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Abstract

A fundamental tool in algebraic topology is the use of algebraic objects to classify spaces up to a
suitable notion of equivalence, namely homotopy equivalence. These algebraic objects are designed
to be invariant under changes in a space up to equivalence, and can be described formally in the
language of functors. In the modern literature, invariants themselves have rich and complicated struc-
tures, and are of mathematical interest in their own right. In this thesis we introduce a method for
approximating invariants by simpler objects, known as polynomial functors, in analogy with the use
of Taylor polynomials in analysis. Historically these polynomial functors have been defined only up
to weak equivalence, as in [Goo03]. We provide an explicit construction of these polynomial functors,
in line with [JM04] and [BJO"18], in the case when our invariants are valued in chain complexes.
Further, using techniques from homological algebra and category theory we show that our constructed
polynomial functors satisfy a global property as universal approximations, extending the universality
properties proved in [JM04] and [BJOT18].

1 Introduction

Since the origin of the field, topologists have been concerned with how to analyze and distin-
guish topological spaces. Following observations by Emmy Noether in the early 1900s [Wei99],
it was found that spaces can be studied using algebraic objects called invariants, such as cer-
tain chain complexes of abelian groups.

These observations transform the classification of topological spaces into the study of alge-
braic invariants. However, the study of invariants has itself evolved into an incredibly rich
field with a number of powerful objects such as de Rham Cohomology for smooth manifolds,
Hochschild Homology for associative algebras, and even Topological K-Theory which stud-
ies vector bundles on topological spaces [Wei99]. From the early 1990s through the early
2000s, Thomas Goodwillie began the development of a theory that approximates invariants
through towers of simpler invariants called “polynomial functors”, strongly in analogy with
Taylor series in calculus [Goo90, Goo92, Goo03]. At about the same time, Johnson and Mc-
Carthy performed an analogous construction for invariants valued in chain complexes such
that the resulting approximations are universal up to a notion of weak equivalence called
quasi-isomorphism [JMO04]. Bauer et al. built on this construction in [BJO*18], providing ex-
plicit models for the polynomial functors and showing that they satisfy a stronger universality
property in terms of pointwise chain homotopies.

In this paper we will perform the constructions of [JM04] and [BJO18] in terms of chain
complexes valued in modules over a ring. Through this process we will demonstrate that
the constructions in each paper agree up to natural chain homotopy equivalence. Following
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this initial construction and comparison we will prove the primary result of the thesis, Theo-
rem 3.11. Theorem 3.11 establishes a universal property for polynomial functors which holds
up to natural chain homotopy equivalence. This is stronger than the result in [JM04] (which
holds up to quasi-isomorphism) or [BJO*18] (which holds up to pointwise chain homotopy
equivalence). Finally, to help illustrate the construction, the first degree polynomial functors
for two simple operations appearing in linear algebra will be computed.
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2 Background Information

2.1 Categorical Preliminaries for Invariants of Spaces

In order to rigorously define and study algebraic invariants we require the notion of categories
and functors. A category can be informally thought of as a universe consisting of similar math-
ematical objects with functions between them that preserve their structure. Although it is not
the original reference, we will primarily refer to [Riel7] for our categorical background.

Definition 2.1 [Riel7, Defn. 1.1.1] A category C consists of the following data:

e A class of mathematical objects, Ob(C)

e For any pair of objects, A, B € Ob(C), a set of maps, or arrows, C(A, B)

e For every object A € Ob(C), a chosen map 14 € C(A, A)

e For every pair of maps f: A — B and g : B — C, a composite map gof : A - C
where composition is associative and for f: A - B, foly=f=1pgo f.

A map f: A — B issaid to be an isomorphism if there exists an inverse map g: B — A
such that fog=1p and go f = 14.

For our study the primary categories to keep in mind are the category Top, of topological
spaces with base points and continuous maps that preserve base points, the category Ab of
abelian groups and group homomorphisms, and the category R-Mod of modules over a ring R
with R-module maps. Here an R-module is an abelian group M with a scalar multiplication
operation R x M — M satisfying the same axioms as that for vector spaces. A map of
R-modules f : M — N is then a map of abelian groups which is linear with respect to the
scaling operation from R.

In [BJOT 18], a generalization of the category Ab, known as abelian categories, is used. How-
ever, the arguments we will use in this thesis will generalize to that case using the Freyd-
Mitchell Embedding Theorem which says that any abelian category can be embedded into a
category of R-modules for some ring R [Wei94, Thm 1.6.1]. This will allow us to work in a
suitable level of generality while making the proofs accessible to a wider audience.

Next, as with the objects we consider inside of categories, we want a way to map between
categories. Such a map should send all the data in one category to appropriate data in another
category while preserving the conditions on that data. This brings us to the definition of a
functor.
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Definition 2.2 [Riel7, Defn. 1.3.1] A functor F' : A — B between categories A and
B consists of a map of objects, F' : Ob(A) — Ob(B), and for every pair of objects,
A, A" € Ob(A), a map of arrows:

Faa : A(AA") — B(F(A),F(A"))

The arrow maps are required to preserve identities and composition. That is,
Fy4(1a) = 1p(a) and for A Iy 40 2 A" Fyango f) = Faran(g) o Fau(f).

