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Abstract

A binomial ring is a Z-torsion free commutative ring R, in which all the binomial
B r(r—1)(r—2)---(r—(n—-1))
n) n!
in R and n > 0. It is a special type of A-ring in which the Adams operations on it all
are the identity and the A-operations are given by the binomial operations. This thesis
studies the algebraic properties of binomial rings, considers examples from topology
and begins a study of their cohomology. The first two chapters give an introduction
and some background material.

operations € R®Q, actually lie in R, for all r

In Chapter [3]and Chapter [d we study the algebraic structure and properties of binomial
rings, focusing on the notion of a binomial ideal in a binomial ring. We study some
classes of binomial rings. We show that the ring of integers Z is a binomially simple ring.
We give a characterisation of binomial ideals in the ring of integer valued-polynomials
Int (Z1*}). We apply this to prove that Int (Z{*}) is a binomially principal ring and rings
of polynomials that are integer valued on a subset of the integers are also binomially
principal rings. Also, we prove that the ring Int (Z{#¥}) of integer-valued polynomials
on two variables is a binomially Noetherian ring.

The ring Int (Z{z}) and its dual appear as certain rings of operations and cooperations
in topological K -theory. We give some non-trivial examples of binomial rings that come
from topology such as stably integer-valued Laurent polynomials SLInt (Z{*}) on one
variable and stably integer-valued polynomials SInt(Z{*}) on one variable. We study
generalisations of these rings to a set X of variables. We show that in the one variable
case both rings are binomially principal rings and in the case of finitely many variables
both are binomially Noetherian rings. As a main result we give new descriptions of
these examples.

In Chapter [§] and Chapter [6] we define cohomology of binomial rings as an example of
a cotriple cohomology theory on the category of binomial rings. To do so, we study
binomial modules and binomial derivations. Our cohomology has coefficients given by
the contravariant functor Derpy,(—, M), of binomial derivations to a binomial module
M. We give some examples of binomial module structures and calculate derivations
for these examples. We define homomorphisms connecting the cohomology of bino-
mial rings to the cohomology of A-rings and to the André-Quillen cohomology of the
underlying commutative rings.
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Chapter 1

Introduction

The notion of a binomial ring was originally introduced by Hall [29] in connection with
his work in the theory of nilpotent groups. A binomial ring is a commutative ring R
with unit whose additive group is Z-torsion free such that all the binomial operations

n n!

actually in R, for all » in R and n > 0. There is another important type of ring
called a A-ring which is a commutative ring R with unit equipped with a sequence of
functions
AN':R— R,

for all n > 0, called A-operations, which satisfy certain relations that are satisfied by
the binomial operations. These rings were originally introduced in algebraic geometry
by Grothendieck [28] in his work in Riemann-Roch theory. The A-operations are not
group homomorphisms. Their action on sums is given by

"r+y) = Z)\Z

i+j=n

for all z,y in a A-ring. Adams [2] introduced other operations on commutative rings
to study vector fields on spheres, ¥" : R — R, for n > 1, which are called Adams
operations. The Adams operations also exist on a A-ring R.

Binomial rings have several applications. For example Hall [29] uses a member of a
binomial ring to determine a type of generalised exponentiation of an element of any
nilpotent group. Wilkerson [55] shows that a binomial ring is a special type of A-ring
in which all Adams operations are equal to the identity. The A-operations are then
given by the binomial operations

for r in the ring and n > 1. Yau [57] consider filtered A-ring, which is a A-ring together
with a decreasing sequence of A-ideals. He shows that for a binomial ring R, the set
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A(R[x]/(x?)) of isomorphism classes of filtered A-ring structures on the ring (R[z]/(z?))
is uncountable. The ring of integer-valued polynomials on a set X of variables, is the
set of polynomials with coefficients in Q that are integer-valued over integers. This is
denoted by

(2% = {f € QIX] : (Z¥) C 2},

where ZX = Hom(X,Z) see [I5]. It is an example of a binomial ring. This plays an
important role in our thesis. We show that the ring of integer-valued polynomials over
a subset K C Z, which is denoted by

Int(K™,2) = {f € Q[X] : f(K™) C Z},

where KX = Hom(X, K) is also a binomial ring. Elliott [25] shows that Int(ZX) is
the free binomial ring on the set X . He also defines a right adjoint to the inclusion
functor from the category of binomial rings to the category of A-rings. Using Adams
operations on A-rings we define a left adjoint Q) to this inclusion functor.

Indeed, Adams operations give another type of ring closely related to A-rings. This is
a commutative ring R with unit equipped with a sequence of ring homomorphisms

YY" : R — R,

for all n > 1. They are required to satisfy ¥!'(r) = r and ¥¢(7(r)) = ¥¥(r). Such a
ring is called a 1 -ring. Wilkerson in [55] shows that there exists a A-ring structure on
a Z-torsion free ¢-ring R satisfying the condition

¢P(r) =rP (mod pR),

for r in R and prime p, whose Adams operations are given by the -ring structure
on R. Our results by applying Wilkerson’s theorem and Theorem we show that
binomial rings are preserved under localization and completion.

Theorem 2.9.5 Let S be a multiplicative closed subset of the binomial ring R. Then
the localization S~!R is a binomial ring.

Theorem 2.9.19 Let d be a metric on a binomial ring R. Then the ring Ry is a
binomial ring.

We study the algebraic structure of binomial rings. We start with the notion of a
binomial ideal of a binomial ring. An ideal I of a binomial ring R is called a binomial
ideal if it is closed under the binomial operations; that is

()<

for a in I and n > 1. There is not much work on binomial ideals. Xantcha [50]
gives a short survey on binomial ideals in his work on binomial rings: axiomatisation,
transfer and classification. This encouraged us to investigate classes of binomial rings
by properties of their binomial ideals. At the beginning, we show that the quotient
ring of a binomial ring by a binomial ideal is also a binomial ring. This will be a very
useful tool in our work. A well-known example of a non-Noetherian commutative ring
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is Int (ZX). We introduce the notion of a binomially principal ring and a binomially
Noetherian ring. We show the followings.

Theorem 3.6.13 The binomial ring Int (Z{*}) is a binomially principal ring.

Theorem 3.7.7 The ring Int (Z{®¥}) on two variables 2 and y is a binomially Noethe-
rian ring.

The complex topological K -theory built out from vector bundle of a space X by apply
the Grothendieck construction to the semi-ring Vect (X) with addition operation the
direct sum @ and multiplication the tenser product ® on the equivalence classes of
vector bundles over X. The origin of K -theory goes back to Grothendieck in algebraic
geometry in his first work on the Riemann-Roch theorem [28]. Atiyah and Hirzebruch in
[7] published the first work on K -theory in algebraic topology which is called topological
K -theory. This is an extraordinary cohomology theory. For a good space X, (for
example para-compact Hausdorff space) KY(X) is a A-ring with \-operations given
by exterior powers on vector bundles E over X,

\"(E) = A"E.

Knutson in [38] shows that for a binomial ring R which comes with a particular type
of generating subset, there is an isomorphism

R=Z.

He applies this result to K-theory. It shows that if K9(X) for a good space X is a

binomial ring, then
KY(X) =7

However non-trivial examples of binomial rings do arise in relation to topological K -
theory. The ring Int (Z{x}) and its dual appear as various types of operations and
cooperations in topological K -theory. Some nice works in this direction can be found
in [4, 17, [18,20]. Bases of this kind of ring of cooperations in K -theory are given in [19].
Bases of the dual of this ring, related to operations in K -theory, can be found in [50].
We use Ko(X) as a dual to K°(X) for a good space X and the properties of the ring
Int (Z%*}), to give some non-trivial examples of binomial rings arising from topology.
Our main results give new descriptions of these examples. The most important one is

Theorem 4.6.9 Let Int (Z{x’y}) be the ring of integer-valued polynomials over two x,y
variables and let Int ((Z1#})[z~!] be the localization of the ring Int (Z{*}) with respect
to the multiplicatively closed set {z" : n € N}. Then we have an isomorphism of
binomials rings,

Int(Z{=v})

((zy — 1))

Simplicial methods were introduced by Dold and Kan around 1950. They played an im-
portant part in the development of homological algebra and led to non-abelian derived
functors. The simplicial method provides a way to define cohomology in a categorical
setting. The concept of a triple on a category traces back to Godement [26] and cotriple
to Huber [35] as a dual of triples. It is well known that a cotriple C = (C,¢,d) in a

[

Int(Z4H) [z~ 1.



category yields a simplicial object in this category, built out of iterating C, with face
and degeneracy maps determined by € and §. Cohomology theories have been defined
in different areas of abstract algebra. For example for associative algebras a cohomol-
ogy theory is defined via the theory of Hochschild [33], for groups via the theories of
Eilenberg and Mac Lane [23] and for Lie algebras via the theories of Chevalley and
Eilenberg [16].

Barr and Beck [22] use a cotriple that comes from an adjoint pair of functors, to
introduce a cohomology theory which is called the cotriple cohomology theory. André
[6] and Quillen [46] separately introduced a cohomology theory on the category of
commutative algebras using a cotriple on the category of commutative algebras that
comes from the composite of a free functor and a forgetful functor. This is now called
André-Quillen cohomology theory.

Robinson in [48] introduced the cohomology of A-rings with coefficients in the con-
travariant functor Dery(—, M), which is the set of all A-derivations with values in a
A-module M over the A-ring. This is an example of a cotriple cohomology theory on
the category of A-rings. We apply Robinson’s notions of A-module and A-derivation
to binomial rings to introduce the cohomology of binomial rings as another example
of a cotriple cohomology theory on the category of binomial rings, with values in the
contravariant functor Derpi,(—, M), which is the set of all A-derivations with values
in a A-module M over the A-ring. our main result

Theorem 6.3.16 Let R be a binomial ring and let M be a binomial module over R
n—1
with module structure given by oM = %I dpr- Then

Der(R, M) = Dergin(R, M).

Theorem 6.4.8 Let R be a binomial ring and let M be a binomial module over R.
Then there exists an R-module homomorphism, for each n > 0

On : Hgin(R> M) — HZ\L(IBinRa IBinM)-

This thesis is organized as follows. In chapter 2 we provide an overview about special
classes of commutative rings which are called binomial rings and A-rings. In general
we show that for K C Z, Int(K*,Z) is a binomial ring. Then we introduce the notion
of Adams operation on a A-ring. It is shown that a binomial ring is a special type of
A-ring in which all Adams operations are the identity and the \-operations are given
by the binomial operations.

In §2.8 we introduce the functor Q) from the category of A-rings to the category of
binomial rings. We show that it is left adjoint to the inclusion functor Ipj, from the
category of binomial rings to the category of A-rings. At the end of this chapter we
show that binomial rings are preserved by localization and completion.

In chapter 3 we focus on the notion of a binomial ideal of a binomial ring. We start
with the definition alongside some examples and properties. The proof that the quotient
ring of a binomial ring by a binomial ideal is a binomial ring is given in §3.3] Then we
introduce the notion of a principal binomial ideal. We use this to give some examples



CHAPTER 1. INTRODUCTION 5

of quotients of Int(Z{*}), (Theorem [3.4.14] and Theorem [3.6.21). The relation with
usual principal ideals is given.

As a main aim of this chapter we introduce some classes of binomial rings by properties
of their binomial ideals. First, we introduce the notion of binomially simple ring. We
show that the ring of integers Z is a binomially simple ring. Then we introduce the
notion of binomially principal ring. As the first step we give the characterisation of
binomial ideals in Int(Z{*}). We use it and the fact that Q[z] is a principal integral
domain to show that Int(Z{x}) is a binomially principal ring. Finally, we define the
notion of binomially Noetherian ring. We use a characterisation of binomial ideals in
Int(ZX) on a set X of variables and the fact that Q[z,y] is a Noetherian ring to show
that Int(Z{*¥}) is a binomially Noetherian ring. In the last section of this chapter we
define the notion of binomially filtered rings. We show that the power series ring

(7). (5): (5)1

is a binomial ring. Bhargava [12], for S C Z, gives a regular basis of the ring
Int(S%#},Z). We use this in the case where S has a p-ordering simultaneously for
all primes p to give a description of a particular completion of this ring.

Chapter 4 is devoted to giving some non-trivial examples of binomial rings arising
from topology. We start with the construction of K-theory geometrically in terms of
classes of vector bundles over the space X, Vect(X) and some basic results on it. Then
we introduce the spectrum K associated with the spaces BU x Z and U, which defines
a cohomology theory called complex K -theory. The various types of cohomology op-
erations and related cooperations are given. We also give all the necessary background
on Hopf algebras. In §.5] we start with discussion of stably integer-valued Laurent
polynomials. We show that the ring

SLInt(Z{*}) = {f(2) € Qz,27']: 2™ f(z) € Z for all z € Z and some m > 0}
is a binomial ring. Also, we introduce the ring of stably integer-valued polynomials
SInt(Z{*}) = {f(z) € Q[z] : 2™ f(z) € Z for all z € Z and some m > 0}.

We show that it is a binomial ring. At the end of this chapter, we explain how these
examples of binomial rings come from topology. The main new results in this chapter
are Theorem [£.6.4] and Theorem [£.6.9] giving new descriptions of these examples.

In chapter 5 we provide background material on cotriple cohomology theory. Also
we give an overview of André-Quillen cohomology theory for commutative algebras as
an example of cotriple cohomology. At the end of this chapter, we give a summary of
cohomology of A-rings. There is no original work in this chapter.

Chapter 6 is devoted to introducing the cohomology of binomial rings as another ex-
ample of a cotriple cohomology theory, on the category of binomial rings. We introduce
the notion of a binomial module over a binomial ring by applying the notion of a \-
module to the special case of a binomial ring. We give examples of different binomial
module structures. In the same way we apply the notion of a A-derivation of a A-ring



with values in a A-module to introduce the notion of a binomial derivation of a bino-
mial ring with values in a binomial module M. We look at derivations of the binomial
polynomials. We use this to understand derivations of the integer-valued polynomial
ring. We investigate binomial derivations on a binomial ring with different binomial
module structures. At the end of this chapter we define the cohomology of binomial
rings using cotriple cohomology with values in the contravariant functor Dergi,(—, M).
We show that for a binomial ring R and binomial modules M over R, with a particular
binomial module structure, given by M = (—1)"~!1d,;, we have

DerBin(R, M) =0.
As a consequence for this kind of module structure, we get
Hgin(R’ M) =0,

for all n > 0. However, other binomial module structures give non-zero cohomology
at lest in degree zero see Proposition [6.4.2] We define homomorphisms connecting the
cohomology of binomial rings to the cohomology of A-rings and to the André-Quillen
cohomology of the underlying commutative rings.



Chapter 2
Binomial rings

§2.1 Introduction
The main purposes of this chapter are as follows.

1. To give the definitions and review some basic properties and well known results
about special classes of rings which are called binomial rings and A-rings.

2. To investigate the relationship between them using Adams operations on A-rings.

Our main result is to construct the functor denoted by Q) from the category of A-
rings to the category of binomial rings. We show that this functor is left adjoint to
the inclusion functor from the category of binomial rings to the category of A-rings
(Theorem . We extend well known results about A-rings to binomial rings. It is
shown that binomial rings are closed under localization (Theorem and completion

(Theorem [2.9.20)).

In §2.2) we give a short introduction to binomial rings. The definition and some basic
properties of binomial rings used throughout the whole thesis alongside some examples
are given in §2.3] In §2.4 we discuss the ring of integer-valued polynomials on a set
X of variables, Int(ZX). We show that the ring Int(Z%) is a binomial ring. We use
the ring Int(Z¥X) to give another description of binomial rings: a Z-torsion free ring
which is the homomorphic image of the ring Int (Z%) is a binomial ring and all binomial
rings are of this form. In §2.5 the definition of A-rings is presented along with some
examples that will be referred to later in this thesis. The notion of Adams operations

on A-rings given in §2.6

The proof that the binomial ring is special type of A-rings in which all Adams oper-

ations are the identity maps as binomial rings (Theorem given in § In §
we introduce the category of binomial rings whose objects are binomial rings and mor-
phisms are ring homomorphisms. We construct the left adjoint functor to the inclusion
functor from the category of binomial rings to the category of A-rings. We use The-
orem to show that binomial rings are closed under localisation and completion.

7



In particular the facts that p-local integer ring Z,) and p-adic integers 2;, both are
binomial rings is the subject of §2.9]

§2.2 Introduction to binomial rings

The concept of binomial ring was originally introduced by Hall [29] in connection with
his groundbreaking work in the theory of nilpotent groups. His original definition is
as follows. Let R be a commutative ring with unity. It is a binomial ring if it is
Z-torsion-free and closed under the binomial operations

<r> r=r=2-(r=(-1) _,

n n!
for every r € R and n > 1.

Alongside the original reference today there are three other basic references for binomial
rings.

The most recent one is the book [57] by Donald Yau. In Chapter 5 of this book he gives
an elementary introduction to binomial rings with a few examples, basic properties and
theorems. He explains that the universal A-ring on a binomial ring R is isomorphic
to the necklace ring Nr(R) of R, where Nr(R) of R is the ring with underlying set
Nr(R) = [[;2; R. Finally he introduces the concept of a filtered A-ring. He shows that
for a binomial ring R the set A\(R[z]/(z?)) of isomorphism classes of filtered A-ring
structures on the ring (R[z]/(2?)) with the z-adic filtration is uncountable.

The second basic reference is the paper [25] by Elliott. The main theme of this paper
is to elucidate the connection between binomial rings and A-rings. He defines the free
binomial ring on the set X via the integer-valued polynomial ring Int(ZX) on the set
X . He applies this to give another characterisation of binomial rings, that they are
homomorphic images of the rings of integer-valued polynomials that are Z-torsion free
rings.

More generally he introduce the notion of “quasi binomial” as a homomorphic image of
a binomial ring to describe another characterisation of a binomial ring. Furthermore, he
constructs both left and right adjoint functors to the inclusion functor from binomial
rings to rings and from the point of view of Adams operations, he describes a right
adjoint for the inclusion functor from binomial rings to A-rings.

The third basic reference is the paper [55] by Wilkerson. In this paper from the point
of view of Adams operations he shows that a binomial ring is equivalent to a A-ring in
which all Adams operations are the identity.

There is also a nice paper [38] by Knutson, which applies the Adams operations to show
that the triviality of Adams operations in group representation rings and topological
K -theory of spaces lead to triviality of the whole ring. It shows that if the ring R(G)
of a finite group is a binomial ring then necessarily G = {e}. On the other hand, later
in other chapters we will see some examples of non-trivial binomial rings arising from
topology.
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§2.3 Binomial rings

Since this thesis deals with binomial rings a lot, we begin with a section on them
including the definition, some basic properties and examples. Let us begin with the
Z-torsion free property.

One of the conditions for any ring to be a binomial ring is that it should be Z-torsion
free as a Z-module. Thus first we give the definition and some examples of Z-torsion
free rings.

Definition 2.3.1. An element r in a ring R is called a Z-torsion element, if nr =0
for some n € Z*.

Example 2.3.2. The ring Z3 = {0,1,2} of integers modulo 3 has three Z-torsion
elements.

Definition 2.3.3. A ring R is called a Z-torsion free ring, if 0 is the only Z-torsion
element in R.

Some examples of Z-torsion free rings include binomial rings, polynomial rings over Z
and any subring of the rationals Q.

Let R be a ring. Consider the ring homomorphism
R— R®Q

given by

r—r@l.
The property of R be Z-torsion free means exactly that this ring homomorphism is
injective.

Definition 2.3.4. A binomial ring is a commutative ring R with unit whose additive
group is Z-torsion free and that contains all the binomial operations

<r> :r(rfl)(er)--o(rf(nfl))

eER®Q

n n!

actually in R for every » € R and n > 0, where <S) =1.

In other words, a Z-torsion free commutative ring R is a binomial ring if and only if
it is closed under taking binomial operations.

Note that the binomial ring structure on a Z-torsion free commutative ring R is unique
(if it exists). But later we will see when we define the notion of binomial module over
binomial ring the structure of binomial module is not unique.

Example 2.3.5. Some examples of binomial rings are the following.
1. The simplest binomial ring is the ring of integers Z. It is clear Z is a Z-torsion

free ring. Since the binomial operations are integers this implies that the ring Z
is preserved by binomial operations.
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2. Any field R of characteristic 0. Since R has no zero-divisors and its characteristic
is 0 this implies R is a Z-torsion free ring. Since R is a field, every non-zero
element in R is invertible. This implies that the binomial operations lie in R for
every element in R.

3. Any Q-algebra is a binomial ring.

Other examples of binomial rings will appear in the following sections when we intro-
duce the ring of integer-valued polynomials and consider Adams operations on A-rings
and in following chapters when we define the concept of binomial ideal in a binomial
ring. Here is a preview of some of them.

Example 2.3.6. Every ring of integer-valued polynomials Int(ZX) on a set X of
variables is a binomial ring (Theorem .

Example 2.3.7. Every ring of stable integer-valued Laurent polynomials SLInt (ZX)
on a set X of variables is a binomial ring (Theorem |4.5.6)).

Example 2.3.8. In general every ring of stable integer-valued polynomials SInt (ZX)
on a set X of variables is a binomial ring (Theorem [4.5.20]).

Example 2.3.9. The ring Z,) of p-local integers (Corollary i and the ring Zp of
p-adic integers (Corollary [2.9.21)) both are binomial rings.

Example 2.3.10. In general every ring of the integer-valued polynomial rings over a
subset K C Z, Int (K, 7Z) on a set X of variables is a binomial ring (Theorem [2.4.11])
and the generalization of an integer-valued polynomial ring on a binomial domain R
with quotient field F', Int(R) is a binomial ring (Proposition [2.9.13)).

