ®z g« (¥(z)) = x. Consider the following diagram, where here we are
passing to a symmetric strict monoidal category:

Sv = St S @ S
@S owse W}S
x
@ ZRE®S'®5 95 ——— ZRQERS'®@S*@E®S?
Z®E®WZ®E®¢A o LOEeSTesTteuds
‘ ,—a
Z®E® S ZQE®S" N
i ZRE®¢, " ,OERS"
\ ZRE®e®S”
ZRueS* v

ZRE®E®S?

The top left trapezoid commutes since the isomorphism S° 55 Srw st may be given as
S ® ¢_4.q (see Remark 2.4), in which case the trapezoid commmutes by functoriality of — ® —.
The triangle below that commutes by coherence for the ¢, ;’s. The bottom left triangle commutes
by unitality for p. The top right triangle commutes by functoriality of —® —. Finally, the bottom
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right triangle commutes by functoriality of — ® —. It follows by unravelling definitions that the
two outside compositions are = and ®z g« (¥(z)), so indeed we have @z ga(¥(z)) = x since the
diagram commutes.

On the other hand, suppose we are given a homogeneous pure tensor * @y in 7.(Z ® E) ®r_(g)
T (E®8%,s0x:5" -+ Z®Fandy: S — E®S® for some b,c € A. Then we would like to
show that ¥(®z s« (z ®y)) = ©®@y. Unravelling definitions, ¥(®z g« (z ®y)) is the homogeneous
pure tensor xy® €, where € is the map e® S : S* — E® .5 is defined above, and by functoriality
of —® —, gy : S*1°¢7% - Z ® E is the composition

Gbtc—a

F
St S ST

lm@y@S*“

ZOEQRERS*Q@S™°
lZ®H®S“®S*“

ZQE®S*®S™®
lZ®E®¢;£“
ZQF

Now, define r € m._4(F) to be the composition

E®¢; ",
—’>

et o e g 9o YBS p o ga g ga E.

First, we claim that x - r = zy. To that end, consider the following diagram, where here we are
again passing to a symmetric strict monoidal category:

Shte—a =, Gbg ge g gy o po B g st 0 s 8 g B e 0 e
Z®E®E®¢;ial lZ®E®¢;ia
ZQEQE Z®FE

Zou

Commutativity is functoriality of — ® —, which also tells us that the two outside compositions
are zy (on top) and x - r (on the bottom), so they are equal as desired. On the other hand, we
claim that r - € = y. To see this, consider the following diagram:

o

SC SC ® Sfa ® Sa
-
yRSTI®S ly@S*‘l@e@S“
v EFE®S*"®57®5 —— EFRSQS*QE® S
— E®S*®ST°QeS
E®S @4 , lE®¢;£a®sa
L
E®RS* ————— E® S° E®¢, ' ,QE®RS"
\
u®SaT EQRe®S*
EQE®S? E®FE®S®

By Remark 2.4, we may take the top arrow to be S ® ¢_, 4, in which case the top left triangle
commutes by functoriality of — ® —. The bottom trapezoid commutes by unitality of u. Every
other region commutes either by definition or by functoriality of — ® —. The top composition is
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r - €, so we have shown r - ¢ = y as desired. Thus, we have that
U(Pzs:(z@y) =TyRe=2-TRE=Qr =104,

as desired. Hence we have shown W is both a left and right inverse for ®z g, so that indeed S*
belongs to € as desired.
Now, we would like to show that given a distinguished triangle in 83

xLyswhyx,

if two of three of the objects X, Y, and W belong to &, then so does the third. From now
on, write LE to denote the functor from 8H to A-graded abelian groups sending X +— 7.(Z ®
E)®y, (p)T(E®X). Then ®z _ is a natural transformation LY = m,(Z@E®—) = Z,(E® —).
First, recall that it follows generally that in an adjointly triangulated category (Definition 2.8),
which 8H is by Proposition 2.7, given a distinguished triangle (f,g,h) we have a long exact
sequence (see Definition A.1 for the definition of an exact sequence in an additive category, and
see Proposition A.9 for the explicit contruction of the LES associated to a distinguished triangle
in an adjointly triangulated category):

v Low L x Ly L whex 2L yy,

where h : QW — X is the adjoint of h : W — ¥ X. Then since 8H is further a tensor triangulated
category (Definition 2.2), we have that the above sequence remains exact even after tensoring by
E on the left (see Proposition A.11 for details), so we have the following exact sequence in 8H:
Eoy 222 poow 22 pox 2L pey 224 pew 22 peonxy 225 pe sy,
We can then apply [S*, —] = m.(—) to it, which yields the following exact sequence of A-graded
abelian groups:

E.(Qg) E.(f)

E.(Qv) 299 g oow) 2 pxy 29 By E-U)

) 29 poowy 28 psx) 2 B (sy).

Now, we can tensor this sequence with 7.(Z ® E) on the left over 7, (F), and since m.(Z @ F) is
a flat right 7, (F) module, we get that the top row in the following diagram is exact:

E E /7 E E E E
LEQY) % peqwy B pexy UL peyy B9 ey B0 pe sy O p e sy

q)Z,QYJ/ q)Z,QWJ/ q’z,xJ{ q’Z,YJ/ q’Z,WJ/ q’Z,EXJ/ ¢Z,ZYJ/

2B 2, fyE W) 3 Z(E©X) 2 4 (ESY) 25 (B W) 2 (S 2E) 2,4 2Y)

> Zy
(E®h) *
This diagram further commutes by naturality of ®; _. Now, supposing that two of three of X,
Y, and W belong to €, by Lemma 5.5, if ® 7 is an isomorphism for some object V' in 3 then
&7 qv and @z sy are. Thus by the five lemma, it follows that the middle three vertical arrows
in the above diagram are necessarily all isomorphisms if any two of them are, so we have shown
that € is closed under two-of-three for exact triangles, as desired.

Finally, it remains to show that € is closed under arbitrary coproducts. Let {W;}icr be a
collection of objects in € indexed by some set I. Then we’d like to show that W := @, W;
belongs to €. First of all, note that — ® — preserves arbitrary coproducts in each argument, as it
has a right adjoint F'(—,—). Thus without loss of generality, given any object X in 8K, we may
take @, X @ W; = X @ @, W; (as X @ @, W; is a coproduct of all the X @ W;’s). Now, recall
that we have chosen each S to be a compact object (Definition 2.5), so that given any object X
and collection of objects {Y;}ics in 8, if Y := €, ; Y, then the canonical map
axy, P X (V) =PI X Y] = [P XY =[5, XaY]=X.(Y)

3 7
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is an isomorphism, natural in Y; for each i. Note in particular that ¢g w, is an isomorphism
of left m,(E)-modules. To see this, first note by additivity of gz w,, it suffices to check that
qe.w,(r-x) = r-qgw,(z) for each homogeneous r € m,(E) and homogeneous = € E,(W;) for
some 4, as such z generate @, E..(W;) by definition. Then givenr : S* — E and z : S®* - EQW;,
consider the following diagram

E®e )
Sa+b % Sa®Sb &E@E@Wl M&E@@AE@WI)

~
E®E®Lwi H
~
EQEQW

HOW; J{#@W
EoW

T
—

—
E@W, ——— @,(EcW,;)

LE®W;

where tpgw, : E®@ W; — @,(E @ W;) and ww, : W; — @, W, are the maps determined by
the definition of the coproduct. Commutativity of the two triangles is by the fact that £ ® — is
colimit preserving. Commutativity of the trapezoid is functoriality of — ® —. Thus, since gg,w;,
is a homomorphism of left A-graded =, (F)-modules, the top right arrow in the following diagram
is well-defined:

)@ W
D, Z.(E) () Bo(We) == Z.(E) @r. () @, B () =321 E) .. () B.(W)
(5) D, Pzw,; Cz,w
@B, Z.(E o W;) — 222y 7D, E @ W) = Z,(E® W)

We wish to show this diagram commutes. Again, since each map here is a homomorphism, it
suffices to chase generators. By definition, a generator of the top left element is a homogeneous
pure tensor in E.(E) ®x, (g) E«(W;) for some i in I. Given classes z : S = Z ® E in Z,(F) and
y:S" = E®W,; in E.(W;), consider the following diagram:

T ZRE®¢L .
gotd Loty gaggh PV, o ReEeW, —S'Y o Ee @, Ee W,

Z®N®Wil \Z®E®E®Lwi H

~
ZRFEQW,; ZQEQEQRQW

LZ®E®W7»i \Z®E®Lwi J{Z@)P«@W
~

B ZOEQW, ——— ZREQW

Unravelling definitions, the two outside compositions are the two ways to chase x ® y around
diagram (5). The two triangles commute again by the fact that — ® — preserves colimits in each
argument. Commutativity of the inner parallelogram is functoriality of — ® —. Thus diagram
(5) tells us @y is an isomorphism, since ¢g,w, and gz ggw, are isomorphisms, and @z , is an
isomorphism for each ¢ in I, meaning @, ®w, is as well.

Thus, we’ve shown the class € of objects W for which ® - is an isomorphism contains the 5’s,
is closed under two-of-three for distinguished triangles, and is closed under arbitrary coproducts.
Thus, it follows that € contains the class of all cellular objects in SH, as desired.

Now, suppose that 7, (E ® W) is a flat left 7, (E)-module, then we’d like to show @y is an
isomorphism for all cellular Z in 8. Showing this is entirely analagous to above, so we only
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outline the argument. Let € be the class of Z in 8J{ such that ®z i is an isomorphism. Then in
order to show & contains every cellular object, it suffices to show it contains the S%’s, is closed
under two-of-three for distinguished triangles, and is closed under arbitrary coproducts.

To see € contains the S%’s, consider the map

U:m(S*"@EQ@W) = (S ® F) @, (p) m(E Q@ W)

sending r: S* =+ S°®@ E®@ W to € ® Z, where € € m,(5% ® E) is the map S°®e: S* = S*® E,
and T € m_q(E @ W) is the map

b b STO® L JOERW
) a—)S ®S— 5 ®Sa®E®W—>E®W

Then checking that W is a left and right inverse to ®ga y is entirely analagous, so that S belongs
to € as desired.
To see € is closed under two-of-three for distinguished triangles, let

xLhy % zhex

be a distinguished triangle in 8. Then an analagous argument as above (using Proposition A.9
and Proposition A.11) yields a long exact sequence of A-graded abelian groups

(Y @ B9 0z ¢ )
Tx (%@E)
T E
T(X @ E) T m(Y @ B) T-WEE - (2 ® E)
7« (hQE)

/
Then since 7.(F ® W) is a flat left 7r*(E) module, we can tensor the above long exact sequence
with 7, (F ® W) on the right to obtain a long exact sequence which fits in the left column of the
following commuting diagram:

REQY) 2% - (Y @ E@ W)
RE(Qg)| Ir(Q9eEQW)
RE(QZ) 292% 1 (QZ @ Eo W)
RE(R)] Ir.(heEeW)
RE(X) XY, r (X @ E@W)
RZ(H)L I (foEQW)
RE(Y) B, (Y Q@EQW)
RZ(9)) I (g0 ERW)
RE(Z) 22 n(Z@ EoW)
RE(W)] Ir (h@EaW)
RE(ZX) Y r (SX @ Eo W)
RE(ENL m (EfoEQW)

EYW

REXY) /5 m, Y @ E@ W)
where RE denotes the functor from 83 to A-graded abelian groups sending X + (X RF)®x, (B)
m.(E ® W), so that ®_ y is a natural homomorphism RF(—) = m.(— ® E® W). Then finally

by Lemma 5.5 and the five lemma, if any two of three of the middle three horizontal arrows are
isomorphisms, then all three of the horizontal arrows are isomorphisms, as desired.
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Finally, in order to show € is closed under arbitrary coproducts, suppose we have a collection
of objects {Z;}icr in € indexed by some (small) set €. Then we’d like to show Z := @, ; Z; also
belongs to €. First note that since the S*’s are compact, for any object Y we have isomorphisms

gz.y P Z.(V) =PI Zi oY =[S, P(Z: 2 Y)| =[S, Z0 Y] = Z.(Y).

K3 K3

It is straightforward to verify that ¢z, g : @, Zi.(E) — Z.(E) is not only an isomorphism of
abelian groups, but an isomorphism of right A-graded m.(E)-modules, so that the top arrow in
the following diagram is well-defined:

4z, EQE.(W;)
D, (Zin(E) @r.,(5) Bs(W)) == @, (Zi.(E)) @r.(5) E.(W) “"% Z,(E) @y E(W)
D, 2z, w Pz w
@ Zi.(EwW) sl Z(E@W)

Then a simple diagram chase yields the diagram commutes, so that ®z is an isomorphism,
assuming all the ®z, s are. g

5.2. Modules over monoid objects in 8H. Now, before we prove our next theorem (an analog
of the universal coefficient theorem in 8H), we need to develop some of the theory of (left)
module objects over monoid objects in SH. For a review of the basic definitions and properties of
module objects over monoid objects in symmetric monoidal categories, see Appendix C.2. Recall
specifically that given a monoid object (E, p1, ) in 8K, the category E-Mod of (left) E-module
objects is additive (Proposition C.15), and the forgetful functor E-Mod — 8H preserves arbitrary
coproducts and has a right adjoint SH — E-Mod taking an object X in 8K to the free E-module
E ® X (Proposition C.12).

Proposition 5.7. Let (E,u,e) be a monoid object in 8H. Then the assignment m, : (N, k) —
m«(N) yields an additive functor from E-Mod to the category ﬂ*(E)-MOdA of A-graded left
7« (E)-modules and degree-preserving homomorphisms between them, and in fact, it preserves
arbitrary coproducts. In particular, if (N, k) is an E-module object in 8H, then we view it with
its canonical A-graded left w.(F)-module structure given by the graded map

T (E) X mu(N) = 7 (N)
sending a class r : S* — E and x : S® — N to the composition

pep §oth 20 ga g gb TET b o NS N

Proof. First let (N, ) be an E-module object. Let a,b,c € A and z,2" : S* = N, y: S®* — E,
and z,z' € S¢ — E. Then by Lemma B.9, it suffices to show that

y-(x+a)=y-x+y- -2,
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The first two axioms follow by Lemma 4.2. To see (3), consider the diagram:

E®N

|
K
QYT

ZQYRx N

Gatbte _= 5 geg Gb g ga 2V P Ee N

o "

E®N

It commutes by coherence for k. By functoriality of — ® —, the two outside compositions equal
z-(y- ) on the top and (z - y) - « on the bottom. Hence, they are equal, as desired.
Next, to see (4), consider the following diagram:

S £ N
N
e e(X‘)N r
+
EFE®N

The top triangle commutes by definition. The left triangle commutes by functoriality of — ® —.
The right triangle commutes by unitality of k. The top composition is  while the bottom is e -z,
thus they are necessarily equal since the diagram commutes.

Now, we’d like to show that if f : (N,x) — (N', k) is a homomorphism of E-module objects,
then 7, (f) : m(N) — m(N’) is a homomorphism of left 7. (F)-modules. To see this, let r :
S — FE in 7m,(E) and z,x : S®* — N in m,(N). We'd like to show that 7.(f)(z + 2/) =
T () () + e (f) (@) and 7 (f)(r - ) = r - m(f)(z). To see the former, consider the following
diagram:

N' & N’
W JV
ga B gag ga 20 Ny N’

x jvf

It commutes by naturality of V in an additive category. The top composition is 7. (f)(x)
m(f)(2"), while the bottom is . (f)(z+2’), so they are equal as desired. To see that m,(f)(r-x)
r - m(f)(z), consider the following diagram:

I+

E® N’
)
QT N

gath P gb g ga O po N
x K
N

It commutes by the fact that f is a homomorphism of E-module objects. The bottom composition
is m.(f)(r - ), while the top composition is r - m,(f)(x), so they are equal, as desired.

Next we claim this preserves arbitrary coproducts. First of all, note that 7, (0) = [S*,0] = 0 by
definition, since 0 is terminal. Now suppose we have a family of objects (IV;, k;) € E-Mod then we
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would like to show that there is an degree-preserving isomorphism of A-graded left 7, (E)-modules
P, m.(N;) = 7.(€D,; N;) such that the following diagram commutes for all i:

7. ()
(6) et | \”

o

D, T (Ni)) —— m(D; Ni)

First of all, since each S* is compact, for all a € A we have isomorphisms

@WH(M) =Plse, Ni] = [s°, @Ni] - wa(@ N),

?

and these combine together to yield A-graded isomorphisms g¢n,} : @, 7« (Ny) =N 7. (B; Ni).
Explicitly unravelling defintions, the above maps send a generator x : S® — N; in 7, (NV;) to
the class S¢ 5 N; SN @, N;. To see this isomorphism is further an isomorphism of left
7 (F)-modules, it suffices to show that given a generator r : S* — F in 7,(FE) and a generator
x: 8" — Ny in my(N;) < @, me(N;), that r - gy} () = qqn,3(r - ). To that end, consider the
following diagram:

gotd Puty Gaggh T8 po N, — N L B @, N;

E

i B (E ® Ni)
lﬂ% i

Unravelling definitions, the top composition is 7 - gyy,3(2), while the bottom composition is
qin;y(r - x). In Proposition C.14, we showed that ty, : N; — &, N; is an E-module object
homomorphism, and the right map is precisely the action map for @, N; as an E-module object,
so the diagram does indeed commute — qyy,} is a degree-preserving isomorphism of A-graded
left 7. (F)-module objects, as desired. Finally, to see diagram (6) commutes, observe that by
unravelling definitions, given a homogeneous element = : S* — N; in 7. (N;), chasing it either
way around the diagram yields the composition

S* 5 N =5 PN,

so that diagram (6) commutes for generators, and thus commutes entirely, since all the maps
involved are homomorphisms. (]

Remark 5.8. In the above proposition, we have shown that given an E-module object (N, k)
in 8K, m.(N) is canonically an A-graded left m.(E)-module. In particular, we may apply this
proposition to the free E-module E ® X (Proposition C.12). It is straightforward to see, and
we leave it to the reader to check, that the A-graded left m.(F)-module structure on E,.(X) =
m+(F ® X) induced by the above proposition is precisely the canonical module structure from
Proposition 4.3. In fact, the above proposition entirely subsumes the first half of Proposition 4.3
(although we give the two separate statements for the sake of clarity). Thus, there continues to
be no ambiguity when talking about the left 7, (E)-module structure on F,(X).

Lemma 5.9. Let (E, u,e) be a monoid object in 8H, and suppose (N, k) is a module object over
E (Definition C.8). Then for all a € A, the a' suspension LN of N is canonically an E-module
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object, with action map given by

KCE@YN=EeS @N 2% g Eo N 2225 999 N = NN,
Furthermore, given an E-module homomorphism f : (N,k) — (N, &), X%f : 3N — X*N’ is
likewise an E-module homomorphism.

Proof. In this proof, we are assuming that unitality and associativity hold up to strict equality,
by the coherence theorem for monoidal categories. In order to show (32N, k%) is a module object
over F, we need to show k® makes the two coherence diagrams in Definition C.8 commute. First,
to see the first diagram commutes, consider the following diagram:

Sog N 258N | pogag N

\\Sa®e®N J/T@N

~

S*QFE®N
J{S“@f@
S*® N

The top inner triangle commutes by coherence for a symmetric monoidal category, and the bottom
inner triangle commutes by the coherence condition for k. To see the other module condition for
K, consider the following diagram:

nRS*QN

EFRE®RS*"QN E®S*®N
E®T®NJ/ \TE®E,S‘1®N J{T@N
—~ a
QuRN
E®S*®@E®N S*9EQE® N -2%Nga g pe N
T o
E®S“®HJ{ S'"QEQK J{S‘I@ﬁ
~

E®SoN % gegpoN 29 , gag N

The top left triangle commutes by coherence for a symmetric monoidal category. The bottom left
rectangle and top right trapezoid commute by naturality of 7. Finally, the bottom right square
commutes by the coherence condition for k.

Thus, we have shown that X%N is indeed an object in F-Mod, as desired. Now let f :
(N,k) = (N’, k") be a morphism in E-Mod, we would like to show %% f : 3N — X*N’ is also a
homomorphism of E-modules. To that end, consider the following diagram:

E® S @ N2 % p e e g N

T®Nl lT@N’

Sa®E®NS@>fSa®E®N’

Sa(XmJ/ J{Sa®n/

a a /
S®NSG—®f>S ®N

The top rectangle commutes by functoriality of — ® —, while the bottom commutes since f is an
E-module homomorphism. Thus, 5% ® f = X¢f is an E-module homomorphism, as desired. [

Definition 5.10. We can extend the hom-groups in E-Mod (which is additive by Proposi-
tion C.15) to A-graded abelian groups Hom7p ppoq (N, V') defined by

Hom% ppoa (N, N') := Hompg(X°N, N'),

where X*N is considered as an E-module object by the above lemma.
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Lemma 5.11. Given a monoid object (E, p,e) in 8H, an object X in 8H, and some a € A, the
suspension of the free module X*(E @ X) is naturally isomorphic as an E-module object to the
free E-module E ® ¥¢X.

Proof. Tt suffices to show the map S*®@ F® X O ERS®X is a homomorphism of E-module
objects, as we know it is an isomorphism and natural in X. To that end, consider the following
diagram:

EQS@E®X — 29X \ poEeS X

T®E®XJ( /
Tsa BgE®X

S“QERE®X RS ®X
Sa®,u®XJ/
TRX
SCQEFERX ——————— 3 FRS*®0X

The top triangle commutes by coherence for a symmetric monoidal category. The bottom trape-
zoid commutes by naturality of 7. O

Lemma 5.12. Let (E, p,e) be a monoid object in 8H, and suppose we have a collection of objects
(Ni, k) in E-Mod. Then for all a € A, since ¥* has a right adjoint X~ (Proposition 2.7), it
preserves coproducts in 8K, (which are coproducts in E-Mod by Proposition C.14), so we have

an isomorphism
S PN =P

Then this isomorphism is an E-module homomorphism.