For simplicity of notation we will often hide the subscripts when talking about functors applied
to maps. With categories and functors defined we are able to understand the initial statement
of our problem; how do we simplify and study algebraic invariants which depend functorially
on the space being considered? Explicitly, functorial algebraic invariants of spaces are functors
F : Top, — C which send homotopy equivalences, or other appropriate weak equivalences of
spaces, to suitable equivalences in the category C, where C is a category of algebraic objects
like Ab. A prime example of functorial invariants are the higher fundamental groups, which
are described by a family of functors m, : Top, — Ab, for n > 2 (see e.g. [Hat02, p. 97]).

Now, the general philosophy of category theory suggests that there should be an appropriate
notion of maps between functors, so that functors along with these maps can themselves form
a category. These are precisely natural transformations « : F' = G, for functors F, G : A — B.
A natural transformation « consists of a family of maps a4 : F(A) — G(A) in B for A € Ob(A)
such that for any f: A — A’ in A, we have the square

Fa) 29 poa

s |

G(A) —— G(A

(4) 5 GA)

which commutes in the sense that a4 o F(f) = G(f) o as. Natural transformations are
essential for comparing functors, and will be extremely important in our construction of
polynomial approximations to a functor.

Given a natural transformation « : F' = G between functors F, G : A — B, as well as functors
H:D — Aand K : B— C, we can perform an operation called whiskering [Riel7, p. 47]
to create a natural transformation Koy : KFH = KGH given on an object D € Ob(D)
by

(Kap)p == K(aH(D))

Whiskering will also be very important for constructing certain resolutions that go into our
definition of polynomial functors.

Hereafter, for categories A and B we will let Fun(B,.A) denote the category with objects
functors and maps natural transformations between functors. These will be our primary
categories of study, where A will either be R-Mod for some ring R, or the category of chain
complexes valued in R-Mod. Moving forward we will fix the notation R for a ring.

2.2 Homotopies: From Spaces to Chain Complexes

A common notion of equivalence for topological spaces seen in introductory classes is home-
omorphism. However, algebraic topologists are often interested in weaker notions of equiv-
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alence. The central motivating example for this thesis is the notion of two spaces being
homotopic (see e.g. [Hat02, p. 3]).

Definition 2.3 Two continuous functions f,g: X — Y between topological spaces are
said to be homotopic if there exists a continuous deformation H : X x [0,1] — Y such
that H(x,0) = f(z) and H(z,1) = g(z). In this case we write f ~ g.

Two spaces X and Y are said to be homotopy equivalent, denoted X ~ Y, if there exist
continuous functions f: X — Y and ¢g: Y — X such that go f ~1x and fog~1y.

Note that the main difference between spaces being homotopy equivalent versus homeomorphic
is that the composition of maps is only required to be homotopic to the identities, rather than
equal.

In order to deal with weak notions of equivalences, like homotopies in topological spaces, in
our setting, we need to replace our module categories by appropriate homotopical analogues
where we can introduce properties up to weak equivalence. A concrete approach that can be
taken, and which will be the focus of this thesis, is the introduction of chain complexes on a
module category [DS95].

A chain complex A, in R-Mod consists of a sequence of R-modules A,,n € Z, together with
module maps forming a chain

an+2 an+1 8n anf 1
o Ay R A N AL D A N Ay e (1)

such that for any n € Z 9,, 0 9,41 = 0 is the zero map, or equivalently Im(9,+1) C ker(d,).
Chain complexes originally appeared in abstract algebra, but since have found tremendous
use in algebraic topology. In algebraic topology the degree to which Im(9,+1) fails to equal
ker(0y,) is used to encode topological information about the space being considered, such as
in detecting holes in the space.

To define a category of chain complexes we need maps. A map of chain complexes fo : Ae — B
is a collection of maps f, : A, — Bn,n € Z, which commute with boundaries in the sense
that 92 o f, = fu_1 002, In other words, we can think of a chain map as a type of natural
transformation. Together this data defines a category Ch(R-Mod) of chain complexes valued
in R-Mod with chain maps between chain complexes as arrows.

We have a natural way of encoding the data in R-Mod in our new category Ch(R-Mod). This
is done using a functor which sends an R-module A to the chain complex with A in degree
zero and 0’s elsewhere. This encoding is the first sign that Ch(R-Mod) is a good candidate for
enriching R-Mod to a category in which weaker equivalences can be considered. For technical
reasons associated with certain finiteness conditions we will be restricting our study to the
sub-category Chso(R-Mod) of chain complexes with non-zero entries only in degrees > 0. In
this setting we denote the described functor by degé%'Mod : R-Mod < Ch>o(R-Mod), and refer
to it as the degree zero inclusion functor for R-Mod in Ch>q(R-Mod).

Now that we understand how to embed R-Mod into Chso(R-Mod), we need an appropriate
notion of weak equivalence on the objects in the category Ch>o(R-Mod) of chain complexes,
analogous to that of homotopy equivalence for topological spaces. In this paper we will work
with chain homotopy equivalences. For this and future definitions in homological algebra we
will primarily refer to the text [Wei94].
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Definition 2.4 [Wei94, Defn. 1.4.4] A chain homotopy between chain maps f, g : Ae —
B, is a collection of maps s, : A, = Bpt1,n € Z, such that

B A
i = G :8n+105n+5n—1 08n

In this case we write f ~ g. Two chain complexes A, and B, are said to be chain
homotopy equivalent if we have chain maps f : Ae — Be and g : By — A, such that
gof~1ly, and fog~1p,.