Example 2.3.11. Any \-ring whose Adams operations all are the identity is a binomial

ring (Theorem [2.7.1)).

Example 2.3.12. The quotient ring R/I of a binomial ring R by a binomial ideal I
is a binomial ring (Theorem [3.3.1)).

Example 2.3.13. The power series ring Z[[(”f), (g), (I), ---] is a binomial ring (Propo-

3
sition [3.8.9)).

We now state without proof some basic properties of binomial operations, which follow
from standard facts about binomial coefficients.

Theorem 2.3.14. [56] Let R be a binomial ring. For all a,b € R and m,n,k € N

p q ‘

(- X
(-2, 2 G)-()

m qQ+q2+--+qgm=n
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() =2 () (6

1
4. ():0 when n > 2.
n

5 (1) .

Next here are some good properties of binomial rings.

Proposition 2.3.15. Let R and K be binomial rings.

1. The direct product ring R X K 1is a binomial ring with binomial operations given

by
(ryk)\ r k
n )/ \\n) \n/)
forr € Rk € K andn > 0. So, if Ry1,..., R, are binomial rings, the product

ring [[ Ri is a binomial ring.
i=1

2. The tensor product ring R ® K 1is a binomial ring with binomial operations de-

termined by
1
(0)=()er
n n
1®k k
()12 6)
n n

3. The intersection RNK is a binomial ring. More generally, if {R;}icr is a family
of binomial rings then the ring N; R; is a binomial ring.

forre Rk e Kandn > 0.

Proof. Property 1 is clear. We are going to prove property 2. We can write

rek)  ((rel)(1®k)
n ) n '
Since R and K both are binomial rings, by Theorem [2.3.14{2) and above formula this

implies that
k
C®)ER®K
n

For Property 3 see [25]. O

Definition 2.3.16. The Stirling number of the first kind, denoted by n for n >0
i

and ¢ € N, is defined as the number of ways to permute n elements into exactly ¢
cycles.
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Proposition 2.3.17. The Stirling number of the first kind {n} forn>0 and i € N,
i

satisfy the linear recurrence,

[-weol )b

with initial conditions [8} =1 and for i <0, [n] = 0.
i

Proof. For proof see [27, p. 247]. O

We let
t=z(x—1)(x—-2)....(x — (n—1)), (2.2)

for n > 0, be the n-th falling power of x and

" =z(x+1)(x+2)....(x + (n—1)), (2.3)
be the nth rising powers of .

Actually, the Stirling number of the first kind [n] can be expressed in many equivalent
i

different ways.

They appear as the coefficients in x™.

Proposition 2.3.18. [27, p. 2/9] For n > 0 we have
- n
no_ _ 1)t i 2.4
x E (=1) Mx (2.4)

Proof. We will prove this by induction on n. Suppose that n = 0. Then both sides
are equal 1. Assume that the result holds for n — 1. Then we have

n—1
n=1_ N~ (_1y(n-D—i [P 1|
x Z( 1) [ . ]x . (2.5)
=0
We will prove it for n. We have
n n—1 n—1 n—1

2t =a"=(r — (n—1)) =z = — (n — 1)a"—.

Then by our assumption we obtain
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n—1 n—1
noo_ mep—i|n =1 m—n—i | 1]
z x;( 1) [ . ]x (n 1);( 1) [ . ]x by

e Z[”ﬂwl—(n_nrf( N
i=1 =1

- zn:( 1)(ni)[?:1}xl—(n—1)nzf( 1)1 z[”zl]ml,
i=2 i—1

O
Proposition 2.3.19. For n > 0 we have
" n
no__ 7
=y H z
=0
Proof. The proof similar to the proof of Proposition [2.5 O

We use the expression of Stirling numbers of the first kind [n] in 1) to expand (3:) .
) n

This implies that .
()= 1)

In combinatorics see [40, p. 56], the Stirling number of the first kind can be expressed
as the sum over (ci,...,¢,) of the number of permutations of type [c1,ca, - , ¢y

ny_ _1\n+1 n!
[z] = (-1) Z 16122 . neneileg! .. eyl (2.7)

t=c1+ca+-+cn
n=ci1+2co+....+ncy

Lemma 2.3.20. For a prime p, the Stirling number of the first kind [p] is divisible
i
by p for 1 <i<p.

Proof. From ([2.7) we have,

P\ _ (_qynti p!
[Z] =1 Z 1e12e2 o pereqleg!. ..oyl

it=c1+ca+-+cp
p=ci1+2co++pcp

The numerator is divisible by p. Since 1 < i < p and we have ¢, = 0 each factor in
the denominator is less than p and so the prime p is not canceled in the numerator.

Therefore {p] is divisible by p. O
i
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Proposition 2.3.21. In a commutative ring R we have,
P —r=r(r—1)(r—-2)...r —(p—1)) (mod pR), (2.8)

for r € R and a prime p.

Proof. From (2.4) we have

=02t o) = 3 [

And by Lemma [2.3.20 [P ] is divisible by p for 1 < i < p. We obtain
1

1

[p} = 0 (mod pR).
Also by Wilson’s theorem see ([30, p. 85]) we have

m = (p—1)! = 1 (mod p),

and [p} =1. O
Db

Proposition 2.3.22. [57, Lemma 5.5/In a binomial ring R the congruence condition
r? =r (mod pR) (2.9)

holds for all r € R and p prime.

Proof. By (2.8) we have

P —r = r(r=1)(r—2)--- .(r—(p—1)) (mod pR)

() o
p

= 0 (mod pR)

Therefore
r? =r (mod pR).
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§2.4 Integer-valued polynomials

Most of the examples in this thesis are related to rings of integer-valued polynomials
on a set X of variables. So we will begin with a section on rings of integer-valued
polynomials. This means rings of polynomials with rational coefficients that are integer-
valued on integers. We prove that the ring Int (Z*) on a set X of variables is a binomial
ring (Theorem . Precisely later in §2.8 we will show that the ring Int(ZX) on a
set X of variables is the free binomial ring on the set X . The result is given in [25].
Later we introduce the notion of integer-valued polynomials Int (K {z} Z) over a subset
K C 7. As a result we show that Int (K*,Z), is a binomial ring (Theorem [2.4.11)). For
a more thorough description of integer-valued polynomials we refer to [15]. We begin
with the definition of the ring of integer-valued polynomials on a set X of variables.

Definition 2.4.1. Let Q[X] be the ring of polynomials on a set X of variables with
rational coefficients. We define the set of integer-valued polynomials on X by

Int(Z*) = {f € Q[X] : f(Z") C Z}.

This is a subring of Q[X] and it is called the ring of integer-valued polynomials on X,
where Z* = Hom(X,Z), which is the set of functions n(x). We computing f at any
n by replacing each # € X with integer n(x) in f. Then the condition f(Z*) C Z
means that f(n) € Z. In particular we have

t(Z) = {f € Qla] : f(Z) C Z}, (2.10)
the ring of integer-valued polynomials in one variable x.

Definition 2.4.2. The binomial polynomial in one variable x is defined by

(792) |G R U Gk )) P

n!

for all n > 0, where (g) =1.

Notation 2.4.3. For some non-empty set X of variables, we define a multi-index to
be

J = (ju)rex € P Z>0. (2.11)
zeX

With this multi-index J we define the generalized binomial polynomial to be

6)-1)

Note that for another multi-index J = (j,) the binomial operation define by,

<‘II> =] (‘Zi) €Z. (2.13)

zeX
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n

Notation 2.4.4. Let I = (j1,...,in) € P Z>o. and let J = (ji,-..,jn) be another
k=1

multi-index. Then we mean by I > J if and only if i1 = j1,..., % = Jjk and ig+1 > Jr+1

for some k with 0 <k <n—1.

In particular, for any multi-indexes J; < Jo < J3 < --- < J,,, we have
Ji 1 ift=k,
< t) — ! (2.14)
Ji 0 ift<k.
Lemma 2.4.5. For n > 0 the binomial polynomaial (a:) s an integer-valued polyno-
n

mial in one variable x .

In general the product of binomial polynomials each in one variable

x x x;
(o) ()= () e
n n2 n;
in the polynomial ring Q[z1,x2,...,x;] in i variables for ni,ng,...,n; > 0 is an
integer-valued polynomial in ¢ vartables.

Theorem 2.4.6. [57/The generalized binomial polynomials in a set of variables X

{6) T =(ie) € P Zo . (2.16)

zeX

is a Z-basis of the ring Int(ZX). In particular, the polynomials (9:) , form >0, form
n

a Z-module basis of the ring Int(Z{x}) in one variable, and the set

{(ii)(iz) :nl,...,niZO} (2.17)

is a Z-module basis of the ring Int(Z1¥1-%i}) in i variables.

()=t @),

zeX

Proof. First the set

is a Q-vector space basis of the polynomial ring Q[X| by [57, Proposition 5.31]. Then
for f € Int(Z¥), with f # 0, we can write

=)

t=1
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for some n > 1 with a; € Q and some multi-indexes {J; };er. We obtain

0-%(3)

t=1

In the same way in (2.14]) when we compute f for ordering the indexes J; < Jy <
<o < Jp at X = Jp, we obtain f(J1) = a1 € Z. So by induction on k assume that
ai,ag--- ,a € Z. Now we are going to show that apy1 € Z, to see that we calculate

f at X = Jiq1, also by (2.14]) we have
k+1 J
i) = 3 a()

B Jet+1 Jr+1
= al( 7 >+ ‘|‘ak< T + Qk41-

We know that f(Jxy1) is an integer. So by the induction we conclude that apiq is
also an integer. This shows that the generalized binomial polynomials in a set X of
variables spans Int(Z~) over Z. Also we know from [57, Proposition 5.31] that the
generalized binomial polynomials in the set of variables X are a QQ-vector space basis
of the polynomial ring Q[X]. So they are linearly independent over Q. Hence they are
also linearly independent over Z. O

Here is the main purpose of this section, which shows that the ring Int(Z%) on a set
X of variables is a binomial ring.

Theorem 2.4.7. [57] The ring Int(Z~) on a set X of variables is a binomial ring.

Proof. First we need to show that Int(Z¥) is Z-torsion free, which is clear since
Int (ZX) is a subring of Q[X]. To see the other condition of a binomial ring, con-

sider f € Int(ZX). We have
<£> € Q[X].

Then for an m € ZX, we have f(m) € Z. Notice

(- ()

Then by Lemma [2.4.5

So

Now we turn attention to a ring of integer-valued polynomials over a subset.
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Definition 2.4.8. For a subset K C Z, we say that a polynomial f € Q[X] on a set
X of variables which satisfies that f(KX) € Z is an integer-valued polynomial over
subset K, where KX = Hom(X, K), which is the set of functions n as in Definition
2.4.1 We computing f at any n by replacing each z € X with k£ € K, n(z) in f.
Then the condition f(KX) C Z means that f(n) € Z.

Int(K~,Z) = {f € Q[X] : f(KX)CZ}. (2.18)

This is a subring of Q[X] and it is called the ring of integer-valued polynomials over
K on set X. In particular we have

Int(K*,2) = {f(x) € Qlx] : F(K) C Z}, (2.19)
called the ring of integer-valued polynomials over subset K in one variable x.

Note that the integer-valued polynomial ring Int(Z{"}) is integer-valued over Z, that
is

Int(Z1*) = Int(21*}, 7).

So we have inclusion

Z[z] € Int(z1*h) (K1}, 72) C Q[a]. (2.20)

Example 2.4.9. In particular from the ring of integer-valued polynomials over {0} on
one variable z we have

Int({0}*),Z) = {f(2) € Qla] : £(0) € Z}.

In other words, the ring Int({0}{#}, Z) is the set of all polynomials in Q[z] with constant
term is an integer.

In example for each non-zero subset K C Z we have

Z[z] c Int(z1*h) € nt(K{*}, 7) c nt({0}*) c Qa]. (2.21)
Here is our main result of this section.

Theorem 2.4.10. For K C Z, the ring Int(K"},Z) is a binomial ring.

Proof. We know from ([2.20) that Int (K {a} Z) is a subring of Q[z], so it is clearly a
Z-torsion free ring. To see the other condition of a binomial ring, pick an element
g(x) € Int(K{} 7). We have

<g($)> _ 9(z)(g(x) —1)(g(x) =2)---(g(z) = (n 1))

n n!

€ Q[z],

for n > 0. Then
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(g(x)) (k) g(k)(g(k) = D(g(k) = 2)--- (g(k) = (n = 1))

n!

= <g(k)> € Z by Lemma [2.4.5
n

g9(z)

for k € K. Therefore ( ) e Int(K{*}, Z) as desired. O
Theorem 2.4.11. For a subset K C 7Z the ring of integer-valued polynomials over
subset K, Int(K~,7Z) on a set X of variables is a binomial ring.

Proof. The proof is analogues to the proof of Theorem [2.4.10] O

§2.5 A-rings

In this section we discuss A-rings, we give some well known results on them and some
of their properties. A A-ring is a commutative ring R with identity equipped with a
sequence of functions A\’ : R — R for ¢ > 0 which are called A-operations, satisfying
certain relations that are satisfied by the binomial operations. The A-rings were first
introduced in algebraic geometry by Grothendieck [28] under the name special A-ring.
They have been shown to play important roles in various field of mathematics.

For example in group theory, the paper [7] used A-rings to study group representations.
In algebraic topology, the K-theory of a good space is a A-ring. In both cases the
A-operations are induced by exterior powers of vector spaces. Knutson in [37] used
A-rings to study representations of the symmetric group. In pure algebra, Donald Yau
published a book under the name A-rings [57]. The main aim of this is to study A-rings
purely algebraically. For example if R is a commutative ring with unit, Then the ring
W(R) of big witt vectors on R has canonical A-ring structure.

Also the notion of A-ring R uses the classical essential theorem of symmetric functions
to describe the action of A-operations on a product A"(rirg) and the composition of
A-operations A" A" (ry) for r1,r2 € R.

We begin with the definition of A-rings.

Definition 2.5.1. A A-ring is a commutative with unit ring R together with a se-
quence of functions A" : R — R (called A-operations) for each n > 0 such that the
following axioms are satisfied.

L N(z)=1,
2. \M(z) ==z,
3. A"(1) =0 for n > 2,

4N (z+y) = > N@)M(y),

i+j=n
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5. )\n(l,y) = Pn(/\l(x)a T ’)\n(x);)\l(y), e ,)\n(y))’

6. A*(\™(2)) = Py (A (x), -, A" (2)),
for all x,y € R and n,m > 0.

The polynomials P, and P, ,, which describe the action of A-operations on products
and the composition of A-operations are described below.

Definition 2.5.2. For a ring R, we consider the ring R[z1,z2, - ,2,] of polynomials
in n independent variables x1,z2, -+ ,z,. The polynomial f € R[z1,x2, - ,xy] is
called a symmetric function if it is unaltered under every permutation of the variables.
That is, we have

f(JJl,SCQ, T al‘n) = f(xw(l)7$7r(2))' e 7x7r(n))7

for every permutation 7 on the set {1,2,---,n}. We say that the polynomial g €
Rlx1,x2,. .., Tn;Y1,Y2, -, Yn] In 21,29,...,2, and y1,y2,...,Yy, independent vari-
ables is a symmetric function if it is unaltered under every permutation of variables.
That is, we have

f(l‘lu L2,y TnsY1,Y2;, - - - 7yn) = f("rﬂ'(l)’xﬂ'(2)7 o L) Yr (1)) Yr(2)) 7y7'(n))7
for every part of permutations 7 and 7 on the set {1,2,--- ,n}.

Example 2.5.3. For each 1 < k < n, an important symmetric function is the kth sym-
metric polynomial s; € R[x1, 9, - ,x,] which is the sum of all products of monomial
of length k. That is we have

Sk = E iy Ly = =+ Ty -

1<) < <ip<n

In particular, we have

51 =T1+ X2+ -+ Tp,
S92 :x1x2+x1x3+---+xn_1xn,

Sp = L1XQ "+ Tp.

Another way to obtain the kth elementary symmetric function si(z1,z2, -+ ,2,) in n
variables is by considering the formula, where ¢ is an extra variable,

n

n

F&) = spth = (0 + tas), (2.22)
k=0 i=1

Theorem 2.5.4. [57, p. 3/Any symmelric function f in R[xi,z2,---,x,] can be

written as a polynomial in the elementary symmetric functions si, 82, -+ , Sy, with co-

efficients in R and it is unique.
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The polynomials P, ,, and P, that appeared in the definition of A-ring are called uni-
versal polynomials. The polynomial P, (s1, 2, , Sn; a1, 2, -+ , ) is the coefficient

of t" in the polynomial
n

f(t) = H (1 + ziy;t),

i,7=1

where each of s; and «; are i" elementary symmetric functions in z,--- ,z, and in
Y1, ,Yn respectively.
The polynomial P, ,,,(S1, 82, - , Snm) 1s the coefficient of ¢" in the polynomial

f(t) = 11 (14 24,24, -~ 24, t).

1<t < <tm<nm

Example 2.5.5. P, 1(s1,52, - ,5n) is the coefficient of ¢" in the polynomial

f(t) = H (I +ait) =14 s1t--- + 5,17,

1<i<n
SO
Pn:1(817 82, 7571) = Sp
and Py, (s1,52, - ,Sm) is coefficient of ¢ in the polynomial
1<) < <im<m
SO

Pl,m(517527 te )Sm) = Sm-

For more detail on symmetric functions see [37, chapter 1] and for the universal poly-
nomials see [57, chapter 1]. In general P, ,, # P, as A-operations do not commute.
For more detail and calculation see [34]. There the author gives several forms for P, ,,
and calculates P, up to n = 10.

Here are some small values of both universal polynomials.

1. Py=1.

2. Pi(s1,01) = s101.

3. Py(s1,s2;00,9) = 5%042 — 28909 + 820(%.

4. Ps(s1,s82,83;a1,02,a3) = S?O&g — 3518903 + S18901 g — 3830018 + 5305{’ + 3s303.
5. Py =1, forall meN.

6. Pio=1.

7. P,o=0, forall n>2.

8. P171(81) = S1.
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9. Pa(s1,52,53,54) = 5153 — S4.
10. P 3(s1, 82,53, 54, 85,56) = S¢ + 5254 — 5185.
2 2
11. P372(81, S92, 83, 84, S5, 86) = S¢ — 28284 — 8185 + 8154 + 83 — 8185.

2 2
12. P373(81, S92, 83, S4, S5, S6,S7, S8, 89) = 89 — 8188 — S4S85 — S2S7 + 8187 + 8184 + 38386 —
2818385 — 5152S56.-

Definition 2.5.6. Let Ry and R be A-rings. A ring homomorphism f: Rj — Ro
is called a A-homomorphism if it commutes with the A-operations that is

A'(f(r) = FA(r),

for all » € R and n > 0. We write Ring, for the category of A-rings, whose objects
are A-rings and morphisms are A-homomorphisms.

Definition 2.5.7. We call R a pre A-ring if only the first four axioms of Definition
2.5.1] are satisfied.

Consider a (pre) A-ring R together with the homomorphism A; from the additive group
of R into the multiplicative group of power series in ¢ with constant term 1, defined
by
o
A(r) =) A"(r)t" € RI[[t]]. (2.23)
n=0
Now we can use (2.23)) to write addition of A-operations as
Ae(1 +72) = A1) Ae(r2) (2.24)

Example 2.5.8. The ring Z of integers is a pre A-ring with

A(r) = (14+1)" = ZO <;> . (2.25)

A (r) = (;)

It is clear by Theorem [2.3.14 <T> is satisfy all axioms.
n

So

Definition 2.5.9. If \;(x) is a polynomial of degree n, then we say that x has di-
mension n. If each r € R is difference of finite dimension elements, then we say that
R is finite dimensional.

Example 2.5.10. [57, p. 9]Some examples of A-rings are the following.
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1. The simplest finite dimensional A-ring is the ring of integers Z with the -
operations defined by the binomial operations A\"(r) = (;) that is

n
At (n) = coefficientsoft'in(1 + t)" = 2 <T) t.

=0
A (r) = (;)

These are also the coefficients of " in above power series.

2. One can get a A-ring structure on the representation ring for a group G, in which
A" is induced from the n'* exterior power on representations of the group G,
A (V) =A™(V) for V in rep(G).

3. The topological K-theory K(X) of any good space X ( para-compact Hausdorff
space). This is a A-ring, in which A" is induced from the n'* exterior power,

A" (B) = A"(B),

for a vector bundle B over X. In particular the K -theory of a point is K (pt) = Z
with the structure of \-operations given in example 1.

§2.6 Adams operations

The aim of this section is to introduce the notion of Adams operations on A-ring.
The A-operations have complicated axioms. It can be difficult to construct a A-ring
structure on some kinds of commutative ring and A-operations are not group homo-
morphisms. So in [2] Adams introduced the ™-operations to study vector fields on
spheres from the A-operations on a ring R. We will use it in the next section.

In fact, ¥™-operations give us another type of ring, which is a commutative ring R,
equipped with a sequence of functions

Y™ R — R,

for all n > 1, satisfying certain properties. These are called 1 -rings.