Proof. Consider the following diagram:

E®S" @@, N —25 5 Eo@,(5°® N))

T, N,l \g\ lz

S Eo@,N; D,(E® S*® N;)
S“®%l l@i(‘l'@Ni)

ST, (E®N;) ——— B,(5* ® E® N;)

S“RM, ki JEBi(S“@w)
S @@, Ny ——————— B.(5* @ N;)

The top region comutes by additivity of £ ® —. The bottom two region commute by naturality
of the additivity isomorphisms for — ® —. |

5.3. A universal coefficient theorem. Finally, we have the ingredients required to state and
prove the following universal coefficient theorem:

Theorem 5.13. Let (E,u,e) be a monoid object and let X and Y be objects in 8H. Then if
E and X are cellular and E.(X) is a graded projective (Definition B.15) left m.(E)-module (via
Proposition 4.3), then the map

[X,E®Y] = Hom, (p)(E.(X), E(Y)), [XLHE@Y] o m(ueY)oE.(f)
is an isomorphism, and extends to an A-graded isomorphism

X,E®Y], — Hom;*(E)(E*(X), E.(Y)).
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Proof. Since: (1) F® X is a free E-module object (Proposition C.12), (2) F.(X) = m(EF ® X)
is a graded projective left m,(E)-module, and (3) E and E ® X are cellular (by Lemma 3.4), by
Proposition 5.14 below it follows that £ ® X is a retract of €,(E ® S*) in E-Mod for some
collection of a; € A indexed by some set I. Thus the desired result follows by Proposition 5.16
below with N = E® Y (which is considered as a free E-module by Proposition C.12). g

In the case that Y = S, this theorem becomes the more familiar statement:
E*(X) = [X, E]- 2 [X, E® S| = Hom_" ;5 (E.(X), 7. (E)),

i.e., the E-cohomology of X is isomorphic to the dual of the E-homology of X when E,(X) is a
graded projective module. Hence why we call it the universal coefficient theorem. The condition
that E.(X) be graded projective is a rather technical one, although thankfully it is often satisfied
in practice. In the case 7, (F) is a field, or more generally a product of fields, every m, (E)-module
is projective and this is trivially satisified. Alternatively, if the objects N := E® X and E are
cellular, then it is satisfied precisely when N is a retract of a direct sum of suspensions of copies
of E via E-module homomorphisms:

Proposition 5.14. Let (E, pu,e) be a monoid object and (N, k) an E-module object in 8H. If
there exists a collection of a; € A such that N is a retract of @,(E @ S%) in E-Mod,* then
m«(N) is a graded projective (Definition B.15) m.(E)-module. If E and N are cellular, then the
converse holds as well.

Proof. First suppose that there exists some collection of a; € A such that N is a retract of
M :=@,(FE®S5%) in E-Mod:

T
N——M— N
Then applying 7, (—) to the above diagram yields the following diagram of A-graded left 7. (E)-
modules:
= =

T (N) —— m(M) —— 7.(N)

Note we have an isomorphism of A-graded left 7, (F)-modules m, (M) =N D, mi—a,(E) given by
the composition

n(@DE©5) S @ E(5") = DE8) B D E o (8) = P rea (),

7

where the first isomorphism is because m, : E-Mod — W*(E)—MOdA preserves arbitrary co-
products (by Proposition 5.7), the maps t& : E,(X%S) =N E._q,;(S) are the degree-preserving
isomorphisms of A-graded left 7, (E)-modules from Lemma 6.10, and the equalities follow from the
coherence theorem for monoidal categories, which tells us we may assume S® — = —® S = Idgg.
Hence 7, (N) is isomorphic in 7, (E)-Mod* to a free 7, (E) module, so that 7, (N) is a retract in
7. (E)-Mod” of a free 7, (E)-module, meaning it is graded projective, as desired.

On the other hand, suppose that E and N are cellular and 7, (N) is graded projective, and
pick some homogeneous generating set {z;} C m.(N). Let M := ,(E ® SI¥il). We have a map

r:M— N
induced by the maps

ri: E@ Sleil E8% po N 5 N,

3Here @, (E®S5%) is a coproduct (Proposition C.14) of a bunch of free E-module objects (Proposition C.12),
so it is itself an E-module object.
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This is a homomorphism of E-module objects:

Eo@,E® Skl

E®@z T

E®Qr

IR

D(ERE® Slwbl) i (B

@q;(ﬂ@'s‘w”)

®;(E ® sl*)

The right trapezoid commutes by naturality of V. The bottom triangle commutes by the fact
that V o €p, r; and r satisfy the same universal property for the coproduct. Every other region
commutes by additivity of F ® —, except the left trapezoid: Note that by expanding out how r;
is defined, it becomes

@i(E®E®£77) @i(EQ@K)
e s

@,(E® E Sl=l) D,(E®E®N) D(E®E®X)
ea,i(msm‘)l leai(um) l@ K

@(E@S\zz\) W P,(E®N) €B—>@(E®X

The left square commutes by functoriality of —® —, and the right square commutes by coherence
for k. Hence, we’ve shown that r is a homomorphism of F-modules, as desired. Thus, r induces
a homomorphism of left 7. (E)-modules 7, (r) € Hom, (g (m.(M),7«(N)). Further note that for
all i € I, z; is in the image of m.(r), as by definition 7, (r) sends the class
P £ )
Gleil €85 o glEil Cy pp

in 74, (M) to the composition

e@Slwil w
Sleil @5 g gleid B9 po N By N

and by unitality of s this composition is simply x; : SI#l — N. Thus, we have constructed a
surjective A-graded homomorphism 7, (r) : m. (M) — m.(N) of left 7,.(E)-modules, so that since
7« (V) is projective graded module there exists an A-graded left 7, (F)-module homomorphism
t: 7 (N) = m. (M) which makes the following diagram commute:

7 (M)
/ lm(f)
—— m(N)

Thus we have an idempotent of left A-graded 7, (FE)-modules:

(V)

7 (1)

Tu(M) —= 7o (N) —— (M)

Now, by Proposition 5.15, since M = ,(E ® Slil), we have that the map
T : Homp.voa (M, M) — Homy_(p)-Mod (T«(M), ma (M))
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is an isomorphism of abelian groups, so that the above idempotent is induced by some endomor-
phism ¢ : M — M of E-module objects. Further note that by functoriality of 7,

(0 l) = i (€) 0 T (€) = Ta (),

and again since 7, is an isomorphism here, we have that £ o ¢ = £, so that £ is an idempotent in
8H. By Lemma 3.7, every idempotent in SH splits, meaning ¢ factors in SH as

oM xS M

with ' ot/ =idx. Since X is a retract of an E-module object, and the corresponding idempotent
is an EF-module homomorphism, it follows purely formally that X may be canonically viewed as
an E-module object, and that 7/ : M — X and «/ : X — M are homomorphisms of E-module
objects (see Lemma C.13 for details). Note that since E and each S| are cellular, E @ S®:l is
cellular for all i € I (by Lemma 3.4), so that M = @,(F ® S#!) is cellular, as by definition an
arbitrary coproduct of cellular objects is cellular. Thus since X is a retract of a cellular object
in a triangulated category with arbitrary coproducts, it follows that X is cellular as well (see
Lemma 3.7 for details). Now consider the following commutative diagram

S N TN

Te(N) —— m(M) r-® Yyt

mmm(x)/m \ //

From this diagram we read off that the middle diagonal composition

e (X)

m(X) 2D ) 20 (N

is an isomorphism with inverse 7. (r') o . Now, since X and N are cellular, and 7. (r o ¢/) is an
isomorphism, by Lemma 3.2 we have that r o/ is an isomorphism, say with inverse p. Thus we

have a commuting diagram
N S
L'op
X

and the middle row exhibits N as a retract of M = ,(E ® S1¥:l), as desired. It remains to show
this is a retract in E-Mod, i.e., that r and ¢/ op are homomorphisms of E-module objects. Above
we constructed r to be a homomorphism of E-modules. We also know that X is an EF-module
object and that ' is an E-module homomorphism. Thus, it remains to show that p: N — X is
an F-module homomorphism. But we know that p is the inverse of r o ¢/ in 8H, and we know r
and ¢/ are morphisms in £-Mod, so that p is the inverse of r o/ in E-Mod, meaning p is indeed
an F-module homomorphism as desired. ([l

N

It turns out that the condition that IV is a retract of a direct sum of suspensions of F is really
the key condition which allows the universal coefficient theorem to go through, as the following
two propositions illustrate.

Proposition 5.15. Let (E, u,¢e) be a monoid object and (N, k) an E-module object in 8H. Then
giwen a collection of a; € A indexed by some set I, if (N,k) is a retract of @,(E ® S%) in
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E-Mod,* then for all E-module objects (N', k'), the functor m, : E-Mod — .(FE)-Mod(A)
(Proposition 5.7) induces an isomorphism of abelian groups
7, : Homp moa(N, N') = Hom, (g (74 (N), m.(N)).
Proof. To start, we consider the case N = @,(F ® S%). Consider the following diagram:

s

Homp(B;(E ® ), N') —— Homg_(g)(m.(B;(E @ %)), m.(N'))

% E

[[; Homp(E @ 5%, N') Homy, () (D, me(E ® 5), . (N'))

% |

[L:[5%, N'] [1; Homy, () (. (B © 5), 7. (N'))

|

[[; Homy, (g) (mi—a, (E), m(N'))

IL HOIH:;(E) (M (E), T (N"))

[T, ma, (V) 22
Here the top left vertical isomorphism exibits the universal property of the coproduct in £-Mod,
and middle left vertical isomorphism below that is the free-forgetful adjunction for E-modules
(Proposition C.12). The bottom horizontal isomorphism is the product of the evaluation-at-1
isomorphisms (Lemma B.10). On the other side, the top right vertical isomorphism is given by
the fact that 7, : E-Mod — m,(E)-Mod* preserves arbitrary coproducts (by Proposition 5.7).
The middle right vertical isomorphism exhibits the universal property of the coproduct of modules.
Finally the bottom right vertical isomorphism is given by the composition

T (B © %) = B, (S%) = B,(5%8) 2 E,(5) = mues,(E),

where t§ is the A-graded isomorphism of left 7, (E)-modules from Lemma 6.10, and the second
and last equalities follow by the coherence theorem for monoidal categories, which tells us we may
assume S®— and —®.5 are the identity on SH. Now, we claim this diagram commutes. This really
simply amounts to unravelling definitions, and chasing a homomorphism f : @,(F ® §%) — N’
of E-module objects both ways around the diagram yields the composition

[J(s% <% Bw s — PEo s ) LN,

?

Thus, since the diagram commutes, we have that

Ty HomE(@(E® S%), N') — Hom,r*(E)(w*(@(E ® S%)), m(N"))
i i
is an isomorphism, as desired.
Now, consider the case that N is a retract of @,(F ® S%) in E-Mod, so there exists a
commuting diagram of E-module object homomorphisms:

N —/— P,(F®5%) —— N

4Here @, (E®S5%) is a coproduct (Proposition C.14) of a bunch of free E-module objects (Proposition C.12),
so it is itself an E-module object.
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Now consider the following diagram:

/ﬁ

* *

Hompg (N, N') - Hompg (@, (E ® S%),N’) L Hompg (N, N')

ml | ml

Hom,, () (2 (N), 7 (N")) 4 Hom,_ () (7. (D, (E ® 5%)), w. (N')) T Hom,_ () (. (N), 7. (N'))

\\—/,/—//

Each square commutes by functoriality of m,. We have shown the middle vertical arrow is an
isomorphism. Thus the outside arrows are isomorphisms as well, as a retract of an isomorphism
is an isomorphism. O

Proposition 5.16. Let (E, u,e) be a monoid object and X an object in 8H. If there is a collection
of a; € A indezed by some set I such that E ® X is a retract of @,(E ® S%) in E-Mod,” then
for all E-module objects (N, k), the assignment

[X, N] = Hom,, () (Bo(X), ma(N),  [X & N] o [ma(k) 0 Eu(f)]
is an isomorphism, and further extends to an A-graded isomorphism of A-graded abelian groups
[X, N« — Homy (g (Ex(X), (N)).
Proof. For each a € A, define
Us ¢ [X,N]y = Hom?, () (B.(X), m. (V)
to be the composition

[X,N], ——— [£°X, N]

lad j

Hom g Moa(E ® $°X, N)

J{m(—)

Homy, (g) (Ei—a(X), mu(N)) == Homg () (Eu(X), 7. (N))

where the first isomorphism is the free-forgetful adjunction for E-modules (Proposition C.12), the
second map is that induced by the functor m, constructed in Proposition 5.7, and the third map
is induced by the A-graded isomorphism of left 7. (FE)-modules (t%)7! : E._o(X) — E.(2°X)
from Lemma 4.4. By unravelling definitions, is straightforward to see that under the identifi-
cation [X, N] = [X, N]o, the map Up : [X,N]p — Hom?r*(E)(E*(X),W*(N)) coincides with the
assignment

[X, N] = Homy (5 (E.(X), m(N))  [X 5 N [m(s) oma(E @ f)).
Furthermore, note we have isomorphisms in F-Mod

ER¥X=ER50X=25"0F®X

5Here @, (E® S5%) is a coproduct (Proposition C.14) of a bunch of free E-module objects (Proposition C.12),
so it is itself a E-module object.
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(by Lemma 5.11) and
Sa ® @(E(@Sal) = @(Sa ®E® Sal) = @(E@Sa ® Sa,;) o~ @(E®5a+ai)’

where the first isomorphism is in F-Mod by Lemma 5.12, the second is in £-Mod by Lemma 5.11,
and the last is a coproduct of homomorphisms of free E-modules (Proposition C.12), so it is also
an F-module homomorphism. Hence we have that £ ® XX = S ® F ® X is a retract of
P, (E®S*t) = S*o@,(E®S%) in E-Mod, as E® X is a retract of @,;(E® S5%) in E-Mod,
so that by Proposition 5.15, the map

T HOHIE_Mod(E ® XX, N) — Hom,,*(E)(E*(E“X),W*(N))
is an isomorphism. Thus, we have constructed a bunch of isomorphisms
U, : [X,N], — Homfr*(E)(E*(X),ﬂ'*(N)),

so that by the universal property of the coproduct of abelian groups, there is a unique A-graded
isomorphism
[X, N]. — Homy (g)(Ex(X), mu(NV))

extending these maps, as desired. O

6. THE DUAL E-STEENROD ALGEBRA

In Section 4.1, we showed that given a monoid object (E, p, e) in 8K, that E.(F) = n.(EQFE) is
both a ring (since EQF is a monoid object if F is), and an A-graded bimodule over the ring 7. (E).
In this subsection, we will outline some additional structure carried by the pair (E.(E), 7.(E)).
Namely, we will show that if (E, i, e) is a flat (Definition 6.5) commutative monoid object, then
this pair, called the dual E-Steenrod algebra, is canonically an A-graded anticommutative Hopf
algebroid over the stable homotopy ring 7, (S) (Definition E.2). To start with, we outline some
structure maps relating F.(F) and 7.(E).

First, recall that given a monoid object (E, i, e) in SH, 7. (E) is canonically an A-graded ring
by Proposition 4.1, and so is E.(E) = m.(F ® FE) and E,(E® F) = m.(E ® E ® E), since the
tensor product of monoid objects in a symmetric monoidal category is again a monoid object
(Lemma C.4).

Lemma 6.1. Let (E, u,e) be a commutative monoid object in 8H. Then the maps

(1) ESE0S 225 EwE,

(2) ES SoFE 25 ExE,

(3) ERE S E®SoE 2225 ER E®E,

(4) EQ EL E, and

(5) ERE 25 EQE
are homomorphisms of monoid objects in SH (where here EQE and E® E® E are considered as
monoid objects in SH by Lemma C.4 and Lemma C.5, respectively), so that by Proposition 4.15,
under T, they induce morphisms in w*(S)—GCAA:

(1) n = 7 (E) = EL(E),

(2) nr: ™ (E) = E.(E),

(3) h:E.(E) — E.(E® E),

(4) €: E.(E) = 7 (E), and

(5) c: Ex(E) = E.(FE).

Proof. 1t is a general fact that the unit and multiplication mapse : S — Fand u: EQFE — FE for a
monoid are monoid homomorphisms when (E, u, €) is a commutative monoid object (Lemma C.6),
so that the maps E®e, and e® E from F to F ® E are monoid homomorphisms, by Lemma C.7.
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Similarly, FRe®F : EQ E — E® FE® E is a monoid homomorphism. Thus, it remains to show
that 7p g : E ® F - E® E is a monoid homomorphism. First, consider the following diagram:

E1®E2®E3®E4 LgT>E’2®E’1®E’4®E’3

E®T®El lE@T@E

TEQE,EQFE.

E1®E3®E2®E4 4>E2®E4®E1®E3

u®ul lp@u

Ei3@Fyy ———— FEy s, Q@ E3

(Here we’ve labelled the E’s to make the action of the braidings clearer). The top region commutes
by coherence for the symmetries in a symmetric monoidal category, while the bottom region
commutes by naturality of 7. Now, consider the following diagram:

2N

SRS —— S®S
- ~
e®e e®e
I'd >

E®FE = E®FE
The top triangle commutes by coherence for a symmetric monoidal category, while the bottom
region commutes by naturality of 7. Thus, we have shown 7g g is a homomorphism of monoid
objects, as desired. O

Recall a that given a homomorphism of rings f : R — R’, the ring R’ canonically becomes
an R-bimodule with left action r -z := f(r)a and right action z - r := xf(r). In particular,
the ring homomorphisms 7y, : 7. (F) — E.(F) and nr : m(E) — E.(E) endow E.(F) with
the structure of a bimodule over m,(E). Naturally, one may ask in what sense these bimodule
structures coincide with the canonical one (from Proposition 4.3). The following lemma tells us
that the canonical 7, (F)-bimodule structure on E,(F) is that with left action induced by 7z and
right action induced by ng:

Lemma 6.2. Let (E,p,e) be a commutative monoid object in SH. Then the left (resp. right)
7 (F)-module structure induced on E.(E) by the ring homomorphism ny, (resp. nr) coincides
with the canonical left (resp. right) m.(E)-module structure on E.(E) given in Proposition 4.3.

Proof. What’s going on here is a bit subtle, so we’re going to be really explicit. In Proposition 4.3,
it was shown that F.(FE) is a left 7. (E)-module via the assignment

T (E) X Ex(E) = E.(E)
which sends homogeneous elements 7 : S* — E and = : S® - E ® E to the composition

ot 2 oo b 8 peo pe B2 B E.

We'd like to show that this is the same thing as the assignment 7, (E) X E,(E) — E,(E) sending
(r,xz) — nr(r)z, where np(r)z denotes the product of nr(r) and x taken in the ring E,(E).
Explicitly, the product structure on E,(F) = 7.(E ® E) is that induced by the fact that £ ® F
is a monoid object in 8H (by Lemma C.4), with product

EQEQEQE 2L poEQ EQE** EQFE

(note the middle two factors are swapped). By linearity of module actions, in order to show the
canonical left 7,(E)-module structure on E,(FE) agrees with that induced by 7y, it suffices to
show the module actions agree on homogeneous elements. Now, suppose we have homogeneous
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elements r : S — E in 7.(E) and z : S* = E® E in E,(E), and consider the following diagram,
where we’ve passed to a symmetric strict monoidal category:

Sa+b

J{¢a,b

S ® SP

J{T@x
E,®@FE> ® Es nel Ei2® E3

E1®E2®E3 E1®E2®E3 E1®E2®E3
EReRE

EFi®E® FEy,® E3 Eorob E1®E2®E®E3 E12®E3

Here we’ve numbered the E’s to make it clear what’s going on. The bottom composition is
nr(r)x, while the top composition is the canonical left action of 7 on z given in Proposition 4.3.
The leftmost triangle commutes by unitality of p. The triangle to the right of that commutes by
commutativity of p. The triangle to the right of that commutes by unitality of u, as does the
next triangle. The remaining triangle on the right commutes by functoriality of — ® —. Finally,
the top region commutes by definition. Thus, we’ve shown that the left 7, (E)-module structure
induced on E.(E) by 7y, is in fact the canonical one. On the other hand, showing that the right
7 (F)-module structure induced on E,(E) by ng is the canonical one is entirely analagous, and
we leave it as an exercise for the reader. ]

Recall (Proposition B.22) that the pushout of two morphisms f: B — C and g : B — D in
R-GCA? is obtained by taking the tensor product of B-modules C' ® g D, where C has right
B-module action induced by f, and D has left B-module action induced by g, and giving it
an anticommutative product which makes C ® g D a ring. Thus, by the above lemma, we may
view the tensor product of bimodules E,(E) ®,, (g Ex(E) (where E,(F) is considered with its
canonical 7, (F)-bimodule structure from Proposition 4.3) as not just an A-graded abelian group
or a m.(F)-bimodule, but as an A-graded anticommutative m,(S)-algebra:

Corollary 6.3. Given a commutative monoid object (E, u,e) in 8H, the domain of the homo-
morphism

constructed in Proposition 5.6 is canonically an A-graded anticommutative m,(S)-algebra, and sits
in the following pushout diagram in 7,(S)-GCA?:

m.(E) —%—— E.(E)

nl?l lml—ﬂ@z

EAE) ;525 B+(E) @x. () E«(E)

r—r®1
Furthermore, with respect to this ring structure, ®g g is a homomorphism of rings:
Lemma 6.4. Let (E, pu,e) be a commutative monoid object in 8H. Then the homomorphism
Ppp: EdE)®r, (g) E«(E) = E.(E® E)

constructed in Proposition 5.2 is a homomorphism of A-graded anticommutative m,(S)-algebras.
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Proof. Consider the maps

fEoFE 2 EoEQFE
and

g E®FE 222 ER EwE.
We know that the maps

EX®E. poFE and EZ2SEeE

are monoid homomorphisms by Lemma 6.1, so that f and g are monoid homomorphisms by
Lemma C.7. Furthermore, by Lemma C.5, they are monoid homomorphisms between the same
monoid objects in 8H (when we assume that strict associativity holds). Finally, note that we
have the following commutative diagram

E—"% ,EgE
\
e®El e@E®e le@E@E
Nt

E®EE®T®>6E®E®E

where the outer arrows are monoid object homomorphisms, thus, we may apply 7., which yields
the following commutative diagram in 7, (S)-GCA* (Proposition 4.15):

m.(E) —%— E.(E)

an lm )

Hence by Lemma 6.4 and the universal property of the pushout, there exists some unique mor-
phism £ : E,(E) ®r, (p) Ex«(E) = E.(E®E) in 7, (S)-GCA“ which makes the following diagram
commute:

1. (E) —2%—— E.(E)

nRJ( IHI@IJ,

r—=r®l

E(E) —— E«(E) ®x,(5) E«(E)

Thus in order to show ® g g is a morphism in ﬂ*(S)—GCAA, it suffices to show that ® g g and £ are
the same map, since we know ¢ is a homomorphism of A-graded anticommutative 7, (S)-algebras.
Since ®g g and ¢ are both abelian group homomorphisms, it further suffices to show they agree
on homogeneous pure tensors, which generate E.(E) ®,, (p) E«(E) as an abelian group. Given
homogeneous elements  : S* - E® E and y : S* -+ E® E in E,(F), unravelling how pushouts
in 7, (S)-GCA* are defined (Proposition B.22), £ sends the pure homogeneous tensor ®y to the
element 7, (g)(x) -7« (f)(y), where here - denotes the product taken in E,(E®FE) = m.(EQEQE).
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Now, consider the following diagram:

IRQf=EQREReReREQE

F1® FEy® E3® Ey EiQFE@FE, @ E,Q E3® Ey

EQReQEQeQEQE J/E®TE®E,E®E®E
EIQE,QFE,QFE, ® E3® FEy
>
EQueFE EQeQEReQEQE J{lt®E®T®E
==
E1®E2®E3®E%m§1®E2®E3®Ea®E4
/
EQueE lE®M®u
—
E1®@Ey3® Ey E1®Ey3® Ey

Here we have labelled the E’s to make things clearer. The left outside composition is @5 g(z®y),
while the right composition is 7. (g)(z) - 7« (f)(y). The top right triangle commutes by coherence
for a symmetric monoidal category. The middle tright triangle commutes by unitality of p and
coherence for a symmetric monoidal category. The bottom trapezoid commutes by unitality of p.
The rest of the diagram commutes by definition. Thus we have ®g g(x®y) = 7. (9)(x) -7 (f) (),
so that ®g g = ¢ is not just an isomorphism of left 7, (E)-modules, but an isomorphism of
A-graded anticommutative 7, (5)-algebras, as desired. O

For the sake of conciseness, we make the following definition:

Definition 6.5. We say that a monoid object (E, u,e) in SH is flat if the canonical right 7. (E)-
module structure on F,(FE) from Proposition 4.3 is that of a flat module, or equivalently by
Lemma 6.2, if the the map ng : m.(E) — E.(F) constructed in Lemma 6.1 is a flat ring homo-
morphism.