Although this definition of chain homotopy may appear to be esoteric at first glance, after
suitable reformulation it is equivalent to that of topological homotopies.

For the work in [JMO04], Johnson and McCarthy consider a slightly weaker notion of equiv-
alence than that given by chain homotopies. Explicitly, Johnson and McCarthy consider
quasi-isomorphisms of chain complexes. For the purpose of this thesis the technical defini-
tion of quasi-isomorphisms is unnecessary as we will only use the well-known result in the
literature that chain homotopy equivalences are necessarily quasi-isomorphisms [Wei94, Lem
1.4.5]. On the other hand, there are chain complexes which are quasi-isomorphic but not
chain homotopy equivalent, so quasi-isomorphisms are strictly weaker than chain homotopy
equivalences.

2.3 Mapping Cones

For our comparison with the construction in [JM04] an important tool is the mapping cone,
which has origins in topology. The mapping cone can be constructed directly without reference
to other concepts, but for our purposes it is best to first introduce the totalization functor
which will prove essential in other parts of our construction.

The definition of the total complex functor relies on the observation that we can form chain
complexes in the category of chain complexes Ch>((R-Mod) itself to obtain a category of chain
complexes of chain complexes, Ch>¢(Ch>o(R-Mod)). The objects of this category are called
bicomplexes, A, o, and pictorially they can be represented as follows

05 5 a5
Az o A1 Ap2
%, o, %,
054 ',

Aoy A1 Ao
03 4 074 954
Aa g Ao Ao

93, i ’

where for each n,m € Z, GQM D Apm — Ap—1m and 0y, 0 Apm — Ap -1 denote the
horizontal and vertical boundary maps, respectively. Each row and each column of a bicomplex
is a chain complex in its own right, so BQMOBZHM =0and 9}, ,,,00;, 11 =0 foralln,m e Z.
The totalization is then a functor which collapses a bicomplex of this form into a single chain
complex. In particular, it provides a chain complex which encodes the vertical and horizontal
chain complexes in the bicomplex simultaneously.
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Definition 2.5 [Wei%4, Sec. 1.2.6] We define a functor Tot : Ch>¢(Ch>o(R-Mod)) —
Chso(R-Mod) by sending (Aee,dee) € Ch>(Ch>0(A)) to (Tot(Aes)e, Ia°) with

Tot(Aee)n = Ao © A1n—1® - ® Anp
and

Ot Ag @A 1® - D Apg = A1 @ A1n2® - Ap_1y,
(a0, a1, ..., an) = (01,1 (a1) + 0F n(ao), ..., O g(an) + (=1)"84_1 1 (an-1))

where the alternating signs on the vertical boundary maps appear to ensure that 9,°
satisfies the boundary condition [Wei%4, Sec. 1.2.5-6].
Given a map fee : Aee — Beo, Tot(fee) acts componentwise so

Tot(fe,e)n (a0, -, an) := (fon(@o), fin-1(a1), ..., fnolan)), ¥n >0, (ag, ..., an) € Tot(Aee)n

Using this construction we can now define the mapping cone for a chain map, fo : Ag — Ba.
This definition relies on the observation that we can use a chain map to build a bicomplex
where the vertical boundaries are the chain map, 9;, | := fy, or zero maps, and the horizontal
boundaries are given by the boundaries of A,, the boundaries of B,, or zero maps, depending
on the row being considered.

Definition 2.6 [Wei94, Sec. 1.5.1] The mapping cone for a chain map fo : Ag — Ba,
denoted cone(f,), is given by the totalization of the bicomplex

o4 O
A2 2 4 A1 ! A()
le J{fl J’fz
BQ 823 > Bl 813 Bo

with B, located in the 0th row, A, located in the 1st row, and all other rows being Os.

The boundary maps for the mapping cone can be described by simple 2 x 2 matrices

ot 0
(1) for O
A, 19 B, Ap_2® By,

() — <<—1>”—1ﬁ11<(c3)+ o2 0)

when we notate the elements of the direct sums A,_1 & B, and A, o & B,_1 as column
vectors. This matrix notation will be incredibly convenient for the comparison with [JMO04]
as the composition of maps in this notation is exactly given by matrix multiplication.

3 Universal Polynomial Approximations

3.1 Cross-Effects

Our primary goal in this work is to construct universal approximation functors valued in chain
complexes. Up to a suitable notion of homotopy of functors, made precise below, we will also
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show that our construction is equivalent to that in [JM04]. However, this raises an important
question: what properties should our approximate functors satisfy so that they are easier to
manipulate than our original abstract functors? The primary answer to this question comes
from preserving the structure of spaces built up from smaller spaces.

The category of topological spaces with base points, Top,, has two properties which are
important for this work. First, since maps in Top, are continuous maps that preserve base
points, every topological space X with base point xy has a unique map from the singleton
space {x}, sending * to xg. From this observation the singleton space {*} has the important
property that every object in Top, has a unique map both into and out of it. In addition to
this characteristic, Top, has a construction which produces a space X VY from spaces X and
Y by identifying the specified base points in X and Y. An invariant F' : Top, — A which
sends X VY to F(X) @ F(Y) is then valuable as it encodes this decomposition of the space
(recall A denotes either R-Mod or Ch>((R-Mod)). This property can be considered to be a
form of additivity for our functorial invariants.