The v -rings are much easier to deal with and sometimes we will need to pass to them
to execute some calculations for A-rings and to construct A-ring structures on some
particular types of rings. For example Wilkerson in [55] explains that constructing
1-operations on a Z-torsion free ring R that satisfy the axiom

YP(r) = rP (mod pR)

for every r € R and every prime p, is sufficient to construct a A-ring structure on R

(Theorem[2.6.10). He also considers the Adams operations to show that a A-ring whose
Y™ -operations all are the identity for all n > 0 is a binomial ring (Theorem [2.7.1).
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The Adams operations on a A-ring R, 9" : R — R for n > 1, are defined by using
the A-operations on R. We construct the group homomorphism

At R — RI[[t]].
We know from (2.24)) that the addition formula is given by

)\t(rl =+ ’I"Q) = )\t(Tl).)\t(’l"Q),

for r1,70 € R. In order to obtain an additive homomorphism vy : R — R a natural
idea is to apply the logarithm to (2.24). Precisely, Since A\¢(r) has constant equal to 1,
we apply the power series formula

o0

log(1 +a) = Y (~1)*1%,

- 1
=1

to log(Ai(r)) which is means we add denominators into R, say by tensoring with Q.
We obtain group homomorphism with coefficients of power series of ¢ of log(A:(7))

which take value in R ® Q. Now by applying the operator % to this we eliminate Q.
Therefore we obtain from the above information this generating function,
d —t)\t (7“)/
_ = —t—(log A = —"". 2.26
od(r) =~ gy (log M(r) = 05 (2:26)

Definition 2.6.1. Let R be a A-ring. We define the n® Adams operations on R
Y™ : R — R by considering the generating function (2.26)) for all n > 1 and r € R,

where

Gi(r) =Y Pi(r)t'. (2.27)

i>1
On other words, ' (r) is the coefficient of (—%)? in ¢_;.
Example 2.6.2. We know from the previous section that the ring Z of integers is

a A-ring with A-operations given by A\(a) = (1 + ¢)* for a € Z. Then the Adams
operations in the ring Z are given by

d —at
_ = —t—(og(l+1t)*) = .
Vi) = —t 5 (log (1 + 1)) = T
This implies that
t
@bt(a)zlcit:a(t+t2+---).

So for all i > 1, ¥%(a) = a.

Later we will show that the same thing holds in all binomial rings.

The Adams operations satisfy the following properties.

Proposition 2.6.3. [Z/Let R be a A-ring. For fized i,j > 1 and r1,r2 € R, the
following properties hold in R.
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1. Y¥': R — R is a ring homomorphism.

2. ' =Id.

8. Y = g = iy

4. YP(r) =rP (mod pR) for all prime numbers p.

The Adams operations are connected to the A-operations by the following formula,
which is known as Newton’s Formula ( which is quite closely related to Newton’s formula
for symmetric functions see [57, Theorem 3.9], but recursive rather that closed formula
relating Adams operations and A-operations).

Theorem 2.6.4. [57, Theorem 3.10/The following equality holds in a A-ring R.

Y (r) = M) ) = M) ) o ()P ) () + (—1)"“70\’;(7"), |
2.28
forre R and n > 1.

Proof. For a proof see [57, Theorem 3.10]. O

In other words, Newton’s Formula gives a recursive formula for the Adams operations
in terms of A-operations. So we can calculate Adams operations recursively in terms
of A-operations.

Here are the values of Adams operations for some small values of n, in terms of A-
operations.

1 pl(r) = ( )=r.

2. ¢p%(r) = 1% = 2X%(r).

3. 3(r) = 1% —3rA%(r) + 3\3(r).

4. ) =1t =422 (r) + 4rX3(r) — X4 (r) + 2(A2(r))?.

5. 92(r) =% — 5r322(r) 4+ 5r2\3(r) — 5rAY(r) + 5As(r) + 5(Xa(r)? — BAa(r)As(r).

Theorem 2.6.5. Let R be a \-ring, then every Adams operation on R, v : R - R
for n > 1, is a A-homomorphism.

Proof. For a proof see [57, Theorem 3.6]. O

Next we introduce another type of ring closely related to A-rings, which is known as a
P-ring.

Definition 2.6.6. A ¢ -ring is a commutative ring R with unit, together with a
sequence of ring homomorphisms " : R — R, for all n > 1, which are called -
operations such that the following axioms are satisfied.

1. ¥'=Id,
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2. Pl =¥ =p%p? | for all r € R and i,5 > 1.
We say that a ¢-ring R is special if it also satisfies the axiom
YP(r) = rP (mod pR) (2.29)
for each prime p.

Example 2.6.7. The ring of integers Z is a 1-ring with v-operations given by v'(n) =
n forall neZ and i > 0.

Example 2.6.8. In general every commutative ring R with unit is a -ring with
1-operations given by 1¢(r) =r for all r € R and i > 0.

Definition 2.6.9. Let Ry and Ry be t-rings, then a ring homomorphism f : Ry — Ro
is called v -homomorphism if it commutes with the i -operations that is

P (r) = F@"(r),

for all » € Ry and n > 0. We write the set of all {)-homomorphisms by Hom,, (R, Ry).
We write Ring,, for the category of 1)-rings whose objects are 1 -rings and morphisms
are -homomorphisms.

We know from the previous section that the A-operations are neither additive nor
multiplicative and a A-ring R has some complicated axioms. Thus it can be hard to
construct a A-ring structure on some types of rings.

However the 1 -ring axioms are easier to deal with. So Wilkerson in [55] showed that
to construct a special -ring structure on a Z-torsion free ring R, it is enough to
construct a A-ring structure on R from it is Adams operation the ones that given the
Y-ring structure. We will use it in the coming section when we show that binomial
rings are preserved by localization and completion.

Theorem 2.6.10. Let R be a Z-torsion free special 1 -ring. Then the Adams opera-
tions on R which give the Y -ring structure on R determine a \-ring structure on R,
related \-operation to Adams operation by Newton’s Formula as in Theorem [2.6.4)

Proof. For a proof see [57, Theorem 3.54]. O

§2.7 Binomial rings as \-ring structure

The purpose of this section is to introduce a special class of A-ring structures from
the point of view of Adams operations. The result is due to Wilkerson [55] who shows
that a A-ring R whose Adams operations all are the identity on R is a binomial ring
(Theorem . Later in this section we use this result to give another description of

binomial rings (Proposition [2.7.4)).

Here is the main aim of this subsection. This will be a very useful tool in the next
section and coming chapters in this thesis.
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Theorem 2.7.1. A A-ring R whose Adams operations all are the identity map on R,
1$ a binomial ring, in which the X-operations are given by the binomial operations

forallr e R and n> 1.

To prove theorem we require the following.

Lemma 2.7.2. [57, Lemma 5.6/For a A-ring R whose Adams operations are the iden-
tity map the following equality holds in R

r(r—=1)---(r—(n—1)) =nI\"(r),
forallr e R and n> 1.

Proposition 2.7.3. [57, Propostion 5.10/Let R be a \-ring whose Adams operations
all are the identity map on R. Then R is a Z-torsion free ring.

Proof. of Theorem First by Proposition R is a Z-torsion free ring. To see
the second condition of a binomial ring, pick an element r € R. Then by Lemma
we have

r(r—1)---(r—(n-1)) =n\"(r).
So by the Z-torsion free property of R we obtain

R>M\'(r) = (:L)

for n>1. O

Here is an application of Theorem [2.7.1] which gives another description of binomial
rings.

Proposition 2.7.4. Let R be a Z-torsion free ring. Then R is a binomial ring if and
only if the congruence condition

r? =r (mod pR), (2.30)

for any prime p and all r € R.

Proof. For if part, first for n > 1, we define the Adams operation on R, " : R — R,
by ¥"(r) = r. Consequently R is a Z-torsion free 1 -ring and by hypothesis satisfies

the axiom ([2.30). So R is special 9-ring. Now by Theorem [2.6.10| R is a A-ring in
which all the Adams operations are the identity map on R. Therefore by Theorem

R is a binomial ring. The only if part follows by Proposition [2.3.22 O

Next we will see that actually the converse of Theorem is also true.
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Proposition 2.7.5. [57] Let R be a binomial ring. Then R has a unique \-ring
structure whose Adams operations all are the identity on R. The X\-operations are

given by the binomial operations,
r
A(r) =
m=(1)

forallr€e R and n>1.

Proof. The first part is the analogue of the proof of Proposition [2.7.4] and the second
part follows by Lemma, O

We know from Theorem [2.4.11| that for K C Z every ring Int(K*X,Z) on a set X of

variables is a binomial ring.

Corollary 2.7.6. Every ring of Int(K~,7Z) is a \-ring in which all the Adams oper-
ations are the identity and with \-operations given by the binomial operations.

From the point of view of Adams operations, we know that the binomial rings are a
special class of A-rings (Theorem [2.7.1)).

Proposition 2.7.7. Every A-ring R contains a A-subring S defined by
S={reR:yY"(r)=r for alln > 1},

which is a binomial ring.

Proof. First it is clear by Proposition m(l) S is subring of R. We know from
Theorem that the Adams operations are A-homomorphisms. This implies that

N (@ () = 9" (W¥(x)).

Therefore S is A-subring of R. Finally by Theorem it is clear S is a binomial
ring. O

Proposition 2.7.8. Let R be a binomial ring. Then R satisfies the following condition
for alln,m € N and r,s € R.

(W) =an((1)- () ()
2 () =m0 () 00 6) ()

where Py, Pmpn are the universal polynomials, in Definition [2.5.1]
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Proof. We know from Proposition the binomial ring R has a unique A-ring struc-
ture given by
r
A (r) =
m=(1)

for all r € R and n > 1. Then the coefficients (T
n

2511 O

> satisfy all axioms in Definition

§ 2.8 Category of binomial rings

From the previous section we know that binomial rings are a special class of A-ring, in
which all the Adams operations are the identity. So in this section we use this result
and Proposition first to define a functor Q) from the category of the \-rings
to the category of binomial rings. We show that the functor Q) is left adjoint to the
inclusion functor Igj, from the category of binomial rings to the category of A-rings

(Theorem [2.8.12)).

First we introduce the category of binomial rings BinfRing whose objects are binomial
rings and morphisms are ring homomorphisms. We show that the binomial ring Int (ZX)
on a set X of variables is the free binomial ring on the set X (Proposition [2.8.13).
The result is due to Elliott [25]. We use the ring Int(ZX) to give another description

of binomial rings (Theorem [2.8.14)).

Let R and K be binomial rings and let f be a ring homomorphism f : R — K.
Then, as K is a Z-torsion free ring, we have

wf(1) = A== - 1)
FENF) ~ 1) (F) — (1))
(),

for all r € R and n > 1. This implies that the ring homomorphism preserves binomial
operations. Thus we mean by binomial homomorphism a ring homomorphism between
binomial rings.

Now we give characterizations of binomial rings in terms of homomorphic images.
Proposition 2.8.1. Let R be a binomial ring. Any Z-torsion free homomorphic image

ring K of R is a binomial ring.

Proof. Let ¢ be a ring homomorphism from the binomial ring R onto a Z-torsion free
ring K. To show that K is a binomial ring we need to show that K is closed under
the binomial operations. To see that, pick an element k € K. Since ¢ is onto, we have

@(r) =k for some r € R. By Definition [2.3.4| we have <7’> € R. Therefore
n

()= ()= () ex
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as desired. n

Proposition 2.8.2. Let X be a non-empty set, let R be a ring and let K = map(X, R)
be the set of all maps from X to R. In symbols,

K =map(X,R) ={f|f: X — R}.

Then

1. K is a ring with the usual operations on functions, that is point-wise addition
and multiplication.

2. If R is a binomial ring then K is a binomial ring.

Proof. The first part is obvious. We are going to prove second part. To see that K is
closed under taking binomial operations, let f € K. Since f(z) € R for z € X and R

is a binomial ring,
(- (1) e
n n

()<

On the other hand to show that K is Z-torsion free, suppose that nf = 0 for n € Z
and f € K, f #0. Then nf(z) =0 for all z € X. Since R is a binomial ring, it is
Z-torsion free. This implies that n = 0 as desired. O

for n > 0. This implies that

Definition 2.8.3. The category of binomial rings is the category whose objects are
binomial rings and morphisms are binomial homomorphisms (ring homomorphism be-
tween binomial rings). We denote it by BinfRing and morphisms by Homp;, .

Thus, the category of binomial rings BinfRing is a full subcategory of the category of
commutative rings €Ring.
We know from Definition that A-rings form a category fRing, with A-homomorphisms
as morphisms.
There is a functor Ip;, : BinRing — Ring,, which assigns to a binomial ring the A-ring
with A-operations given by
x
N'(z) =
@ =(?)

and Ip;, sends a ring homomorphism to the same map viewed as a A-homomorphism.
In fact, it is an inclusion functor.

The notion of adjoint functors was first introduced by Kan [36] to compare categories.
He studied the adjunction between the Hom functor and the tensor product functor.
The functor F' is called left adjoint to the functor G and G right adjoint to F' if there
exists a natural bijection

B : Hom(F(—),—) — Hom(—, G(—)).
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In mathematics we usually use isomorphisms as a way to compare objects with each
other. In category theory we use the notion of adjunction between two functors to say
two categories are related.

Definition 2.8.4. An adjunction between categories 2 and B consists of the following.

1. Functors F': 2l — B and G : B8 — 2.

2. A natural transformation € : Iy — GF.

These satisfy the following property. For any A € 2l and B € B and f: A — G(B)
in 2 there exists a unique g : F'(A) — B in B, such that the diagram

GF(A) G, G(B)
€A
f
A

is commutative. Then we call F' the left adjoint of G and G the right adjoint of F
and e the unit of the adjunction.

Example 2.8.5. (In the category of the topological spaces). There is a functor G :
Top — Get taking a topological space to the set of its elements forgetting the topology
and taking a continuous function to the corresponding function between sets. Such a
functor is called a forgetful functor. This is a right adjoint functor to the free functor
F : Get — Top which is the functor giving each set the discrete topology.

Example 2.8.6. Here is a more important example for the work in this thesis (in
the category of commutative rings). There is a forgetful functor G : €Ring — Get,
which takes a commutative ring to the set of its elements forgetting the ring structure
and takes a ring homomorphism to the corresponding function between sets. This is a
right adjoint functor to the free functor F : Get — €Ring taking each set to the free
commutative ring (polynomial ring) generated by this set.

The definition of adjoint functor is useful for getting an axiomatic understanding of
adjunction. But it is useful to consider the adjunction as a natural isomorphism be-
tween Hom-sets. The following is equivalent to Definition Let 2 and B be two
categories. An adjunction from 2 to 9B is a triple (G, F, p) such that

1. F:2— B and G : B — A are functors.
2. There is a bijection p for each pair of objects A € 2 and B € B
p = pa,p: Homy(F(A), B) = Homg(A, G(B))

which is natural in both A and B.
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Have adjunction means that for all f: A — C in 2 and ¢g: B — D in B the following
diagram is commutative

Homes (F(C), B) - Homss(F(A), B) —2+ Homu(F(4), D)

S

Homgy (C, G(B)) —— Homg (A4, G(B)) —— Homgy(A, G(D))

Then F' is a left adjoint functor of G and G is a right adjoint functor of F.

Elliott in [25] defined a right adjoint to inclusion functor Ip;,. The main result of this
section, is to defined a left adjoint Q) to the functor Ip;,.

Before we give the construction of the functor Q), we will require the following from
[57].

Definition 2.8.7. Let R be a A-ring. An ideal I in R is called a A-ideal if
A(a) €1,
forall a € I, and n > 1.

Proposition 2.8.8. [57, Proposition 1.28]/Let R be a A-ring. Then the usual ideal J
in R generated by the set A = {si}ier, is a A-ideal if and only if \"(s;) € J for n>1
and t € T.

Proposition 2.8.9. [57, Proposition 1.27]Let R be a A-ring, and let I be a \-ideal
of R. Then the quotient ring R/I is a \-ring, with X-operations given by

AN'r+1)=X\"(r)+ 1,

foralln>1 and r € R. ]

Let us record the following results before we give the construction of the functor Qj
from the category of A-rings to the category of binomial rings.

Proposition 2.8.10. Let R be a A-ring and let
Sp={*(r)—r: re Randk >1}.

Then the ideal I generated by Sr is a A-ideal in R.

Proof. By Proposition [2.8.8 we need to show that if s € Sg then \"(s) € I for n > 1.
Now let s = ¢*(r) — r for some r € R and some k > 1. Then by Definition m (4),
we have

0=X"(r—r)= > N()N(-r). (2.31)

n=i+j
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Also
N'(s) = X(h(r) = r) = 30 X (04 ¥(-n). (2.32)

n=i+j

Then from (2.32))-(2.31)) we obtain that

X(s) = S0 (NI@R) = ) )M (),

J=0

n

= Z (@bk()\"*j (r)) — )\"*j(r)>)\](—r) by Theorem [2.6.5
=0

This implies that A"(s) € I, as desired. O

We recall from Theorem that a A-ring whose Adams operations all are the iden-
tity is a binomial ring.

Theorem 2.8.11. Let R be a A-ring, let Sg = {¢*(r) —r: forr € R andk > 1} and
let T be the ideal in R generated by Sr. Then the quotient ring R/I is a binomial
TIng.

Proof. First by Proposition I is a A-ideal of R. By Proposition the
quotient ring R/I is a A-ring.
Finally, by Theorem need to show that all the Adams operations in R/I are the
identity. To see that, pick an element 7 + I of R/I for r € R, then ¢*(r) —r € I and
this implies that

PR+ T=r+1.

Therefore
Yr+ 1) =r+1,

as desired. O

We are now in the right position to construct the left adjoint functor to the functor
IBin, which we denote by
Q) : Ring), — BinfRing.

It will be described as follows. For any A-ring R let
Q)\(R) - R/Ia

where

Sp={¢*(r) —r:forr € Randk > 1}

and I is the ideal of R generated by Sr. We know from Proposition that [
is a A-ideal of R and by Theorem [2.8.11) R/I is a binomial ring. Then Q) defines
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a functor from the category of A-rings to the category of binomial rings by taking a
A-homomorphism
fiR—>K

to the induced binomial homomorphism
f:R/I— K/J,

where J is ideal generated by Sx. We get such an induced map since every -
homomorphism is a ring homomorphism and

()< J.
Now we can give the main result of this section, which shows that the functor Q) is
left adjoint to the inclusion functor Ig;, .

Theorem 2.8.12. Let R be a A-ring and let Sgp = {*(r) —7: r € R and k > 1}.
Then the functor Q) from X-rings to binomial Tings is left adjoint to the functor 1g;,
from binomial rings to A-rings: in other words there is a natural bijection,

Hompin(QAR, K) = Homy (R, IpinkK),

for all R € Ring, and K € BinfRing.

Proof. First we define the map
0 : Homy (R, IpinK) — Hompin (QAR, K)

by (0(g))[r] = g(r) for g € Hom) (R, IginK) and r € R. Then to show that 0(g) is well
defined it is sufficient to show that for the ideal I of R generated by Sg, g(I) = 0.
To see this, let a € I. By construction of Sg,

a=> sip(WF(rix) —rip)

ik

for some s; 1, ;1 € R. This implies that,

gla) = Zg(si,k)g(wk(ri,k) —Tik)
ik
= > 9(sie) @ g(rin) — g(rin)) =0,
ik

as K is a binomial ring. Now to see that 6 is injective, suppose that 6(g) = 0(h) for
g,h € Hom) (R, Ip;, K). This implies that (6(g))[r] = (8(h))[r] for all r € R, therefore
g(r) = h(r). Finally we show that 6 is surjective. Let

h e HomBin(Q)\R, K)
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We want to show that h = 6(g) for some g € Hom) (R, Ipi, K). Consider the following
commutative diagram

RII— Ik
m g
R

Using this we can define the free functor . This is left adjoint to the forgetful functor

Here h is a A-ring homomorphism and we define ¢ = honw. As 7 is a A-ring homo-
morphism so is g and 6(g) = h. O

We recall from Theorem that the ring Int(ZX) on a set X of variables is a
binomial ring. Next we show that the ring Int (Z~) is the free binomial ring on the set
X.

Proposition 2.8.13. [25] Let X be a non-empty set of variables and R be a binomial
ring. The free functor Fpi, : Get — BinRing, which takes a set X to the free binomial
ring generated by this set and takes functions between sets to the corresponding ring
homomorphisms is left adjoint to the forgetful functor Gp;, : BinRing — Set which
sends a binomial Ting to its underlying set and takes a ring homomorphism to the
underlying function between sets. This means that there is a natural bijection

Hompi(Int(ZX), R) = Hom(X, R).

In other words, the ring Int(Z~) is the free binomial ring on a set X of variables.

Proof. First we define a map
6 : Homp;, (Int(Z%X), R) — Hom(X, R),

by 0(y)(x) = vy(x) for v € Hompiu(Int(ZX),R) and = € X, that is by restriction.
Then for any g € Hom(X, R), by Definition and Theorem it follows that
the ring homomorphism
§:Q[X] — R®zQ
determined by £(x) = g(x) for each x € X, restricts to a ring homomorphism
£€:Int(z¥) — R
determined by
x— g(z).

This proves that 0 is surjective. Again because ring homomorphisms respect binomial

operations, we have
X\ _ (@)
(1)-1(%)
zeX

for I a multi-index. Therefore the value on any polynomial in the variables in X is
totally determined by ~. Therefore 6 is injective. O
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Now we use Proposition [2.8.13] to describe general binomial rings in relation to the
rings Int(Z~) as homomorphic images.

Theorem 2.8.14. [57] A Z-torsion free ring R is a binomial ring if and only if R is
the homomorphic image of a binomial ring Int(ZX) on a set X of variables.