Finally, we can package all of this information into an object called the dual E-Steenrod algebra:

Definition 6.6. Let (F, u, e) be a commutative monoid object in 8H which is flat (Definition 6.5)
and cellular (Definition 3.1). Then the dual E-Steenrod algebra is the pair of A-graded abelian
groups (E,(FE),n.(E)) equipped with the following structure:

1. The A-graded anticommutative 7, (S)-algebra structure on 7, (F) induced from E being
a commutative monoid object in 8} (Proposition 4.15).

2. The A-graded anticommutative ., (S5)-algebra structure on F,(E) induced from the fact
that F® E is canonically a commutative monoid object in 8} (Lemma C.4), so that also
E.(E)=7.(E® E) is an A-graded anticommutative 7, (S)-algebra (Proposition 4.15).

3. The homomorphisms of A-graded anticommutative 7, (S)-algebras

L 7 (E) = E(E)
and

Nr T (E) = E.(F)
induced under 7, by the monoid object homomorphisms

ESESES poR

and
ESSoE 2L peE
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4. The homomorphism of A-graded anticommutative 7, (S)-algebras
Vg E*(E) — E*(E) ®7r*(E) E*(E)

given by the composition

—1

D
E.(E) % E.(E® E) 25 E.(E) @y (1) E.(E),

where h is a homomorphism of A-graded anticommutative ,(S)-algebras induced under
7. by the monoid object homomorphism

ERE S ERS®E 22 EQEQE,
and ®g g is morphism constructed in Proposition 5.2, which is proven to be an isomor-
phism in Proposition 5.6 (since E is flat and cellular), and furthermore an isomorphism
in 7,(S)-GCA* by Lemma 6.4.
5. The homomorphism of A-graded anticommutative 7, (S)-algebras

€: E.(FE) — m.(E)
induced under 7, by the monoid object homomorphism
E®RELE.
6. The homomorphism of A-graded anticommutative 7, (S)-algebras
c¢: E.(FE)— E.(E)
induced under 7, from the monoid object homomorphism
E®FE LS EQ®E.

The curious reader may wonder why we call (E,.(E), m.(FE)) the dual E-Steenrod algebra. The
“dual” is there because the E-Steenrod algebra refers instead to the E-self cohomology E*(E) =
[E, E]_.. Clasically, the Adams spectral sequence was originally constructed in such a way that
the F7 and E5 pages could be characterized in terms of cohomology groups as modules over the
E-Steenrod algebra, but it turns out that our approach using homology groups as comodules over

the dual E-Steenrod algebra is somewhat better behaved in practice.

6.1. The dual E-Steenrod algebra is a Hopf algebroid. Above, given a flat and cellular
commutative monoid object (E, i, e) in SH, we constructed an algebraic gadget (E.(E),m.(E))
in the category m,(S)-GCA# of A-graded anticommutative 7, (S)-algebras called the dual E-
Steenrod algebra. In this subsection, we will show this object is an example of the general notion
of an A-graded anticommutative Hopf algebroid:

Proposition 6.7. Let (E,pu,e) be a commutative monoid object in SH which is flat (Defini-
tion 6.5) and cellular (Definition 3.1). Then the dual E-Steenrod algebra (E.(E), m.(F)) with the
structure maps (nL, Nr, ¥, €,¢) from Definition 6.6 is an A-graded anticommutative Hopf algebroid
over m,(S) (Definition E.2), i.e., a co-groupoid object in the category m,(S)-GCA™.

Proof. All that needs to be done is to show all the diagrams in Definition E.2 commute. This is
nearly all entirely straightforward, the only real difficulty that arises is showing the co-associativity
diagram holds. The argument is sketched in the case SH is the classical stable homotopy category
in sufficent detail in Lecture 3 of the article [1] by Adams. The argument given there works
essentially the exact same way here in our more general setting. ]
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6.2. Comodules over the dual E-Steenrod algebra. Finally, we can identify some addi-
tional structure on E-homology groups of (cellular) objects in 8K in terms of the Hopf algebroid
structure on the dual E-Steenrod algebra.

Proposition 6.8. Let (E, u, ) be a flat (Definition 6.5) and cellular (Definition 3.1) commutative
monoid object in 8H. Then E.(—) is an additive functor from the full subcategory SH-Cell of
cellular objects in SH to the category E,(E)-CoMod?” of left A-graded comodules (Definition E.6)
over the dual E-Steenrod algebra, which is an A-graded commutative Hopf algebroid over m.(S),
by Proposition 6.7.

In particular, given an object X in 8H-Cell, we are viewing F.(X) with its canonical left
m«(E)-module structure (Proposition 4.3), and the action map is given by the composition

E.(e®X)
e

o=t
Uy : B (X) B (E®X) — E.(E) @, (5) E«(X).

Proof. Again, we refer the reader to Lecture 3 in [1], where this is shown in the classical stable

homotopy category (although the proof carries over basically verbatim to our setting). O

Now, we can use this structure in order to identify the group of maps X — F ® Y with
graded E,(FE)-comodule homomorphisms from FE,(X) to E.(Y). First, we need the following two
technical lemmas:

Lemma 6.9. Let (E,pu,e) be a flat (Definition 6.5) and cellular (Definition 3.1) commutative
monoid object in 8H. Then given an object X in 8H, the map
B x : Bu(E) ©r.05) Fo(X)  B.(E® X)

constructed in Proposition 5.2 is a homomorphism of A-graded left T'-comodules, where here by
Proposition E.8 we are viewing E.(E) ®, (g) E«(X) as the co-free E.(E)-comodule on E,.(X)
with its canonical A-graded left m.(E)-module structure (from Proposition 4.3), and E.(E ® X)
with its canonical left E,.(E)-comodule structure from Proposition 6.8.

Proof. Consider the following diagram:

Ve, (B)®B.(X)

E(E) @x.(m) E:(X)

1R

(Ei(E) @r, () Ei(E)) @, (1) Bx(X)
J/‘bE,E@E*(X)
B.(E ® E) 0. (5) Bu(X)

®E,x (E® E)«(E) ®x, (5) E(X) B (E)®%p, x

J/‘I)E,X

m(EFEQE®E®X)

E. E®E®X)

B(-0EGX) ey

E.(E® X) Trex E.(E) ®r.(p) E.(E ® X)

E.(eQF)

The top and bottom regions commute by definition. The left region commutes by naturality
of ®p x. Thus, it remains to show the rightmost region commutes. To that end, since all the

E(E) @r. () (B«(E) @r. () E«(X))
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arrows involved are homomorphisms, it suffices to chase a homogeneous pure tensor around. Let
2:5° +FE®FE y:8° -+ E®E,and z: S - E® X, and consider the following diagram:

Sa+b+c

‘|

S ® Sb® S

w®y®zl
EQEQEQEQE®X 2HeEOF p o Fo EQ E® X

E®E®E®M®Xl lE®E®u®X

EQEQEQE®X —2MEeX  poRQE®X

The two compositions are the two results of chasing (x ® y) ® z around the rightmost region in
the above diagram. It clearly commutes by functoriality of — ® —. Hence, indeed we have that
®p x is a homomorphism of left E,(FE)-comodules, as desired. O

Lemma 6.10. Let (E,u,e) be a flat (Definition 6.5) and cellular (Definition 3.1) commutative
monoid object in SH. Then the isomorphism

1%t By (5X) = By_o(X)

from Lemma 4.4 is an A-graded isomorphism of left E.(E)-comodules.

Proof. We know that t% : E.(X°X) — E,_,(X) is already an A-graded isomorphism of left
7« (E)-modules, so clearly it simply suffices to show that ¢% is a homomorphism of left E,(E)-
comodules. To that end, consider the following diagram:

E.(5°X) Tmex E.(E) ®r. () Bu(29X)
~ —
E,(e®X*X) Pp sax
s L
E.(E®YX)
E*(TE,‘SCL(X’X)
(7) % E.(3%(E ® X)) B (D)ot
tGE@X
E._o(E® X)
T T~
E._,(e®X) ¢ x
— —~—
E.—o(X) Uy E.(E) O, (E) E,—a(X)

The top and bottom regions commute by definition. To see the left and right regions commute,

we’ll do a diagram chase of homogeneous elements. First of all, let x :

SP 3 F®S*® X in

E.(X*X), and consider the following diagram exhibiting the two ways to chase z around the
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leftmost region:

Sbfa

¢b,7aJ(
St S~

z®SiaJ/

—a

E28" 9 X o X0 o posig X0 s X8 ngsigBe X @S0

EQE®QT®S™ lE®Tsﬂr,E®X®SﬂL
—
E@T®S™° EFEREQX®S*® S5
/> 1
ERe®X®S5°®5° lE@E@X@aﬁa,,a
EFE®X®55% —  E®X EQE®®X

E®X®¢;,1—a ERe®X

The top right region commutes by coherence for the symmetries, while the other two regions
commute by functoriality of —® —. Thus, it remains to show the rightmost region in diagram (7)
commutes. To that end, let 7 : S* -+ F® Fin E,(E) andy: ¢ - E® S°® X in E,(X?X), and
consider the following diagram, which exhibits the two ways to chase x ® y around the rightmost
region of diagram (7):

Gbte—a
&
St®Sew S
l:r@y@S_“
E®ERE®S @ X84 % g pes e x 0 X g i Eo X @5
E®E®E®T®S*“l \E®E®T®S*“ J{E@)TSQ,E@XS_G
FREQERXR®R5S°R®S™* ————— Eouox®s*®s * — EN®E®X®S“®S*“
E®E®E®X®¢;71,al lE@E@X@qﬁ;{a
EQE®E®X Ponex E®E®X

The top right region commutes by coherence for the symmetries. The remaining two regions
commute by functoriality of — ® —. Thus, indeed we have that diagram (7) commutes, so t% is
a homomorphism of left E,(E)-comodules, as desired. O

Now we may prove the theorem.
Theorem 6.11. Let (E,pu,e) be a commutative monoid object, and X and Y objects in SIH.

Suppose further that:

e E is flat (Definition 6.5) and cellular (Definition 3.1),

o X is cellular and E.(X) is a graded projective left m.(E)-module (via Proposition 4.3),
and

o Y is cellular.

Then the assignment
E*(_) : [X7E® Y] — HomE*(E)(E*(X)?E*(E b2y Y))7 f = E*(f)

induced by the functor E,(—) : $H-Cell — E,(E)-CoMod” (Proposition 6.8) is an isomorphism
of abelian groups.
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Proof. Since X is cellular, by Proposition 6.8 we have that E,(X) is canonically an A-graded left
E.(E)-comodule. Similarly, since E and Y are cellular, we know that E ® Y is cellular, so that
E.(FE®Y) is also canonically an F,(FE)-comodule. Thus, we have a well-defined assignment

B.(-)
[X,E®Y] == Homp, () (E«(X), E.(E®Y)).

To see this arrow is an isomorphism, consider the following diagram:

E.(-)

(X, EQY] Hompg, (g (E«(X), E.(E®Y))

/

T (LY )oE.(—) ma (LRY )o(—) (Pr,v),

—

adj
Hom (g)(E«(X), E«(Y)) — Homp, (g)(E«(X), Ei(E) @, (5) E«(Y))

We know the left vertical map is an isomorphism by Theorem 5.13, and the bottom horizontal
isomorphism is the forgetful-cofree adjunction (Proposition E.8) for A-graded left comodules over
the dual E-Steenrod algebra. The right vertical arrow is a well-defined isomorphism, as ®g y is a
homomorphism of A-graded left F,(FE)-comodules (Lemma 6.9), and in fact it is an isomorphism
by Proposition 5.6, since E,(FE) is flat and Y is cellular. Thus in order to see the top arrow is an
isomorphism, it suffices to show that the diagram commutes. The left triangle clearly commutes;
to see the right triangle commutes, recall that by how the how forgetful-cofree adjunction for left
comodules over a Hopf algebroid is defined, that the bottom vertical arrow sends an A-graded
homomorphism of left E,(E)-comodules 1 : E,(X) — E.(E) ®,, (g) E«(Y) to the composition

E(X) Y E(E) ®r. (5 E(Y) =220,

7o (B) @) Bu(Y) S5 BL(Y).
Thus, in order to show that this composition equals 7, (4t ®Y) o g y o1, it suffices to show the
following diagram commutes:

T (WO EL(Y)
—_—— T

E(E) @r, gy E«(Y) +(E) @ (p) E(Y)

IR

Pry

Ty (LRY)

E.(E®Y) E.(Y)

Since all the arrows here are homomorphisms of abelian groups, in order to show the diagram
commutes, it suffices to chase pure homogeneous tensors around. To that end, let x : S* - EQ FE
and 5 : S® - E® Y, and consider the following diagram exhibiting the two ways to chase z ® y
around:

gath foby ga g oh Y popeEeY " Y EeEeY
E®;1,®Yl lu@y
Y

EQERQY ————— EQY
The diagram commutes by associtiavity of p. Thus, we have indeed shown that
E.(-):[X,E®Y] = Homg, (g)(E.(X), E.(E®Y))

is an isomorphism of abelian groups, as desired. |
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7. THE ADAMS SPECTRAL SEQUENCE

Finally, we may construct the spectral sequence. Henceforth, we will assume the reader is
familiar with the theory of spectral sequenes arising from unrolled exact couples, along with the
notion of (conditional, strong) convergence of such spectral sequences to their (co)limits. The
primary reference for these facts will be Boardman’s paper [5] on conditionally convergent spectral
sequences. When using any results from this reference, we will be sure to provide a proper citation.
Note that Boardman works with Z-graded groups, although everything he does carries through
entirely the same with A-graded groups.

From now on, let (F, u,e) be a monoid object and X and Y be objects in SKH.

7.1. Construction of the spectral sequence.

Definition 7.1. Let E be the fiber of the unit map e : S — E (Proposition A.4). Let Y := Y
and Wy := E®Y. For s > 0, define

Y, =E'®Y, W, =FEQY,=EQE ®Y,
where E° denotes the s-fold tensor product E® --- ® E. Then we get fiber sequences
Yo 5V, 5w, £ vy,
obtained by applying — ® Y; to the fiber sequence
EF—SSE—YE.

We can splice these sequences together to get the following diagram, which is called the canonical
Adams-resolution of Y:

Vs —25 Y, 1y, sy, =Y

K R N
ljs S ljz S ljl s ljo
ko ™ ky > ko °

2 1 0 >

W3 Wy Wy Wo

Here we are using dashed arrows to denote the (degree —1) maps ks : Wy — XY;,1. In particular,
the above diagram does not commute in any sense.

Now, by applying [X,—], to the canonical E-Adams resolution of Y, we get an associated
unrolled exact couple, and thus a spectral sequence:

Definition 7.2. Consider the canonical E-Adams resolution of Y from Lemma 7.3:
Yy —2 YV —1o ¥ s Yy =V

K\ r\\ T/\\\
J{js N J{jz N J{jl Y J{jo
ko ™~ ky O ko

W W, oW W
We can extend this diagram to the right by setting Y; =Y, W, =0, and i5; = idy for s < 0. Then
we may apply the functor [X,—] , and by Proposition 2.10, we obtain the following A-graded
unrolled exact couple:

%9

is+1 Gs—1

E [X7Ys+2h — [X7Ys+1]* — [X,Ys]* —— [X7Ys—1]* —_—

~ ~
J{js+2 Os4+1 - J{js«#l ™~ s ~ J/'s Os—1 - J{j571
[X, W], [X, W], (X, W], [X, W],
where here we are being abusive and writing i, : [X, Yi41], — [X, Y], and j, : [ X, Y], — [X, Ws],
to denote the pushforward maps induced by is : Y541 — Y and js : Ys — W, respectively. Each
is, Js, and Os are A-graded homomorphisms of degrees 0, 0, and —1, respectively.
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In [5, §0], it is described how we may associate a Z x A-graded spectral sequence r —
(EX*(X,Y),d,) to the above A-graded unrolled exact couple, where d,. has Z x A-degree (r,—1).
We call this spectral sequence the E-Adams spectral sequence for the computation of [X,Y],.

For those who would rather not lose themselves in Boardman’s document, we give a brief
unravelling of how it applies to the present situation. Given some s € Z and some r > 1, we may
define the following A-graded subgroups of [X, W], :

Zg =0, (im[i" Y ¢ (X, Yasr], = [X, Yesal,])

and
By = j(ker[i" 7Y 1 [X, Vi], = [X, Yeoria])),

where we adopt the convention that (?) is simply the identity. This yields an infinite sequence of
inclusions

0=B]CB5CB;C---Cimj,=kerd, C---C Z5 CZ5 CZ; = [X,W,.
Then for r > 1, we define E? to be the A-graded quotient group
E:=277/B;.
Thus taking the direct sum of all the ES’s yields the r*® page of the spectral sequence

E, = EB E?,
SEZL
which is a Z x A-graded abelian group.

The differential d, : E,, — E, is a map of Z x A-degree (r,1), and is constructed as follows:
an element of E¥ = Z3/B? is a coset represented by some z € Z%, so that 9,(z) = "=V (y) for
some y € [X,Ys4,],. Then we define d,([z]) to be the coset [jsi(y)] in Z5+"/B*".

In the case r = 1, since Bf = 0 and Zj = [X, W,],, we have that Ef = [X, W], and given
some z € Ef = [X, W]., the differential d; is given by di(z) = js4+1(0s(x)), so that d; = j o 9.
Furthermore, since the unrolled exact couple which yields the spectral sequence vanishes on its
negative terms, we have that E>*(X,Y) = 0 for s < 0. In particular, the E-Adams spectral
sequence is a half-plane spectral sequence with entering differentials, in the sense of [5, §7].

Showing in explicit detail that all of these definitions make sense and are well-defined is rela-
tively straightforward. Furthermore, one may check that that d,. o d,, = 0, and that

. ZS /BS
kerd®/imd® = = HN T o~ zs /BS = F° ..
r/ r Bﬁ+1/Bﬁ r+1/ r+1 r+1

Above we constructed the spectral sequence by means of the “canonical” E-Adams resolution
of Y, but one may more generally pursue the notion of F-Adams resolutions of the object Y, for
which the canonical Adams resolution constructed above will be an example. We do not explore
this generality here (although one certainly could); these are useful when one wants to construct
an Adams resolution from an algebraic resolution of E,(Y'), or by modifying an Adams resolution
for some other object. One may find different notions of what exactly constitutes an Adams
resolution in the literature (for example, see [26, Definition 2.2.1] or [28, Definition 11.3.1]), and
they will always be defined so that the E-Adams spectral sequence for [X, Y], is independent of
the choice of Adams resolution for Y, at least from its Fy page onwards. One important condition
(or definitional consequence) one will always find for an E-Adams resolution is that the i’s must
vanish in E-homology. We can show that the canonical E-Adams resolution we have constructed
satisfies this property:

Lemma 7.3. Let iy and js be as in Definition 7.1. Then the maps js : Ys — Wy induce split
monomorphisms FE,(js) on E-homology, so that in particular the maps is : Y11 — Yy vanish in
E-homology, i.e., Ei(is) is the zero map.
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Proof. First, note that since
Ys+1 is_> Ys ii) Ws k_5> EY;—Q—l
is a distinguished triangle and SH is tensor triangulated, there is a distinguished triangle of the
form
E®Y 225 EeY, 2% EoW, » S(E® Yep).
Thus, applying m.(—) = [S,—], to the triangle yields that the following sequence is exact (see
Proposition A.2 for details):

E.(Yas1) = B(v, E.(W,).

Now, it is straightforward to verify by construction that j, is the map e®Y; : Yy > EQY, = W.
Thus, by unitality of u, we have that F ® j; : E® Yy — E ® Wy is a split monomorphism, with
right inverse p @ Y; : EQ Wy, =F® E®Y; - FE®Y;,. Then since any functor preserves split
monomorphisms, it follows that E,(js) = 7. (E ® j,) is likewise a split monomorphism, so that in
particular E,(js) is injective. Thus im F,(i5) = ker E,(js) = 0, so that i5 is indeed the zero map,
as desired. (]

) B (4s)

7.2. The E5; page. Now, we would like to characterize the Fs page of the spectral sequence in
terms of something more concrete. Namely, we will characterize the E5 page in terms of Ext of
comodules over the dual E-Steenrod algebra. For a quick review of Ext in an abelian category
and derived functors, see Appendix D. The goal of this subsection will be to prove the following
theorem:

Theorem 7.4. Let (E,u,e) be a commutative monoid object, and X and Y objects in SIH.
Suppose further that:

e FE is flat (Definition 6.5) and cellular (Definition 3.1),

o X is cellular and E.(X) is a graded projective left w.(E)-module (via Proposition 4.53),

o Y is cellular.
Then the non-vanishing entries of the second page of the E-Adams spectral sequence for the
computation of [ X,Y], (Definition 7.2) are the Ext groups of A-graded left comodules over the
anticommutative Hopf algebroid structure on the dual E-Steenrod algebra (Proposition 6.7), i.e.,
we have the following isomorphisms for all s > 0 and a € A:

Ey*(X,)Y) Extgf(}s)(E*(X), E(Y)) := Exty_(g)(Ex(X), Bstats(Y))-

Proof. By Proposition 7.8 below, for each s > 0 and a € A, E5*(X,Y) is isomorphic to the s'!
cohomology group of the cochain complex obtained by applying F' := Hom%j(SE) (E.(X),—) to
the complex

E. (o)

E.(51) E.(62)
— e

0 —— E. (W) E.(ZW1) E,(X*W3) E,(Z3W3) — - -

Furthermore, by Lemma 7.7, this complex is an F-acyclic resolution of F,(Y) (Definition D.4).
Thus, since the category of E, (E)-comodules is an abelian category with enough injectives (Propo-
sition E.9), we have by Proposition D.5 that

Ey*(X,Y) = R*Homp ¢y (Eu(X), —)(E(Y)) = Ext™ T (E,(X), E.(Y),
as desired. 0
As a result of this theorem, the spectral sequence is often shifted, by re-defining
ER(X,Y) = EptT(XY),

in which case the given isomorphism characterizing the F> page is strictly degree-preserving. This
is in fact the standard convention for the classical stable homotopy category. We leave it to the
reader to unravel what the differential ds corresponds to under this identification. The remainder
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of this subsection is devoted to proving Lemma 7.7 and Proposition 7.8. To start, we establish
the following convention:

Definition 7.5. Given some (nonnegative integer) n > 0, define natural isomorphisms v% :
¥2X — ¥"X inductively, by setting v% := \x, vk = V)_(l, and supposing 1/}_1 has been defined
for some n > 1, define v% to be the composition

n—1 —
Quy

o X 3 g n—1
%S“ oSt Xx —*

1
Ve SPX =St X PRI guezits )19 ¢

By induction, naturality of v, and functoriality of — ® —, these isomorphisms are clearly natural
in X.