In general, we will consider functors F' : B — A where B is a category with properties similar
to that of Top,. In particular, we will ask that B has a base point object, %, which has unique
maps into and out of all other objects. We will also ask that any two objects B, B’ in B can
be joined to form an object B V B’ with natural inclusions B — BV B’ < B’. For example,
if B is the category of R-modules (respectively, chain complexes of R-modules) then it has
a base point object given by the 0 module (respectively, the chain of 0 modules) and a join
operation given by direct sums, &. We will fix such a category B hereafter, where the reader
can replace B by Top, or A throughout.

In this context F' is said to be additive if it preserves the base point, F'(x) = 0, and for any
pair of objects B and B’ in B, the map formed out of the inclusions for BV B’,

F(B)® F(B") —» F(BV B)

is an isomorphism [Mac71, p. 197]. When B = S-Mod or Ch>(S-Mod) for aring S, F' : B — A
being additive is equivalent to Fp p : B(B,B’') — A(F(B),F(B’)) being a homomorphism
of abelian groups for any objects B, B’ € Ob(B) [Mac71, p. 197]. This perspective on
additivity of functors will be important for our later discussion because having an additive
functor F' : B — A allows us to extend to a functor F': Ch>(B) — Ch>((A) given by acting
pointwise on complexes:

F(01)

2%, pBy) 22 F(By))

(- By 2 By 25 By) — (- — F(Bs)

Additionally, with this characterization of additivity, F' sends chain homotopies to chain
homotopies since the chain homotopy condition in Definition 2.4 is defined in terms of sums
and composites of maps, which F preserves.!

In the case of functions f : A — B of abelian groups, if f(0) = 0, f being additive, or in other
words a group homomorphism, is equivalent to the condition

flx+y)—flx) - fly) =0, Vo,y € A

Historically, the term on the left is called the second cross-effect of f, and is denoted
by cro(f). Similarly, there are higher cross-effects which measure the failure of f to be
polynomial of a specific degree. Eilenberg and MacLane generalized this definition to that

! See also the discussion in [Wei94, p. 391].
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of functors between abelian categories in 1954 in order to measure the defect of a functor
from being polynomial-like [EM54]. For our current work we will utilize the definition given
in [JMO4].

Definition 3.1 [JM04, Defn. 1.1] Given a functor F' : B — A, for n > 1 we define its
nth cross-effect, cr,(F') : B" — A, inductively using the following implicit formulas:

cr(F)(X)® F(0) =2 F(X), VX € Ob(B)
and if cr,,—1(F') for n — 1 > 1 is defined, then cr,(F') is defined implicitly by

Crn(F)(Xl,...,Xn) EBCl"n_l(F)(Xl,Xg,...,Xn) EBCI“n_l(F)(XQ,Xg,...,Xn)
= Crn—l(F)(Xl V Xg, X3, "‘7XTL)7 VX; € Ob(B)7 I1<i<n

An explicit construction of cr,, can be performed inductively by defining it to be a kernel of the
projection of cr,_1(F)(X1 V X2, X3,..., X;;) onto the direct sum of cr,_1(F)(X1, X3, ..., X,)
with cry,—1(F) (X2, X3, ..., Xp). In this perspective the action of cr,(F") on arrows is given by
restricting maps to maps between kernels. With this data cr, becomes a functor between
functor categories

cry, : Fun(B, A) — Fun,(B", A)

where Fun, (B™, A) denotes the category of n-variable functors that send any n-tuple contain-
ing the base point to zero. Further, from our inductive definition, cr,, is in fact an additive
functor in its own right, which is to say crp,(F & G) = cr,(F) @ cry(G) for F,G : B —
A [BJO*18, Prop. 2.10].

We can now use the cross-effect to define the degree of a functor in analogy with the degree of
polynomial functions. Since we will want to be able to work with weak notions of equivalence,
hereafter we will consider functors F' : B — Ch>((A), where still A is either R-Mod or
Ch>o(R-Mod). We are still able to consider all functors G : B — A by post-composing them
with the degree zero functor degg' : A — Chso(A), which can be vizualised as embedding G
in a chain with G at the Oth position and 0’s elsewhere.

A functor is said to be degree n if, as in the case of real functions, its n + 1st cross-effect is
zero, though as with our general philosophy we weaken the requirement of equality to that
of equivalence. In [BJO'18, Defn. 4.2] pointwise chain homotopy equivalences are used to
define when a functor is degree n, but in this work we instead use the notion of natural chain
homotopy equivalences.

Definition 3.2 A functor F' : B — Ch>o(A) is said to be of degree n if crp41(F)
is naturally chain homotopy equivalent to the zero functor. In this case we say that
crp+1(F) is contractible.