Proof. First suppose that R is Z-torsion free and there exists a surjective ring homo-
morphism

¢ : Int(Zz*¥) — R.
We know from Theorem m that the ring Int(ZX) is a binomial ring. Then by
Proposition R is a binomial ring.
Conversely suppose that R is a binomial ring. We need to see that there exists a
surjective ring homomorphism

¢ : Int(Z*) — R.
Consider X = {x, : r € R} and the function

f: X —R,

given by
Ty — T

Then by Proposition [2.8.13| we can extend f to the surjective ring homomorphism
¢ : Int(Z*) — R,

determined by ¢(x,) = f(z,) =7. O

§2.9 Localization and completion of binomial rings

The goal of this section is to show that binomial rings are preserved under localization
(Theorem [2.9.5) and completion (Theorem [2.9.20)). We use fact that A-rings are closed
under localization and completion and the point of view of Adams operations on A-rings

Theorem 2.7.11

Applying this result to the binomial ring Z of integers, it will follow that the p-local
integers Z, is a binomial ring and the p-adic integers Zp is also a binomial ring.
Finally more generally we turn our attention to generalizations of the notion of integer-
valued polynomials. In particular the ring of integer-valued polynomials on an integral
domain D with its quotient field F, Int (D). We also show that the ring Int (D) over
a binomial domain D is a binomial ring (Proposition . For more detail on
localization and completion see [51] and [24].
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2.9.1 LOCALIZATION OF BINOMIAL RINGS

First we started by describing localization of commutative rings which is a generalisation
of the idea of constructing a fraction field from an integral domain. We also give some
examples of it.

A multiplicatively closed subset of commutative ring R with unit is a subset S C
R\ {0}, which is closed under multiplication and such that 1 € S. We define a relation
on R x S by

r/s ~ k/tif and only if x(rt — ks) =0,

for some = € S. This is an equivalence relation. Then the localization of R at S is
defined to be the set of equivalence classes of symbols r/s with r € R and s € S. Tt is
denoted by S~'R and it has a ring structure corresponding to the usual addition and
multiplication laws of fractions,

- 13- 2]

-

There is a canonical ring homomorphism s : R — S™!R defined by 6(r) = r/1
for all r € R with

Ker(0g) ={r € R:tr =0 for some t € S}.

Example 2.9.1. Let S = Z\{0} which is a multiplicatively closed subset of the integer
ring Z. Then S~'Z = Q.

Example 2.9.2. Let p be prime. Then S,y = Z\pZ is a multiplicative closed subset
of the integer ring Z. Then the localization Z,) = S~17Z is a ring which is called the
p — local integer ring. This is given by,

L) = {Z ca,b € Z,p{b},
which is a subring of the ring Q.

Before we give the main result of this subsection we will require the following from [57].

Theorem 2.9.3. Let S be a multiplicatively closed subset of a A-ring R without zero-
divisors, and such that ¢¥"™(S) C S for all n > 1. Then the localization S™'R has a
A\-ring structure from the 1 -ring structure on ST'R given by
n(Ty _ ¥"(r)
v"(3) = m
s’ Pn(s)

forallre R, s€ S and n > 1.

Proof. For a proof see [57), p. 74]. O
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We need the following preliminary result for the construction of S™'R as a binomial
ring where R is a binomial ring.

Lemma 2.9.4. Let S be a multiplicative closed subset of the Z-torsion free ring R.
Then the localization S™'R is a Z-torsion free ring.

Proof. Pick an element © € S7IR for r € R and s € S. Suppose that n.t =0 for
n € Z. Then there exists ¢ € S such that tnr = 0. So either n =0 or ¢tr = 0 but if

tr = 0 this implies that
T tr 0
_—= — = — = 0
S ts ts
as desired. O

Here is our main result of this subsection, by applying Theorem to spacial case
shows that the binomial property is preserved by localization.

Theorem 2.9.5. Let S be a multiplicative closed subset of the binomial ring R. Then
the localization S™'R is a binomial ring.

Proof. We know from Proposition that the binomial ring R is a A-ring, whose
Adams operations all are the identity on R. This implies that ¢™(S) C S. Also
by Lemma the ring S™'R is Z-torsion free. Therefore by Theorem the
localization S™!R is a A-ring.

Now to show that S™!'R is a binomial ring it is sufficient to show that all Adams
operations on ST!R are the identity. To see this, pick an element a € S~'R such that
a= 7 for r€ R and s € S. Then

nf(TY _¥t(r) 7
o (5) = i =
as desired. O

Corollary 2.9.6. The localization of the integers Z at a set of primes is a binomial
ring. In particular, the p-local integer ring Z,) s a binomial ring. L]

Proposition 2.9.7. Let R be a binomial ring and let S be a multiplicatively closed
subset of R. Then
f:R— S7'R

18 binomial homomorphism. ]

The following results are consequences of Theorem [2.9.5] First for a prime p, we define
the p-localized integer-valued polynomials by

Int(ZX)(p) = Int(ZX) X7z Z(p)
Proposition 2.9.8. For a prime p, we have
HZY) ) = {f € QIX] | f(Zp)™* € Zp},

where (Zy)™ = Hom(X, Z,)) .
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Proof. First we need to show that the binomial operations take (Z(p))X to Z,). This
is clear by Corollary [2.9.6]

Conversely, suppose f € Q[X] of degree n satisfies f (Z(p))X C Zgy. Then by [57,
Proposition 5.31], f can be written by

- X
fzzrg(t]),
j=0 !

for 7; € Q and J multi-index as in (2.16). To show that r; € Z,, the proof is
analogous to the proof of Theorem O

Corollary 2.9.9. The ring Int(ZX)(p) is a binomial ring. l

Now we turn attention to rings of integer-valued polynomials over a subset of Z,).

Definition 2.9.10. For K C Z,, we say that a polynomial f € Q[X] which satisfies
f(KX) € Zpy for all k € K is an integer-valued polynomial on Z,) over the subset
K, where KX = Hom(X, K), which is the set of functions n as in Definition m
We computing f at any n by replacing each x € X with k¥ € K. Then the condi-
tion f((K*) C (Z,) means that f(n) € Z,). We define the set of all integer-valued
polynomials on Z,) over the subset K as,

Int(KX,Z,) = {f € QX] | f(KX) CZ} (2.35)

This is a subring of Q[X] and it is called the ring of integer-valued polynomials on Z,)
over K on a set X of variables. In particular we have

Int(K1, Zy) = {f(z) € Qlz] : f(K) C Zyy} (2.36)

called the ring of integer-valued polynomials of Z,) over the subset K in one variable
x.

Note that the ring Int(Zé )) is integer-valued on Z,) over Z,, that is

Int(Z(y)) = It (Z{yy, Zp))-

we have inclusion

So for K C Z,),
L[ X] C Int(Z35)) € Int(K™, Z ) € QIX]. (2.37)
Corollary 2.9.11. For K C Z,) the ring Int(KX,Z(p)) is a binomial Ting. O

Next we focus on the generalisation of integer-valued polynomials on an integral domain.
In [I5] the authors consider an ring of integral domain D with quotient field F'. Let

Int(D¥) = {f € F[X]: f(D*) C D},

where DX = Hom(X, D). It can easily be seen that the ring Int (D) is a D-module, it
contains D[X] and it is a subring of F[X]. Therefore we have the following inclusions,

D[X] C Int(D¥) C F[X]. (2.38)
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Definition 2.9.12. A binomial domain is a Z-torsion free commutative integral do-
main D with unit, which is closed under the binomial operations

<d> d(d—1)(d—2)--(d— (n—1))

n n!

)

for every d € D and n > 0, where ((C)l> =1.

We will use Theorem to show that the ring Int (D) for a binomial domain D is
a binomial ring.

Proposition 2.9.13. Let D be a binomial domain with quotient field F. Then the
ring Int(DX) is a binomial ring.

Proof. First by Theorem m F is a binomial ring. It is clear by (2.38)), that Int (DX )
is Z-torsion free. The proof of the other condition of a binomial ring is analogous to
the proof of Theorem O

Corollary 2.9.14. Let S be a multiplicative closed subset of the binomial domain D .
Then the ring S~'Int(DX) is a binomial ring. O

2.9.2 COMPLETION OF BINOMIAL RINGS

First we start with some background on completion of rings. We say that a topological
space (X, 7) is induced by a metric space (X, d) if the open balls in (X, d) form a basis
of the topology 7.

By topological ring we mean a commutative ring R with unit equipped with metric d
on R such that the ring operations on R are continuous regarding the metric topology.

Let R be a ring equipped with a filtration
R:I()DleIQD"'

by ideals I, in R with

o0

(L = {o}.

i=1
Then for fixed e € R, e > 1, we define a metric on R using these ideals by

ek for = #y,

d(z,y) =
0 for z=uy.

where
x—y €l but x —y ¢ Iy
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Example 2.9.15. Fix a prime p, the ring of integers Z with

P> @)D (2.39)

is a topological ring with respect to the metric d : Z x Z — R defined by d(z,y) = 27*
if and only if
z—y =0 (mod p¥) but & — y #Z 0 (mod pF*t)

for a p prime.

Let
RZI()DIlDIQD”'

be a decreasing sequence of ideals in R. A sequence {z;} = {x1,x2, -} of elements
in R converges to x € R with respect to the metric d on R if for all n there exists N
such that x; —x € I, for all i > N. A sequence {z;} is called a Cauchy sequence if
for all n there exists N such that z; —x; € I,, for all 4,5 > N.

Note that in general not every Cauchy sequence converges. We say that the metric d
on R is complete if every Cauchy sequence {z;} converges with respect to the metric
don R.

Definition 2.9.16. For a ring R with metric d, we define the completion of R with
respect to d denoted by Ry;. The elements in R; are represented by the Cauchy
sequences in R. The Cauchy sequence {x,} is equivalent to {z,,} if

d({zn}; {xm})

= lim d(zp,xm)=0.
n,Mm—00

Then the d-completion Ry becomes a topological ring with respect to the ring opera-
tions on equivalence classes in Ry defined by

{zn}) + H{yn}] = {on + yn}]
{zn}]-{yn}] = Hon-yn}l.

There is a ring homomorphism
p:R— Ry

given by
r— [{r,ryry- - 3.

Example 2.9.17. The completion of the ring of integers Z with respect to the descend-
ing ideals (2.39) and metric in Example [2.9.15|is the ring called the p-adic integers,
denoted by Z,.

Proposition 2.9.18. [J, p. 498/ Let R be a ring with a descending sequence
R:I()DleIQD"'
of ideals in R. Then there is a ring isomorphism

Ry = lim R/1I,,.
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Before we give the main result of this subsection we require the following from [57].

Theorem 2.9.19. [57, p- ’7’7]Let d be a metric on a Z-torsion free A\-ring R and let
Adams operations ¥ : Rg — Ry be defined by *({X,}) = {¢*(X,)}. Then the ring

Ry is a \- -ring, where the A-ring structure is induced from the Adams operation on

Ry.

Here is our main result of this subsection, by applying Theorem [2.9.19| to spacial case
shows that the binomial property is preserved by completion.

Theorem 2.9.20. Let d be a metric on a binomial ring R. Then the ring Rd 5 a

binomial ring.

Proof First by definition of binomial ring R is Z-torsion free. This implies that the
ring Ry is also Z-torsion free. We know from Proposition [2.7.5) - that a binomial ring
R is a A-ring in which all Adams operations are the identity on R. Then by Theorem
Ry is a A-ring. Now to show that Ry is a binomial ring it is sufficient to show
that all Adams operations on it are the identity. To see this let {z,} € Ry. Then

P ({zn}) = {¥"(xn)} = {20},
as desired.

Corollary 2.9.21. The ring Zp of p-adic integers is a binomial Ting.



Chapter 3

Binomial ideals of binomial rings

§3.1 Introduction

The main purpose of this chapter is to study some classes of a binomial rings by using
properties of their binomial ideals. We define a binomial ideal to be an ideal of a
binomial ring preserved by binomial operations. In §3.2] we give the definition of a
binomial ideal alongside some examples and proving some properties. The proof that
the quotient ring of a binomial ring by a binomial ideal is also a binomial ring (Theorem
3.3.1)) is given in § By example we show that an ideal generated by a set is not a
binomial ideal in general. In §[3.4] we introduce the notion of a binomial ideal generated
by a set.

In the following sections we study some classes of a binomial rings. In §B3.5 we start
with the notion of a binomially simple ring. We show that the ring of integers is a
binomially simple ring (Proposition . We know from Theoremm7 that Int (ZX)
is a binomial ring and we will see in Example that the ring Int(Z{}) is non-
Noetherian ring. In §3.6] we introduce the notion of a binomially principal ring. We
give the characterization of a binomial ideal in Int(ZX) on set X of variables, we use
it to show that Int(Z{*}) is a binomially principal ring (Theorem . In §3.7
we introduce the notion of a binomially Noetherian ring. In the same way we use
the characterization of the binomial ideals in Int(Z¥) to show that Int(Z{*¥}) is a
binomially Noetherian ring (Theorem . The notion of a binomially filtered ring,
which is a binomial ring equipped with descending sequence of binomial ideals given in
§3.8] We show that the power series ring

T T T
7 .
(1))
is a binomial ring (Proposition [3.8.9)).

43
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§3.2 Binomial ideals

In this section we introduce the concept of a binomial ideal for a binomial ring, with
some examples and prove some basic properties. In the same way that as Lie algebras
have Lie ideals and A-rings have A-ideals, similarly Xantcha gives a short survey of
binomial ideals in [56]. We start with the definition of a binomial ideal of a binomial
ring.

Definition 3.2.1. Let R be a binomial ring. An ideal I of R is called a binomial ideal
if
(“) el
n

Before we look at some theory of binomial ideals, we will examine this concept by
means of several specific examples, which illustrate the definition.

forallae I, n> 1.

Example 3.2.2. In Int (Z{*}), we define the set

I={f(z) e mt(Z¥}) : f(z) = zg(x) for some g(x) € Q[z]}.

First it is clear I is a usual ideal in Int(Z{*}). To see that I is closed under taking
binomial operations, pick an element f(z) € I and an integer n > 1. Then

(o - )
f@)(f(x) = 1)~ (fx) = (n — 1))

n!

_ rgle)(rg(a) =1 (a9(e) (1 =1) o

n!

Thus <£> (z) € I as desired.

A generalisation of the previous example is the following.

Example 3.2.3. Let h(z) € Int(Z{*}), we define the set

Iy = {f(z) € m(ZI™) : f(x) = h(z)g(x) for some g(z) € Qlz]}.
Then Iy, is a binomial ideal in Int (zi=hy.
Example 3.2.4. Let K C Z. Then for a fixed integer k € K, let

I, = {f(z) e mt(K1*™},Z) : f(k)=0}.

Then Ij, is a binomial ideal in Int (K{#} 7).



CHAPTER 3. BINOMIAL IDEALS OF BINOMIAL RINGS 45

In the same way we give examples of binomial ideals in the binomial ring Int(Z%) on
a set X of variables.

Example 3.2.5. Let € X. In Int(Z%) we define the set

I, ={f e nt(ZX): f=uxgfor gec Q[X]}.

Then I, is a binomial ideal in Int (ZX).

Here are some properties of binomial ideals.

Proposition 3.2.6. Let I and J be binomial ideals of a binomial ring R. Then the
product of binomial ideals IJ is also a binomial ideal of R. In particular I™ is a
binomial ideal of R for n > 1.

Proof. First consider an element in IJ of the form ab for a € I and b € J. We must

show that ab € IJ for n > 1. This follows by applying Theorem [2.3.14(2). Now
n

the general element of IJ is a finite-linear combination of the form

Y ={> aby: a; € I,b; € J and m € N}
t=1

Y
Then by applying Theorem [2.3.14{(1), we get that < > is a finite sum of products of
n

the form
<a1b1> <a2b2> <ambm>
b1 p2) "\ Pm /)
C Y .
where p1 + p2 + - - - + P, = n. This implies that <n> € IJ as desired. O

Proposition 3.2.7. Let I and J be binomial ideals of a binomial ring R. Then the
sum of binomial ideals I+ J is also a binomial ideal of R. For a collection of binomial
ideals {Io}aen , the sum is a binomial ideal of R.

Proof. Consider an element in I + J of the form a +b for a € I and b € J. Then

b
we must show that | + > € I +J for n > 1. This follows by applying Theorem
n

2.3.14(1). 0 0

Proposition 3.2.8. Let I and J be binomial ideals of a binomial ring R. Then the
intersection of binomial ideals I N J is also a binomial ideal of R. For a collection of
binomial ideals Nyl , is a binomial ideal of R. L]

Proposition 3.2.9. Let R and K be binomial rings and let f : R — K be a binomial
homomorphism. Then the kernel of f is a binomial ideal in R.



46

Proof. Let I = Ker(f). First it is clear that I is an ideal in R. To see that I is
closed under taking binomial operations, pick an element a € I. Since f is a binomial

homomorphism, we have
G -()- () o

for all n > 1. This implies that
<a> I
n

as desired. O

Next will study the relation between the binomial ideals of a binomial ring R and the
binomial ideals of its localization S™'R where S is a multiplicative closed subset of R.
We will follow the same argument as shows that the localization S~'R is a binomial
ring (Theorem [2.9.5)), to see that S~!I is a binomial ideal of S~!R for a binomial ideal
I of R.

Proposition 3.2.10. Let I be a binomial ideal of a binomial ring R and let S be a
multiplicative closed subset of R. Then S~'I is a binomial ideal of the binomial ring

STIR. Actually every binomial ideal of S™'R is the extension of a binomial ideal of
R.

Proof. Our proof is an adaptation of Theorem [2.9.5] with modification done for satis-
fying the condition of Theorem m First by Lemma ST is Z-torsion free.
To see that S~'I is closed under taking binomial operations, we will show that S~1I
satisfies the condition of Theorem 2.6.10. Now

a a\? a aP
S S s &P

sP(a — aP) + aP(sP — s)
$p+1 ’

forae I, s€ S and p prime. Since a? —a and sP — s € pR, it follows that
aP(sP — s) € pI and s”(a — da?) € pl.

Therefore

p
e <a> lies in pS~!1.

s S

Now by applying Theorem we obtain a A-structure on S~'I induced from that
on R. Finally by Theorem [2.7.1] it is sufficient to show that all Adams operations on
ST are the identity. This is clear because I is a binomial ideal of R.

For the proof of the extension property, let J be a binomial ideal of S™'R and let
I = JN R. Then by Proposition [3.2.§ I is a binomial ideal of R. And as for usual
ideals, we have J = S~!1. O
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§3.3 Quotient binomial rings

In the same way that a ring R can be factored by an ideal I to build a new ring R/I
which is known as the quotient ring, we consider binomial ideals of binomial rings and
their corresponding quotient rings to build new binomial rings R/I (Theorem [3.3.1]).
This will lead us to some interesting theoretical results in this chapter and the next
chapters.

We begin with the main result of this section, which says that the quotient ring R/I
of a binomial ring R by a binomial ideal I of R is a binomial ring.

Theorem 3.3.1. If I is a binomial ideal of the binomial ring R, then the quotient
ring R/I is a binomial ring.

To give the proof of Theorem we need the following useful results. We begin with
the Z-torsion free property in the quotient ring R/I.

Proposition 3.3.2. Let R be a binomial ring, and let I be a binomial ideal of R.
Then the quotient ring R/I is Z-torsion free.

Proof. Consider an element r + I in R/I for r € R. If m(r +I) = 0+ I for some
m € Z, m # 0, it follows that mr € I. We choose n = |m| with n € Z such that
n! =m.m with m € Z, m # 0. Then nlr € I. We want to show that

r+1=1,

equivalently r € I. Since nlr € I and [ is a binomial ideal of R, by Definition
|
(n.r) el
n

(n!r) nlr(nlr — 1)(nlr — 2)--- (nlr — (n — 1))
n!
= r(nlr—=1)(nlr —=2)---(nlr — (n —1)).

Now

Thus

n

|
(=) Yn—1)lr= <RT> —nlr-x,
for some x € R. Since nlr.x € I, it follows that
(n—1Dlrel.

Then from (n — 1)lr € I in the same way as above by takeing n > |m|, we obtain
(n —2)lr € I and so on. This implies that r € I as desired. O

Next we will show that the binomial operations on the quotient ring R/I are well
defined.
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Remark 3.3.3. For a binomial ring R and a binomial ideal I of R, the binomial oper-
ations on the quotient ring R/I by multiplication operation structure on the quotient

ring are given by
<T I) = (r) +1, (3.1)
n n

Theorem 3.3.4. Let R be a binomial ring and let I be a binomial ideal of R. Then
the binomial structure on the quotient ring R/1 given in is well defined.

for r€¢ R and n > 1.

Proof. Let r+ I and k + I be two elements of R/I for r,k € R such that

(-0
(o) rr= ()
()-()er

In Theorem [2.3.14(1), let a =7 —k and b= k. We have

SR I 1)

n=p+q

- ()+2(00E)

p=1

() (=2 0905) 52

p=1

We need to show that

equivalently

This is equivalent to proving

Thus

Since r — k € I and [ is a binomial ideal, by Definition

(1) e

for all p > 1. Then the right hand side of (3.2]) is in I. So the left hand side is too.

Therefore
<r> <k>
— cl
n n

as desired. ]
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If R is a binomial ring and I is an ideal of R, then the quotient ring R/I is not a
binomial ring in general. The example below illustrates that.

Example 3.3.5. The ring of integers Z is a binomial ring, and 27 is an ideal in Z
generated by 2 but not a binomial ideal of Z. Let n € Z and assume n is odd. Then
2n € 27, but, for example

(22"> - 2"(27;_1) = n(2n —1) ¢ 2Z.