Lemma 7.6. Suppose E andY are cellular. Then for all s € Z, the objects Y5 and Wy from the
canonical E-Adams resolution of Y (Definition 7.1) are cellular.

Proof. Unravelling definitions, for s < 0, W, = 0 and Y, = Y, which are both cellular.® For s > 0,
we have Wy, = E ® Y, so that by cellularity of £ and Lemma 3.4, it suffices to show that Y is
cellular for s > 0. We know Yy =Y is cellular by definition. For s > 0, Y is the tensor product
E ® Y, where E fits into the distinguished triangle

E—>SSESYE.

By the definition of cellularity, E is cellular since S and E are. Thus E° @Y is cellular by
Lemma 3.4, as it is a tensor product of cellular objects in SKH. (Il

Lemma 7.7. Let (E,pu,e) be a flat (Definition 6.5) and cellular (Definition 3.1) commutative
monoid object and X and Y cellular objects in 8H, and for s > 0 define Ys and Wy as in
Definition 7.1. In particular, for each s >0, Wy = E ® Yy and we have distinguished triangles

N N
Ver1 - Yy 25 Wy =% B4,

Then if E«(X) is a graded projective (Definition B.15) left m.(E)-module (via Proposition 4.3)
then the sequence

E,(51) B, (52)

0 B.(v) 29 g wy) 29 B (zw) B, (S2Ws) B (SWs) — -
is an F-acyclic resolution (Definition D.4) of E,(Y) in E.(E)-CoMod” for

F =Homp, () (E.(X),—)
for all a € A, where §4 is the composition

s s+1
S, Zkey sty BT sy

Proof. By Lemma 7.6, each W is cellular, so that furthermore >°W, & SSQ Wi is cellular for each

s > 0, by Lemma 3.4. Thus, the sequence does indeed live in E, (E)—CoModA by Proposition 6.8,

as desired. Next, we claim that E,(X°W;) is an F-acyclic object for each s > 0, i.e., that

Ext®  (Bu (X), B (S*W,)) = Ext ) (Be(X), Bupo(SW,)) = 0

60 is cellular because it is the cofiber of the identity on S by axiom TRI1 for a triangulated category (Defini-
tion 2.1), i.e., there is a distinguished triangle S —+ S — 0 — X.S.
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foralln > 0, s > 0, and a € A. Note that we have an A-graded isomorphism of left E,(E)-
comodules:

E(E) ®r.(p) Bxsa(X7Y5) == Ei(E) ®r, () Eieta(E°Y5)

J{‘I’E,ESYS

E.(E ® £°Y;)
lE*(E®(u;§)_l)
E(E®S*®Y,)
lE*(r@)YS)
E(S*®E®Y;)
|P-wie,)
E.(Z(E®Y,)) =———= E.(Z*W,)

where ®g 55y is an A-graded isomorphism of abelian groups by Proposition 5.6, and further-
more an isomorphism of E,(F)-comodules by Lemma 6.9. Every other arrow is an isomor-
phism of E, (E)-comodules by functoriality of E,(—) : SH-Cell — E,(E)-CoMod*. Thus, since
E,.(X*Ws) is isomorphic to E.(E) @, (p) Fxra(X°Ys) in E, (E)-CoMod?, and in particular since
Ext (g)(E«(X), —) is a functor, we have

Exty, () (Bx(X), Buya(X2°Ws)) = Ext, () (Ex(X), Bi(E) @n, (B) Beta(X°Y5)).

Yet, Ex(E) @, (£) Evtra(2°Ys) is a co-free E,(E)-comodule (Proposition E.8), in which case since
E.(X) is graded projective as an object in 7, (E)-Mod”, we have that

EXt%’*ﬂ(E)(E*(X)a E*(E) ®77*(E) E*+a(EsYs)) = O7

by Proposition E.10.

Finally, it remains to show that the sequence is exact. To that end, first note that by induction
on axiom TRA4 for a triangulated category and the fact that distinguished triangles are exact
(Proposition A.2), the following sequence in 8H is exact (since a sequence clearly remains exact
even after changing the signs of its maps):

s s s+1; s+1
ZSYS 2%js ZSWS 2%k ZS+1YS+1 ) 1s ZS+1YS ) Js ZS+1WS
(see Definition A.1 for the definition of an exact triangle in an additive category). Furthermore,
since 8XH is tensor triangulated, the sequence remains exact after applying £ ® — (see Proposi-
tion A.11 for details), so that taking E-homology yields the following exact sequence of homology
groups:

B, (s

E.(S%i) is) E, (ES'HYS).

E.(2%5,) E.(S%ks)
Rbl il Y Rhh LAY

E.(S*Yas1) E.(S°Y;) E.(Z°W,) E.(ZHYop)

Then since Fy(is) : Fx(Ysp1) = E«(Ys) is the zero map (by Lemma 7.3) and we have natural
isomorphisms

E.(2'X) 25 B (2X) 25 B, _((X)
(the first from Definition 7.5 and the latter from Lemma 4.4), we have that E,(3's) : F.(X!Ys41) —

E.(X'Y;) is the zero map for all ¢t € Z, so that in particular the above exact sequence splits to
yield the short exact sequence

E.(X°]s)

0= E,(2°Y,) 209 g (sew,) B2k,

E.(ZT'Y ) — 0.



TENSOR TRIANGULATED CATEGORIES WITH SUB-PICARD GRADING 63

Then we may splice these sequences together for s > 0 to yield the following diagram:

0— E*(Y)E;(%O)E*(WQ) & E.(SW7) E, (1) E*(Z2W2) ...
~N P ~ >
E. (ko) E. (%) E.(Sk1) E.(3%j2)
> ~ ~ -
E.(XY1) E.(X%Y3)

It is straightforward to check the top row is exact by exactness of the short exact sequences, as
desired. 0

Proposition 7.8. Let (E,u,e) be a commutative monoid object, and X and Y objects in SIH.
Suppose further that:

e FE is flat (Definition 6.5) and cellular (Definition 3.1),

o X is cellular, and E.(X) is a graded projective left m.(E)-module (via Proposition 4.3),
and

o Y is cellular.

Then for all s € Z and a € A, the line in the first page of the E-Adams spectral sequence for the
computation of [X,Y],_ (Definition 7.2)

0— EX(X,Y) & phots (X y) L5 B2 2(X V) 5o o BPYXY) = -

is 1somorphic to the complex obtained by applying Homgf(SE) (E«(X),—) to the complex of A-graded
left E.(E)-comodules

0= E.(Wo) 9% g swy) 20 Bs2Wy) & - o BL(SSW,) -

from Lemma 7.7.

Proof. By Lemma 7.6, since E and Y are cellular, W; is as well for each ¢ > 0. Furthermore, for

t > 0, we have isomorphisms
t

St W, 4 St
and by Lemma 3.4, the object S*® W, is cellular since S* and W; are. Hence, by Proposition 6.8,
the complex

0= E. (W) 2% g swy) 2% B (52Wh) - EL(SSW) = -

actually lives in E, (E)-CoMod”, as desired. Now, let ¢ > 0, and consider the following diagram:

55 (2
(X, Wil et 6 (XS0, ——— [X, 0,
(ko | (=),
Sg{,):yt v
[Xa EYt+1]a+s_t = [X7 Zt2n+1]a+s (Etkt)*
. (V§Yt+1)*
(’/Yt+1)*J/ . (= Vyt+1)* \
1 X2y tyo1 t+1
[X72 K“Fl]a—&-s—t — [X’E E }/t"rl}a—ks [X?E }/;Jrl]a-l,-s (61)*
sk t ) 1
X,Yt+1J/ ;*:%,H_l (¢ ,1®‘Yt+ ) (U;::il)*
[X7 Y't‘i’l]a—i-s—t—l A [Xa Et+1Y—t+1]a+S (2t+1jt+1)*
(jtﬂ)*l (= je41),
K M M)
Wy t+17,
X, Witt]orsoto1 ¢ XS IW], o —— (X, S W],
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where here the s y : [X, 2%Y], = [X,Y],_ s are the natural isomorphisms from Definition 2.9.

By unravelling definitions, we have the top left object is E*"™*7*(X,Y) and the bottom left
object is BT 781 and the vertical left composition in the above diagram is the differential
d; between them. The first, second, and fourth rectangles from the top on the left rectangle
commute by naturality of the s%’s. Furthermore, a simple diagram chase and coherence of the ¢’s
(Remark 2.4) yields that the third rectangle on the left commutes. The trapezoids on the right
commute by naturality of #* and v**!. Finally, the middle right triangle commutes by how we
defined v'*! in terms of vt
Now, consider the following diagram:

Ei,aJrsft(X’ Y) dy Eerl,aJrsftfl (X, Y)
(sﬁ(,wtrll ys&févm)’l
(X, 2 Wi (X, B W],
). | |,
X, W, 0. XS W]
E*(f)l JE*(—)
Homp, () (E. (S X), B (S'W,) —— s Homp, (g (B« (S X), E.(S4 Wii)
((tiﬁsrlfl l«t;ﬁ)‘l)*
Hom(' . (E.(X), E.(S'W,)) — ") Hom{y' s, (E.(X), B (S W)

where here the maps t%™° : E.(2%) — E._,(X) are the E.(FE)-comodule isomorphisms from
Lemma 6.10. We have just shown the top region commutes. Furthermore, since X and X!W;
are cellular for all ¢ > 0, the arrows labelled E,(—) are well-defined, and they clearly make the
middle rectangle commute (a simple diagram chase suffices). The bottom rectangle also clearly
commutes, Thus, it suffices to show that the maps labelled E,(—) are isomorphisms. To that
end, consider the following diagram:

Bu(—

X, 2Wil, . —= s Homp, () (Eu (8955 X), B, (SHW5))

a-+s

fe B (f).

X, E® 2], =3 Homp, () (E.(S7+X), E.(E ® £tY)))

a+s

where here f : X'W; - E ® XtY; is the isomorphism

SV, D St = St ERY “2S Ee Ste Y, = E® Bt

The bottom horizontal arrow is an isomorphism by Theorem 6.11. Thus, the top horizontal arrow
is an isomorphism, as desired. Showing

E (=) : [X, 5" Wit1],hs = Homp, () (Eo(S973X), B (ST Wi))

a-+s

is an isomorphism is entirely analagous. Thus, for each ¢ > 0, we have constructed isomorphisms

o

EPTHX,Y) = Hom Ty (Eu(X), EL(S'Wy))
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such that the following diagram commutes:

di

Elats—t (X, Y) Ettlats—t—1 (X, Y)

IR
1R

HOm%t?E> (E* (X)7E* (6t))

HOmaEt?E) (E* (X)7 E* (EtWt)) Hom%—i_(sE) (E* (X)a E*(Zt+1Wt+1))

Hence, we have proven the desired result. (|

7.3. Convergence of the spectral sequence. In this subsection, we briefly sketch some con-
verge properties of the spectral sequence. Boardman already works quite generally in [5], so most
of this is simply a review of the material contained within. From now on, we assume familiarity
with derived limits of (A-graded) abelian groups (see Boardman §1), filtered (A-graded) groups
(see Boardman §2), convergence of spectral sequences (Boardman Definition 5.2) and conditional
convergence of a spectral sequence associated to an unrolled exact couple (Boardman Definition
5.10). We adopt his notation, writing

nyyy:<ﬂzg/<UBa and  REs(X,Y):= Rlim Z;
r=1 r=1

to denote the F-term and the derived F,.-term of the spectral sequence, respectively.

Ideally, the E-Adams spectral sequence for [X,Y], would give us information which allows
us to compute the group [X,Y],. Note that [X,Y], is the colimit of the unrolled exact couple
which determines the spectral sequence, as Y; = Y for s < 0. Furthermore, since (E,(X,Y),d,)
is a half-plane spectral sequence with entering differentials, we may apply the results from [5,
§7], where suitable conditions under which the spectral sequence converges to the colimit [X, Y],
are described (in particular, see Theorem 7.3 there). Unfortunately, in practice, the conditions
outlined there are not usually satisfied for this spectral sequence, namely, in order for the spectral
sequence to converge to [X,Y],, we must have that lim, [X,Y;], = 0. There is no reason to
believe this would be satisfied, so we must take an alternative approach. Following Section 5 of
Bousfield’s seminal paper [6], we can instead set up the spectral sequence by means of a tower
under Y. First, we must define the E-nilpotent completion of Y:

Definition 7.9 ([6, pgs. 272-273]). Let (E, u,e) be a monoid object in 8H, and Y any object.
Write E for the fiber (Proposition A.4) of the unit S < E, so we have a distinguished triangle

EF—>SS E—YE.

Set Yy :=Y and Wy :=Y ® F, and for s > 0 define Y; := Y @ E” and W, := Y, ® E. Then since
S8H is tensor triangulated, for each s > 0 we may tensor the above sequence with Y, on the right,
which yields the following distinguished triangle

Yoo Y, S w, & oy

Then for s > 0, define Y/Y*® (up to non-canonical isomorphism) to be the cofiber of i* : Y, —
Yo =Y (so in particular we may take Y/Y; = E®Y and Y/Yy = 0), so we have a distinguished
triangle

v, 5y Ly, Sy,
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Then for each s > 0, by the octahedral axiom (axiom TR5) for a triangulated category applied
to the triangles

Yo 2V, Bw, 5 sy,
v, 5y Ly, S sy,
Vo1 —o VB Y/ Vi S SV,
there exists a distinguished triangle
(8) W, 5 Y/Yo HY/Y, 5 SW,

which makes the following diagram commute:

5L b T
Ysi1 Y Y/Ys YW
(9) Y, Y/Yi Y,
P c
W, k YY1

The triangles from (8) for s > 0 may be spliced together to yield a tower {Y/Y,}s under Y

Y Y)Yy —— Y)Y, —— Y/Y] —5 Y/Y, 0
TN TN TN |
\r p v p v p v
+ DN NGRS NV
W3 Wg W1 WO

where here the dashed arrows are really (degree —1) maps Y/Y, — W,. The fact that this

is a tower under Y follows from diagram (9), which tells us that ¥ KN Y/Y, factors as YV KN

Y/Yo41 5 Y/Y,. We define the E-nilpotent completion of Y to be the object Y% (defined up to
non-canonical isomorphism) obtained as the homotopy limit of this tower (Definition A.6):

Y} :=holimY,/Y.
S

Since Y2 is the homotopy limit of a tower under Y, it comes equipped with a canonical map
Y - Y5

Remark 7.10. In [6], the E-nilpotent completion of Y is denoted “E"Y”, while the notation
“Y” we use here is standard in the modern literature.

It turns out that applying [X, —], to this tower under Y yields an exact couple, the associated
spectral sequence of which is precisely the F-Adams spectral sequence for [X,Y]..

Proposition 7.11. Consider the tower under 'Y constructed in Definition 7.9:

Y Y)Yy 25 V/Ys 25 V/Vi 25 Y)Yy ——=0
37" p 37“ \P iT \P iT
+ DS G Y N Y
W Wy Wy Wo
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We may extend it to the right by defining Y/Y, = Ws =0 for s < 0. Then by Proposition 2.10,
we may apply the functor [X, —|, which yields the following A-graded unrolled exact couple:

C—— [X,Y/Yeia], —— [X,Y/Y ], —— [X,Y/)Y.], —— [X,Y/Y. 4], — -

J‘S \p\ J‘S \”\ Jﬁ \p\ b
[X, W2l (X, Weia], (X, Wi, (X, Ws—1],

Thus by [5, §0], there is an induced spectral sequence. This spectral sequence is precisely the

E-Adams spectral sequence for [X,Y], (Definition 7.2).

Proof. Let (E.L(X,Y),d]) denote this new spectral sequence. For s > 0, define

fo XYY, S5 XY, 2 XS], S (XYL,
and for s < 0 let it be the unique map
fs 1 [X, Y/YS]* =0— [XaYS]*—l = [X, Y]*—l'
For s € Z, let
gs \ = 1de : [X7 Ws‘}* - [Xa Ws]*

We claim these maps ( fs, gs), define a homomorphism of A-graded unrolled exact couples between
the unrolled exact couple given above determined by the quotient tower {Y/Y,} under Y, and
that obtained by applying [X, —], to the canonical E-Adams resolution, i.e., that the following
diagram commutes for all s € Z:

[Xa Y/Y‘i]* — [Xa Y/YS—l]* — [X7 WS—l]*—l — [Xv Y/YS}*—l

| | .

[X7YS]*—1 — [X7YS—1]*_1 — [X, WS—l]*_l — [Xths]*_z

\
fsa—1
v

In the case s < 0, we know Y/Y; =Y/Y,_1 = W,_1 = 0, so that the top row is entirely 0, and
thus the diagram must commute. In the case s > 0, by unravelling definitions we have that the
diagram becomes

(X,Y/Y], == [X,Y/Yiod], 2 (X, Weoil,, —— [X,Y/Y],_,

X, BY,], — " [X,5Y, ], =5 [X, SWe_d], X, 2V, _,

(v). (rvo ). yuwH)* yum
. 1.

X, 31Y,], 2 (X, 2], T X S, X S,

o1 o1 \Sl}ﬁvjs1 l .

X,Ys X, Ys 1 SX,Ys
. 3 .

[XﬂYS]*—l z*> [X,stﬂ*_l : [Xv WS*I]*—l — [X»YS]*—Z

Clearly commutativity of this diagram yields that the given collection of maps define a homo-
morphism of A-graded unrolled exact couples. Each rectangular region commutes by naturality,
as does the middle bottom trapezoidal region. The two regions involving § and 0 commute by
unravelling how the differential is defined in Proposition 2.10. Finally, the remaining two regions
commute by commutativity of Equation 9.

Thus, we have defined a homomorphism of A-graded unrolled exact couples, and it is straight-
forward to check that therefore the maps gs lift to well-defined graded homomorphisms g’ :
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E3(X,Y) — E(X,Y) for s > 0 sending a class [z] € Z3/B: = E(X,Y) to the class g3([z]) :=
[9s(7)] in Z¢' /B = E2'(X,Y), which make the following diagrams commute for all r > 1:

E (X,Y) -2 B(X,Y) kerd, — 2 kerd.
o L
E(X,Y) ¥ E/(X,Y) Er(X,Y) 225 B (XY

(commutativity of the first diagram implies the top arrow in the second diagram is well-defined).
Yet we know that each g is the identity, so that we shown that (E.(X,Y),d,) = (E.(X,Y),d.),
as desired. O

By means of this new presentation of the spectral sequence, we may consider the sense in which
the spectral sequence converges to the limit lim, [X,Y /Y], of the tower {Y/Y;}s under Y, by
means [5, Theorem 7.4]. First of all, it is standard that since Y} is the homotopy limit of this
tower, we have a Milnor short exact sequence

0 — Rlim [X,Y/Y.],,, — [X,Y2], = lim [X,Y/Y.], = 0

(the same argument given in [5, Theorem 4.9] works, although we warn the reader that Boardman
has a sign error there — he writes the first term in the short exact sequence with —1, when it
should be +1). Thus, if Rlim, [X,Y/Y;], vanishes, we get an identification of the limit

lim [X, Y/Y.], = [X,YZ)..
By [5, Theorem 7.4], this is further satisfied if the derived Foo-term RE(X,Y) is zero, in which

case the spectral sequence converges strongly to the limit [X,Y7],, meaning in particular the
natural maps

)

(X, Y], = im [X,Yp],/F*[X, Y],
FAX, Y], JF X, Y], — B3 (X,Y)
are isomorphisms, where here F'*® is the decreasing filtration on [X,Y7], given by

FS[vaé\]* = ker([X, YE/J\}* = lign [XvY/Ys]* - [XvY/Ys]*)

8. FUTURE DIRECTIONS

In this section, we briefly touch on some future directions in which one could carry on this
work in our general setting.

e One could weaken the cellularity conditions required for the characterization of the Es
page of the E-Adams spectral sequence for [X,Y], (Theorem 7.4) by instead proving a
version of Theorem 5.1 for E-cellular objects, in the sense of the definition given on pg.
21 in the paper [9].

e One could set up a cohomological version of the F-Adams spectral sequence in 8H, as in
[9, §3]. In order to show that it agrees with the homological E-Adams spectral sequence we
have constructed, one would need to develop some sort anaologue in 8H of the finiteness
condition given in [9, Definitions 2.11 & 2.12].

e Much more could be said about properties of the Adams spectral sequence in 83, par-
ticularly convergence. Are there connectivity conditions we can place on 7. (Y") which
guarantee convergence of the E-Adams spectral sequence for [X,Y], to [X, Y] ?

e Under what conditions does a morphisms in 8H induce a homomorphism of F-Adams
spectral sequences, as in [28, Proposition 11.4.1]7 Similarly, how should one define an E-
Adams resolution in 8H in a way such that the E-Adams spectral sequence is independent
of the choice of resolution?
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e One could define products on the E-Adams spectral sequence in 8H as in [28, Sections
11.7 & 11.8].

e Given a prime p, one could define the “mod-p Moore object” in 8H to be the cofiber of
the multiplication-by-p map S 2 S. Using this object, one could define the p-completion
Yp/\ of an object Y in 8K, as in [28, Definition 11.5.4]. Under which conditions is the
canonical map Y — Y, an isomorphism in 8, and how are m.(Y) and and 7.(Y}")
related?

e There is a symmetric monoidal realization functor from the motivic stable homotopy
category SHc over SpecC to the classical stable homotopy category hoSp given by
Betti realization. Under the standard grading anticommutativity conventions for these
categories (see Examples 4.8 and 4.9), it further induces a ring homomorphism from the
motivic stable homotopy ring (which is Z2-graded) to the classical stable homotopy ring
(which is Z-graded) which sends homogeneous elements of degree (p,q) to elements of
degree p. Furthermore, this functor induces a homomorphism of spectral sequence from
the C-motivic Adams spectral sequence to the classical Adams spectral sequence. We
refer the reader to the Levine’s paper [14] for a more in-depth exposition of this story.
Similarly, there are realization functors from SH¢ to the Cs-equivariant stable homotopy
category with similar properties (see [10, Remarks 3 & 4]). This motivates the idea
of a “homomorphism of tensor-triangulated categories with sub-Picard grading”, which
should be functors which are in some sense compatible with the structure described in
Definition 2.3. Furthermore, these functors should induce homomorphisms of homotopy
groups and of Adams spectral sequences.

e More work could be done to examine the graded anticommutativity properties of homo-
topy rings in the G-equvariant stable homotopy category, using the language and methods
of Section 4 and [10].

e In the classical, equivariant, and motivic stable homotopy categories, given an abelian
group G, there is an associated Eilenberg-MacLane spectrum HG, and this assignment
yields a monoidal functor from abelian groups to the stable homotopy category. Given a
monoidal functor Ab — SH sending G to HG, what can we say about the HG-Adams
spectral sequence? when is the HIF,-completion.

e In the classical, equivariant, and motivic stable homotopy categories, the grading comes
from an abelian group A which also happens to be a ring (A = Z,Z% RO(G)). Fur-
thermore, in the classical and motivic stable homotopy categories, this additional ring
structure comes into play with regards to the graded anticommutativity properties of
7m(S) (e.g., in the classical case, we have a commutativity formula on 7,(S) given by
x-y=y-x-(—1)*¥), What can be said about a tensor triangulated category with sub-
Picard grading coming from a ring, and can we impose any additional conditions on the
sub-Picard grading which allows us to say something about the graded anticommutativity
properties of 7. (5)?

e What conditions can we impose on a flat, cellular commtative monoid object (E, u,e)
in 8H which give us a filtration that allows us to create a May spectral sequence for
computing the Fs page of the E-Adams spectral sequence?