In Definition 3.2 natural chain homotopy equivalence is a combination of the mapping struc-
ture for functors, natural transformations, and the equivalence structure for chain complexes,
chain homotopy equivalences. FExplicitly, a natural chain homotopy equivalence is exactly a
chain homotopy equivalence under the isomorphism of categories in Proposition 3.3. Note that
just as in a general category, an isomorphism of categories is a functor with an inverse. The
pointwise chain homotopy equivalences in [BJOT 18], on the other hand, are strictly weaker
than natural chain homotopy equivalences as they do not require that the homotopy maps
from Definition 2.4 live in the category of functors and natural transformations.
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Proposition 3.3 We have an isomorphism of categories
Ch>o(Fun(B,.A)) = Fun(B, Ch>o(A)) (2)

given by a relabeling of terms.

Proof. We define a functor v : Ch>o(Fun(B,.4)) — Fun(B, Ch>o(.A)) given on F, in
Ch>o(Fun(B, A)) by setting v(F,) to be the functor defined on B and f: B — B’ in B by

VE)(B)n = Fu(B) and (Fo)(f)n := Fu(f), Vn 20

where the differentials of v(F,)(B) are the natural transformation differentials 0, : F,, = Fj,_1
evaluated at B. Since the differentials 9,, are natural and each F,, is a functor, v(F,) is a
functor. Next, for ae : Fo — G we define y(a) : 7(Fo) = 7(Ge) to have components

(Y(e)B)n := (an)p, VB € Ob(B), ¥n >0

For each B € Ob(B), v(ae)p defines a chain map y(F,)(B) — v(Ge)(B) since a, is a chain
map of natural transformations, so all squares with differentials commute. Further, v(a,) is
natural since if f : B — B’ is a map in B, then at each n > 0

VGe)(f)n o (v(e)B)n = Gn(f) © (an)B = ()5 © Fu(f) = (v(e) ) 0 Y(Fe)(f)n

using naturality of «,. Since this definition is in terms of the components of a, it is inherently
functorial as composition of natural transformations is defined componentwise.

Next we must witness an inverse functor p : Fun(B, Ch>o(A)) — Ch>o(Fun(B,.4)). For F :
B — Ch>((A) we set p(F) to have nth component functor (—),oF where (=), : Ch>o(A) - A
is the functor sending a chain complex to its nth term. The differential 92 : (=), o F =
(=)n_1 o F is given at B € Ob(B) by the nth differential in F(B), 02 : F(B),, — F(B)n_1.
Naturality of the differential equates to the commutivity of the square

On (B
FB), 225 p(B),
F(f){ lF(f)na
F(B/)n On (B’ F(B/)n—l

for any f: B — B’, which follows since F(f) is a chain map.

Finally, we must define p on maps. If @ : F' = G is a natural transformation between two
functors F,G : B — Ch>((A), we define p(a) by setting p(a),, n > 0, to be the natural
transformation with components (p(a),)p := (ap), for B € Ob(B). For each n > 0, p(«a), is
natural since for any f : B — B’ in B, we can compute

p(G)n(f) o (p(a)n)B = G(f)n o (aB)n = (@B)n © F(f)n = (p(a)n) 5 © p(F)n(f)

using naturality of o. Additionally, p(«) is a map of chain complexes since for any n > 0 and
any B € Ob(B),

(08 0 (p(a)n) B = 0T o (ap)n = (aB)n-10 05 P = (p(a)n-1)B° (9F)B
using the fact that ap is a chain map for every B € Ob(B).

Once again, since p(a) is defined in terms of the components of «, the assignment p is
inherently functorial. Further, v and p are exactly inverse of each other as they correspond
to simply swapping the element and natural number indices. |
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This proof suggests that our choice of natural chain homotopy equivalences is the correct
notion for studying polynomial functors in terms of chain homotopy since it provides exactly
the chain homotopies internal to a chain complex category.

With the notion of degree n functors and natural chain homotopy equivalences now defined, we
can begin approximating a functor by a sequence of functors of increasing degree, in analogy
with the approximation of real functions by their Taylor polynomials. In order to perform
this approximation we require a definition of universal degree n functors which will act as
our Taylor polynomials. In [JM04, p. 769] universal degree n functors are defined in terms
of quasi-isomorphisms, which [BJO18] expands to pointwise chain homotopy equivalences.
From our work in Proposition 3.3, we now generalize the definition in [JMO04, p. 769] to
natural chain homotopy equivalences.

Definition 3.4 For a functor ' : B — Ch>((A), a degree n functor G : B — Ch>¢(A)
together with a natural transformation « : F' = G is said to be a universal degree n
approximation of F' if for any other such pair (H, ), the following hold:

(i) there exists a transformation v : G = H such that v o« ~ (3, and

(ii) ~ is unique up to natural chain homotopy equivalence.

3.2 Universality

Throughout the remainder of this paper we seek to construct an explicit model for the degree
n approximation to any functor F' following the work in [BJOT18], and demonstrate how
it agrees with the definition given in [JMO04]. This process will rely on defining operations
on functors, or more explicitly functors between functor categories. We have already seen
such a functor in the nth cross-effect which can be realized as a functor cr, : Fun(B,4) —
Fun, (B",.A). We turn this functor into a functor with codomain Fun(B, .4) by post-composing
with the diagonal functor

A" : Fun,(B", A) = Fun(B, A), A*(F)(X) :=F(X,...,X)

Note that as discussed previously for the cross-effects, A* is additive since evaluating a multi-
variable functor at the same object in all variables preserves the direct sum operation.