So 27 is not a binomial ideal. Also, the quotient ring 7Z/27Z is not a binomial ring
because it is not Z-torsion free.It is true for all ideals mZ of Z by

m
=1.
(vz)
We are now in the right position to give the proof of Theorem [3.3.1]

Proof. {Theorem [3.3.1]} First by Proposition R/I is Z-torsion free.
In Theorem [3.3.4] we checked that R/I is closed under taking binomial operations.
This implies that R/I is a binomial ring. O

Proposition 3.3.6. Let I be a binomial ideal in a binomial ring R. Then for any
binomial ideal J of R the quotient J/I is a binomial ideal of the binomial ring R/I.

Proof. First by Proposition J/I is Z-torsion free. To see that J/I is closed
under taking binomial operations, pick an element a + I € J/I for a € J and let

n > 1. We want to show that
I
<a+ > e J/I.
n

(a—;]) = <Z> rIeJ/l,

as desired. O

Since J is binomial ideal,

Proposition 3.3.7. Let I be an ideal in the ring R. If I and the quotient ring R/I
are both Z-torsion free, then R is also Z-torsion free.

Proof. Consider r € R with r # 0 and suppose that nr = 0 for some n € Z. So
n(r+1)=1,

that is n[r] = 0 in R/I. Since by hypothesis R/I is Z-torsion free, if [r] # 0, this
implies n = 0.

On the other hand, if [r] = 0, we have r € I and nr = 0. But, since also by hypothesis
1 is Z-torsion free this also implies n = 0 as required. ]
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Proposition 3.3.8. Let I be an ideal in the commutative ring R. If I and the quotient
ring R/1 are both closed under binomial operation, then R is also closed under binomial
operation.

Proof. Let r € R. Then r+ I € R/I. By our hypothesis that I is closed under
binomial operations, by (3.1]),
I
(0)-0)+r
n n

Holds in R/I. This implies that (7’) € R. O
n

Proposition 3.3.9. If I is a binomial ideal of the binomial ring R, then the quotient
map

¢:R— R/I

s a binomial homomorphism. ]

§ 3.4 Principal binomial ideals

We know by Example that in a binomial ring the (usual) ideal generated by a set
is not a binomial ideal in general. The aim of this section is to introduce the notion
of the binomial ideal generated by a set X. We employ the symbol ((X)) to denote
the binomial ideal generated by a set X . In addition we employ the symbol ((a)) to
denote the principal binomial ideal generated by an element a. This will be used in
the coming sections when some classes of binomial rings are presented.

Later the relation between ((X)), where X is a finite set and a usual ideal is described
(Proposition [3.4.6). At the end of the section, some examples of binomial rings arising
from such binomial ideals in Int (Z{*}) are given (Theorem [3.4.14)).

A wusual ideal in a ring R is often characterized by a set of generators. To examine

whether an ideal J is a binomial ideal in the binomial ring R, we should check whether

the ideal J is closed under the binomial operations for an element in the generator set.

Proposition 3.4.1. Let R be a binomial ring. Then the usual ideal J in R generated

by the set A = {a;}ier is a binomial ideal if and only if (al) €J foraliel and
n

n>1.

Proof. The only if part follows from Definition For the other direction, consider
an element of J of the form ra; for r € R, a; € A and i € I. We must show that

<Tai> e
n
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for n > 1. This holds by applying Theorem [2.3.14)2). Now a general element of J is

of the form
m
Yy = Z rtait.
t=1

) € J for n > 1. By applying Theorem [2.3.14(1), we get

Y

We need to show that (
n

that (y) is a finite sum of products of the form

n
(Tlall> <’r2a/12) o (rmalm>
p1 b2 Pm ’
Yy

where p1 + p2 + - - - + P, = n. This implies that <
n

> € J as required. O

Next we will give a description of a binomial ideal of a binomial ring in terms of a gen-
erator set. Later we apply this result to present a characterization of binomial ideals
of binomial rings on a set of generators.

Proposition 3.4.2. Let R be a binomial ring and let x; € R for i = 1,2,...,k.

Consider the set A = {(m,) :m > 1andi=1,2,...k } Then the ideal I
m

generated by A is a binomial ideal in R.

Proof. First a general element in I is a linear combination

=2 3e(7)

i=1 m=1

with coefficients r;,, in R. To show that I is a binomial ideal, by Proposition |3.4.1]it

Y
is sufficient to show that <

) € I for n > 1. By applying Theorem [2.3.14(1) we get
n

Y
that ( ) is a finite sum of products of the form
n

() ()

where p; + p2 + -+ - + p = n. By Proposition 2.7.§|

(5) =t () (3) G

where the constant term of P, ,,, is zero, so this is a finite sum of terms, each one

containing a factor
T;
°) el,
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Ps
Tig Y
(TS (ms)) € I. Consequently < > € I as desired. o
n

Tig
for various s and k. So (ms)> lies in I as well. Therefore by Theorem [2.3.14(2),

Ps

A usual ideal in a ring R often comes with a set of generators. We denoted by (X)
the ideal generated by X for X C R.

Example 3.4.3. In Int (Z{*}), let I = (w). So w € I, but
w\ ww-1) 1
(w=1)

because ““7 is not an element of Int (Z{*}). So I is not a binomial ideal in Int (Z{*}).

We have seen in Example that a principal ideal I in a binomial ring is not a
binomial ideal in general. Hence, we introduce the notion of a binomial ideal generated
by a set.

Definition 3.4.4. Let R be a binomial ring. We mean by the binomial ideal in R
generated by the set X for X C R, the intersection of all binomial ideals in R containing
X. We denote it by ((X)).

Definition 3.4.5. Let R be a binomial ring. We mean by principal binomial ideal in
R, a binomial ideal I = ((a)) generated by a for some element a € R.

Here is the main result of this section, which is partially motivated by our main result
in the next sections, when we show that the binomial ring Int (Z{*}) is a binomially
principal ring (Theorem [3.6.13)).

Proposition 3.4.6. Let R be a binomial ring and let

1= <{(xz) : leandizl,Q,...,n}),
m

for z; € R. Then I is the binomial ideal of R generated by {x1,z2,...,2n}.

Proof. First by Proposition I is a binomial ideal. Since z1,x2, -+ ,x, € I, by
Definition this implies that

((x1,22,...,2p)) C 1.

On the other hand, by Definition [3.2.1] we have

(xz> € (1,22, ..., 1)),

m

foralm>1,i=1,2,...,n. Since ((z1,22,...,2y)) is also an ideal in R, this implies
that
IC ((x1,22,...,2,)).
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Proposition 3.4.7. Let R and K be binomial rings and let ¢ be a binomial homo-
morphism from R onto K. Then

4,0((7“1, 72, ,Tn)) = ((@(T1)7 SD(TQ)v T ,go(rn))).

for ri,ro, - ;rp € R.

Proof. By Proposition we have

(1,72, ..., 70)) = <{<;> : z‘:1,.--,nandmz1} .

)
go(((rl,rg,...,rn))> = w({(;) :izl,...,n@ndméN})
= ({elz) =1 manamen)

since ¢ is onto

- ({(0) = rmamamen)

since ¢ is a binomial homomorphism

((p(r1),(r2), ..., ¢(rn))) by Proposition [3.4.6]

Then

O]

Proposition 3.4.8. Let R and K be binomial rings, let ¢ be a binomial homomor-
phism from R onto K and let I be a binomial ideal in K. Then ¢~ '(I) is a binomial
ideal in R.

Proof. First it is standard that ¢~1(I) is an ideal in R. Now to see that ¢ ~1(I) is a
binomial ideal in R, we need to show that ¢~!(I) is closed under binomial operations.
To see that, pick an element a € ¢~ !(I). Then ¢(a) € I. By our hypothesis it follows

that (Lp(a)) € I for n > 1. Since

(") =+(())
this implies that (Z) € o 1(I). O

Next we present examples of the integer-valued polynomial ring Int (Z{*}) quotiented
by various binomial ideals. First we recall from Theorem that the quotient ring
R/I of the binomial ring R, factored by a binomial ideal I in R is a binomial ring.
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Example 3.4.9. In Int (Z{*}) we have a binomial isomorphism
Int(z{})
((n))

(1) =1 (.

We recall a Z-module basis of the ring Int(Z{*}) from Theorem We can write
Int (Z{7}) in the form

[as

for each n > 1, since

finite
mt(Z) =4 Y (f) ca, €7

>0

In order to prove the main result of this section, the following needs to presented.
We begin with a formula for the multiplication of elements in Int (Z{#}).

Proposition 3.4.10. [f7, p. 15]/The multiplication of general elements in Int(Z{x}) ]

0<j<m

for a;,b; € Z and i,5 > 0.
Proof. First we have

(Z0) (o) - Z 0 ()0)

0<j<m

by Proposition [2.3.14(3)

g ERIGSTH)

0<j<m

- 52w ((2))0)

0<j<m

For example, the coefficient of <§> is
agba 4 asby + 2a1b1 + 2a1b2 + 2a2b1 + agbs.

Also we need to define a non-standard multiplication operation on the abelian group
Z™ for n > 2, in order to identify certain quotient binomial rings of Int (Z{x} ).
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Definition 3.4.11. We define the operation * on the abelian group Z®" for n > 2,
by
(ao, ai, ... ,anfl) * (bo, bl, ey bnfl) = (ko, ]ﬁ, ey knfl),

ke = (0;71%1)].(7;) (mj Z>> (3.3)

where

for0<m<n-1.

Proposition 3.4.12. The set (Z%",+,%) is a commutative ring with multiplicative
identity (1,0,0,---).

To prove Proposition [3.4.12] we need to present the following result.

Lemma 3.4.13. For i,j,k,t,l > 0, we have the following equality of binomial coeffi-

OO SO0
()G = ZOMIEIE) v mompssy

SSO((0)
- 5 OCZOCE)0)

oo ()(())) -2 02 YO )C) o

x
polynomial multiplication is associative, this implies by equating coefficients of ( )
S

on the bases, we obtain

2O -20I0M)
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Proof. {Proposition |3.4.12]} Clearly Z%" is an abelian group under usual addition with
additive zero (0,0,...,0). It is easy to check that multiplication distributes over ad-
dition and that multiplication is commutative. So the only property of a ring we need to

prove is the associativity of x. To see this, pick elements (ag, a1, ,an—1),(bo, b1, ,bn—1)
and (cp,c1,-++ ,cn_1) in Z®™ for a;,b; and ¢; € Z. Then
((a’(h at, ..., an—1)*(bo, b1, ... abn71>)*(007 €1y Cn1) = (50,81, ..,80-1)%(co,C1, ..., Cn1)

where s, is as in (3.4). Then let

An = (80781, .. .,Sn_l) * (Co,cl, .. .,Cn_l)

) Oﬁ%:gn e (77;) <nT k>’ by (3.4
0<hon 05 T> (mz—))%(:z) (nnjk)
= S X (MG

0<i<n n—k<m<i+j
0<j<n ij<m<n
0<k<n

0<k<n
= E ( E aibj (
0<m<n \ 0<i<n

On the other hand:
(CLO, a, - 7an—1)* (bO) b17 ceey bn_l)*(CO,Cl, e ,Cn—1)> - (CLO, ai,... )an—l)*(l07 l17 ... 7ln—1)

where [,;, is as in (3.3)). Then let

Bn - (a()valv"'aanfl)* (l()all’"wlnfl)

= ¥ aizm<”)( m.>,by (33)
05ien m/)\n—1

0<m<n
m k n m
= 2 Zoee(D5) G
0<i<n 0<5<n
0<m<n 0<k<n
m k n m
= e 3 (050
0<i<n n—i<m<j+k
0<j<n J,k<m<n
0<k<n
Then by Lemma [3.4.13| we obtain A, = B,. ]

Now we fix n > 1. In Int (Z{#}), let T= (((£)))- So I is the binomial ideal in Int (zi=h)

x
n
x
generated by < > and the quotient ring
n

Int(Z})
((G)))

is a binomial ring by Theorem [3.3.1
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Theorem 3.4.14. Fiz n > 1. In Int(Z1*}), let T = (((33))) Then we have an
n

isomorphism of binomial rings

Int(Z1#})
()

which comes from a surjective binomial homomorphism

= (2", +, %)

e : Int(Z47) — 78,

given by
finite
x
> ai(@.) — (ao, a1, -, an—1)
i>0
for a; € Z.

Before we give the proof of Theorem the following preliminary result is needed.

Lemma 3.4.15. Fiz m > 1. In Int(Z1*}) the binomial ideal I = (((

x
all binomial operations ( ) forn>m.
n

Proof. Let n > m. Then

n!

<x> o —1)(z—2) - (x—(n—1))

z(xz—-1D)(z—-2)-(x—(m—-1)) (x—m)(x—(m+1))---

v > )) contains

m

(z—(n—1))

m!

- ()

Since f(x) € Z[z] C Int(Z{*}) and

)= (e

by Proposition this implies that
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Proof. {Proof of Theorem [3.4.14]} First it is clear e is additive and preserves the addi-
tive zero (0,0,---,0). To show that e is multiplicative observe that,

finite finite
x X X X
i bl . ko + k k .
(S ()5 u0)) = lormmn(s)erma(,2)

- (kzg,kl,kg, N .,kn_l) ki as in Definition [3.4.11

= (ag,a1,a2, -, an—1)* (bo,b1,b2, -+ ,bp_1)
finite finite

= 6( Z al<x)> *6( Z b@(:n))
>0 v >0 v

It is clear that € preserves the multiplicative identity.
Next to see that e is surjective, let (ag,a1,as,--+ ,an_1) € Z®" for a; € Z.

Then
(ag, a1, a9, an-1) = €<a0—l-a1 (f) +a2<:20> —|—...—|—an1<nfl>).

So € is surjective. Finally with reference to the first isomorphism theorem, we need to

show that
wer(e) = (7))

n

We have

finite
Ker(e) = { Z ai<x,> : aozalz---:an_lzo,aZ-EZ}
, 7

>0

By Lemma [3.4.15

SO

In the other direction, by Proposition Ker(e€) is a binomial ideal and Ker(¢)
x) . Therefore

contains
n

as desired. ]
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§ 3.5 Binomially simple rings

The main purpose of this section and coming sections is to characterize binomial rings
by the properties of their binomial ideals. We begin with a section on the notion of
binomially simple ring, which is a binomial ring which has no non-trivial binomial ideal.

We show that the ring Z of integers is a binomially simple ring (Proposition [3.5.2)
In the same way we show that the p-local ring Z, is also a binomially simple ring

(Proposition [3.5.3)).

Definition 3.5.1. A non-trivial binomial ring R is called a binomially simple ring if
R and 0 are the only binomial ideals in R.

Proposition 3.5.2. The binomial ring Z of integers is a binomially simple ring.

Proof. All usual ideals in the ring Z are principal ideals of the form I = (n) for n € Z.

Since, (n) =1 and for n > 1, <n> = 1. Then [ is a binomial ideal only for n = 0
n n

and n = 1. This implies that Z has only trivial binomial ideals of the form 0 = ((0))

and Z = ((1)). O

Proposition 3.5.3. The ring Z,) of p-local integers is a binomially simple ring.

Proof. All non-zero usual ideals in the ring Z, are principal ideals of the form I = (p")
for n € Z. In the same way as the previous example we have,

(p ) =1.

pn

So (p") is a binomial ideal only for n = 0. This implies that Z,) has only trivial
binomial ideals of the form 0 = ((0)) and Z, = ((1)). O

Proposition 3.5.4. Let R be a binomially simple ring. Then any Z-torsion free
homomorphic image ring K of R is a binomially simple ring.

Proof. Let ¢ : R — K be a ring homomorphism of a binomially simple ring R onto
a Z-torsion free ring K. Then by Proposition K is a binomial ring. Now to
see K is a binomially simple ring, consider a binomial ideal I of K. Then ¢~!(I) by
Proposition is a binomial ideal of R. So by our hypothesis ¢~1(I) = ((0)) or
o Y(I) = R. Thus ©((0)) =1 or p((R)) = I. Consequently

I=((0)orl =K,
as desired. n

Proposition 3.5.5. If R is a binomially simple ring and S is any multiplicatively
closed subset of R then the localization S™'R is a binomially simple ring.
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Proof. By Theorem S~ R is a binomial ring and we know from Proposition [3.2.10)
that every binomial ideal in S™!'R is an extended binomial ideal in R. Then let I be
a binomial ideal in S~'R and let

Jz{aER:%EIforsES}. (3.5)

Then J is a binomial ideal in R. Thus by our hypothesis J = ((0)) or J = R.
Consequently
I=(0)orI=S"'R

§3.6 Binomially principal rings

The aim of this section is to introduce another class of binomial rings characterized
by properties of their binomial ideals which is called the class of binomially principal
rings. For the first step to the main result of this section, a characterization of the
binomial ideals in Int(Z{*}) is given (Theorem [3.6.9). As a main result of this section
we use this and the fact that the ring Q[z] is a principal ideal domain to show that the
binomial ring Int(Z{}) is a binomially principal ring (Theorem . By the same
argument we show that for K C Z the ring Int(K1*} Z) is also a binomially principal
ring (Theorem . We end this section by giving a bijection between the set of all
binomial ideals in Int(Z{*}) and usual ideals in the ring Q[z] (Theorem .

An important type of ring is a principal ideal domain in which all ideals are principal
ideals. Similarly here we shall introduce the notion of a binomially principal ring in
which all binomial ideals are binomially principal ideals.

Definition 3.6.1. A binomial ring R is said to be a binomially principal ring if every
binomial ideal I in R is a principal binomial ideal (see Definition [3.4.5)).

Obviously, every binomially simple ring is a binomially principal ring. So the ring of
integers Z and the p-local integers ring Z,) are both binomially principal rings.

The following properties hold in any binomially principal ring.

Proposition 3.6.2. Let R be a binomially principal ring. Then any Z-torsion free
homomorphic image ring K of R is a binomially principal ring.

Proof. Let ¢ : R — K be a ring homomorphism of a binomially principal ring R onto
a Z-torsion free ring K. Then by Proposition K is a binomial ring. Now to
see K is a binomially principal ring, we consider a binomial ideal I of K. Then by
Proposition o Y(I) is a binomial ideal of R and by hypothesis ¢~ '(I) = ((a))
for some a € R. Thus ¢((a)) = I. By Proposition ((p(a))) = ¢((a)). So this
implies that

as desired. ]
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Corollary 3.6.3. Let R be a binomially principal ring. If I is a binomial ideal of R,
then the quotient ring R/I is a binomially principal ring. ]

Proposition 3.6.4. If R is a binomially principal ring and S is any multiplicatively
closed subset of R then the localization S™'R is a binomially principal ring.

Proof. By Theorem S~1R is a binomial ring and we know from Proposition [3.2.10
that every binomial ideal in S™!'R is an extended binomial ideal in R. Then let I be

a binomial ideal in S~!R and let

J={a€R : %EIforsGS}.

Then J is a binomial ideal in R and I = S~!J. Thus by hypothesis J = ((r)) for

r € R. We claim that I = ((§)). First the inclusion ((7)) € I is clear. Now to

(
establish the inclusion I C ((})), pick an element % €l for ke J and s € S. By

hypothesis
finite
r
=3 (;)
; i

for r, € R. So

This implies that

O]

From Proposition [2.9.13] we know that the ring Int(D{#}) for D a binomial integral
domain is a binomial ring. One way to study usual ideals in the ring Int (D{*}) is by
taking the set

I(a) ={f(a): f(x) €T}, (3.6)

where a € D and I is an ideal in Int (D%*}), this is an ideal in D. We call it the value
ideal of I at a, see [13].

Next we will discuss the value ideals of a binomial domain D in terms of binomial
ideals in Int (D{#}). We call it the binomial value ideal of J at a.

Proposition 3.6.5. Let D be a binomial domain with quotient field F' and let J be a
binomial ideal in Int(D*}). Then the set

J(a) = {f(a): f(x) € J},

for a € D is a binomial ideal in D.
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Proof. First it is clear J(a) is an ideal in D. To see that J(a) is a binomial ideal in
D, consider f(a) € J(a). So f(x) € J. By hypothesis J is a binomial ideal. So we

have
() e
n
for n > 1. Therefore

<f(iv)>(a) _ fla)(fla)=1)...(f(e) = (n = 1))

n n!
= <f§1a)> € J(a).

O]

It well known that every ideal in Int(D{x}) cannot be characterized by using value
ideals in D. For example every ideal in Int (Z{*}) cannot characterized by using value
ideals in Z, see [39].

There is one question arising, is it possible to characterize all binomial ideals in Int (D{x})
in terms of their binomial value ideals in D. The answer is no. Later we will explain
that by Example|3.6.10

To answer the above question and as a first step to give the main result of this section
Theorem [3.6.13) we will give a characterization of binomial ideals of Int (Z{*}) in terms
of polynomials in Q[z]. Consider,

I = JnInt(z#h), (3.7)

where J is an ideal in Q[z]. In Theorem we will show that all binomial ideals
in Int(Z*}) are of this form and by Example we see that all usual ideals in
Int (Z{#}) are not of this form.

Proposition 3.6.6. Let J be an ideal in Q[z] and let I = J N Int(Z1*}). Then T is
a binomial ideal in Int(Z{*}).

Proof. First it is easy to see that I is a usual ideal in Int(Z{*}). To see that I is a
binomial ideal in Int (Z{*}), we need to show that I is closed under binomial operations.
To see that, let f(x) € I and n > 1. Then

<f(w)) _ @U@ -1 (fz) - (n-1))

n n!

(f(fff)—l)-"(f(:ﬂ)—(n—l))) cJ

n!

because
(fx)=1)---(f(x) —(n—1))

n!

€ Qx],
and J is an ideal in Q[z]. Clearly,

(f f?) € Int(Z{).
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(fnx)) el

as desired. O

Thus

Example 3.6.7. This example is given to show that every ideal in Int (Z{#}) is not of

the form in (3.7)). Let
<3:(1: —1)(z— 2))
1= 5 ,

an ideal in Int (Z{}).
Suppose that
I = JNnInt(z#h),

for some ideal J in Qlx].