As the above exhibits, we have really only scratched the surface of what is possible in this
setting, and much more could be done to develop the theory of tensor triangulated categories
with sub-Picard grading.
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APPENDIX A. TRIANGULATED CATEGORIES

A.1. Triangulated categories and their basic properties. In this appendix, we fix a trian-
gulated category (C, X, D) (Definition 2.1). We will denote the hom-group C(X,Y) by [X,Y]. To
start, recall the following definition:

Definition A.1. A sequence
Xi—=>Xo— - =X,
of arrows in C is exact if, for any object A in €, the induced sequences

[A, X1 = [4, Xs] = - = [A, X 1] = [4, X,)]
and
[Xn, A] = [Xp1, Al = -+ = [X2, A] = [ X1, 4]
are exact sequences of abelian groups.
It is straightforward to verify that if we have an exact sequence in €
X1 f—1>X2 f—2>—>---—>Xn,

then the sequence remains exact if we change the signs of any of the maps involved. We will use
this fact often without comment.

Proposition A.2. Every distinguished triangle is an exact sequence (in the sense of Defini-
tion A.1).

Proof. Suppose we have some distinguished triangle
xLy4zhex
Then first we would like to show that given any object A in C, the sequence
(A, X] 5 [A, Y] 25 (A4, Z] = [A, XX

is exact. First we show exactness at [A,Y]. To see im f, C ker g,, note it suffices to show that
go f =0. Indeed, consider the commuting diagram

X—X — 00— 33X

[

The top row is distinguished by axiom TR1. Thus by TR3, the following diagram commutes:

AL 3 ¢

X—X — 00— XX
H lf L
AL ) e

In particular, commutativity of the second square tells us that g o f = 0, as desired. Conversely,
we’d like to show that ker g, C im f,. Let ¢ : A — Y be in the kernel of g., so that g oy = 0.
Consider the following commutative diagram:

i

9

nA 2294 sg

hyowx =2 yy
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The top row is distinguished by axioms TR1 and TR4. The bottom row is distinguished by axiom
TR4. Thus by axiom TR3 there exists a map ¢ : XA — XX such that the following diagram
commutes:
—Sid 4
A 0 SA SA
oo L el

y 25z tynx vy

Now, since 3 is an equivalence, it is a full functor, so that in particular there exists some ¢ : A — X

such that ¢ = X¢. Then by faithfullness, we may pull back the right square to get a commuting
diagram

A 44y 4

o] |v

X —Y

Hence,

[o(@)=Foo @ ~((=f)o9) = —(wo (-ida) D poids =,
where the equalities marked (x) follow by bilinearity of composition in an additive category. Thus
1 € im f,, as desired, meaning ker g, C im f,.
Now, we have shown that

(4, X] L5 (A4, Y] 25 (4, 2) 25 (4, 2X)

is exact at [A,Y]. It remains to show exactness at [A, Z]. Yet this follows by the exact same
argument given above applied to the sequence obtained from the shifted triangle (TR4)

Yy 4z 8 sx vy
On the other hand, we would like to show that
2X, 4] 15 (2,41 S5 (v, 4) 5 x4

is exact. As above, since we can shift the triangle, it suffices to show exactness at [Z, A]. First,
since we have shown go f =0, we have f* o g* = (go f)* =0, so that im g* C ker f*, as desired.
Conversely, in order to see ker f* C im g*, suppose ¢ : ¥ — A is in the kernel of f*, so that
1o f =0. Consider the following commuting diagram:

X /ARG ) '
| lw
00— A——A——0

The top row is a distinguished triangle by assumption, and the bottom row is distinguished by
axioms TR1 and TR4 for a triangulated category, along with the fact that 30 = 0 since X is
additive. Thus by axiom TR3 there exists a map ¢ : Z — A such that ¢ o g =4, i.e., g*(¢) = 9,
so that ¢ € im g* as desired.

Lemma A.3. Suppose we have a commutative diagram
x -ty 9,7 1, 9x
Y T s
x Ly Ly M v

with both rows distinguished. Then if any two of the maps j, k, and £ are isomorphisms, then so
is the third.
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Proof. Suppose we are given any object W in €, and consider the commutative diagram

W, X] I wy] S w21 5w sx] 0w sy 0w, sz 2w, 52X

lj lk* lé* lzj* lm* lze* J{ZQj*
7 /7 7 ’ ’ hl

w, xS oy S w2 o ex TS sy T S, w2 S w, n2x

The rows are exact by Proposition A.2 and repeated applications of axiom TR4. It follows by
the five lemma and faithfulness of ¥ that if j and k are isomorphisms, then ¢, is an isomorphism.
Similarly, if k£ and ¢ are isomorphisms then Yj, is an isomorphism. Finally, if ¢ and j are
isomorphisms, then ¥k, is an isomorphism. The desired result follows by faithfullness of ¥ and
the Yoneda embedding. |

Proposition A.4. Given an arrow f: X =Y in C, there exists an object Fy called the fiber of
f, and a distinguished triangle

FroXx Ly ssr=o)).

Proof. Since ¥ is an equivalence, there exists some functor €2 : € — € and natural isomorphisms
€: QY = Ide and 1 : Ide = XQ. By axiom TR2, we have a distinguished triangle

xLy %o hex

Now, consider the commutative diagram

J{ncf

h

x-1ioy 2,0t vx
x L,y %, v00, s 5x

where g = n¢, o g, and h=ho 775; Since each vertical map is an isomorphism and the top
row is distinguished, the bottom row is also distinguished by axiom TRO. Now, since X is an
equivalence of categories, it is faithful, so that in particular there exists some map k£ : QCy — X

such that Xk = —h = —Xk = h. Thus, we have a distinguished triangle of the form
x Ly 4yac, =25 vx.
Finally, by axiom TR4, we get a distinguished triangle
acy & x Ly & xacy,
so we may define the fiber of f to be QCY. |

A.2. Homotopy (co)limits in a triangulated category. In this subsection, we will assume
€ has countable products and coproducts.

Definition A.5 ([19, Definition 1.6.4]). Let
Xo 5 X1 2 X0 B Xy -

be a sequence of objects and morphisms in €. The homotopy colimit of the sequence, denoted
hocolim X, is given (up to non-canonical isomorphism) as the cofiber of the map

o0 o0
1—shift

Dx —=Dx,

i=0 i=0
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where the shift map @;’io X; ihft% @ﬁo X; is understood to be the direct sum of j; 11 : X; —
X411, i.e., by the universal property of the coproduct, it is induced by the maps

) 00
X, 55 X = P X
i=0
Definition A.6. Assume that € has countable products, and let
"'—>X3j—3>X2j—2>X1 j—l)XO

be a sequence of objects and morphisms in €. The homotopy limit of the sequence, denoted
holim X;, is given (up to non-canonical isomorphism) as the fiber (Proposition A.4) of the map

o) oo
1—shift
[[x—=1I

=0 1=0

where the shift map [];°, X; shift, 1,2 Xi is understood to be the product of j; : X; — X;_q,

i.e., by the universal property of the product, it is induced by the maps
oo .
[1xi - X =25 X,
i=0

A.3. Adjointly triangulated categories. From now on, we will assume that C is an adjointly
triangulated category (Definition 2.8) with inverse shift €2, unit 1 : Ide = X2, and counit
e: QY = Ide.

Lemma A.7. Given a triangle
xLy % z5nhex,
it can be shifted to the left to obtain a distinguished triangle
0z = x Ly 29 a0z,

where b+ QZ — X is the adjoint of h : Z — XX and ﬁ; Y = XQZ is the adjoint of
Qg : QY = QZ.

Proof. Note that unravelling definitions, h and g are the compositions
07 P onx X5 X and Qg:Y 25 vy 2% w0z,

Now consider the following diagram:

f

X
g |

y —24— 7z 5 nx
_— H

x Loy 29, vaz 2, vx

The left square commutes by definition. To see that the middle square commutes, expanding

definitions, note it is given by the following diagram:

|

Y g Z
Yy vy 22 w0z
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and this commutes by naturality of . To see that the right square commutes, consider the
following diagram:

z h vX
nzl ﬂzx/ H
£0Z — EQEX = =X

By functoriality of ¥, the bottom composition is Sh. The left region commutes by naturality of
7. Commutativity of the right region is precisely one of the the zig-zag identities. Hence, since
diagram (10) commutes, the vertical arrows are isomorphisms, and the top row is distinguished,
we have that the bottom row is distinguished as well by axiom TRO. Then by axiom TR4, since
(f,Qg,Xh) is distinguished, so is the triangle

0z = x Ly 29 vaz 0

Lemma A.8. Given a distinguished triangle

xLy % z5nhex,

for any n > 0, the triangle

onx (=praery ony (=1"Q"%g A (=1)"Q"h

Q"EX 230" X,
is distinguished, where the final isomorphism is given by the composition
n—l
Q'LX = Qrrlony 25X, grely Tl mogrelx = $On X,

Proof. We give a proof by induction. First we show the case n = 1. Note by Lemma A.7, we
have that given a distinguished triangle

xLy 4z vy,
we can shift it to the left to obtain a distinguished triangle
oz = x L Y 307,

where h is the adjoint of A : Z — ¥ X and @ is the adjoint of Qg : QY — QZ. If we apply this
shifting operation again, we get the distinguished triangle

av %0z ~h x Y 3QY,

where unravelling definitions, (fl\} is the right adjoint of Q1f : QX — QY and ﬁ& is the right

adjoint of @, which itself is the left adjoint of g, so @ = Qg. Hence we have a distinguished
triangle

av =% 0z = x 2 vay

We may again shift this triangle again and the above arguments yield the distinguished triangle

ox =, gy =% gz




TENSOR TRIANGULATED CATEGORIES WITH SUB-PICARD GRADING 75

—_~—

where Q(—h) is the right adjoint of Q(—h) = —Qh : QQZ — QX. Explicitly unravelling defini-

—_~—

tions, Q(—h) = —Qh is the composition

07 ™2, 5007 25, vox] = —[07 12 no0z 2 vox]

= —[0z 2%, oz 22 voanx 22X, 50 X]

= [0z & axx =5 X 15 20X),

where the first equality follows by additivity of ¥ and additivity of composition, the second follows
by further unravelling how h is defined, and the third follows by naturality of n, which tells us
the following diagram commutes:

0z — 9 L ovx X L x

lnnz lﬁnzx lnx

Q007 Soah YOOYX ST YOX

Thus indeed we have a distinguished triangle

ax =M, gy =29, gz =

QYX = ¥OX,

where the last isomorphism is nx o ex, as desired.
Now, we show the inductive step. Suppose we know that given a distinguished triangle

xLy 4 zhex,
that for some n > 0 the triangle

arx (=pr ety oy (=1"Q"%g oy (=D"h"

YO X,

is distinguished, where A" : Q"Z — ¥Q" X is the composition

n n—1
Qrz 2y gnyx 20 Ex, ety Mertlx, wan y
Then by applying the n = 1 case to this triangle, we get that the following triangle is distinguished

L LR N D g, —((-1"")

Qrtlx Qrtly — Qntlz NS E=Diand ¢

where the final isomorphism is the composition
(9D PP QRtiE Ny o L)' GRIIENG yoToLL) 'GEuD  o LaRD @

We claim that this is precisely the distinguished triangle given in the statement of the lemma for
n+ 1. First of all, note that —Q((—1)"Q"f) = (—=1)" 1+ f —Q((-1)"Q"g) = (—1)"HQrtlg,
and —Q((—1)"h") = (=1)"T1QR" by additivity of 2, so that the triangle becomes

(_1)n+19n+1f (_1)n+19n+1 (_1)71+19hn
_—

(11) Q"X Q" ty Ytz QNO"X =~ nO"HX,

Thus, in order to prove the desired characterization, it remains to show this diagram commutes:

1, (=nmtionn canx
Qfly —— — , Oy ——% 5 Q"X

(71)”+1m+1hi ernx
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(The top composition is the last two arrows in diagram (11), and the bottom composition is the
last two arrows in the diagram in the statement of the lemma). Unravelling how h"™ is constructed,
by additivity of €2 it further suffices to show the outside of the following diagram commutes:

_qyn+lon+l n QNen1
Ontly (1)—9}; ontiny _Ex L ony _Mentix L gynony
J{Ean
(_1)n+IQn+lh QnX
/ lmznx
Qrtiy x X — 5 yortlx
Q"ex nan x

The left rectangle and bottom right triangle commute by definition. Finally, commutativity of
the top right trapezoid is precisely one of the zig-zag identities applied to Q?~'X. Hence, we
have shown the desired result. O

Proposition A.9. Given a distinguished triangle
xLy 4 zhyx,

let h: QZ — X be the left adjoint of h. Then the following infinite sequence is exact:

Qrtlz QrX Qry
(-=1)"tiQnh (=nrarf

(=1)"Q"g

(_1)nQn717L

oz anlx

s-1 . - (—1)"s"g (—1)"S"h —y

(-1 txmh (=)"z"f X"z

In particular, it remains exact even if we remove the signs.

Proof. Exactness of
xLy%zhsx sy

is Proposition A.2 and axiom TR4. By induction using axiom TR4, for n > 0 we get that each
contiguous composition of three maps below is a distinguished triangle:

(-1 sy (-1 s"h (-ymHisnty

sy EUE L ey sz sty sty
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thus the sequence is exact by Proposition A.2. It remains to show exactness of the LES to the
left of Y. It suffices to show that the row in the following diagram is exact for all n > O:
(12)

any CDI Ly GV 00 (1M (ex0Rh) oy (DTN
(—1)“% 41&(

oy x
First of all, to see exactness at Q™Y and Q" Z, consider the following commutative diagram:
(=n ey

(-)"Q"g (=1)"Q" Y(exoQh)

QX oy oz QX
~ 1
(-1)"Q"h Q" lex
~ ~
1100'¢ Mon—1x
P
(_1)"LQ"Lh
QX ) f Qry =1 9 O e » YO X

(here the dashed arrow is the morphism which makes the diagram commute). The bottom row is
distinguished by Lemma A.8. Then by axiom TRO, the top row is distinguished, and thus exact
by Proposition A.2. Thus we have shown exactness of (12) at Q™Y and Q"Z. It remains to show
exactness at Q"1 X. In the case n = 1, we want to show exactness at X in the following diagram:

—(exof2h) f

X Y

Unravelling definitions, ex o Qh is precisely the adjoint h:QZ = Xofh:Z— ¥ X, in which
case we have that the row in the above diagram fits into a distinguished triangle by Lemma A.7,
and thus it is exact by Proposition A.2. To see exactness at Q"~1X in diagram (12), note that
if we apply Lemma A.7 to the sequence Lemma A.8 for n — 1, then we get that the following
composition fits into a distinguished triangle, and is thus exact:

_qyn—1on-—1
gz =k qroix CDT9T T gnety,

where k : Q(Q""1Z) — Q"1 X is the adjoint of the composition

Qn-ly CUTNTA pag e 9" Rex neo g Tan2x, on-l
Further expanding how adjoints are constructed, k is the composition

oz w) D¢ % or-lx M Qrnor-lx fontix, on-ly

Thus, in order to show exactness of (12) at "1 X, it suffices to show that k = (=1)""1Q""!(exo
Qh). To that end, consider the following diagram:

_1\yn—1On n—1 QN ym—
gV Sy x Vs g1 x e ixgeon-1

(-1)""1Q"h Eqn—1x

192939, ¢ oty

n—1
Q EX

The top composition is k, while the bottom composition is (—1)"~1Q"~1(ex 0Qh). The left region
commutes by definition, while commutativity of the right region is precisely one of the zig-zag
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identities applied to Q"~2X. Thus, we have shown that —k = (—1)"Q""!(ex o Qh), so (12) is
exact at Q771X as desired. O

A 4. Tensor triangulated categories. In what follows, we fix a tensor triangulated category
(€,®,85,%,e,D) (Definition 2.2).

Lemma A.10. Let A% B % C 5 D be any sequence isomorphic to a distinguished triangle.
Then given any E in C, the sequences

ExA® peoB 2 Eeo 224 peoD
and

AE 5 Bop X cor % Do E
are exact.

Proof. Since (a, b, c) is isomorphic to a distinguished triangle, there exists a commuting diagram
in 8H

x Jtoy 2.z vy
A T
A~ B—=C—=D

where the top row is distinguished and the vertical arrows are isomorphisms. Then the following
diagram commutes by functoriality of — ® —:

EoX 2 gy 2%, pez B’ S(E®X)
\E®h\) e/EX>’ i
E®a E&p E®y E®xX | (B®6)o(ely )
\E®6\) \l/
E®AT®(Z>E®B?®Z7>E®C E®c E®D

The top triangle is distinguished by axiom TT3 for a tensor triangulated category, thus ex-
act by Proposition A.2, so that the bottom triangle is also exact since the vertical arrows are
isomorphisms and each square commutes. Similarly, the following diagram also commutes by
functoriality of — ® —:

XoFE 12 ,yor -, 70F he'k 2(X © E)
\h®E$ CX,E),
a®F BRE YRE SX®F (0®E)oex 'y
\5®E\A

The top row is distinguished by axiom TT3 for a tensor triangulated category, thus exact by
Proposition A.2; so that the bottom triangle is also exact since the vertical arrows are isomor-
phisms and each square commutes. O

Proposition A.11. Suppose we have a distinguished triangle
XY >Z7-%¥X

in C. Then given any object E in C, the long exact sequence given in Proposition A.9 remains
exact after applying E® — or — @ E.
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Proof. Recall that in the proof of Proposition A.9 we showed that the sequence was exact by
showing that any two consecutive maps were isomorphic to a part of a distinguished triangle.
Then the desired result follows from Lemma A.10. |

APPENDIX B. A-GRADED OBJECTS

In this appendix, we fix an abelian group A once and for all. We assume the reader is familiar
with the basic theory of (non-commutative, unital) rings and modules over them.

B.1. A-graded abelian groups, rings, and modules.

Definition B.1. An A-graded abelian group is an abelian group B along with a subgroup B, < B
for each a € A such that the canonical map

@BQ—HB

a€cA
sending (74)aca t0 ), 4 To is an isomorphism. Given two A-graded abelian groups B and C, a
homomorphism f : B — C is a homomorphism of A-graded abelian groups, or just an A-graded
homomorphism, if it preserves the grading, i.e., if it restricts to a map B, — C, for all a € A.
We denote the category of A-graded abelian groups and A-graded homomorphisms between
them by Ab4

It is easy to see that an A-graded abelian group B is generated by its homogeneous elements,
that is, nonzero elements x € B such that there exists some a € A with x € B,. Furthermore, by
the universal property of the coproduct, given two A-graded abelian groups B and C, the data of
an A-graded homomorphism ¢, : B — C' is precisely the data of homomorphisms ¢, : B, — Cj,.

Remark B.2. Clearly the condition that the canonical map @,. 4 B — B is an isomorphism
requires that B, N By, = 0 if a # b. In particular, given a homogeneous element = € B, there
exists precisely one a € A such that x € B,. We call this a the degree of x, and we write |z| = a.

Definition B.3. An A-graded ring is a ring R such that its underlying abelian group R is A-
graded and the multiplication map R x R — R restricts to R, X Ry — Rg4p for all a,b € A. A
morphism of A-graded rings is a ring homomorphism whose underlying homomorphism of abelian
groups is A-graded.

Explicitly, given an A-graded ring R and homogeneous elements x,y € R, we must have
|zy| = |z| + |y|. For example, given some field k, the ring R = k[x,y] is Z?-graded, where given
(n,m) € Z%, Ry, is the subgroup of those monomials of the form az™y™ for some a € k.

Definition B.4. Let R be an A-graded ring. A left A-graded R-module M is a left R-module
M such that M is an A-graded abelian group and the action map R x M — M restricts to a
map Rq X My — Mgy for all a,b € A. Right A-graded R-modules are defined similarly. Finally,
an A-graded R-bimodule is an A-graded abelian group M which has the structure of both an
A-graded left and right R-module such that given r,s € Rand m € M, r-(m-s) = (r-m)-s.

Morphisms between A-graded R-modules are precisely R-module homomorphisms whose un-
derlying group homomorphisms are A-graded. We write R-Mod* for the category of left A-graded
R-modules and Mod“-R for the category of right A-graded R-modules.

Remark B.5. It is straightforward to see that an A-graded abelian group is equivalently an
A-graded Z-module, where here we are considering Z as an A-graded ring concentrated in degree
0. Thus any result below about A-graded modules applies equally to A-graded abelian groups.

Remark B.6. We often will denote an A-graded R-module M by M,. Given some a € A, we
can define the shifted A-graded abelian group M, , whose b'" component is Mp,. We will also
sometimes write X*M to denote the shifted module M, _,,.
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Definition B.7. More generally, given two A-graded R-modules M and N and some d € A, an
R-module homomorphism f : M — N is an A-graded homomorphism of degree d if it restricts
to a map M, — Nyiq for all @ € A. Thus, an A-graded homomorphism of degree d from M
to N is equivalently an A-graded homomorphism M, — N,i4 or an A-graded homomorphism
M,._q — N. Given some a € A and left (resp. right) R-modules M and N, we will write

Hom% (M, N) = Hompg(M,, N,4q) = Homg(M,_g, N,)
to denote the set of A-graded homomorphisms of degree d from M to N, and simply
Hompg(M, N)

to denote the set of degree-0 A-graded homomorphisms from M to N. Clearly A-graded homo-
morphisms may be added and subtracted, so these are further abelian groups. Thus we have an
A-graded abelian group

Hom% (M, N).

Unless stated otherwise, an “A-graded homomorphism” will always refer to an A-graded ho-
momorphism of degree 0.