Together these functors define what is known as a comonad [Riel7, Defn. 5.1.6] on the
category of functors for each n > 1 given by C,, := A*cr,,.

Definition 3.5 A functor C' : C — C is said to be a comonad on the category C if
there exist natural transformations called the co-multiplication, § : C' = C?, and co-
unit, € : C' = 1¢, which satisfy certain equational identities mimicking an associative
law, Cd 06 = d¢ o 4, as well as unital laws, Ceod = 1¢ and 1¢ = €¢ 0 9.

In addition to these transformations and identities, since C), is constructed in a special way as
a composition of the functors A* and cr,,, it also comes equipped with a natural transformation
called the unit, 7 : 1pyy, (87, 4) = crp A%, which will be used in showing that the nth polynomial
approximation we construct is degree n.

Using this structure we can begin defining the nth polynomial approximation, as seen in [BJOT18].
First we provide a preliminary definition/lemma for comonads on categories of modules or
chains of modules, A.

10



3 UNIVERSAL POLYNOMIAL APPROXIMATIONS

Lemma 3.6 If (C,J, €) is a comonad on A, then we have a functor C**! : A — Chxo(A)
given on an object A € Ob(A) by

662(A)*C€C(A)+CQEA ec(ay—Cea
— 5

o O3(A) C2(A) C(4) (3)

where in general the differentials are defined by alternating sums Z?;ol (—l)iCiecnﬂ-( A)-

Proof. From [Wei94, Defn. 8.2.1] and [Wei94, Defn. 8.6.4], the functor C**! is exactly the
composite of two well-known functors in homological algebra, the unnormalized chain complex
functor and the simplicial object functor for the comonad C, and so itself is a functor. u

Mixing the approach in [JM04] and [BJO'18] we can then define the complex C(F) for a
functor F': B — A as the mapping cone of the map of chain complexes, for B € Ob(B),

- —— Co(F)(B) —— CA(F)(B) —— Cu(F)(B)

l l kﬂm

0 0 F(B)

Although slightly different in form, this definition produces the same result as in [BJOT18],
which is the chain complex C2T1(F) augmented by e : C,,(F) — F. For n > 0 this procedure
defines a functor Cp, : Fun(B,.A) — Fun(B, Ch>((A)). Defining this functor using the mapping
cone allows for a clearer comparison with the definition in [JM04]. Now, as in [BJO"18, Defn.
4.2] we can define the nth polynomial approximation as a functor on functor categories.

Definition 3.7 The nth polynomial approximation for functors from B to
Ch>o(R-Mod) is defined as the composite functor

P, := (Tot)s 0 Cy ¢ : Fun(B, Ch>o(R-Mod)) — Fun(B, Ch>(R-Mod)) (4)

Here (Tot), is the functor defined by post-composition with the totalization functor, so
(Tot)*(F) = Toto F for F : B — Chzo(Chzo(R—MOd)).

Our next main tasks are to show agreement with [JM04] and show the universality of the con-
struction in the sense of Definition 3.4. In order to introduce the [JMO04] definition we require
some preliminary definitions. First, instead of using the chain complex construction given in
Lemma 3.6, Johnson and McCarthy use the normalized chain complex construction.

Definition 3.8 [Wei94, Defn. 8.3.6] If (C,0,¢) is a comonad on A, the normalized
chain complex functor N&™ : A — Chxo(A) is defined on A € Ob(A) by

n—1
NET (A)n = (] ker(Clegn—i(a)), ¥n > 1
i=0
and

N A)o == C(A)

where boundary maps are given by C"ey for n > 1.

11



3 UNIVERSAL POLYNOMIAL APPROXIMATIONS

From the construction of the normalized chain complex, Johnson and McCarthy define their
nth polynomial approximation for a functor F' : B — Ch>¢(R-Mod) by first taking the map-
ping cone of the chain map

T keI‘(Gch(F)(B)) ﬂker(CneCn(F)(B)) E— ker(ec (F)(B )) E— Cn(F)(B>

| l oo

> 0 » 0 » F(B)

and then totalizing. In order to show that this construction is equivalent to the one in
Definition 3.7, we first prove a lemma on mapping cones and chain homotopies.

Lemma 3.9 Let f, : Ae — Be be a chain map in Ch>g(A). Then if gq, he : Do — A,
are chain homotopic via s, : D, = Ap41,n > 0, with ge o fo = heo fe and fro0s,-1 =0
for n > 0, then the induced maps on the mapping cones are chain homotopic

Proof. Let ke = geo © fo = he o fo. Then go and he induce chain maps cone(ke) — cone(f,)
given by the diagonal matrices diag(h,—1,1p,) and diag(gn—1,1p,), for n > 0. These are
chain maps since

ol 0\ (hn-1 0 _ o 1 hyq 0\  [(hn-1 O ¢, 0
(- fq OF 0 1p,) \(- )" Yothnor 0B) —\ 0 1p,) \(-1)" 'k, 0OF

and

8;? 1 0 9n—1 0 _ 8A 19n—1 0 _ [ 9n-1 0 855_1 0
( )n 1fn 1 af 0 1Bn N ( )n 1fn 19n—1 87? N 0 1Bn (_1)n_1kn—l a,?

using the fact that h,_1 and g,_1 are chain maps and the definition of k,. Then the matrix

(5”01 8) for n > 0 defines our desired chain homotopy since

gn—1 0 . hn—1 0 _ gn—1—hpn_1 0 _ 87?08”_1-1—8”_2085_1 0
0 1p, 0 1p,) 0 0) 0 0
o 0 Sp—1 0 Sp—a 0 oS 4 0
= n + n
(-1)"f, 0B, 0 0 0 0)\(=1)" 'k, OB

where in the last equality we use the fact that f, os,—1 =0 for n > 0. |

Since Tot preserves chain homotopies [Wei94, p. 147], Lemma 3.9 allows us to prove the
equivalence of the constructions in [JM04] and [BJO 18] up to natural chain homotopy.