Since
z(x —1)(z — 2) EEJ
2 3 ’
we have
:L’(.I — 12;(37 - 2) _ (g) e Jn Int(Z{x})_
But
z(x —1)(z —2) g1

Example 3.6.8. This example is given to illustrate that if I = ((df(x))) a binomial
ideal in Int(Z{*}) for d € Z, then f(x) € I. So I = ((f(x))), which is a particular
case of the our result already proved in Proposition |3.3.2l Here we give a particular
calculation to illustrate this.

Let I =((3(3))) in Int (Z4*}). We will show that (3) 1.

Now

2.3 <§> =a(z—1)(z—2) el

Since I is a binomial ideal, by Definition

(m - 1?2(95 - 2)) .

Now
(z(a: B 1;(33 B 2)> = (g) (w(x —1)(z—-2)— 1) (x(a: —1)(z—-2)— 2>, (3.8)
and on the other hand

(m(x 1)z — 2)) (x(x 1)z —2) - 3) (g) el (3.9)
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Then from (3.8]) — (3.9) we get

o(5) e e2(0) - ()

Next we are going to show that actually all binomial ideals in Int (Z{*}) can be char-
acterized by usual ideals in Q[z] in the form ({3.7)).

So

Theorem 3.6.9. If I is a binomial ideal of Int(Z{}), then I = J N Int(Z4%}), for the
ideal J =1® Q in Q|x].

Proof. The plan to prove the theorem is to start by letting J = I ® Q. Then we are
going to show that J is an ideal in Q[z]. To see that, let f(x) € J and g(z) € Q[z].
We need to show that f(x)g(x) € J. We can write f(z) as

flz) = f(dSU) for f(z) € I and d € Z\{0}.
Also,

f(x)g(x) = ==

= f(w)g(a:)@d%eleza@:l

Thus J is an ideal in Q[z]. Next we are going to show that
I =JnInt(zh.

The inclusion
I C JnInt(z=h

is clear. To establish the inclusion
JNnInt(z#h C 1,

let f(z) € JNInt(Z1*}). Then, )
fla) = 9

for f(x) € I and some d € Z\{0}. But I is a binomial ideal, and we know that
df (x) € I with f(z) € Int(Z{#}). Since by Proposition the binomial quotient ring
is Z-torsion free as in Example this implies that f(z) € I. O
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Example 3.6.10. We give this example to show that binomial ideals in Int(D{#})
cannot be characterized using binomial value ideals in D. For this purpose we consider
the ring Int(Z{*}). We know from Proposition that the ring Z of integers is a
binomially simple ring. Therefore all binomial ideals in Int (Z{*}) characterized in the
form it cannot be characterized by using binomial value ideals.

Theorem 3.6.11. If I is a binomial ideal of Int(ZX), for a set X of variables, then
I =Jn Iny(Z%)

for the ideal J =1® Q in Q[X].
Proof. The proof is analogous to the proof of Theorem [3.6.9} O

We know from Theorem [2.4.11} that for K C Z the ring Int (K*,Z) on a set X of
variables is a binomial ring.

Theorem 3.6.12. If I is a binomial ideal in Int(K~,7Z), for a finite set X of variables,
then
I=JnInt(K*,27)

for the ideal J =1® Q in Q[X].
Proof. The proof is analogous to the proof of Theorem [3.6.9 O

Now we are in the right position to state the main result of this section, which shows
that the binomial ring Int (Z{}) is a binomially principal ring.

Theorem 3.6.13. The binomial ring Int(Z{x}) 18 a binomially principal ring.

Proof. Let I be a binomial ideal in Int(Z{*}). We need to show that I is a principal
binomial ideal. Since Q[z] is a principal ideal domain, any ideal J in Q[z] is of the
form

J = (f(z)) for some f(x) € Q[z].
Hence, by Theorem we can write I in the form

I =JNnInt(Z1) = (f(x)) N Int(ZE.
Now choose minimal n € N such that
nf(z) € Int(z).
Let g(z) = nf(z). So
J = (g(z)) and I = (g(z)) NInt(Z{}).

Finally we claim that I = ((g(z))). First by hypothesis I is a binomial ideal of
Int (Z{*}) and I contains g(zx). So by Definition

((9(x))) € I.
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To establish the inclusion I C ((g(z))), suppose that

I'Z ((9(2)))-

So, there exists another generator polynomial h(z) € Int(Z{"}) such that

((g(x), h(x))) € T and ((9(z), h(x))) £ ((9(x)))-
This implies that g(z),h(x) € J. So

So,
() = o) 22 € (),

(nd)h(x) = g(x).a(z) € Int(Z).
Then (nd)h(z) is in the usual ideal in Int(Z{*}) generated by g(x). Therefore by

Definition 3.2.7]
(nd)h(z) € ((9(2)))-
Consequently by Proposition
h(z) € ((9(x)))-
So we have a contradiction and thus I = ((g(z))). O

Remark 3.6.14. The proof of Theorem shows that if J is an ideal in Q[z]
generated by f(z), for some f(x) € Q[z], where g(z) = nf(z) for minimal n € N such
that nf(z) € Int(Z{*}), then the principal binomial ideal ((g(z))) in Int(Z{#}), can be
written in the form

((9(2))) = (f(x)) N Int(Z1),

Since Int(Z{#}) is integer-valued over Z, we obtain the following for K C 7Z:

Z[z] C Int(Z, Z*}) = Int(Z4h) ¢ Int(K1*}, Z) € Q[z]. (3.10)
This leads to the generalization of Theorem [3.6.13
Theorem 3.6.15. For every K C Z, the binomial ring Int(K1*} Z) is a binomially
principal ring.
Proof. First by Theorem we can write every binomial ideal I in Int (K%} Z) as

I =JnInt(K 7),

for some ideal J in Q[z]. The rest of the proof is analogous to the proof of Theorem

B.6.13 O
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Proposition 3.6.16. Fvery binomial principal ideal domain R is a binomially prin-
cipal ring.

Proof. 1t is clear since every binomial ideal in R is an ideal in R. O

The converse of Proposition [3.6.16|is not true in general.

Example 3.6.17. The ring Int (Z{m}) is an example of a binomially principal ring
which is not a principal ideal domain. By Theorem [3.6.13] it is binomially principal
ring. To see that Int(Z{*}) is not a principal ideal domain, we will see that Int(Z{*})

contains an ideal which is not principal. First we recall from Theorem [2.4.6| that
n

for all n > 0 is a Z-module basis of Int (Z{*}). So we can write Int (Z%*}) in the form

Int(Z1*) = {zn:ai <f> :a; €EZandn € N}.

1=0

Let p be a prime. Then the ideal <{ <x> forl <m< p}) does not contain <$>
m p

This can be seen from the formula for

<:%> (g “ <j>) (3.11)

when written in the term of the basis given in Proposition [3.4.10] The coefficient of

(;) is given by
Zn:ai (i) <p”ji>. (3.12)

=0

Then (p is divisible by p for 1 < m < p. So the coefficient of “) isa multiple of
m p

p. This implies that <m> is not in the ideal ({ <m> forl1 <m < p}) Now to
p m

show that Int (Z{m}) is not a principal ideal domain, we consider the ideal (<§>’ (g) ).

Let f(z) € Int(Z{#}) such that

Since (2) € (f(z)), there exist g(z) € Int(Z{*}) such that f(x)g(z) = (g) So

deg(f) < 2. Also, f(x),g(x) have not constant term because <§> does not. So
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f(z)=a (f) + a9 <§>, for some aq,as € Z. Then

o= ({2 =)

So by above <§) ¢ (f(x)). So the ideal ((;), (§>> is not principal in Int(Z{#}).

Therefore Int (Z{*}) is not a principal ideal domain.

In the next section the ring Int (Z{x’y}) on two variables z,y will be our object of study
when we introduce the notion of binomially Noetherian ring. First recall from Theorem
that the ring Int (ZX) on a set X of variables is a binomial ring.

Example 3.6.18. The ring Int (Z{Ly}) on two variables is not a binomially principal
ring. Consider the binomial ideal ((x,)) in Int(Z{*¥}). Since (x,y) is not a principal
ideal of Z[z,y], it is clear ((x,y)) is not a principal binomial ideal of Int (Z{*¥}) also.

We give another example of integer-valued polynomials quotiented by the principal
binomial ideal ((2%)). We need to give another non-standard multiplication operation
on the abelian group Z & Q.

Definition 3.6.19. We define the operation ® on the abelian group Z & Q, by

(ag,a1) ® (bo,b1) = (lo, 1),

where

lm = Z aibm_i, (3.13)
=0

for 0 <m < 1.

Proposition 3.6.20. The set (Z® Q,+,®) is a commutative ring with multiplicative
identity (1,0).

Proof. Since ® is induced from multiplication of polynomials, it is clear that (Z @
Q,+,®) is a commutative ring. 0]

Theorem 3.6.21. In Int(Z17}), let I = ((2%)). Then there is a surjective ring homo-
morphism
¢ Int(Z¥) - Z & Q,

given by

finite

Z a;xt — (ap,ar)

i>0
for ag € Z and ay € Q. This has kernel ((z%)) and thus there is an isomorphism of
binomial rings

Int(Z+})

W%(Z@Q,—h@).
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Proof. First it is clear ¢ is additive. Also it is clear that ¢ preserves the multiplica-
tive identity. Thus it remains to show that ¢ is multiplicative. To see that ¢ is
multiplicative observe that,

finite finite finite
80< Z a;ix’ Z b,‘ﬂ) = go( Z lixi> by (3.13

i>0 i>0 >0
= (107 ll)
= (ag,a1) ® (bo, b1)

finite finite
= gp( Z aiwi> ® QO( Z bZ$Z> .

i>0 i>0

Next to see that ¢ is surjective, let (ag,a1) € Z® Q for ap € Z and a3 € Q. We
consider ag + (—1)q_1p<x> e Int(Z4}) for ¢,p € Z and p fq. Then
q

olag + (—1)q1p<z>) - (ao,g) <because the coefficient of z in (2) is ((_1;_1))

- <a07 a1)7
This proves that ¢ is surjective.

Finally with reference to the first isomorphism theorem, we need to show that Ker(p)=((z?)).
Since

finite
Ker(p) = { Z a;xt T ap =y —0}

i>0
finite
i>2
= 2°Q[z] N Int(zh)
= ((z%)) by Remark|3.6.14

O]

We close this section by giving a bijection between the set of all binomial ideals in
Int(Z%*}) and the set of usual ideals in the ring Q[x]. First we denote by BinIds(Int(Z{*}))
the set of all binomial ideals in Int(Z{*}) and by Ids(Q[z]) the set of all usual ideals

in Q[z].
Theorem 3.6.22. There is a bijection
0 : (I, Int(Z1)) pin, — (J,Q[z])

defined by
) =12Q
that sends a binomial ideal I in Int(Z{®}) to the ideal I ® Q in Q[z].
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Proof. To see that 6 is a bijection, we define the map
a: (J,Qlz]) = (I, Int(Z4))pin,

by

a(J) = J NnInt(z#h.
We will show that « is the inverse of 8. By Theorem [3.6.9|it is clear that af = Id.
So we need to verify fa = Id. We start with an ideal J in Q[x].
Consider K := JNInt(Z*}). Clearly K®Q C J. To establish the inclusion J C K®Q,
if f(x) € J, there exists n € Z such that

nf(x) € J N Int(ZE.
But )

f@) =nf@)e €KoQ,

as desired. O

§ 3.7 Binomially Noetherian rings

The aim of this section is to present the notion of binomially Noetherian ring. These
satisfy a certain finiteness condition, namely, that every binomial ideal of the binomial
ring should be finitely generated as a binomial ideal. As a main result of this sec-
tion we show that the binomial ring Int(Z{x’y}) on two variables z,y is a binomially
Noetherian ring (Theorem. In general in the same way for finitely many variables
T1,Z,...,2; the binomial ring Int(Z{*1%2%i}) and the ring Int(K #1222} 7 for
K C Z both are also binomially Noetherian rings (Theorem and Theorem
respectively).

Definition 3.7.1. By a binomially Noetherian ring we mean a binomial ring R such
that every binomial ideal I in R is finitely generated as a binomial ideal.

Obviously, every binomially principal ring is a binomially Noetherian ring. So the
ring Z of integers, the ring Z, of p-local integers, the ring Int(Z{m}) and the ring
Int(K1*},Z) for K C Z all are binomially Noetherian rings.

Theorem 3.7.2. Let R be a binomial ring. Then R is a binomially Noetherian ring
if and only if every ascending sequence of binomial ideals in R stabilizes.

Proof. The proof is the same as the usual case, for example see [14, Theorem 11.1]. [

The following properties hold in any binomially Noetherian ring.

Proposition 3.7.3. Let R be a binomially Noetherian ring. Then any Z-torsion free
homomorphic image ring K of R is a binomially Noetherian ring.
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Proof. The proof is analogous to the proof of Proposition |3.6.2 O

Corollary 3.7.4. Let R be a binomially Noetherian ring. If I is a binomial ideal of
R, then the quotient ring R/I is a binomially Noetherian ring. ]

Proposition 3.7.5. If R is binomially Noetherian ring and S is any multiplicatively
closed subset of R, then the localization S™'R is a binomially Noetherian ring.

Proof. From Proposition [2.9.7]| we have the binomial homomorphism
0:R— S'R.

Suppose I is a binomial ideal in S~'R. By Proposition 0=1(I) is a binomial ideal
in R. Therefore by hypothesis §~!(I) is finitely generated. It follows that

6~ Y1) (S7IR)

is finitely generated as a binomial ideal in S~'R, where by Proposition the gen-
erators are the images of the generators of §~1(I). We claim that

0~ I)(STIR)=1.

First the inclusion
-1 (I)(S'R) C I.

is clear. To establish the inclusion
ICo Y (D)(S'R),

let £ €I, then r €6 (I). So

. r(Xy e o (S R).

S

Thus [ is finitely generated. O

Proposition 3.7.6. Let I be a binomial ideal in a binomial ring R. If I and the
quotient ring R/I both are binomially Noetherian, R is also a binomially Noetherian
TIng.

Proof. To show that R is binomially Noetherian, by Theorem [3.7.2] we need to show
that every ascending sequence of binomial ideals in R stabilizes. To see that, let

J1CHhC---CJ, T,

be any ascending sequence of binomial ideals in R. Then by Proposition it follows
that
JNIChpLNnIC---CJ,NIC...,

is an ascending sequence of binomial ideals in I and by Proposition [3.3.6] also

JJITCT/IC - CJ/JIC---,
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is an ascending sequence of binomial ideals in R/I. Since by hypothesis I and R/I
are both binomially Noetherian. There exist Nj such that for all n,m > N;

In NI =J, NI
and N, such that for all n,m > No
T )T = Jn /1.
Consequently by [14, Lemma p. 225], for N = max{Ny, No} J,,, = J,, for all n,m >

N. O

The proof of Theorem is based on the fact that the ring Q[z] is a principal ideal
domain. The ring Q[z,y] is a Noetherian ring. This will be our motivation when we
present the main result of this section. This says that the integer-valued polynomial
ring on two variables Int (Z{”’y}) is a binomially Noetherian ring.

Theorem 3.7.7. The ring Int(Z1*¥}) is a binomially Noetherian ring.

Proof. First by Theorem Int (Z{#¥}) is a binomial ring. Let I be a binomial ideal
in Int(Z{*¥}). We are going to show that I is finitely generated as a binomial ideal.
By Theorem [3.6.11] we can write I in the form

I = JnInt(z=vh

for an ideal J in Q[z,y|. Since Q[z,y| is a Noetherian ring, every ideal in Q[z,y] is
finitely generated. So suppose that J = (f1, f2,..., fu) for f; € Q[z,y]. This implies
that

I=(f1,f2,. ., fn) NInt(Z1®¥}).

Now choose b; € N minimal such that
bif; € Int(Z1=vh).

Let g; = b;f;. So
J = (gl7g25"'7gn)

and
I=1(91,92, -, gn) N Int(ZE=¥}),

We claim that
I = ((gla.gZ’ s ,gn))

By hypothesis I is a binomial ideal and contains each g;. Then by Definition [3.4.4

((91,92,---,9n)) € 1.

Now to establish the inclusion

IC((g1,92,- -gn)),
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by contradiction we suppose

I'Z ((91,92:----9n))-

So there exists another generator h € Int(Z{*¥}) such that ((g1,g2,...,gn, h)) C I and

((917927 <o 9ns h’)) Z ((917927 s 7971))

This implies that g1,9o,...,9, and h € J. It follows that

n n .
h = Zfipi = Zgi%,
i=0 i=0 v

for some p; € Q[z,y]. There exists p; € Z[z,y| and d; € Z\ {0} such that

b D
3 dZ

Then

n _

e Int(z12}),

hzzgibpd

: i (g
i=0

So we obtain

n
Nh =" aigip; € nt(Z"¥}) for ; € Z,
=0

for N the least common multiple of {b1dy,...,by,d,}. Then Nh is in the usual ideal
in Int(Z#¥}) generated by {g1,92,...,9n}. Therefore by Definition

Nh € (91,92, 9n))-

Consequently by Proposition [3.3.2

h € ((917927 . 79”))
So we have a contradiction and we conclude that I = ((g1,92,...,9n))- O

Theorem 3.7.8. The binomial ring Int(Z{wl’m’“'"“}) on finitely many variables x1,xa, ..., x;
18 a binomially Noetherian ring.

Proof. First it is a fact that the ring Q[x1, zo, . .., ;] on finitely many variables x1,zo, ..., x;
is a Noetherian ring and by Theorem we can write every binomial ideal I in
Int (z{z1227id) by

I = J N Ing(zieraze-widy

for some ideal J in Q[x1,x2,...,2;]. So the rest of the proof is analogous to the proof
of Theorem 0
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Remark 3.7.9. The proof of Theorem shows that if J anideal in Q[z1, z2, ..., x;]
generated by fi, fa,..., fn for some f; € Q[x1,x2,...,2;], then the binomial ideal
(91,92, - - -, gn)) in Int(Z{#1:72:2i}) " can be written in a form

((gl7 g2, ... ,gn)) - (fla f2a teey fn) N Int<Z{rl7x27m7xi})7
for minimal b; € N such that b; f; € Int(Z{“l’mQ*'“’xi}).

Example 3.7.10. This example is given to show that the ring Int (Z¥ ) on an infinite
set X of variables is not binomially Noetherian. To see that, we consider the binomial
ideal

(1,22 .., i1, Tiy ... )
of Int(ZX), for z1,z2,--- € X. It is clear that x; ¢ ((x1,22,...,2;_1)), so this is not

finitely generated as a binomial ideal. Thus Int(Z¥) is not a binomially Noetherian
ring.

The following result is a generalisation of Theorem [3.7.7]

Theorem 3.7.11. For K C Z, the binomial ring Int(K{"El’x?""’xi}, Z) on finitely many
variables x1,xo,...,x; is a binomially Noetherian ring.

Proof. First by Theorem|3.6.12|we can write every binomial ideal I in Int (K #1227} 7)
in the form
I = J N Int(Kevez-eid 7y

for some ideal J in Q[z1,z2,...,x;]. The rest of the proof is analogous to the proof of
Theorem ]

Proposition 3.7.12. Every Noetherian binomial ring is a binomially Noetherian ring.
Proof. This is clear since every binomial ideal is a usual ideal. O

The converse of Proposition [3.7.12]is not true in general.

Example 3.7.13. We give an example of a binomially Noetherian ring which is non-
Noetherian ring. For this purpose we consider the ring Int (Z{#}). First Int(Z*}) is a
binomially Noetherian ring. To see that Int (Z{w} ) is non-Noetherian ring, we will see
that Int(Z{*}) contains an ideal which is not finitely generated. Consider the ideal

I= ({ <Z)  for all primes p}), (3.14)

in Int (Z{*}). We know from (3.11) that the polynomial (x) is not in the ideal J =
p

(<x>) for 0 < r < p. There are infinitely many primes. So I is not finitely generated
r

in Int (Z%#}). This implies that Int(Z{"}) is not a Noetherian ring.
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Example 3.7.14. Consider the subset {0} of Z. Then by Theorem|3.7.11} Int ({0}1#}, Z)
is a binomially Noetherian ring. To show that Int ({0}{*}, Z) is a non-Noetherian ring,

Strickland in a commutative algebra course [45, Exsample 18.3], claims that the ideal

I = zQ[z] is not finitely generated in Int ({0}{*}Z). To see that, set

f:1—Q,
given by
Z diZL’i — dj.

Let J be an ideal in Int ({O}{‘”}, Z), generated by finitely many elements ho, hi,...,ht—1 €
I. There exists n > 0 such that nf(h;) € Z for all 4. Let b € J, then b= )", h;g;, for
gi € Int({0}{}, Z). Therefore nf(b) =3, gi(0).nf(h;) € Z. So we obtain x/2n € I'\ J.
This implies that J # 1.

§ 3.8 Binomially filtered rings

The aim of this section is to present the notion of a binomially filtered ring. We show
that the power series ring Z[(), (5), (5), -] is a binomial ring (Proposition .
Recall from Theorem that for a subset S C Z, Int(SX,Z) is a binomial ring.
We give a description of a particular completion of the ring Int (S*,Z), when S has a
p-ordering {a;}:2, of elements of S for all primes p.

First we start with the concept of a filtered ring. Later we will introduce the concept
of a binomially filtered ring with a filtration by binomial ideals.