Oftentimes when constructing A-graded rings, we do so only by defining the product of homo-
geneous elements, like so:

Lemma B.8. Suppose we have an A-graded abelian group R, a distinguished element 1 € Ry,
and Z-bilinear maps mqp : Ry X Ry = Roqp for all a,b € A. Further suppose that for all x € R,,
y € Ry, and z € R., we have

ma+b,c(ma,b(xa y)> Z) = ma,b—i—c(xv mb,c(ya Z)) and ma,O(xa 1) = mO,a(]-v LL') =2x.

Then there exists a unique multiplication map m : R X R — R which endows R with the structure
of an A-graded ring and restricts to mqp for all a,b € A.

Proof. Givenr,s € R, since R = P, 4 R, we may uniquely decompose r and s into homogeneous
elements as r = ZaeA rq and s = ZaEA Sq with each r,, s, € R, such that only finitely many of
the r,’s and s,’s are nonzero. Then in order to define a distributive product R x R — R which
restricts to mgp @ Rg X Ry — Rgqp, note we must define

- <Z) . (Z%) =Y = Y s

a€EA beA a,be A a,be A

Thus, we have shown uniqueness. It remains to show this product actually gives R the structure
of a ring. First we claim that the sum on the right is actually finite. Note there exists only finitely
many nonzero r,’s and sp’s, and if s, = 0 then
()
ma,b(rav 0) = ma,b(ra, 0+ 0) = ma,b('r'm 0) + ma,b('rm 0) - ma,b(rav 0) =0,
where (x) follows from bilinearity of mg . A similar argument yields that mg (0, sp) = 0 for all

a,b € A. Hence indeed my ,(rq, sp) is zero for all but finitely many pairs (a,b) € A?, as desired.
Observe that in particular

(T . S)a = Z mb,c(rba Sc) = Z mb,a—b(rln Sa—b) = Z ma—c,c("‘a—c, Sc)-

b+c=a beA ceEA
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Now we claim this multiplication is associative. Given t =" __,t, € R, we have

acA
(res)-t=> map((r-s)ats)

a,be A

= Z Mea,b (Z mac,c(""acasc)atb>
a,be A ceEA

@)

- Z ma,b(ma—c,c(ra—c;Sc);tb)
a,b,ceA

@

- Z mc,a-i—b—c(rcama—c,b(sa—catb))
a,b,ceA

3)

- Z ma,c(ravmb,cfb(sbvtcfb))
a,b,ceEA

(1)

- Z Mg, c <raazmb,cb(5bytcb)>
a,ceEA beA

— Z Mac(Tas (5 1)) =7+ (s 1),

a,ceEA
where each occurrence of (1) follows by bilinearity of the mg3’s, each occurrence of (2) is asso-
ciativity of the mqp’s, and (3) is obtained by re-indexing by re-defining a := ¢, b := a — ¢, and
¢ := a—+b—c. Next, we wish to show that the distinguished element 1 € Ry is a unit with respect
to this multiplication. Indeed, we have

l-r@Zmoﬂ(l,m)(Z:)Zra:r and r~1(:1)2ma,0(ra,1)(:2)2ra:r,

acA acA a€A acA

where (1) follows by the fact that mg (0, —) = mq(—,0) = 0, which we have shown above, and
(2) follows by unitality of the mg ,’s and mg 4’s, respectively. Finally, we wish to show that this
product is distributive. Indeed, we have

r-(s+1t)= Z Mab(Ta, (5 + 1))

a,beA

Z Ma,b(Tas o+ 1)

a,beA

) Z Mab(Tay Sb) + Z Map(Tarty) = (r-8) + (r-t),
a,beA

a,be A

where (x) follows by bilinearity of m, . An entirely analagous argument yields that (r +s) -t =
(r-t)+(s-t). O

Similarly, when defining A-graded modules, we will only define the action maps for homoge-
neous elements:

Lemma B.9. Let R be an A-graded ring, M an A-graded abelian group, and suppose there exists
Z-bilinear maps Kqp : Rg X My — My for all a,b € A. Further suppose that for all v € R,,
" € Ry, and m € M, that

Katbe(r - 1'sm) = Kapie(r, kpe(r',m)) and  Ko.c(l,m) =m.

Then there is a unique map k : Rx M — M which endows M with the structure of a left A-graded
R-module and restricts to kqp for all a,b € A.
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On the other hand, suppose there exists Z-bilinear maps Kq p : Mg X Ry = My yyp for alla,b € A.
Further suppose that for all T € R,, v’ € Ry, and m € M, that

Keato(My T 1) = Keyap(Kea(m,r),r") and Keo(m,1) = m.

Then there is a unique map k : M x R — M which endows M with the structure of a right
A-graded R-module and restricts to kqp for all a,b € A.
Finally, if we have maps A\gp : Rg X My — Moyp and pgp @ My X Ry = Moy satisfying all of
the above conditions, and if we further have that
Aa,b-‘rC(r7 pb,C(xa 5)) = pa-‘rb,C(Aa,b(ra l‘), S)

forallr € Ry, x € My, and s € R, then the left and right A-graded R-module structures induced
on M by the \’s and p’s give M the structure of an A-graded R-bimodule.

Proof. Checking this all is straightforward albeit tedious; we leave the proof as an exercise for
the reader. (]

When working with A-graded rings and modules, we will often freely use the above propositions
without comment.

Lemma B.10. Let R be an A-graded ring, and let M be an A-graded left (resp. right) R-module.
Then for all d € A, the evaluation map

evy : Hom% (R, M) — M
p (1)
is an isomorphism of abelian groups.

Proof. We consider the case that M is a left A-graded R-module, as showing it when M is a right
module is entirely analagous. First of all, this map is clearly a homomorphism, as given degree d
A-graded homomorphisms ¢, : R — M, we have

evi(p +¢) = (e +¢)(1) = ¢(1) + ¥(1) = evi(p) + evi(¥).

Now, to see it is surjective, let m € My, and define ¢, : R — M to send r +— r - m. First of all,
©m is a module homomorphism, as given r,s € R,

om(r+s)=r+s) - m=r-m+s-m=epn(r)+en(s) and on(r-s)=r-s-m=r-@y,(s).

Furthermore, it is clearly A-graded of degree d, as given a homogeneous element r € R, for some
a € A, we have ¢, (r) = r-m € Rq44, since m is homogeneous of degree d. Finally, clearly

evi(om) = om(l) =1-m=m,

so indeed ev; is surjective. On the other hand, to see it is injective, suppose we are given
@, 1 € Hom% (R, M) such that (1) = ¢(1). Then given r € R, we must have

o(r) =¢(r-1) =7 (1) =r-¢1) =¢(r-1) = p(r),
so ¢ and 1) are exactly the same map. Thus, ev; is injective, as desired. O
B.2. Tensor products of A-graded modules.

Lemma B.11. Given an A-graded ring R and two left (resp. right) A-graded R-modules M and
N, their direct sum M @® N is naturally a left (resp. right) A-graded R-module by defining

(M®N), :=M, D N,.
Proof. The canonical map @, 4(M, ® No) = M © N factors as

P eN) =S PM.ePN. = MaN. O
acA a€A a€A
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Recall that given a ring R, a left R-module M, a right R-module N, and an abelian group A,
an R-balanced map ¢ : M x N — B is one which satisifies

p(m,n+n') = p(m,n) + p(m,n’)
Lp(m + m/7 n) = (p(m, n) + <p(m’, n)
p(m-r,n) =p(m,r-n)

for allm,m’ € M, n,n’ € N, and r € R. Then the tensor product M ® N is the universal abelian
group equipped with an R-balanced map ® : M x N — M ®pg N such that for every abelian
group B and every R-balanced map ¢ : M X N — B, there is a unique group homomorphism
@: M ®r N — B such that f o® = f. We call elements in the image of @ : M X N - M @r N
pure tensors. It is a standard fact that M @z IV is generated as an abelian group by its pure
tensors.

Definition B.12. Suppose we have a right A-graded R-module M, a left A-graded R-module
N, and an A-graded abelian group B. Then an A-graded R-balanced map ¢ : M x N — B is an
R-balanced map which restricts to M, x Ny — By for all a,b € A.

Proposition B.13. Suppose we have a right A-graded R-module M and a left A-graded R-module
N. Then the tensor product
M ®r N

naturally inherits the structure of an A-graded abelian group by defining (M ®g N), to be the
subgroup generated by homogeneous pure tensors, i.e., those elements m ® n with m € My and
n € N, such that b+ ¢ = a. Furthermore, if either M (resp. N ) is an A-graded bimodule, then
this decomposition makes M Qg N into a left (resp. right) A-graded R-module. In particular, if
both M and N are R-bimodules, then M ®gr N is an A-graded R-bimodule.

Proof. By definition, since M and N are A-graded abelian groups, they are generated (as abelian
groups) by their homogeneous elements. Thus it follows that M ®pr N is generated by its homo-
geneous pure tensors, as defined above. Now, given a homogeneous pure tensor m®n in M @ g N,
it is clear that defining its degree by the formula |m ® n| := |m| + |n| is perfectly well-defined, as
given homogeneous elements m € M, n € N, and r € R we have that

[(m-r)@n|=[m-r[+[n] = |m|+|r|+|n| = |m|+|r-n| = |m & (r-n)|.
Thus, we may define (M ®pr N), to be the subgroup of M @ N generated by those pure homo-

geneous tensors of degree a. Now, consider the map

\Il:MxN—>@(M®RN)a
acA

which takes a pair (m,n) = Y 4 (ma,nq) to the element ¥(m,n) whose a™

(W(m,m)a = 3 my©n..

b+c=a

component is

It is straightforward to see that this map is R-balanced, in the sense that it is additive in each
argument and ¥(m - r,n) = U(m,r-n) for all m € M, n € N, and r € R. Thus by the universal
property of M ® g N, we get a homomorphism of abelian groups U:MogrN — Doca(M@RrN),
lifting ¥ along the canonical map M x N — M ®gr N. Now, also consider the canonical map

o : EB(M@RN)a — M ®g N.
a€A

We would like to show ¥ and ® are inverses of eah other. Since ¥ and ® are both homomorphisms,
it suffices to show this on generators. Let m®mn be a homogeneous pure tensor with m = m, € M,
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and n = ny € N. Then we have

O(U(m@n)) = <@ > mb®nc> Y omen) =men,
a€A b+c=a

and

U(@(men))=U(men)= @ Z my @ ne © mQn,

a€Ab+c=a
where both occurrences of (x) follow by the fact that m, ® n, = 0 unless b = ¢ = a, in which
case mg @ Ny = m ®n. Thus since ® is an isomorphism, M ®pg N is indeed an A-graded abelian
group, as desired.

Now, suppose that M is an A-graded R-bimodule, so there exists left and right A-graded
actions of R on M such that given r,s € R and m € M we have r- (m -s) = (r-m) - s. Then
we would like to show that given a left A-graded R-module N that M ®g N is canonically a left
A-graded R-module. Indeed, define the action of R on M ®gr N on pure tensors by the formula

r-(m®n)=(r-m)Qn.

First of all, clearly this map is A-graded, as if r € R,, m € M,, and n € N, then (r - m) ® n, by
definition, has degree |r-m|+ |n| = |r| + |m| + |n| (the last equality follows since the left action of
R on M is A-graded). In order to show the above map defines a left module structure, it suffices
to show that given pure tensors m @ n,m’ @ n’ € M ®g N and elements 7,7’ € R that

) r-m@n+m'@n)=r-(men)+r-(m @n'),

(2) (r+7)-(m@n)=r-(m&n)+r-(m'@n),

3) (rr')-(m®n)=r-(r'-(m®n)), and

(4) 1-(m®n) =mQen.
Axiom (1) holds by definition. To see (2), note that by the fact that R acts on M on the left that

(r+7)-(man)=((r+r) m@n=>r-m+r - mn=r-men+r -men.

That (3) and (4) hold follows similarly by the fact that (rr') -m =7r-(r"-m) and 1-m =m.
Conversely, if N is an A-graded R-bimodule, then showing M ®g N is canonically a right
A-graded R-module via the rule

(men) - r=me®(n-r)

is entirely analagous.

Finally, if both M and N are R-bimodules, then by what we have shown, M ®r N is both a
left and right R-module. To see these coincide to give M ®r N an R-bimodule structure, note
that given m € M, n € N, and r,7’ € R that

(r-(men))-r=((r-m)en)- = m)h-r)=r-mon-r)=r-(men)-r). O
Lemma B.14. Let R be an A-graded ring, B an A-graded abelian group, M a right A-graded R-
module, and N a left A-graded R-module. Further suppose we are given a map @qp : Mg X Np —

Bayp for all a,b € A which commutes with addition in each argument, and such that for all
m € M,, n € Ny, and r € R, that

@aﬂ—b,c(m T n) = @a,b-{-c(mv T n)

Then there is a unique A-graded R-balanced map ¢ : M x N — B which restricts to g for all
a,b € A, and furthermore, the induced homorphism ¢ : M @ g N — B is an A-graded homomor-
phism of abelian groups.

Proof. Checking this is straightforward, we leave it as an exercise for the reader. |



TENSOR TRIANGULATED CATEGORIES WITH SUB-PICARD GRADING 85

B.3. A-graded submodules and quotient modules. In what follows, fix an A-graded ring
R. We will simply say “A-graded R-module” when we are freely considering either left or right
A-graded R-modules.

Recall that given a ring R, an R-module P is projective if, for all diagrams of R-module
homomorphisms of the form

!

PT}N

with ¢ an epimorphism, there exists a lift A : P — M satisfying goh = f

pa
}f/ lg

PT}N

(Note h is not required to be unique.)

Definition B.15. Let R be an A-graded ring, and let P be an A-graded R-module. Then P is a
graded projective module if, for all diagrams of A-graded R-module homomorphisms of the form

M

lg
PﬁN

with g an epimorphism, there exists an A-graded homomorphism h : P — M satisfying goh = f.

pa
}f/ ig

PT}N

(Note h is not required to be unique.)

Definition B.16. Let M be an A-graded R-module. Then an A-graded R-submodule is an A-
graded R-module N which is a subset of M and for which the inclusion N — M is an A-graded
homomorphism of R-modules. Equivalently, it is a submodule N for which the canonical map

PnrNaM, N
acA
is an isomorphism.

Lemma B.17. Let M be an A-graded R-module. Then an R-submodule N < M is an A-graded
submodule if and only if it is generated as an R-module by homogeneous elements of M.

Proof. If N < M is a A-graded submodule, it is generated by the set of all its homogeneous
elements, which are also homogeneous elements in M, by definition.

Conversely, suppose N < M is a submodule which is generated by homogeneous elements of
M. Then define N, := N N M,, and consider the canonical map

o: PN, — N.
acA
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First of all, it is surjective, as each generator of N belongs to some N,, by definition. To see it is
injective, consider the following commutative diagram:

@aeA Na @aeA Ma

@ |

N M

Since ® composes with an injection to get an injection, clearly ® must be injective itself. We
have the desired result. ]

Proposition B.18. Given two left (resp. right) A-graded R-modules M and N and an A-graded
R-module homomorphism ¢ : M — N (of possibly nonzero degree), the kernel and images of ¢
are A-graded submodules of M and N, respectively.

Proof. First recall that a degree d A-graded homomorphism M — N is simply an A-graded
homomorphism M, — N4, so it suffices to consider the case ¢ is of degree 0. Next, note that
since the forgetful functor from R-modules to abelian groups preserves kernels and images, it
suffices to consider the case that ¢ is a homomorphism of A-graded abelian groups. Finally, by
Lemma B.17, it suffices to show that ker ¢ and im ¢ are generated by homogeneous elements of
M and N, respectively.

Note that by the universal property of the coproduct in Ab, the data of an A-graded homo-
morphism of abelian groups ¢ : M — N is precisely the data of an A-indexed collection of abelian
group homomorphisms ¢, : M, — N, in which case the following diagram commutes:

@a Ma % @a N‘l

«| |

M—2 N

Finally, the desired result follows by the purely formal fact that taking images and kernels com-
mutes with arbitrary direct sums. (Il

Proposition B.19. Given two left (resp. right) A-graded R-modules M and N, an A-graded
submodule K < N, and an A-graded R-module homomorphism ¢ : M — N (of possibly nonzero
degree), the submodule ¢~ (K) of M is A-graded.

Proof. Recall that a degree d A-graded homomorphism M — N is simply an A-graded homomor-
phism M, — N, 4, so it suffices to consider the case ¢ is of degree 0. Now, let x € L := ¢~ !(K).
As an element of M, we may uniquely write x = ) , 2, where each x, € M,. Similarly, if we
set y := ¢(x), then we may uniquely write y = > . , yo where each y, € N,. Then since K is
an A-graded submodule of N and y € K, by definition, we have that y, € K for each a. Finally,

note that

Y va=y=9@) = o),

ac€A a€A
so that ¢(z,) = y, € K for all a € A, so that xz, € L for all a € A. Thus we have shown that
each element in L can be written as a sum of homogeneous elements in M, as desired. O

Proposition B.20. Given an A-graded R-module M and an A-graded subgroup N < M, the
quotient M /N is canonically A-graded by defining (M/N), to be the subgroup generated by
cosets represented by homogeneous elements of degree a in M. Furthermore, the canonical maps
My/No — (M/N), taking a coset m + N, to m + N are isomorphisms.



TENSOR TRIANGULATED CATEGORIES WITH SUB-PICARD GRADING 87

Proof. Consider the canonical map

o : H(M/N), — M/N.

First of all, surjectivity of ® follows by commutativity of the following diagram:

D, M, ——— M

l l

D, (M/N)s —* M/N

where the vertical left map sends a generator m € M, to the coset m + N in (M/N), C M/N.
To see ® is injective, suppose we are given some element (mq + N)qca in @, (M/C), such that
> acalma +N)=0in M/N. Thus > ., m, € N, and since N is A-graded this implies that
each m, belongs to N N M, = N,, so that in particular m, + N is zero in (M/N), C M/N, so
that (mq + N)aca = 0in @,(M/N),, as desired.

It remains to show that the canonical map

Ya: My/Ny — (M/N),

is an isomorphism. It is clearly surjective, as (M/N), is generated by elements m + N for
m € M,, and these elements make up precisely the image of ¢,. Thus ¢, hits every generator of
(M/N)q, s0 ¢, is surjective. On the other hand, suppose we are given some m € M, such that
o(m+ N,) =m+ N = 0. Thus m € N, and m € M,, so that m € M, " N = N,, meaning
m+ N, =0 in M,/N,, as desired. O

B.4. Pushouts of A-graded anticommutative rings. The goal of this section is to show that
given an A-graded anticommutative ring R (Definition 4.5) that the category R-GrCAlg(A) of
A-graded anticommutative R-algebras (Definition 4.6) has pushouts and binary coproducts, which
are formed by taking the tensor product of the underlying A-graded modules and endowing it with
an anticommutative product. The proofs here are entirely analagous to showing that the standard
category of anticommutative Z-graded rings has pushouts, so rather than giving complete proofs
in this section we simply outline what needs to be shown, and leave it to the reader to fill in the
details.

Proposition B.21. Suppose we have an A-graded anticommutative ring R (Definition 4.5) and
two morphisms [ : (B,pp) — (C,pc) and g : (B,vp) — (D,¢p) in R-GrCAlg(A) (Defini-
tion 4.6). Then f and g make C and D both B-bimodules, respectively,” so we may form their
tensor product C ®@p D, which is itself an A-graded B-bimodule (Proposition B.13). Then C ®@p D
canonically inherits the structure of an A-graded R-commutative ring with unit 1¢ ® 1p via a
product

(CepD)x (C®pD)— CxpD
which sends a pair (x @ y,x’ ®y') of homogeneous pure tensors to the element
o501l 1y)) - (22" @ yy') = o (Ol 1y )2z’ @ vy,
(where here - denotes the left module action of B on C ®p D), and with structure map
p:R—-C®pD
r—=¢p(r) - (le ®1p) = (pc(r) ® 1p) = (1c¢ ® ¢p(r)).
7Explicitly7 it is a standard fact that given a ring homomorphism ¢ : R — S that S canonically becomes an

R-bimodule with left action 7 - s := ¢(r)s and right action s - r := s@(r), so that in particular if ¢ is an A-graded
homomorphism of A-graded rings, then ¢ makes S an A-graded R-bimodule.
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Proof sketch. We simply lay out everything that needs to be shown, and we leave it to the reader to
fill in the details. First to show that the indicated product is actually well-defined and distributive,
by Lemma B.14 it suffices to show that for all homogeneous ¢, ', ¢’ € C, d,d',d” € D, and b € B
with || = |¢”| and |d'| = |d"|, that

@B (0)d)|cr1er)) - (c(c + ") @dd") = pp(0)ay, 1)) - (¢ @ dd) + @B (04, cr)) - (cc” @ dd')
¢B(O)a), ) - (e @d(d +d")) = @p(O)a,je|) - (c¢’ @dd) + ©(0Oa),|e)) - (¢’ @ dd”)
@B(0)ap1cr-0)) - (c(c - b) @dd') = o0y |er|) - (e’ @ d(b-d"))
©BOar) ) - (¢ + e dd) = opOa) ) - (Cc@dd) +op(0)ay) - ("c®d'd)
¢B(Oarrar) ) - (Cc@ (d +d")d) = pp(O)a))c) - (c@d'd) + ©B(0)4r) |c) - (c @ d"d)

@@, 1) (¢ -D)c® d'd) = (O pa) - (e (b-d)d),

where each occurrence of - denotes the left or right module action of B. These tell us that for
all z € C ®p D that the maps C ®p D — C ®p D sending y — xy and y — yx are well-defined
A-graded homomorphisms of abelian groups, so we have a distributive product (z,y) — xy. Then
to show that this product makes C ®p D an A-graded ring, we need to show it is associative
and unital. By Lemma B.8, it suffices to show that for all homogeneous z,y,z € C ®p D that
(xy)z = 2(yz) and 2(l¢ ® 1p) = ¢ = (1¢ ® 1 p)x. By distributivity, it further suffices to consider
the case that x, y, and z are homogeneous pure tensors in C ®p D, i.e., it suffices to show that
for all homogeneous ¢, ', ¢’ € C and d,d’,d” € D that

(c@d)(d@d))("®d")=(cad((ded)( d"))
and
(c@d)(le®@1p)=(c®d)=(lc ®1p)(c®d).
Thus, proving these hold will show C ®p D has the structure of an A-graded ring, as desired.
Now, we wish to show that the given map ¢ : R — C ®p D is a ring homomorphism. Clearly it

sends 1 to 1¢ ® 1p, and again by linearity, it suffices to show that given homogeneous r,s € R
that

@(r+s)=pp(r+s)(lc®1p) = ¢p(r)(lc ® 1p) + ¢p(s)(lc @ 1p) = @(r) + ¢(s)
and
o(rs) = pp(rs)(lc ® 1p) = (¢8(r)(1c ® 1p))(¢s(s)(lc © 1p)) = @(r)@(s).
Finally, we need to show that C ®p D satisfies the graded commutativity condition, for which
again by linearity it suffices to show that given homogeneous ¢, € C and d,d’ € D that

(c®d)(d ®d)=pOcgi,|cer)(d ®@d)(c®d) =@+, +a)( @d)(c®d).
Showing all of these is relatively straightforward. |

Proposition B.22. Given an A-graded anticommutative ring (R, 0), the category R-GrCAlg(A)
has pushouts, where given f : (B,op) — (C,pc) and g : (B,pp) = (D,¢p), their pushout is
the object (C®p D, ) constructed in Proposition B.21, along with the canonical maps (C, oc) —
(C®p D, p) sending ¢ — ¢ 1p and (D,pp) = (C®p D, ) sending d — 1o ®d. In particular,
since (R,idR) is initial, R-GrCAlg(A) has binary coproducts.