Proposition 3.10 For all n > 0, the functors C and N¢, —are naturally chain homo-
topy equivalent.

Proof. A well-known result in simplicial homotopy theory says that the construction C2*!
and the construction N¢, *+1 are naturally chain homotopy equivalent via the inclusion of N¢g o1
into C2t [GJ09, Thm 2. 5]. Therefore, in order to show that our definition, Cy, 601nc1des
with the definition in [JMO04], N¢, , up to natural chain homotopy equivalence, we need only
show that the mapping cone construction preserves our chain homotopies. Since the vertical
maps for the mapping cone are all zeros except in the zeroth degree, in which they agree,
and the homotopy in [GJ09, Thm 2.5] is given by the identity in degree 0, Lemma 3.9 can be
applied as its hypotheses will hold for both homotopies in the equivalence. |

12



3 UNIVERSAL POLYNOMIAL APPROXIMATIONS

Now that we know our construction coincides with that in [JM04] and [BJO™ 18] up to natural
chain homotopy, it remains to show that it gives universal degree n approximations, as defined
in Definition 3.4. Towards proving this claim we first need maps p, r : F = P,(F') for
F : B — Ch>¢(R-Mod) which are natural in F'. This is done using the following map of chain
complexes.

0 0 0 F

N ! Ll

i (F) Cri(F) Crp1(F) —= F

_ 2 — €F
Cp () Crnti€c, 1 (m 05 1 €F €Cpyq1(F) ~COntrer

The map of complexes as defined is natural as all components are either zeros or identities. Ad-
ditionally, the resulting p, r is obtained from this natural transformation by whiskering with
the totalization functor, and so is also natural. With this map in hand the universality claim
is the content of the following theorem which generalizes Proposition 4.5 in [BJOT18].

Theorem 3.11 For F': B — Ch>o(R-Mod),
(i) The functor P, (F') : B — Ch>o(R-Mod) is degree n.
(ii) If F' is degree n, then the map p, r : F = P,(F) is a natural chain homotopy
equivalence.
(iii) The pair (P, (F),pn,F : F = P,(F)) is universal up to natural chain homotopy
equivalence with respect to degree n functors with maps from F'.

Proof. Throughout let R = cry, 41 and let L = A*, so C,,41 = LR. Additionally, let F': B —
Ch>o(R-Mod) be a functor. We proceed with the proof in parts.

(i) To show that P,(F) is degree n we must show that the composite R o (Tot). o Cy, is
contractible. However, since R is additive and Tot is defined in terms of direct sums, we
have a natural isomorphism

Ro (Tot), o Cp ((F) = (Tot), o Ro Cy 1 (F)

Additionally, as Tot preserves chain homotopies [Wei94, p. 147] it is sufficient to show that
Ro Cy((F) is contractible. However, as shown generally for a comonad in Lemma 2.9
of [BJOT18], Ro Cn 41 has a natural chain homotopy between the identity and 0 maps,
Sk - RC’QJrl = RCﬁﬁ, given by "RCE > SO R o Cy | is contractible and P,(F) is degree n.

(ii) Suppose F' : B — Ch>o(R-Mod) is of degree n, so that R(F'), and hence Cp,11(F) = LR(F) is
naturally chain homotopy equivalent to the zero functor. Since C),41 is additive it preserves
chain homotopies, so CX, | (F) is chain contractible for all k& > 1. Then C3 4(F) is a
bicomplex where every row except the zeroth row is contractible. As is shown in Corollary
A.7 of [BJO'18], such a bicomplex contracts to its zeroth row after totalization. But, since
pnF @ F' = P,(F) was exactly defined to be the inclusion of the zeroth row of the bicomplex
for P,(F') followed by a totalization, this result implies that p, p : F' = P, (F) is a chain
homotopy equivalence, as desired.

(iii) To prove the final claim we fix a degree n functor G : B — Ch>o(R-Mod). Next, let
7 : F = G be a natural transformation. Then by naturality of p, we have the following

13



3 UNIVERSAL POLYNOMIAL APPROXIMATIONS

commuting square, where in diagrams we will denote natural transformations by —

F——— G

pn,Fl lpn,G

Let s, ¢ : P,(G) = G be the natural homotopy inverse of p, ¢ which exists by property
(ii) and the definition of chain homotopy equivalence. Setting 7# = s,, ¢ o P,(7) we obtain

7 0 ppr = $n.G 0 Pu(T) O poF = Sn.G OPnGOT = T

since s, gopn,¢ ~ 1, so T factors through p, r up to a natural chain homotopy equivalence.