Definition 3.8.1. Let R be a commutative ring with unit. We call R a filtered ring
if it is equipped with a decreasing sequence of ideals I, in R. The ideals are called
filtration ideals. A ring homomorphism 6 : R — K between two filtered rings is called
a filtered ring homomorphism if it preserves the filtration ideals. We denote the filtered
ring by (R, I,).

Example 3.8.2. The ring of integers Z is a filtered ring together with filtration ideals
I, =p"Z for n > 0 and p prime. This is called the p-adic filtration.

We define the concept of binomially filtered ring with filtration by binomial ideals.

Definition 3.8.3. Let R be a binomial ring. We call R a binomially filtered ring if
it is equipped with a decreasing sequence of binomial ideals I, in R. The binomial
ideals are called binomial filtration ideals. A ring homomorphism 6 : R — K between
two binomially filtered rings is called a binomially filtered ring homomorphism, if it
preserves the binomial filtration ideals. We denote the binomially filtered ring by
(R7 In)Bin-

Example 3.8.4. The ring Int(Z{*}) is a binomially filtered ring which is equipped
with the binomial filtration ideals

(WIEI(HDIEI(HDES (3.15)
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Now we turn our attention to special kind of rings over binomial polynomials.

Proposition 3.8.5. Let R be a commutative ring with unit. The set of all linear
combinations of the binomial polynomials

) en() ()

for n >0 with coefficients a; in R, which is denoted by

()6 ()

18 a ring with usual addition and multiplication of binomial operations as in Proposition

3.4.10 0

Proposition 3.8.6. If R is a binomial ring, then the ring R[(T), <:2C>, (g) yoo.] s

a binomial ring.

Proof. The ring R[(f) , (2) , <Z> ,---] is isomorphic to R®Int(Z{#}). Since by The-

orem the ring Int(Z{*}) is a binomial ring, by Proposition [2.3.15(3), the ring
R ® Int(Z) is also a binomial ring. O

() 6)()

which contains the set of all polynomials ag + a1 (T) + as <§> + as (;) ,otan (a:)’
n

In particular, consider the ring

for ag,a1,a0, - ,a, € Z, for any n >0

On the other hand, we know from Theorem [2.4.6| that the binomial polynomials <x>
n

for n > 0, form a Z-module basis for Int(Z{*}). Therefore, we have

() ()1

To give the main result of this section we record the following from [44].
Proposition 3.8.7. For m,n > 2, we have

(#)=2 ()

k=n-+1

where a, = 17 327 ﬁ 7] X<t <n I L) - [Z] {rhret,
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where {T]:L} is a Stirling number of the second kind.

Theorem 3.8.8. Let R be a commutative ring with unit. The set of all power series
in the binomial polynomaials

w})+ar(3) +a;)+-

with coefficients a; in R, which is denoted by

m():(5)-(5)

s a ring with usual addition and multiplication of binomial operations as in Proposition

[3-4.10
Proof. For a proof see [44]. O

The main result of this section is that this ring is a binomial ring. First we know from
Example that Int (Z{*}) is a binomially filtered ring with binomial filtration ideals
(3.15). We recall from Theorem [2.9.20| that binomial rings are preserved by completion.

Proposition 3.8.9. For n > 0, we have an isomorphism.

Sal?) o (Sal?) + () s

=0 =0

12

given by

Proof. First part is easy to show the given map is surjective and its Ker = 0. Then, by

Theorem 2.9.1§]
() ()0

is a binomial ring. O

Remark 3.8.10. Similarly, for any binomial ring R
x x x
A1) () ()

We know from Theorem [2.4.10|that the ring Int(S{x}, Z), for S C Z is a binomial ring.
In the same way we will give the structure of a binomial filtration on Int(S{*}, 7). First
recall the following information from [12].

is a binomial ring.

Definition 3.8.11. Consider a non-empty subset S C Z, and a prime p. We mean by
p-ordering of S, a sequence {a;}°, of elements of S, which are selected as follows.
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1. Select any number ag € S.

2. Select any number aq € S, such that the highest power of p that divides (a1 —ayp),
is minimum.

3. Select any number as € S, such that the highest power of p that divides (ag —
ap)(az — @) is minimum.

4. The procedure is continued.

From the above construction for k € N, we get an increasing sequence {Vi(S,p)}32,,
of powers of p, where Vj(S,p) is the highest power of p that divides

(ar — ao)(ag —a) - - (ap — ap—_1).

This is called the associated p-sequence of S.

Now we can define the generalized factorial of k € Z, associated to S as follows.

Definition 3.8.12. Let S C Z. For k € Z, we define the generalized factorial of k
associated to S as follows.

kls =[] Va(S,p). (3.16)
P
In particular if for all primes p, {a;}°, is a p-ordering of S, then we have
kls =| (ax — ao)(ax —a1) -+ (ax — ag—1) | - (3.17)
Example 3.8.13. If S =7, then klg = k!.
Example 3.8.14. Let S = 2Z. For all primes p, the sequence 0,2,4,6,8.... in 2Z>
is a p-ordering of 2Z. Then by (3.17) we have

kls = (2k — 0)(2k — 2) --- (2k — (2k — 2)) = 2"k!. (3.18)
For S C Z, we define the polynomial

Aps(z) = (z —aop)(x —aig)... (T —ar—1k), (3.19)

where for each k, {a;r}2, is a sequence in Z and is termwise congruent modulo
Vi(S,p) to some p-ordering of S, for each prime p dividing klg. We call it the global
falling factorial. In particular, if S has a p-ordering {a;}:°, for all primes p, then a
global falling factorial is given by

Bis(z) = (x —agp)(x —a1)...(x —ag—1), (3.20)

Bhargava in [12] gives a Z-basis of the ring Int(S{*},Z), for S C Z.
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Theorem 3.8.15. Let S C Z. Then the polynomials

 Ags(z)  (w—aop)(r—aig) (T — ar—1x)
Pys = My P , (3.21)

form a Z-basis of the ring Int(S¥}, Z), where Ay s(x) is as in .

In particular, if S has a p-ordering for all primes p, then the polynomials

Prs — Bkljs(x) _ (x —ap)(z — 6;1‘2 (= ak—l)’ (3.22)

is a Z-basis of the ring Int(S1*} Z), where By, s(x) is as in .

If S has a p-ordering for all primes p, by Theorem [3.6.12] we have the binomial
filtration ideals,

(Po.s)) 2 ((Prs)) 2 ((Pas)) 2 -+, (3.23)

in Tnt(St} 7).

Example 3.8.16. For S C Z, Int(S{*},Z), is a binomially filtered ring with binomial

filtration ideals ((3.23]).

So for S C Z, if S has a p-ordering for all primes p, we have

1St
(541, 2) 0 & i g =5 () (P (Prs)). - ]

By Theorem [2.9.20] this is a binomial ring.



Chapter 4

Binomial rings arising in
topology

§4.1 Introduction

The ring Int (Z{x}) is interesting in topological complex K -theory. Roughly speaking,
in topological complex K -theory the ring Int (Z{‘T}) and its dual appear as various
types of operations and cooperations. Knutson in [38] shows that any binomial ring
with a particular type of generator subset is isomorphic to Z. Applying this result to
the ring K°(X), if the ring K°(X) for a good space X is a binomial ring, then it leads
to

K%X) =1z (4.1)

We know from Theorem m that the ring Int(Z{*}) is a binomial ring. In contrast
the purpose of this chapter is using Ko(X) for some good spaces X and the properties
of the ring Int(Z%*}) to give some non-trivial examples of binomial rings coming from
topology.

In §4.2] The ring K°(X) is described in terms of classes of vector bundles using the
Grothendieck construction. Later the spectrum K associated with the spaces BU x Z
and U is introduced. The basic definition and necessary background on coalgebras,
bialgebras, comodules and Hopf algebras which will be needed later in this chapter is

given in §

Let E be a spectrum which has a ring structure (Definition [4.2.22). The functors
E*(—) and E,.(—) take spaces to graded m,E-modules, where E*(—) is a generalized
cohomology theory defined by E*(—) = [—, E]. The homology theory E.(—) dual to
E*(—) is defined by Ey(—) = m.(EA—) see [54]. In §{.4]the various types of operations
defined on E*(—) and corresponding cooperations on E,.(—). For a ring spectrum F,
E.(F) is a m.(F)-coalgebra (Theorem and for every spaces X, E.(X) is an
E,(E)-comodule ( Proposition [1.4.9).

§l4.5 begins with the discussion of certain kinds of rings of polynomials closely related
to the ring Int (Z{#}). These are called the ring of stably integer-valued Laurent poly-

80
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nomials and the ring of stably integer-valued polynomials. We show that both rings
are binomial rings (Theorem and Theorem . Therefore both rings are A-
rings in which all Adams operations are the identity. Some known results on the ring
Int (Z{’”}) extend to both rings. Precisely, we show that both rings are binomially

principal rings (Theorem and Theorem [4.5.19)).

In §[4.6] we explain how these examples of binomial rings coming from topology using
property of Int(Z%*}) and spectrum K in K-theory, starting with the well known
Int(Z4#}) = Ko(CP>), (Theorem . The main results give new descriptions of
those examples (Theorem and Theorem . For this chapter we mean by good
space a para compact Hausdorff apace.

§4.2 K-Theory

The material of this section is well known. The main purpose of this section is to
recollect the necessary background for K -theory. We begin by describing geometrically
the construction of K -theory in terms of the semigroup Vect (X) of equivalence classes
of complex vector bundles over X by applying the Grothendieck construction. In the
second place the construction of K -theory is explained in terms of the spectrum K
associated with the spaces BU x Z and U. Some general references for K -theory are
[7] and [31].

First we discuss the structure of topological K -theory. We begin this section by defining
the notion of a vector bundle over a space X, which is a family of finite dimensional
vector spaces formed by attaching them to each point of X and linking them together
in an appropriate way.

Definition 4.2.1. Let X be a topological space. An n-dimensional complex vector
bundle over X is a topological space B with the following.
1. A continuous surjective map 7 : F — X.

2. For each 2 € X, the space B, = 7~ !(z), has a complex vector space structure
of dimension n such that the following local triviality condition is satisfied. For
all b € B, there exists an open neighborhood Ug of b and a homeomorphism

f(U/j) : Wﬁl(Ug) — Ug x C"

which takes 771(b) into {b} x C" by a linear map of vector spaces for each b € Ug.

We call X the base space, B the total space and B, the fibre over x € X.

Here we give a list of some important examples of vector bundles needed later in this
chapter.

Example 4.2.2. The trivial complex vector bundle of dimension n over space X,
B = X x C" is defined by the projection on the first factor.
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Example 4.2.3. Let CP" be the base space, thought of as the space of lines through
the origin in C"*!. We define

B ={(L,v) e CP"xC"": v e L}.
Then B is the line bundle defined by the projection
m:B — CP",

given by
(L,v) — L.

Example 4.2.4. Let G,,(C*) be the complex Grassmannian space of n-planes in C*
through the origin. We define

enk = {(T,v) € G,(C*) x C*: v eT}.
Thus &, is the universal n-dimensional bundle defined by the projection
T Enk — Gn((Ck)

given by
(T,v) — T.

Next the construction of new vector bundles built from old ones is considered.

Example 4.2.5. 1. The direct sum of two vector bundles B; and By over the same
space X, has total space

B1 & By = {(bl,bg) € By x By : 7T1(b1) = 7T2(b2)}

and projection map
m:B1®By— X

given by
(bl,bQ) — 7T1(b1) = 7T2(b2).

2. The tensor product of two vector bundles F; and Ey over the same space X has
total space

Bi®@By = | m ' (x) @ w3 (x)
zeX

and
m: B ® By — X,
sending an element in 7, () ® 7, ' (2) to x € X.

The topology of the two original vector bundles can be combined to give a coherent
topology in By ® By see [31], p. 13].

Note that to give the local triviality homeomorphism on B; ® Bs, we choose
triviality homeomorphisms

fi: W;I(Uﬁ) — Ug x C™,
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for an open neighborhood Ug C X, and use

f1® fo:m (Up) @ my H(Up) = Ug x (C™ @ C™).
The topology of the two original vector bundles can be combined to give a coherent
topology in B; ® Bos.

3. Let f: X — Y be a continuous map and let B be a vector bundle over Y. Then
the pullback vector bundle of B by f defined over X has total space

F'B={(x,b) € X x E: f(z) = n(b)},

with the projection
7: "B — X,

given by
(x,b) —> .

Definition 4.2.6. A morphism of vector bundles By and By over base spaces X7 and
X5 respectively consists of a pair of continuous maps 6 : By — By and ¢ : X1 — Xo,
such that the diagram

0

B ——— B
1 T2

XlTXQ

is commutative and the restriction
-1 -1
0:m (z) = 7y (g(z))
is linear for each z € X.

Definition 4.2.7. An isomorphism between two vector bundles By and By over the
same base X is a homeomorphism f : By — Bs, such that the restriction

fomi (@) =y (2)

is a linear isomorphism on each fibre for all z € X.

At this point, we can talk about the set of all isomorphism classes of vector bundles
E over a base space X. We denote by Vect(X) the set of all isomorphism classes of
vector bundles over the space X . The set Vect(X) forms an abelian semigroup with
addition given by direct sum (Whitney sum) of vector bundles as in Example (1)
and with identity given by the class of the trivial 0-dimension bundle on X .
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There is a classical construction of an abelian group K (H) associated with a semigroup
H called the Grothendieck group (completion group), with a homomorphism of the
underlying semigroup

0:H— K(H),

having the following universal properties.

For any abelian group G and homomorphism of the underlying semigroup H,
v:H— G,

there is a unique group homomorphism

such that the diagram

H

d

G

is commutative. There are several possible ways to construct K(H). We define K(H)
as the quotient of H x H by the equivalence relation

(a,b) ~ (c,d) < there exists h € H such that

a+d+h=b+c+h
and the map from H to K(H) is given by
h +— (h,0).

The lift of a map ¢ : H — G to a map from K(H) to G is given by

[(a,0)] — ¢(a) — ¢(b).

Also

[(h1, h2)] = [(h1,0) + (0, h2)] = [(h1,0)] = [(h2, 0)] = [ha] — [ha],
for hi,ho € H.
Thus, we represent the elements in K(H) by [h1] — [he]

Example 4.2.8. A standard example of the Grothendieck construction is the con-
struction of the group Z from the semigroup N.

The construction of the Grothendieck group leads to the idea of K -theory, by applying
these ideas to the abelian semigroup Vect (X) over X .
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Definition 4.2.9. Let X be a good space (compact Hausdorff space). Then K°(X) is
the Grothendieck group of the semigroup Vect (X ). An element of K°(X) is represented
by [B] — [D], where [B] and [D] are isomorphism classes of vector bundles over the
base space X . The addition operation is defined by

([B1] = [D1]) @ ([B2] — [Ds]) = [B1 ® Ba] — [D1 ® Da]. (4.2)

The class [B]—[B] is the zero element of this group and [D]—[B] represents the inverse
of the element [B] — [D].

The tensor product operation on vector bundles passes to isomorphism classes, so
Vect (X)) has the multiplication operation given by the tensor product as in Example
4.2.5| (2). This makes Vect(X) into a semiring with the trivial line bundle as multi-
plicative identity. Then by extending the Grothendieck construction to the semiring
Vect (X ), we obtain a ring K°(X) under the multiplication defined by

([B1] = [D1])([Be] — [D2]) = [B1 ® Ba] — [B1 ® Da] — [D1 @ Ba] + [D1 ® Ds].  (4.3)

Example 4.2.10. A complex vector bundle over a point is determined up to isomor-
phism by its dimension. So the dimension map gives an isomorphism Vect(pt) = N.
By Example the Grothendieck group of N is Z and it induces an isomorphism
K(pt) 2 Z.

Now for any base point g € X, consider the inclusion map
f Az} — X,
which induces a surjective ring homomorphism
i KY(X) — K°xo),

by pullback properties on vector bundles as in Example (3). This leads to the
reduced K-theory ring.

Definition 4.2.11. For any base point zg € X, the reduced K-theory K°(X) of a
based space X is defined to be the kernel of f*.

Remark 4.2.12. Let zg € X. For the collapsing map f : X — {z¢}. Since the map
f* is surjective, the inclusion induces a splitting.

0 — K%X) — K%X) = K°%X) — 0.
Then by Example 4.2.10| and basic homological algebra we obtain
K9(X)= K%X)® K°%x¢) = K(X) & Z.
So the element of K°(X) can be written in the form [E] — n, where E is a vector

bundle over X of dimension n, for n € N.

At this stage the construction of topological K -theory in terms of the semigroup
Vect (X)) of vector bundles over a space X described only geometrically. Next we
will give another construction of topological K -theory in terms of the space BU .
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Definition 4.2.13. The unitary group of order n, U(n), is the topological group of
n X n unitary matrices where the group operation is the usual matrix multiplication.

Remark 4.2.14. For each n > 1 we have an inclusion

tn:U(n) = U(n+1)

A0
A»—><0 1>.

We mean by S! the circle taken as follows

defined by

S'={zeC: |z|=1} c C=R?
which is given the subspace topology and is a subgroup of C.
Example 4.2.15.
Ul) = {z€C: zz=1}

= {z€C: |z]=1}
= S

Note that from [41, p. 197] the classifying space of U(n) can be written as

BU(n) = G»(C®) = | J Gu(CP).

k>1

From the bundles ¢, as in Example we obtain the tautological vector bundle
en, over BU(n)

Example 4.2.16. BU(1) = CP*>.

The pullback preserve the isomorphism classes. So that given a continuous map
f:X—=Y

we define
f*: Vect(Y) — Vect(X)

by sending [B] to [f*B]. We have the following commutative diagram

>|<
fB—>B

1t

X—>
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Indeed the pullback construction with vector bundles By and By over a space X
induces a ring homomorphism

o KY(Y) = K%X)

given by
[B1] = [B2] = [f*(B1)] = [f*(B2)].

This implies that K°(—) is a contravariant functor from the category of topological
spaces to the category of commutative rings.

Proposition 4.2.17. For each n > 0 and good space X, we have an isomorphism
[X, BU(n)] = Vect,(X),

given by
[f1 ¥ 1 (en)]-

On the other hand, there is a map
B, : BU(n) - BU(n+1)

for n > 1, and we let

BU = lim BU(n),

n—oo

with the topology of the limit.

Actually from the construction of the space BU one can show that the functor K%(—)
is a representable functor.

Proposition 4.2.18. [/1, chapter 24] For a compact and connected based space X, we
have an isomorphism of rings

K%X) 5 [X, BU]

given by

where E s a vector bundle of dimenstion n over X, defined by the map f : X —
BU(n) and iy, : BU(n) < BU is the inclusion. l

If the space X is not necessarily connected, a vector bundle over X may have a different
dimension over each connected component. Such a bundle corresponds to the homotopy
class of map X — Z x BU, where Z is given the discrete topology.

Then for a general based space X we define K°(X) to be

KY%(X) :=[X,Z x BU]. (4.4)
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Definition 4.2.19. An Q-spectrum E = {E; for i € Z} is a sequence of based spaces
E,, together with structure maps

ni: Ei — QEii,
that are homotopy equivalences. If the homotopy groups m;(F) = 0 for all negative 1,

then we call FE a connective spectrum.

Next we will give the structure of addition and product in the space BU. First recall
that BU(n) = G,(C*®). So BU(n +m) = Gpim(C*®) and from an isomorphism
(C*@C™>) = C*>, we obtain a homotopy equivalence G4 (C™®) >~ Gy (C*HC™).
There is an induced classifying map

Pnm : BU(n) x BU(m) — BU(n+m).
given by
(z,y) — z &y,
for an n-plane x and an m-plane y in C*.

Also consider the map
@ : BU x BU —- BU

induced from the map p,.,, by passage to colimit over n and m. This leads to an
additive H -space structure on the space Z x BU.

Next in the same way we consider the tensor product map
Py, : BU(n) x BU(m) — BU(nm)

given by
(r,y) — z®y.

We need to consider the bilinearity of ®. By an elaborate argument one can pass to
the colimit over n and m to have a product map on the space BU,

AN:BU NBU — BU.

These two constructions correspond to the direct sum and tensor product of vector
bundles. These maps & and A give the additive and multiplicative H -space structure
on the space Z x BU.

There is a homotopy equivalence,

Q(Z x BU) ~ U, (4.5)

as additive H-spaces. On the other hand we have Bott periodicity.

Theorem 4.2.20. [Bott periodicity] There is a homotopy equivalence

Z x BU ~ QU.
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Now one can construct the Q-spectrum K, in which for all i € Z the spaces are
K;, =7 x BU for i even, and K; = U for 7 odd.

If ¢ is even the structure map
K; — QK 1,

is given by the Bott map
Z x BU — Q*(Z x BU),

and if ¢ is odd the structure is given by composing the identity with the above homotopy
equivalence

U — U ~Q(Z x BU).

Next we want to extend K -theory into a cohomology theory. To do this we use sus-
pension to define . .

K"(X)=K(¥%"X)
for n € N and by Bott periodicity there are isomorphisms of groups

K"(X)= K" 2(X) for all n € Z.

Thus we have construction of K™ (X) for n € Z.
In fact K*(—) is a contravariant functor from a spaces to graded commutative rings.

Remark 4.2.21. [31] 2.2] All the properties of a generalised cohomology theory are
satisfied by the functor K*(—).
The information on the space BU mostly came from [41], Chapter 23,24].