Proof sketch. First, we need to show that the given maps ic : (C,¢oc) — (C ®p D,¢) and
ip : (D,pp) = (C ®p D, p) are actually morphisms in R-GrCAlg(A), i.e., that they are ring
homomorphisms and that the following diagram commutes:

vc ¥D
-
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Showing this is entirely straightforward. Furthermore, i¢ and ip clearly make the following
diagram commute:

It remains to show that i{c and ip are the universal such arrows. Suppose we have some object
(E,¢g) in R-GrCAlg(A) and a commuting diagram

B—2sD

| I

c -, F

of morphisms in R-GrCAlg(A4). Then we’d like to show there exists a unique morphism ¢ :
C®p D — E in R-GrCAlg(A) which makes the following diagram commute:

B—2 4D

el

C 5 CgpD

First we show uniqueness. Supposing such an arrow ¢ existed, given elements ¢ € C' and d € D,
we must have

Ue@d)=L((c®1p)(le ®d) = lc@ 1p)l(1e @ d) = L(ic(c)L(in(d)) = h(c)k(d).

Since pure tensors generate C®p D, we have uniquely determined ¢, and clearly it makes the above
diagram commute. Now, it remains to show that as defined ¢ is a morphism in R-GrCAlg(A),
i.e., that it is an A-graded ring homomorphism and that the following diagram commutes:

R
O®BD—Z>E

This is all entirely straightforward to show. O

APPENDIX C. MONOID OBJECTS
In this appendix, we fix a symmetric monoidal category (€, ®,.S) with left unitor, right unitor,
associator, and symmetry isomorphisms A, p, «, and 7, respectively.
C.1. Monoid objects in a symmetric monoidal category.

Definition C.1. A monoid object (E,p,e) is an object E in € along with a multiplication
morphism p: E® EF — E and a unit map e : S — E such that the following diagrams commute:

E®S 22 EobE <2 5o F (EQE)®E E®E

S

E®Q(E®E) —% EFoFE —t- > FE

pQE
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The first diagram expresses unitality, while the second expressed associativity. If in addition the
following diagram commutes,

EQE—F— 5 EQE

R

then we say (F, u,e) is a commutative monoid object.

Example C.2. The object S is a monoid object, with multiplication map pg =Ag: S® S — S
and unit idg : S — S.

Definition C.3. Given two monoid objects (F1, 1, e1) and (Fa, 2, e2) in a symmetric monoidal
category (C,®,.5), a monoid homomorphism from E; to Es is a morphism f : Fy — E5 in € such
that the following diagrams commute:

Ol AN DN 0N

N

E14>E2 E1—>E2

It is straightforward to show that idg, is a homomorphism of monoid objects from E; to itself,
and that the composition of monoid homomorphisms is still a monoid homomorphism. Thus, we
have categories Mone and CMone of monoid objects and commutative monoid objects in C,
respectively, with monoid homomorphisms between them.

Lemma C.4. Given two monoid objects (E1,p1,e1) and (Ea, g, e2) in a symmetric monoidal
category (C,®,S), their tensor product E1 ® Ey canonically becomes a monoid object in C with
unit map

eSS S®8 2LE% B ek,
and multiplication map

[ E @By ®E @ By 27252 B @ By @ By @ By 2 B, @ By

(where here we are suppressing the associators from the notation). If in addition (Ey,pu1,e1) and
(Ea, 2, e2) are commutative monoid objects, then (Ey @ Fa, u,€) is as well.

Proof. Due to the size of the diagrams involved, we leave this as an exercise for the reader. It is
entirely straightforward. O

Lemma C.5. Given monoid objects (Fy, i, e;) for i =1,2,3 in a symmetric monoidal category
C, the associator (Fh ® Es) ® Ej = E1 ® (BEy ® E3) is an isomorphism of monoid objects. In
other words, up to associativity, given a collection of monoid objects E1, ..., E, in C, there is no
ambiguity when talking about their tensor product E1 ® --- ® E,, as a monoid object.

Proof. Clearly, up to associativity, (F1 ® E2) ® E3 and Fq ® (E2 ® Fs3) have the same unit map

g c18ea®es, F1 ® Es ® E3. Thus, it remains to show that they have the same product map, up

to associativity. To see this, consider the following diagram, where we’ve passed to a symmetric
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strict monoidal category:

Ei®(E;® E3) ® F1 ® (Fa ® E3) = (E1 ®Ey) ® B3 ® (B1 ® Es) @ E
E1®Tey0E5,8, ®E2®E3l J/E1®E2®TE3.E1®E2®E3
Ei®FE®@FE, @ FE;® Ey® Es Ei1®E,®FE ®E, ®E3 ® Es
\ /

1 ®E2®T®E3l E1QFE1QE2QTQE3 E1RTQE2QE3QFE3 J/El RTRE2Q@u3

—
EI®FE,®E QFE; %1%%2WE3%1&E'1 @By ®@ By ® Eﬁ%%mlﬂ%u? E®FE,®E,QE;
E1Qua®us3 pn1Qua@us3 11 Qu2@us3 p1Qu2@E3
E,® Ey® E3 = £ ® By ® B3

The top pentagonal region commutes by coherence for the 7’s in a symmetric monoidal category.
The bottom triangle commutes by definition. The remaining four triangles commute by functo-
riality of — ® —. On the left is the product for F; ® (E; ® E3), while on the right is the product
for (Eh ® E2) ® F5. Thus they are equal up to associativity, as desired. O

Lemma C.6. Let (E,pu,e) be a monoid object in 8H. Then the map e : S — E is a monoid
homomorphism. Furthermore, if E is a commutative monoid object, then u : E® E — E is
also a monoid object homomorphism. (Here S and E® E are considered to be monoid objects by
Ezample C.2 and Lemma C./, respectively.)

Proof. To see e is a monoid homomorphism, consider the following diagrams:

S S® S cge E®QE
~ A
S®e eF
~ ~
¢ pPsS=As S®FE s
\E}
S ——% +F S FE

The left diagram commutes by definition. The top region in the right diagram commutes by
functoriality of — ® —. The right region commutes by unitality of u. The left region commutes
by naturality of A\. Thus, indeed e : S — E is a monoid object homomorphism.

Now, to see p is a monoid object homomorphism when (FE, u,e) is a commutative monoid
object, first consider the following diagram:
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The left region commutes by functoriality of —® —, the right region commutes by definition, and
the bottom region commutes by unitality of u. Now, consider the following diagram:

Ei®@E®E;®E, Hon Eio @ E3y
L®ERE T
EM\) _— Eon
E®TQFE E1 ® Eys @ Ey Ei® E3® Ey
T ~_ I
EQueE HOE uRE 7
— UREQE ~ ~
Ey@E3® Ey @ By —— E13® Ey ® By ——5— Fia3 @ Ey
| - M :
np E®u
— p \

Ei13® Eay

E1234

Here we have numbered the E’s to make it clearer what’s going on. The top and bottom left
regions commute by functoriality of — ® —. The top left region commutes by commutativity of
. Every other region commutes by associativity of u. Thus, we’ve shown g is a monoid object
homomorphism, as desired. |

Lemma C.7. Suppose we have some monoid object (E, u,e) in C and some homomorphism of
monoid objects f : (E1,u1,e1) — (E2, 2, e2) in Mone. Then EQ f : EQ Ey — E® Fy and
fRFE:FEL®FE — Fy®FE are monoid homomorphisms, where here we are considering E ® Fy,
E®RFE;, By ®F, and E5 ® E to be monoid objects by Lemma C.4.

Proof. We will show that F® f is a monoid object homomorphism, as showing f ® E is a monoid
homomorphism is entirely analagous. First consider the following diagram:

E E
EQE ®E®FE BfQERS EQE,® E® Es
E®T®E1l lE®T®E2
EQFE
E®QE®E, ® E, orele] EQE®E,® Es
~ —
nRELQE> PRE2QE>
2 .
P& EoE 0B 2% e E, o E, s
/ \
EQui EQu2
E®E ) E® B

The top region commutes by naturality of 7. The bottom trapezoid commutes since f is a monoid
homomorphism. The remaining three regions commute by functoriality of — ® —. Now, consider
the following diagram:

S
e®eq l e®es
E
— ~
E®eq E®es
— ~
E®E, Bef E® E,

The bottom region commutes since f is a monoid homomorphism. The top two regions commute
by functoriality of — ® —. Thus, we’ve shown F ® f is a monoid object homomorphism, as
desired. |
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C.2. Modules over monoid objects in a symmetric monoidal category.

Definition C.8. Let (E, u,e) be a monoid object in €. Then a (left) module object (N, k) over
(E, u,e) is the data of an object N in € and a morphism « : E® N — N such that the following
two diagrams commute in C:

SN 2% EeN (EQRE)®N E®N

b L e X

E®(F®N) — EQN —— N

HON

Definition C.9. Let (E, 1, e) be a monoid object in €, and suppose we have two (left) module
objects (N,k) and (N',k’) over (E,u,e). Then a morphism f : N — N’ is a (left) E-module
homomorphism if the following diagram commutes in C:

EoN 22, peo N

[k

N—T N

Definition C.10. Given a monoid object (F, i, e) in C, we write E-Mod to denote the category
of (left) module objects over E and E-module homomorphisms between them. We denote the
homset in £-Mod by

Hompg moa(M, N), or simply Hompg(M, N).

For our purposes, we will only consider left module objects, so we will usually drop the quanit-
fier “left” and just refer to them as “module objects”.

Lemma C.11. Let (E, p,e) be a monoid object in C and let (N, k) be an E module object. Then
given some object X in C and an isomorphism ¢ : N =, X,

E-module via the action map

k)
X inherits the structure of an

—1
ko B0 X 222 s EoN S NS X

Proof. We need to show the two coherence diagrams in Definition C.8 commute. To see the
former commutes, consider the following diagram:

e®X

X E®X

—1
¢ lE@Wl

N N e N

N

&

X
The top trapezoid commutes by functoriality of — ® —. The middle small triangle commutes
by unitality of k. The remaining region commutes by definition. To see the second coherence
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diagram commutes, consider the following diagram:

nRX

EFRQFE®RX EoX
E®E®¢*ll lE@aﬁ*l
EQE®N HON E®N
E@ml lﬁ
E®N = N
E®¢l \ laﬁ
EF®X W EQN —— N 3 X
The top rectangle commutes by functoriality of — ® —. The middle rectangle commutes by
coherence for k. The bottom two regions commute by definition. O

Proposition C.12. Given a monoid object (E, ,€) in C, the forgetful functor E-Mod — € has
a left adjoint © — E-Mod sending an object X in C to (E® X, kx) where kx is the composition
a~?! H®X
E@QEeX) — (EQE)e X — ERX,
and sending a morphism f: X - Y o EQf: E®X - ERY.

We call this functor E® — : € — E-Mod the free functor, and we call E-modules in the image
of the free functor free modules.

Proof. In this proof, we work in a symmetric strict monoidal category. First, we wish to show
that E® — : € — E-Mod as constructed is well-defined. First, to see that (X, kx) is actually a
E-module, we need to show the two diagrams in Definition C.8 commute. Indeed, consider the
following diagrams:

Eo X2 EoEe X EQEQE0 X" EeEo X
\ lﬂ@X E®,u®Xl lp@X
F® X EFERQERX W F® X

These are precisely the diagrams obtained by applying X ® — to the coherence diagrams for p,
so that they commute as desired. Now, suppose f : X — Y is a morphism in €, then we would
like to show that F® f: E® X — E ®Y is a morphism of EF-module objects. Indeed, consider
the following diagram:

EQEX 2P EoEay
;L®XJ( J{u@Y
ExQf

It commutes by functoriality of —® —, so E® f is indeed an E-module homomorphism as desired.

Now, in order to see that £ ® — is left adjoint to the forgetful functor, it suffices to construct
a unit and counit for the adjunction and show they satisfy the zig-zag identities. Given X in €
and (N, k) in E-Mod, define nx :=e®@ X : X - E®@ X and gy =K : EQN — N. nx is
clearly natural in X by functoriality of — ® —, and £y is natural in (NN, x) by how morphisms
in E-Mod are defined. Now, to see these are actually the unit and counit of an adjunction, we
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need to show that the following diagrams commute for all X in € and (N, ) in E-Mod:

nN=eQ@N

® XTOMEEORX p o B o X E@N =N N
E(E®X,rx)—HOX E(N,r)=HK
E®X N

Commutativity of the left diagram is unitality of u, while commutativity of the right diagram
is unitality of k. Thus indeed £ ® — : € — E-Mod is a left adjoint of the forgetful functor
E-Mod — C, as desired. O

Lemma C.13. Let (E, p,e) be a monoid object in C. Further suppose we have some object X in
C and an E-module object (N, k), along with a commuting diagram in C

Z
X—F/—N—>X
Then if £ == 1or: N — N is an E-module homomorphism, then X is canonically an E-module
object with structure map

kx  EoX 225 FoN S N DX,

and furthermore, the maps t: X — N andr: N — X are E-module homomorphisms.

Proof. First, in order to show (X, kx) is an E-module, we need to show the two diagrams in
Definition C.8 commute. To see the unitality diagram holds, consider the following diagram:

e®X

S®X E®X
~
S®¢t J{E@L
e eQN
S®N*>E®N
A ~
X )\N K’

N

/ \L‘

X X
The large left triangle commutes by naturality of A\. The top trapezoid commutes by functoriality
of —®—. The small middle right triangle commutes by unitality of x. Finally, the bottom triangle

commutes by definition, since we are assuming r o ¢ = idx. Now the right composition is kx, so
we have shown kx o (e ® X) = Ax, as desired. Now, consider the following diagram:

E®E®X nex E® X
~
E®E®Ll EFEQER. lE@L
3 PN

E®EQN ;0 Eo EoN —N __, peN
E®Nl ln
E 39 N E®k N
E@X ——— E@N —— N —— X

The top trapezoid commutes by funtoriality of —® —. The top left triangle commutes by functo-
riality of —® — and the fact that for = toror = 1oidx = ¢. The middle left trapezoid commutes
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by since £ is an E-module homomorphism, by assumption. The bottom left triangle commutes
by functoriality of — ® — and the fact that ¢ o = £. Thus, we have shown that (X, kx) is an

E-module object, as desired.

Now, it remains to show that ¢ : X — N and r : N — X are E-module homomorphisms. To

that end, consider the following two diagrams:

E®e

FX — E®QN

A
E®LJ/ ExL
~

E®N

|

N
>
~

X—3N

B

E®r

FRQN — EFE® X

~
E®L J/E@L
~

E®N

. |

N
"

N——— X

The trapezoids in each diagram commute since we are assuming ¢ is a F-module homomorphism.
The four triangles commute since for = ¢ and rof = r. Thus, we have shown that kxo(E®r) = rok
and Ko (F ®t) = 1o kx, so we indeed have that ¢ and r are E-module homomorphisms, as
desired. |

Proposition C.14. Suppose that C is an additive symmetric monoidal closed category. Let
(E,u,e) be a monoid object in C, and suppose we have a family of E-module objects (N;, k;)
indexed by some small set I. Then N := @, N; is canonically an E-module, with action map
given by the composition

kB @N S @EN) 25 PN,

where the first isomorphism is given by the fact that E ® — preserves coproducts, since it is a left
adjoint. Furthermore, N is the coproduct of all the N;’s in E-Mod, so that E-Mod has arbitrary
coproducts.

Proof. We need to show the action map x makes the diagrams in Definition C.8 commute. To
see the first (unitality) diagram commutes, consider the following diagram:

EBi N;

E®®1Ni

@i N;

The top triangle commutes since £ ® — preserves coproducts, as it is a left adjoint. The bottom
triangle commutes by unitality of each of the x;’s. To see the second coherence diagram commutes,
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consider the following diagram:

n®@,; N;

E®E®@, N; E® @, N;

pos| T2 -

-] . N;
Eo®,(EaN,) — @;(Ee Ee NP LW, (Ee N)

Eed®, '“i eaxE@m)l l@i o

E®®,;N; — = D (E® N;) T @D, Ni
The bottom right square commutes by coherence for the x;’s. Every other region commutes since
— ® — preserves colimits in each variable. Thus N = @, N; is indeed an E-module object, as
desired.
Now, we claim that (N, k) is the coproduct of the (N;, k;)’s in E-Mod. First, we need to
show that the canonical maps ¢; : N; < N are morphisms in F-Mod for all ¢ € I. To see ¢; is a
homomorphism of F-module objects, consider the following diagram:

EoN, —2% , Ee@,N

LE®N; >
< |
Bi(F e N;)

l@‘ "

Ny ——F—— O, N;

The top triangle commutes by additivity of £ ® —. The bottom trapezoid commutes since, by
univeral property of the coproduct, €, ; is the unique arrow which makes the trapezoid commute
for all ¢ € I. Now, it remains to show that given an E-module object (N’ k') and homomorphisms
fi : N; = N’ of E-module objects for all 7 € I, that the unique arrow f : N — N’ in 8K satisfying
fou; = f; for all i € I is a homomorphism of E-module objects, so that N is actually the coproduct

of the N;’s. To see this, first let h : @,(E ® N;) = E® N’ be the arrow determined by the maps

E® N; E9Ji, B @ N'. Then consider the following diagram:

EQf

E® @, N E® N’
h
| //

) ’
0.5 gz B0
P, K’

D, ri @z N’
T

@1 T~
—

@D, N; 7 N’

The top triangle commutes by additivity of £ ® —. The triangle below that commutes by the
universal property of the coproduct, since it is straightforward to check that Vo @,(E ® f;) and
h both satisfy the universal property of the colimit. The left trapezoid commutes by functoriality
of — @ — and the fact that f; is a homomorphism of E-module objects for all ¢ in I. The right
trapezoid commutes by naturality of V. Finally, the bottom triangle commutes by the universal
product of the coproduct, by showing that V o €, f; in place of f also satisfies the universal
property of the colimit. Hence f is inded a homomorphism of E-module objects, as desired.
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To recap, we have shown that given a set of E-module objects {(N;, £;) }ier, the inclusion maps
ti : N; = @, N; are morphisms in £-Mod, and that given morphisms f; : (N;, k;) = (N', &’) for
all 7 € I, the unique induced map @, N; — N’ is a morphism in E-Mod. Thus, E-Mod does
indeed have arbitrary coproducts, and the forgetful functor E-Mod — 8H preserves them. [

Proposition C.15. Suppose that C is an additive closed symmetric monoidal category, and let
(E, u, e) be a monoid object in C. Then E-Mod is itself an additive category, so that in particular
the forgetful functor E-Mod — C and the free functor € — E-Mod (Proposition C.12) are
additive.

Proof. Tt is a general fact that adjoint functors between additive categories are necessarily addi-
tive. In order to show F-Mod is an additive category, it suffices to show it has finite coproducts,
that Hompg noa (N, N') is an abelian group for all F-modules N and N’, and that composition
is bilinear. We know that E-Mod has coproducts which are preserved by the forgetful functor
E-Mod — C by Proposition C.14 (which is clearly faithful). Thus, because € is Ab-enriched
and Hompg_ poa (N, N') € C(N, N'), it suffices to show that Hompg_ nvoa (N, N') is closed under
addition and taking inverses. To see the former, let f,g: N — N’ be E-module homomorphisms,
and consider the following diagram:

E®N Z22%, po(NeN) —Z2U%0) | E®(N’69N’)

(E®N)® E®J§5®f E®(%®N’ (E® N') o

H@/{l J{N'@n/

N_— A L NgN 1&g NaeN — YN N

POVN, o N

The outermost trapezoids commute by naturality of A and V. The triangles in the top corners
and the top middle rectangle commute by additivity of £ ® —. Finally, the middle bottom
rectangle commutes by functoriality of —® — and — ® —, and the fact that f and g are E-module
homomorphisms. Commutativity of the above diagram shows that f + g is a homomorphism of
E-modules as desired. Finally, to see —f is a E-module homomorphism if f is, we would like to
show that k' o (E® (—f)) = (—f) o k. This follows by the fact that ' o (E® f) = f ok and
additivity of — ® — and composition. O

ApPPENDIX D. HOMOLOGICAL (CO)ALGEBRA

The primary reference for this section will be the nLab page on derived functors in homological
algebra ([21]).

Recall that given abelian categories A and B, given an additive functor F' : A — B, if F is left
exact and A has enough injectives, we may form the right derived functors R"F : A — B of F,
for n € N. Given an object A in A, we may compute R"F(A) to be the object (defined only up
to isomorphism) which is obtained as follows: First, fix an injective resolution i : A — I* of A,
i.e., the data of a long exact sequence

0—ALP L 2d e
where each I™ is an injective object in A. Such a sequence is guaranteed to exist since A has
enough injectives. Then we define R"F(A) to be the n'' cohomology group H™(F(I*)) of the
sequence
F(d")

F(d%) F(d%)

0 —— F(IY F(IY) F(1%) F(I%)
It is a standard result that this definition of R™F(A) does not depend on the choice of injective
resolution ¢ : A — I*.
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Definition D.1. Given an abelian category A with enough injectives and an object A in A, we
denote the right derived functors of the left exact functor Homy4 (4, —) : A — Ab by

Ext’i (A, —) := R"Homx (A, —).

Remark D.2. Tt is not uncommon to instead define Ext’; (—, A) to be the right derived functor
of the functor Homy4(—, A) : A°® — Ab, in which case we may compute Ext’; (B, A) by means
of projective resolutions of A in A. It is a standard result that these definitions of Ext’; (4, B)
coincide.

Now, the first result we will state is that in order to compute the values of the right derived
functors R"F(A), we do not need to consider strictly injective resolutions of A, rather, we may
consider more generally “F-acyclic resolutions”. First, we define F-acyclic objects:

Definition D.3 ([21, Definition 3.8]). Let F' : A — B be a left or right exact additive functor
between abelian categories, and suppose A has enough injectives. An object A in A is called an
F-acyclic object it R"F(A) =0 for all n > 0.

Definition D.4. Let F : A — B be a left exact additive functor between abelian categories, and
suppose A has enough injectives. Then given an object A in A, an F-acyclic resolution i : A — I},
is the data of a long exact sequence in A

. 0 1 2
(N Ny (NG S RN PN RN
such that each I} is an F-acyclic object in A.