To show uniqueness for the universal property we can show that any o : P,(F) = G such
that o o p, r ~ 7 can be written, up to natural chain homotopy equivalence, in terms of 7
and maps associated with F' and (. Using naturality we have a commuting rectangle

g
anFl S S lpnvG (5)
\ \

where from part (ii) the maps p, p, r) and py ¢ are natural chain homotopy equivalences.
Further, from [BJO'18, Prop. 4.5] there exists a natural isomorphism « : P? = P? such
that o o Py (pn,r) = pn,p,(r)- This equality implies that P,(pn,r) is also a natural chain
homotopy equivalence since we can write

Pr(Pn,p)Sn,po Py = O 0Py (P, ) Sy po (F)O = O Py o (F) S P (P) = 0 " = Lpacpy  (6)

We can now write o in terms of just 7, a, and maps associated with F' and G:

0 = Sp,GPn,GO
= 50,6 Pn(0)Pn,p, (F) (by commutivity of the square in Eq. (5))

~ sp.aPu(0)P, (pn F)8n,Py (F) P, Py (F) (by Eq. (6))

(o
(7

2Sn,GP ) S, Py (F)OPn, Py (F)

where in the last natural chain homotopy equivalence we use the fact that o op, r ~ 7 and
P, preserves chain homotopies as C,,4+1 and Tot do. Since this representation only depended
on o op,r ~ 7, we must have o ~ 7% proving uniqueness. |

The universality in Theorem 3.11 is stronger than that given in [BJOT18] or [JMO04] since
in [BJO™ 18] the homotopies are not assumed to be natural, while in [JM04] quasi-isomorphisms
are used. Since every homotopy equivalence is a quasi-isomorphism, this means that Theo-
rem 3.11 is strictly stronger than Lemma 2.11 in [JMO04].

3.3 Examples
In this final section we provide two examples of the first polynomial approximation of a

functor. The first functor we consider is the identity functor 1p.mod : R-Mod — R-Mod,

which we view as a functor into chain complexes via the degree zero 1nclu51on degR Mod .
R-Mod — Ch>((R-Mod).
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4 CONCLUSION

Example 3.1 (Degree 0) :

Note that the chain complex degOR'MOd(O) is the zero complex. This implies that

cry (degltMed) = degltMed Then, by our inductive formula for A, B € Ob(R-Mod),
cra(deg) %) (A, B) @ degg ™" (A) @ degg™°Y(B) = deg (A ® B)

so cra(degfMed) (A, B) 2 0 since degl™°d(4 @ B) = degfMod(A) @ degfMod(B). It
follows that Pl(degé%'M“)n = ( for each n > 1, and Pl(degé%'M“)o = 1R -Mod, SO

Py(degfMod)(A) i=--- 50— 0 — A=degf M9 (A)
This aligns with our expectations since degd™™°¢ should itself be a “degree 0” polyno-

mial functor, so all of its approximations should equal it, possibly up to homotopy.

Next we can consider a more non-trivial example. If M € Ob(R-Mod), then we have a module
M ®p M given by tensoring M by itself over R. This construction corresponds to the familiar
operation in linear algebra, where R-linear maps out of M ®pr M are equivalent to R-bilinear
maps out of M x M. Since ® distributes over sums, this functor gives an interesting example
for our polynomial approximation [Alu09, p. 506].

Example 3.2 (Tensor power) :

First, observe that 0 ® 0 £ 0, since bilinear maps out of 0 x 0 are the same as linear
maps out of 0. Again this implies that cri(— ®p —) &£ — ®g —. On the other hand, if
M, N € Ob(R-Mod), since tensors distribute over sums, our inductive formula says

cra(— ®@p —)(M,N) @ (M @r M) @ (N@r N) =2 (M & N)®gr (M & N)
EMrRM)d(MrN)d (NrM)® (N @ N)
so cro(— ®p —)(M,N) =2 (M ®r N) ® (N ®r M) is our “cross-term”, as in the name
of the cross-effect.

It follows that for k > 1, C¥(— ®@r —)(M) = (M ®r M)®?* since Cy is additive, and
we get a first polynomial approximation given by increasing sums of tensor powers:

P(-@p—)(M)=-- = (Mr M)® - (M@r M)® (M @ M) - Mo M

4 Conclusion

In this thesis we constructed a formula for building polynomial approximations to invariants
valued in chain complexes, following an approach analogous to that of Taylor series in calculus.
Throughout the construction we introduced a number of important definitions and results
from the theory of homological algebra, including the mapping cone and totalization functor.
Using these tools we showed that our construction agreed with previous constructions found
in [JM04] and [BJO"18] up to our weak equivalence of interest, natural chain homotopy
equivalence. Further, we showed that our constructed polynomial functors satisfied a universal
property which extended those described in [JM04] and [BJOT18]. Finally, to illuminate our
construction we computed the first degree polynomial approximations of the identity and
tensor product functors, which also helped illustrate the notion of degree and the origin of
the cross-effect term in our work.

This thesis and the use of natural chain homotopy equivalences is part of a larger project which
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involves upgrading the work in [BJO118] to connect the constructions to those used in the pre-
print [BBC23]. Future work to this effect involves demonstrating that the construction given
in this thesis preserves composition of invariants up to our desired notion of weak equivalence,
natural chain homotopy equivalence.
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