The reason that F-acyclic objects are useful is that they allow you to compute the right derived
functors of F' without having to use strictly injective resolutions:

Proposition D.5 (|21, Theorem 3.15]). Let F : A — B be a left exact additive functor between
abelian categories. Then for each object A in A, given an F-acyclic resolution i : A — I}, of A,
for each n € N there is a canonical isomorphism

R"F(A) = H"(F(I}))

between the n' right derived functor of F evaluated on A and the cohomology of the sequence
obtained by applying F to Ir.

APPENDIX E. HOPF ALGEBROIDS

In this appendix, we will define the notion of A-graded anticommutative Hopf algebroids (Def-
inition E.2) over an A-graded anticommutative ring R (Definition 4.5), and left comodules over
them (Definition E.6).

E.1. A-graded anticommutative Hopf algebroids over R. Given an A-graded anticommu-
tative ring R, we will define an A-graded anticommutative Hopf algebroid over R to be a co-
groupoid object in R-GCA?, i.e., a groupoid object in (R—GCAA)OP. First, recall the definition
of a groupoid object in a category with pullbacks:

Definition E.1. Let C be a category with pullbacks. A groupoid object in € consists of a pair of
objects (M, O) together with five morphisms

(1) Source and target: s,t: M — O,
(2) Identity: e: O — M,
(3) Composition: ¢: M xo M — M,
(4) Inverse: i: M — M
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Where M xo M will always refer to the object which into the following pullback diagram in C:

MxoM 25 M

S

For example, if we're working in € = Set, we should think of M as a set of morphisms, and O as a
set of objects. The functions s and ¢ take a morphism to their domain and codomain, respectively,
and M xo M is the collection of pairs of morphisms (g, f) € M x M such that t(f) = s(g), and
the composition map ¢ : M xo M — M takes such a pair to the element go f € M. We think of
the identity e : O — M as taking some object z € O to the identity morphism e(z) =id, € M
on z, and the inverse map i : M — M takes a morphism f to its inverse f~!. These data are
required to make the following diagrams commute:

(1) Composition works correctly:

MxoM —— M M+« 00— M MxoM 25 M

T N 2

M—50 M—_50

Expressed in terms of sets, the first diagram says that the target of g o f is the target
of g. The second diagram says that the domain and codomain of the identity on some
object x is . The third diagram says that the domain of g o f is the domain of f.

(2) Associativity of composition: Write M xo (M xo M) and (M xo M) xo M for the
pullbacks of (s,toc¢) and (s o ¢,t), respectively, so we have commuting diagrams

(M xo M) xo M e M M xo (M xo M) P M xo M
c><1\\/[\‘\\) H Mx\g\\\) lc
P} MxoM 2 M v MxoM 25 M
o o
M xo M c M —50 Me—e———onn M —* 50

where the inner and outer squares in both diagrams are pullback squares. Furthermore,
assuming the diagrams in condition (1) above are satisfied, we have that ¢ o p; o p§ =
tocopy = sopY, sothat by the universal property of the pullback we have a map
M><p1ZMXo(MXoM)%MXOtheSO:

P1 OPIQI

MXO(MXOM)

MxoM 25 M

| |

M ——0

Now note that again assuming the diagrams above in (1) commute, we have soc = sops,
so that

soco(M Xpy)=sopyo (M Xp1)=sop,opy =topsoph.
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Then by the unviersal property of the pullback we get a map a : M xo (M xo M) —
(M xo M) xo M like so:

MXO(MXOM)

MxoM —S s M —50

Exercise: Show that this map a is an isomorphism. Then we require that the following
diagram commutes:

MXO(MXOM)%(MXOM)XoM

chl laxM

MXoM = M = MXOM

Expressed in terms of sets, this diagram says ho (go f) = (hog)o f.
(3) Unitality of composition: Given the maps (idps,eot), (eos,idy) : M — M xo M defined
by the universal property of M xo M:

M €os

Sl (idar,e0s)
<

M——0

the following diagram commutes:

M (eot,idM) M XO M
(idas,eos) c
MxoM ——— S M

Expressed in terms of sets, this diagram says that given f € M with s(f) = = and

t(f) =y, that foid, = f and id, o f = f.
(4) Inverse: The following diagrams must commute:

(id s i)

YL VAN GO V'

P S A AN

M O— s M+ 0 O« M -—50

?
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where the arrows (idz, ¢) and (i, id ;) are determined by the universal property of M x oM
like so:

M—s0 M ——s0

Expressed in terms of sets, given f € M with s(f) = z and t(f) = vy, the first diagram
says that (f*l)_1 = f, the second says that fo f~! =id, and f~' o f = id,, and the
last diagram says that the domain and codomain of f~! are y and z, respectively.

It can be seen that groupoid objects in € = Set are precisely (small) groupoids. Now, we can
state and unravel the definition of a Hopf algebroid:

Definition E.2. Given an A-graded anticommutative ring R (Definition 4.5), an A-graded anti-
commutative Hopf algebroid over R is a co-groupoid object in R-GCA?%, ie., a groupoid object
in (R-AGrCAlg)°’. Explicitly, an A-graded anticommutative Hopf algebroid over E is a pair
(T', B) of objects in R-AGrCAlg along with morphisms

(1) left unit: n, : B — T (corresponding to t),
2) right unit: ng : B — T (corresponding to s),
3) comultiplication: ¥ :T' — T’ ®@p I' (corresponding to c),
4) counit: € : I' — B (corresponding to e),
5) conjugation: ¢:T' — I' (corresponding to %),

(

where here I' may be viewed as a B-bimodule with left B-module structure induced by 7, and
right B-module structure induced by ng, so we may form the tensor product of bimodules I' ® 5
I, which further may be given the structure of an A-graded anticommutative R-algebra (by
Proposition B.21), and fits into the following pushout diagram in R—GCAAg (Proposition B.22):

B —"™ T

an lg'—ﬂ@g

These data must make the following diagrams commute:

(1) (Composition works correctly)

1
B L T 1R

| Js S | NG | [smies

)4

(2) (Coassociativity) The following diagram must commute

ol v r v @l

‘I’®BFJ/ lF@B\I/

Tl @l —————— T'®p (C®pT)
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where (T ®pT)®pT and ' ® (I' ® 5 I') denote the rings which fit into the following
pushout diagrams in R-GCA*:

B nr r B2 Y Tzl
ﬁRl
I g—(101)®g R (989 )>18(929)
gl
F®B£®Wy®g)®q®3 epl ee(al) 'ep (F'®pT)

and the isomorphism (T'®@p) @ > TR (F'®pT) sends (¢R¢' ) R¢g" to g (¢’ ®g"),
the left vertical arrow ¥ ® I" sends g ® ¢’ to ¥(g) ® g, and the right vertical arrow I' ® ¥
sends g ® ¢’ to g U(g') .

(3) (Co-unitality):

r—2 Tl
N (nroe)-idp
I'egI' —— T

idr-(nroe)

where the right vertical arrow sends g ® ¢’ to n1.(e(g))g’ and the bottom horizontal arrow

sends g ® ¢’ to gnr(e(g’)).
(4) (Convolution):

r B+*“ T-—° B B-X,1r " B
I'¢«—T I'e—T®gl —— T T

idr‘ -C C-idr‘

where the bottom left arrow in the middle diagram sends g ® ¢’ to ge(g’) and the bottom

right arrow in the middle diagram sends g ® ¢’ to ¢(g)g’.
The remainder of this subsection is devoted to proving some technical lemmas about A-graded
anticommutative Hopf algebroids.

Proposition E.3. Suppose we have an A-graded anticommutative Hopf algebroid (I, B) over
(R,0) with structure maps nr, nr, ¥, €, and ¢ (Definition E.2). Recall in the definition, we
considered I’ @ ' to be the A-graded R-commutative ring whose underlying abelian group was
given by the tensor product of B-bimodules, where I' has left B-module structure induced by ny,
and right B-module structure induced by nr. Thus I' ® g T is canonically a B-bimodule, as it
is a tensor product of B-bimodules. Then the canonical left (resp. right) B-module structure on
I'®p T coincides with that induced by the ring homomorphism ¥ o ny, (resp. ¥ ong).

Proof. First we show the left module structures coincide. By additivity, in order to show the
module structures coincide, it suffices to show that given a homogeneous pure tensor g ® ¢’ in
I'®p I and some b € B that U(n (b)) - (9 ®¢') = (nr(b) - g) ® ¢’, where - on the left denotes the
product in I' ® g I' and the - on the right denotes the product in I'. By the axioms for a Hopf
algebroid, we have that ¥(n.(b)) = n5(b) ® 1. Thus by how the product in I' ® g T" is defined
(Proposition B.21), we have that

T(ne(d) - (g®g)=m®d) @1)-(g@4g") = (er(o,g) -nb) - 9) @ (¢ -1) = () -9) ® 4,
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where ¢r : R — T is the structure map, and the last equality follows by the fact that 0y |, = 1. An
entirely analagous argument yields that the canonical right module structure on I' ® g I' coincides
with that induced by ¥ o njg, since Y ong = 1 ® ng. O

Remark E.4. By the above proposition, given an A-graded commutative Hopf algebroid (T", B)
over R, there is no ambiguity when discussing the objects ' ® g (T ®p ') and (I'®@p ') @ ' —
they may both be considered as the threefold tensor product of the B-bimodule I with itself. In
particular, we have a canonical isomorphism of B-bimodules

Tepl)epl 2 Tewg (I'epI)

sending (¢ ® ¢') ® g” to g® (¢’ ® g”), and this is precisely the isomorphism in the coassociativity
diagram in the definition of a Hopf algebroid (Definition E.2).

Proposition E.5. Suppose we have an A-graded commutative Hopf algebroid (I', B) over R with
structure maps N, Mr, ¥, €, and c. Then ny, : B — T' is a homomorphism of left B-modules,
nr : B = T is a homomorphism of right B-modules, and ¥ : I' - T'®p I and e : T' — B are
homomorphisms of B-bimodules.

Proof. Since the left (resp. right) B-module structure on I' is induced by 1z, (resp. ng), the map
N (resp. Ngr) is a homomorphism of left (resp. right) B-modules by definition.

Next, we want to show ¥ is a homomorphism of B-bimodules. The left (resp. right) B-module
structure on I' is that induced by 7y, (resp. nr), and in Proposition E.3, we showed that the left
(resp. right) B-module structure on I' ® g I' is that induced by ¥ o7y, (resp. ¥ ong), so that by
definition ¥ : ' - I’ ® 5 T is a homomorphism of left (resp. right) B-modules.

Lastly, we claim that € : I' — B is a homomorphism of B-bimodules. We need to show that
given g € T and b,b' € B that €(n.(b)gnr(g’)) = be(g)b’. This follows from the fact that € is a
ring homomorphism satisfying e o, = e ong = idp. |

E.2. Comodules over a Hopf algebroid. In what follows, fix an A-graded anticommutative
ring (R, #) and an A-graded anticommutative Hopf algebroid (I, B) over R with structure maps
nL, Mr, ¥, €, and ¢. We will always view I' with its canonical B-bimodule structure, with left
B-module structure induced by 7z, and right B-module structure induced by ng. In particular,
any tensor product over B involving I' will always refer to I' with this bimodule structure.

Definition E.6. A left comodule over T is a pair (N, ¥ ), where N is a left A-graded B-module
and Uy : N - T'®p N is an A-graded homomorphism of left A-graded B-modules. These data
are required to make the following diagrams commute

LN LN

NI .rezN Top N N Top N
R J@N \I/®Nl lrwm\,
B®p N Topl)@g N —— 5 T'®p ([ ® N)

The maps e ® N and ¥ ® N are well-defined by Proposition E.5, and the bottom isomorphism in
the right diagram is the canonical one sending (¢ ® ¢') ® n — g ® (¢’ ® n).

Given two left A-graded I'-comodules (N7, ¥y, ) and (N2, Uy, ), a homomorphism of left A-
graded comodules f : N7 — N is an A-graded homomorphism of the underlying left B-modules
such that the following diagram commutes:

N — T N,

\Ilel J(\PN2

r
I'®p Ny %F@)BNZ
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We write -CoMod* for the resulting category of left A-graded comodules over I'. In the above
definition, we required A-graded left I'-comodule homomorphisms to strictly preserve the grading,
but we could have instead considered left I'-comodule homomorphisms which are of degree d for
some d € A, or equivalently, the set of degree zero A-graded I'-comodule homomorphisms from Ny
to the shifted comodule (Na), ;. We denote the hom-set of degree-d A-graded left I'-comodule
homomorphisms from (Ny, Uy, ) to (Na, ¥, ) by

Hom{. ¢ nroqa (Nis N2) or usually just Hom& (N, Ny).

In particular, write Homp_conoga (N1, N2) or just Homp (N7, N2) to mean the set of strictly degree
preserving (degree 0) A-graded left I'-comodule homomorphisms from (N1, ¥y, ) to (Na, Uny,).

Proposition E.7. The category I-CoMod?* is an additive category.

Proof. First, we show the category is Ab-enriched. Since the forgetful functor I-CoMod* —
B-Mod* is clearly faithful, we may view hom-sets in I-CoMod* as subsets of hom-groups in
B—ModA7 so that in order to show I'-CoMod? is Ab-enriched, it suffices to show that hom-sets
in [-CoMod” are closed under addition of module homomorphisms and taking inverses. To
that end, suppose we have two A-graded left I'-comodule homomorphisms f,g : (N1, ¥n,) —
(Na, Uy,), then we have

o(f+9)=(¥n,0f)+ (¥n,09)
(F®B f)O\I/Nl) ((F®BQ)O\IJN1)
e f)+(T®pg)) oYy,

@ (f+9)o¥n,,

(
=
(
= (T

where the first equality follows since Uy, is a homomorphism, the second follows since f and g
are left I'-comodule homomorphisms, the third follows since ¥y, is a homomorphism, and the
last equality follows by definition of the tensor product of modules. Hence f 4+ ¢ is indeed an
A-graded left I'-comodule homomorphism, as desired. Now, we also claim — f is an A-graded left
I'-comodule homomorphism. To that end, note that

\IJNzo(ff):7\IJN20f:7(F®Bf)O\IIN1 :(F®B (7f))O\I/N17

where the first equality follows since ¥y, is a homomorphism, the second follows since f is an A-
graded left I'-comodule homomorphism, and the third equality follows by definition of the tensor
product.

Thus, we’ve shown that the hom-sets in I-CoMod?* are abelian groups, and composition is
clearly bilinear, so that I-CoMod? is indeed Ab-enriched.

Now, in order to show I-CoMod? is additive, it suffices to show that it contains a zero object
and has binary coproducts. First of all, it is straightforward to check that the zero left B-module
is clearly an A-graded left I'-comodule with structure map the unique map 0 — I' @ 0 = 0,
and that given any other A-graded left I'-comodule (N, ¥y ), the unique homomorphisms of left
B-modules 0 — N and N — 0 are left comodule homomorphisms.

Now, suppose we have two A-graded left I'-comodules (N7, W¥y,) and (Na, Uy,). First, we
claim their direct sum as left B-modules N1 @ N is canonically an A-graded left I'-comodule.
We know that N7 @& Ny is an A-graded left B-module by Lemma B.11, and we can define the
structure map

VN, @Y N,

Un N, : N1 @ Ny (T ®p N1) @ (I'®p No) =T @p (N1 @ Na),
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where the final isomorphism is the canonical one sending (g1 ®n1)® (g2 ®@n2) to (g1 ®@n1)+(g2@n2).
Then to see this is in fact a left I'-comodule, first consider the following diagram:

Uy, BV, =
Ny@ Ny ——F (F'@p N1) & (I'@p No) —— I'®p (N1 © Na)
\g\) (6®N1)G‘9(6®N2)

(B®p N1) @ (B®p Ns)

N

e®(N1®N3)

B®p (N1 ® Ny)

A simple diagram chase yields the left and rightmost regions commute. The top left region
commutes since (N1, ¥y, ) and (N3, ¥y,) are left T-comodules. Now, consider the following
diagram:

2 (Un, BT -
I'®p (N @N2§ M% @ (F'®p N1)® (I ®p N2)) REZLN I'ep (I'®p (N1 & N3))

T IR¥Y N, )TRYN,) T_
(T®p Ni) & (T ®p No)'— 8‘ &5 (T ®p N1)) & (F©p (L ©p Na))
\I’NI@‘I’NZT
Ny @ No o
‘I’Nl@‘I’NQJ/
(M@ Ny) @ (T ®§¥§QJ\)[1@\P&F%B INepN)® (TepTl) @ N2)

.

I'®p (N1 © Ny)

R

To(NioNa) (F XpB F) B (Nl@NQ)
The middle left region commutes since (N1, ¥y, ) and (Na, Uy, ) are left I'-comodules. Each other
region in the diagram can be seen to commute by a straightforward diagram chase.

Thus, we have shown that N; @ N is indeed canonically an A-graded left I'-comodule. Then it
remains to show that the canonical inclusions ¢; : N; < Nj @ N5 are I'-comodule homomorphisms
for i = 1,2, and that given I'-comodule homomorphisms (N1, ¥y, ) = (N, Uy) and (N3, ¥p,) —
(N, Ty), that the map Ny & No — N induced by the universal property of the coproduct in
B-Mod" is a I'-comodule homomorphism. This is all entirely straightforward to check by doing
a few simple diagram chases. ]

Proposition E.8. The forgetful functor I'-CoMod” — B-Mod* (where here B-Mod* is the
category of A-graded left B-modules and degree-preserving module homomorphisms between them,)
has a right adjoint I’ @p — : B-Mod”? — I'-CoMod* called the co-free construction, where the
co-free left A-graded I'-comodule on a left A-graded B-module M is the B-module ' @ g M equipped
with the coaction

Urgon :Top M 2222 TepD) e M S Tep (T M).

Ezxplicitly, given some (N,W¥y) in I'-CoMod and some M in B—ModA, the counit and unit of
this adjunction are given by

N
NN, W) * N X I'®og N
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and
eRpM
EM - F@BM—>B®BM—>M

Proof. First, we need to show that given a left A-graded B-module that the given map Vrg,ar :
Frep M - T®p (I'®p M) endows B with the structure of a left I-comodule. To that end, first
consider the following diagram:

F®3M%

R

Tepl)eg M

'eg (T'es M)

((nzoe)-idr)®M (e®T)®M

F@B M nr-idp

(BepT)®p M

e®(C®M)

Bep (T'e®p M)

The top left region commutes by the co-unitality axiom for a Hopf algebroid. A simple diagram
chase yields commutativity of every other diagram (in particular, the bottom region commutes
since the left B-module structure on I' is that induced by 7). Now, consider the following
diagram:

I'o(vYQM
T op (T ©p M) SLven) T op (T op (T ©p M))

%T g/
M —
Tep(Tepl))®p M

Tepl) ®p MF@W 3

'@~

—
®
W
S
R

((F @pl)@pl) ®p M

% =]

I'oM o
Top o M 22 reopT) op (Top M) —=5 Top (T T) @p M)

The left region commutes since ¥ is co-associative. A simple diagram chase yields the commuta-
tivity of every other diagram. Thus, we have indeed shown that (I'®pg M, Urg ) is an A-graded
left I'-comodule, as desired.

Now, we need to show that n and e are natural transformations which satisy the zig-zag
identities. The maps 7 is clearly natural by how morphisms in -CoMod* are defined. It is also
clear that € is natural by functoriality of — ® p —. Thus, it remains to show the following two
diagrams commute for all M in B-Mod” and (N,%y) in I-CoMod*:

NI P gn N

N

(
T op (Cop M) 1, M

onen|

I'eg M
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Unravelling definitions, the left diagram becomes:

N — . rezN

\ \ l€®BN
B®p N

i;

This commutes since (N, W) is a left I'-comodule. On the other hand, the right diagram becomes:

~

TepTosM) «—— TopT)@p M 22 _ TopM
F®(5®M)l (F®Be)®Ml \
I'®p (B®p M) +— (I'®p B) ®p (idr-(nroe))®M
—
F®% (idr-nr)@M \
Vel
Irog M e M

The rightmost region commutes by co-unitality of ¥, while a simple diagram chase yields com-
mutativity of the remaining regions (in particular, the bottom let region commutes because the
right B-module structure on T is induced by 7g). (|

Proposition E.9. Suppose that T is flat as a right B-module, i.e., suppose ng : B — ' is a
flat ring homomorphism. Then the category [-CoMod?* is an abelian category and has enough
injectives.

Proof. In Proposition E.7, we showed that I-CoMod? is an additive category, so it remains to
show that it has all kernels and cokernels, and that for all morphisms f in I~-CoMod* that the
comparison morphism

coker (ker f) — ker(coker f)
is an isomorphism. First, let f : (N1, Uy, ) — (Na, Up,) be a morphism in I-CoMod?, and
consider the following diagram:

kerf N1 N2

I
: \I,NIJ/ J/‘IlNZ
~

F®Bkerf —— I'®pg N; WP@BNQ

By the assumption that I' is flat as a right B-module, we have that I' ® g — is exact, so that in
particular it preserves kernels, meaning I' ® g ker f = ker(I' ® g f). This gives the bottom left
horizontal arrow. Then by the universal property of the kernel in B-Mod* and the fact that the
right square commutes, we get the vertical dashed arrow which makes the left square commute, as
desired, and that ker f with this structure map is indeed the kernel of f in I-CoMod. Showing
that this structure map makes the two diagrams in Definition E.6 commute is an exercise in
diagram chasing and applying universal properties. Now, showing that the cokernel of f belongs to
I-CoMod* is formally dual. Finally, it follows from construction that the comparison morphism

coker (ker f) — ker(coker f)

formed in I-CoMod* is precisely the comparison morphism in B-Mod, which is an isomorphism,
and thus clearly an isomorphism in I-CoMod* as well. Thus I'~-CoMod* is indeed abelian, as
desired. |
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Proposition E.10 ([25, Lemma 3.5]). Suppose that T is flat as a right B-module, i.e., suppose
nr : B — T is a flat ring homomorphism. Let P be an A-graded left T'-comodule in I-CoMod*
such that the underlying A-graded B-module is a graded projective module. Then every co-free
module (Proposition E.8) is an F-acyclic object (Definition D.3) for the covariant hom functor
HOHIF (P, 7).

Proof. We need to show that Extpr(N,I' ®p M) vanishes for all A-graded B-modules M. First of
all, let i : M — I* be an injective resolution of M in B—ModA7 so we have an exact sequence of
A-graded B-modules

0— ML &
Then T is flat as a right B-module, the sequence remains exact after we tensor it with I on the
left. Furthermore, it is a general categorical fact that right adjoints between abelian catgories
preserve injective objects. Thus '®i : '®p M — ['®@pI* is an injective resolution in I-CoMod*.
Then for n > 0, we have

Ext?(N,T @5 M) = H"(Homp(N,T @5 I*)) = H"(Homp (N, I*)) 20,

where the first isomorphism follows by the forgetful-cofree adjunction for comodules over a Hopf
algebroid (Proposition E.8), and the final isomorphism follows by the fact that N is a graded
projective module, i.e., a projective object in the abelian category B-Mod?, so that Homp (N,-)
is an exact functor. O
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