Definition 4.2.22. A ring spectrum is a spectrum FE together with a product map

w:ENE —FE (4.6)
and identity
1:8° — E (4.7)
such that the following diagrams
[dE A p
ENEANE ——— EAE
pANIdp Iz
ENE s E
E
~ 7 >~
tAN1dg Idg Nt

SANE EANE EASY
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commute up to homotopy.
The spectrum K defines the K-cohomology K*(X) of a space X by

K*(X)=[X,K].
We also obtain a K -homology theory K,(X), where is define by
K.(X)=m(X AK).
The coeflicient ring is given by
W*(K) = Z[“? U_l],

where u € m(K).

§4.3 Hopf algebras

A Hopf algebra is a well known object in algebraic topology and can be found in many
text books such as [1] and [43]. The examples we will give in §[4.6 have a Hopf algebra
structure and K, (X) for a good space X will be a comodule over the coalgebra which
will construct in §4.5] The main aim of this section is to communicate the necessary
background on Hopf algebras. All the tensor products in the chapter will be taken over

R, ® = ®p, unless otherwise stated.

Definition 4.3.1. Let R be a commutative ring with unit. An R-algebra is an R-

module A together with R-linear maps,

1. pa : A®A— A (product)
2. v4:R— A (unit)
such that
1. pao(pa®Idy) =pao(ldg @ pa), (associativity law)
2. pao(wa®Idy)=pao(lda®@uvy)=Idy. (unit property)

In the language of diagrams it means that the following diagrams

Ids®
ARAg A 220 - 4oa
pa® Idy HA
[iA

A A A
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R®A A AR
va ® Ida nA dg®@va
AR A

are commutative, where ¢ is the isomorphism given by scalar multiplication.

For an R-module C' the R-linear maps given by
c—c®1l and c—1®ec,
for ¢ € C lead to R-isomorphisms
C=Z=C®R and C=ZR®C

respectively. These isomorphisms are inverse to the ¢t once above. So by identifying
C®R and R® C with C and dualizing Definition we obtain the notion of
R-coalgebra.

Definition 4.3.2. Let R be a commutative ring with unit. An R-coalgebra is an
R-module C together with R-linear maps,

1. Ac¢:C —C®C, (coproduct)
2. ¢¢:C — R, (counit)
such that
1. (Ac®Ide)oAc = (Ide® A¢)o Ag, (coassociativity law)
2. (ec®Ide)oAc = (Ide ®ec)oAc = Ide. (counit property)

In the language of diagrams it means that the following diagrams

Ido ® A
CeCeC+—""% cgcC
AC(X)Id(] AC
A
CecC ¢ C
R®C - C - C®R
ec ® Idgo Ao do ® ec

Cel
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are commutive.

Example 4.3.3. Let S be any set and let KS be the free K-module on the set S.
Then K S is a K-coalgebra with coproduct map

A:KS— KS®KS

determined by

S S®s
and counit map
e: KS— K
determined by
s— 1,

for s € S and extending linearly.

Definition 4.3.4. Let C; and Cs be two R-coalgebras. An R-linear map ¢ : C; —
Cy satisfying the following condition

ACQO@:(@@)@)OACH and €C; = €CL, 0¥,

is called an R-coalgebra morphism. In the language of diagrams it means that the
following diagram

C 1 CQ

€C) €Cy

are commutive.

Definition 4.3.5. Let R be a commutative ring. An R-bialgebra is an R-module B
such that

1. (B,up,vp) is an R-algebra structure,

2. (B,Ap,€ep) is an R-coalgebra structure,
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and one of the following (equivalent) conditions holds

1. pup and vp are R-coalgebra morphisms,
2. Ap and ep are R-algebra morphisms.

Example 4.3.6. The rational polynomial algebra Q[w] is a Q-bialgebra with the
following structure. The coproduct is given by the algebra map

Ay : Qu] — Q[uw] ® Q[w]

determined by

w' = w" Quw",
with counit by

€w * @[w] —Q

determined by
w1,

for n > 0. Since this gives a coalgebra structure and A, and €, are algebra maps,
Q[w] is a Q-bialgebra.

Proposition 4.3.7. [32, Proposition 3.1.7]Int(Z3"}) is a Z-subbialgebra of Q[w] with
coproduct inherited from Qw], given in terms of basis elements by

()= Z s (R0 ()

for n > 0.

Definition 4.3.8. Let B; and By be two R-bialgebras. An R-linear map ¢ : B; —
By is called an R-bialgebra morphism if it is both an R-algebra and an R-coalgebra
morphism. We denote by Bia(R) the category of R-bialgebras whose objects are
R-bialgebras and whose morphisms are R-bialgebras morphisms.

Let B; and Bs be two R-bialgebras. Then recall that By ® Bs has an R-algebra
structure. The product is given by the composite R-linear map

L0, By ® By @ By @ By

KBy

up
UB,®B, - B1 ® Ba @ B; ® By ——% B ® Bs,

where 7 : By ® B] — Bj; ® By is the twist R-linear map and unit is given by the
composite R-linear map

®
UBion, i R2R® R "2 B, @ B,.

Similarly, By ® By has an R-coalgebra structure with coproduct is given by the com-
posite R-linear map

Ap, ®AB, Idp, ®T®Idp,
L 2

AB, @B, : B1 ® B B ® B1 ® By ® By B1 ® By ® B; ® Bo,
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and counit is given by the composite R-linear map

®
VB, ®Bs :Bl®BQﬂR®R%R.

For R-modules C' and A, Modgr(C, A) is an abelian group under addition of maps and
it has R-linear structure

R x Modgr(C,A) — modgr(C, A),

given by
(rf)(c) =rf(c)
forre R, ceC and f € Modg(C,A).

Next, if C' is an R-coalgebra and A is an R-algebra we define a special product on
Modg(C, A) and we show that Modg(C, A) becomes an R-algebra with this product.

Definition 4.3.9. Let C be an R-coalgebra and let A be an R-algebra, then we define
a product on Modg(C, A) by

Frg:C2% 00 l®% A0 At A

for f and g € Modg(C, A). This is called the convolution of f and g. Also we define
the unit of * by the composite of R-linear maps

vaec : C <5 R 24 A

Proposition 4.3.10. Let C be an R-coalgebra and let A be an R-algebra, then
Modr(C,A) is an R-algebra with convolution product . O

Proof. Let f,gandh € Modg(C, A), then (f * g) * h is defined by the R-linear map

C 2% coo 2o g I A9 Aw A EL Ap AL, A,
Then by coassociativity and associativity of C' and A respectively we have
(fxg)xh=[x(gxh).

This implies that * is associative. To show that vsec is a left identity element, let
c € C then

vaec * f(e) = pao(vaec ® f)oAc
= ,u,Ao(UA®IdA)(f®IdR)(ec®IdC)OAC
f(e).

Similarly it is a right identity. So * has two sided unit v4ec. O
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Notation 4.3.11. Let C' be an R-coalgebra. Then for any ¢ € C we write

Ac(c) = Z cgl) ® c§2).

Then we can write the convolution product for f,g € Modr(C,A) by

(7 *9)(&) = 3 (g,

When the identity R-linear map Idy of an R-bialgebra H has an inverse y €
Homp(H, H) under convolution product, then y is called the antipode of H .

In other words, the antipode x is an element which satisfies the following

pro(x®Idg)o Ay =pgo(ldyg ® x) o Ag = vhen.

Definition 4.3.12. By Hopf algebra we mean an R-bialgebra H together with an
antipode x.

Example 4.3.13. The rational Laurent polynomial algebra Q[w,w™!] is a Q-Hopf
algebra by extending the coproduct of Q[w], for n > 0 such that

w s wT"Quw "

and with counit determined by
The antipode is determined by

for neZ.

Definition 4.3.14. An R-linear map ¢ : Hi — Hs between R-Hopf algebras is
called an R-Hopf algebra morphism, if it is an R-bialgebra morphism and commutes
with the antipodes

YoXH, = XH, 0V,
for xg, and xp, the antipodes of H; and Hs respectively.
Also we use Modr(C, R) to define the dual of an R-coalgebra.

For any R-coalgebra C, set C* = Modg(C, R), the R-linear dual of C. Define a
bilinear form
(—,—):C"®C —R
by
(fre) — flo)
for feC*and ce C. If Y : M — N is an R-linear map, then the induced R-linear
map ¢* : N* — M™ is defined by

Pr(f)(e) == f(¥(c)).
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for f € N* and c € M. For any R-module M we have an R-linear map
oM QM — (M M)*
defined by

(pm(g1 @ g2), m1 @ ma) = (g1, m1)(g2, m2) = g1(m1)ga(ma).

For an R-coalgebra C, we use @js to define a product on C* as the composite R-linear
map

pr et L% (0w o) AL o,
In a similar way we use the isomorphism R = R* to define a unit on C* as the
composite R-linear map

v i RS RS Ot
As a result we have the following.
Proposition 4.3.15. Let C' be an R-coalgebra, then C* is an R-algebra with product
map Ap. and unit map V..
Next in the same way that for an R-algebra A, we have A-modules, we define for an

R-coalgebra C' the notion of C-comodule.

Definition 4.3.16. For an R-coalgebra C', a left C'-comodule is an R-module with
an R-linear map ¢y : M — C ® M, satisfying the following conditions,

1. (Ac® Idy) ooy = (Idpy @ Ac) o par,
2. (ec @ Idpr) o = Idpy.

In the language of diagrams this means that the following diagrams

M oM CoM

oM Ac ® Idy

CoM ———CCeM
Idy ® Ac

1%

M R M

M ec ® Z'dM

CoM

commute. Then we call ¢y a left C'-coaction on M .
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Also there is a notion of right C-comodule defined by a coaction ¥y : M — M ® C.

Definition 4.3.17. Let M and N be left C'-comodules together with coactions s
and 9 of M and N respectively. An R-linear map g : M — N is called a comodule
morphism if it commutes with 1y, and . In the language of diagrams this means
the following diagram

M N

Ym YN

COM — CQ®N
Idc®g

commutes. We denote by ¢Comod the category of left C-comodules whose objects
are left C'-comodules and whose morphisms are C'-comodule morphisms.

Recall from Notation that for c € C,
Ale) = chl) ® cl(-z).
i

Similarly for a left C'-comodule M we can write the coaction as

bar(m) =D @m;
for m,m; € M and ¢; € C.

Lemma 4.3.18. Let M be a left C-comodule, then M is an right C*-module with
action m.f =Y ¢;(f,m;), for mym; € M, ¢; € C and f € C*.

Lemma 4.3.19. Let M be an R-module, then C ® M is a left C-comodule with
coaction Yoeym = Ac ® Idyy .

If M and N are R-modules, then C' ® M and C ® N are C'-comodules by Lemma
4.3.19] For any R-linear map g: M — N we have a C-comodule map

Ide®g:C®M — C® N.

§4.4 Cohomology operations and homology cooperations

For a cohomology theory it is not adequate to study only cohomology groups. Also
we should look at the natural operations on the cohomology groups. Recall that a
ring spectrum F yields E-cohomology theory given by E* = [—, E]. For a space
X, [X,E] is a graded group of maps. The spectrum also determines E-homology
theory given by E, = m.(E A —). In this section the various types of operations on the
general cohomology theory E*(—) and the corresponding cooperations on the general
homology theory FE.(—) are given. For a nice introduction to E*(—) operations and
E.(—) cooperations I refer to [26, ch. 14 and 15].
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Definition 4.4.1. A cohomology operation 6 of type (n,m) on the cohomology theory
E*(—) for fixed n,m is a natural transformation § : E"(—) — E™(—) between the
functors from spaces to sets. Thus such an unstable operation, for each space X,
consists of a family of a maps of sets

Bx : EM(X) — E™(X).

This is natural in X, meaning that for every continuous map ¢ : X — Y the diagram

) s )
By Bx
Enyy I ey

comimutes.

Definition 4.4.2. A cohomology operation 6 of type (n,m) on the cohomology theory
E*(—) for fixed n,m is an additive unstable operation, if it is an unstable operation
and fx : E"(X) — E™(X) is a group homomorphism such that for any continuous
map ¢ : X — Y the following diagram of abelian groups

) )
By Bx
By Im E™(X)

commutes. In other words the functor E™(—) is viewed as from spaces to abelian
groups.

Definition 4.4.3. A stable operation of degree r is a collection of operations, which
for each space X

Bx : E"(X) — E"T(X),
is natural in X and which commutes with suspension. In the language of diagrams
this means that for each space X and each n € Z the following diagram,

n
EMX) — 2 prr(X)

n+1
B (SX) — =X prirtl(pX)

commute.
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Remark 4.4.4. By the Yoneda lemma, all stable operations from E*(—) to E*(—)
can identified with E*(F) = [F, E].

Example 4.4.5. An important example of unstable cohomology operations are -
operations on K -theory. For n > 0, is the type (0, 0) operation, A\" : K%(X) — K°(X),
is induced from the nth exterior power on vector bundles B over X, \"(B) = A"B.
This leads K°(X) to be a A-ring as in Example ).

We also considered A-ring B over X as a formal power series on variable ¢, that is
A"(B) is the coefficient of ¢" in the power series

M(B) = i(/\iB)ti =14 [B]t + [\°BJt? +--- € K[[t]].
=0

The A-operations are not group homomorphisms. On sums we have
A (Bi+ By) = > N(B1)N(By).
i+j=n
As a formal power series in ¢ with coefficients in R, we can rewrite this as

)\t(Bl + Bz) = )\t(Bl))\t(Bg)

For more detail on A-operations see Section [2.5

Example 4.4.6. Important examples of additive unstable cohomology operations are
the Adams operations on K -theory, ¥ : K°(X) — K°(X). These are defined using
the A-operations of K -theory. They are constructed from the group homomorphism

e KO(X) — KO(X0)[[t]],

where ¢_; is defined by

[e.e]

Vi) =~ 0\ (@) = D (-1

1=0

for x € K°(z). So ¥"(x) is the coefficient of t" in ().

For more detail on Adams operations see Section

Next we are going to give construction of coalgebra built out from cohomology op-
erations. Precisely we show that F,.(E) with suitable ring spectrum E is a m.(F)-
coalgebra. All information in this section is mostly are based on [3, part III 12] and
[52, Chapter 13].

Given maps S S Eand S EAE , where S is the sphere spectrum the class
([9 A h]) € m(E N E) is represented by the map

S~SAS I EAEAE MES B AR
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This induces a map

7« (gA\h 7« (Idp®
(gnh) (Idp®pu)

m«(S) T(ENENE) T (ENE).

We also get a right action on E,(FE),
vp: E(F) @ m(E) — E.(E). (4.11)

This action can be described as follows. Given maps S S EANEand S SAE , the
class ([g A h]) € m.(E A E) is represented by the map

S~SAS M EAEAEMES B AR,

In the same way from the map

S~SAS Y EAEAE 2E B AR

we induce a left action on FE,(F)
Vg :m(E) @ Ex(E) — E.(FE). (4.12)

Proposition 4.4.7. For a ring spectrum E, E.(F) is a m.(E)-module with ¢ as
action map.

Theorem 4.4.8. [3, p. 281]Suppose E is a ring spectrum such that E.(E) is flat as
7« (E)-module. Then E.(E) is a m.(FE)-coalgebra.

Proof. First by Proposition [£.4.7] E,(E) is a m.(E)-module. For a spectrum X we
have the product map

ABX: E*(E) ®ﬂ.*(E) E*(X) — E*(X AN E), (4.13)

induced by the composite of maps

T (ENE) @ gy T«(EANX) — m(EANENENX) ldp®peldx, m(ENENX).
On the other hand, we have
X o~ X ASY X v AR,
inducing a map
nx : E«(X) = E.(ENX). (4.14)

By a assumption E,(E) is flat, then the map Ag x is an isomorphism by [52, Theorem
13.75] Therefore by composing nx with /\EIX we get a map

/\71

Ox : B(X) = B (X AE) % B(X) @, () Eo(E). (4.15)
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Now by taking X = E we obtain the coproduct map of E,(F)

A : E(E) = E.(E) ®;_ () Bu(E), (4.16)

where the associativity property of u leads to the coassociativity of Ag. Finally we
define a counit map of E,.(FE)

€: B (E) — m.(F), (4.17)
which induced by the product map on a spectrum (4.6|) as in Definition [4.2.22 ]

Proposition 4.4.9. For a spectrum E and spectrum X , E.(X) is an E.«(E)-comodule
with Ox : E«(X) = E«(X) ®r,(g) E<(E) as coaction map.

§4.5 Special kinds of rings of polynomials

We will give constructions of some examples of binomial rings coming from topology in
§[.6] For the first step in that section we begin our discussion of special kind of rings
of polynomials closely related to the ring Int (Z{x}). We describe their relation with
the ring Int (Z{*}). Our results use this relation to show that the rings considered are
binomial rings (Theorem and Theorem . Therefore their localization rings
are also binomial rings. For more detail on both rings see [20].

4.5.1 RINGS OF STABLY INTEGER-VALUED LAURENT POLYNOMIALS

The main aim of this subsection is to introduce the ring of stably integer-valued Laurent
polynomials. First we start our discussion of stably integer-valued polynomials. We
show that the ring SLInt(Z{*}) is a binomial ring (Theorem . More precisely
we use the result in Theorem to show that it is a binomially principal ring.
We show that also the ring of stably integer-valued Laurent polynomials over a subset
SLInt (K{*},Z) for K C Z is a binomial ring (Theorem [4.5.9). At the end of this
chapter we will use this result to give some examples of binomial rings coming from
topology.

Definition 4.5.1. For f(z) € Q[z], f(z) is a stably integer-valued polynomial if for
some m >0
2™ f(z) € Int(Z). (4.18)

Let Q[z,27!] denote the ring of Laurent polynomials in one variable x with rational
coefficients. Define the set of stably integer-valued polynomials in Q[z,z71] as

SLInt(Z{#}) = {f(2) € Q[z,27'] : 2™ f(2) € Z for some m > 0 and all z € Z}.

It is a subring of Q[z,z~!] and is called the ring of stably integer-valued Laurent
polynomials on one variable x.

Now we give new example of a binomial ring.
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Theorem 4.5.2. The ring SLInt(Z1*}) is a binomial ring.

Proof. Note that any polynomial f(z) € SLInt(Z{*}) can be written as

flx)=2Mg(z) for g(zx) € Int(Z1*}) and some M e Ny.

This lies in the localization of Int(Z{®}) at the multiplicatively closed subset S =
{x7x27... ’xi,--.}'

Conversely, consider an element h(x) € Int(Z{#})[z=!]. Then there exists g(z) €
Int(Z%#}) and i € N, such that

h(z) = 2 'g(x).

So
z'h(z) = g(z) € Int(Z17h).

This implies that h(x) € SLInt(Z{*}). So we have

SLInt(Z{#}) = Int(z¥H)[z71]. (4.19)

We know from Theorem that Int(Z%*}) is a binomial ring. Therefore by Theorem
SLInt (Z{#}) is a binomial ring. O

Clarke and Whitehouse in [20] give another characterization of the ring SLInt (Z{#})
by an integrality condition.

Proposition 4.5.3. SLInt(Z{*}) = {f(z) € Q[z,z" '] | f(k) € Z[F] for all k €
Z\{0}}-

Proof. 1t is clear by Theorem SLInt(Z{*}) satisfies the given condition. Conversely
let f(z) € Q[z,z~!] satisfy the given condition. Take j > 0 and m > 0, setting

g(z) = ma’ f(z),

such that g(z) € Z[z]. Now we set 6(x) = 277" f(z) for i the maximum exponent of
any prime that divides m. Now we are going to show that 6(z) € Int(Z{*}). To see
this first note that #(0) = 0. Now pick k& € Z/{0}. If p does not divide k then by
hypothesis

1
9(]43) S Z[E] C Z(p)
and if p divided k then 4
k.’b
k)= —g(k
(k) = (k).

this implies that (k) € Z,). So 0(k)Z,) for all primes p. Therefore 6(k) € Z. So
f(x) € SLInt(Z{#}). O

Proposition 4.5.4. Let T be a multiplicatively closed subset of the ring SLInt(Z{x}).
Then the localization T~ SLInt(Z{*}) is a binomial ring.
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Proof. 1t is follows by Theorem [2.9.5 O
We know from Proposition that

mt(Z{)) = {f(z) € Qlz] : f(Z) € Ly }- (4.20)

Then we obtain
SLInt(Z!"}) = Int(z!"H [z 71). (4.21)

(p) (p)
Using Proposition [4.5.3| we have

SLInt(Z!"}) = {f(z) € Q[z,z 7] : f(Z*

(») ®) € Zw}h (4.22)

where Z(Xp) ={% €Zy): pta} is the group of units of Z.

For f(x) € SLInt(Z{*}), pick m such that h(z) = 2™ f(z) is integer-valued and set

A(n(@)) = > h (@) @ B (x),

then
A(f@@) = e ™n) (z) @ 2~ h (). (4.23)

The ring SLInt (Z{*}) is then a Z-coalgebra. In fact, the ring SLInt (Z{*}) is a Z-sub
Hopf algebra of Q[x,z~1].

We know from Theorem [3.6.13 that the ring Int(Z{*}) is a binomially principal ring.
Next we will use this result to show that the ring SLInt(Z{*}) is also a binomially
principal ring.

Note that, the ring SLInt (Z{*}) is not a principal ideal domain or even a Noetherian
ring. Clarke and Whitehouse in [20] show that the ideal of SLInt (Z{*}),

fip.a = {h(z) € SLInt(Z1}) : h(a) € pZ,}

for a € Z; is not finitely generated. Here we are viewing polynomials as uniformly

continuous functions on the completion Z,. (See [I5, Subsection III. 2]).

Theorem 4.5.5. The ring SLInt(Z1*}) is a binomially principal ring.

Proof. By Theorem SLInt (Z{#}) is a localization of the binomial ring Int (Z{*})
3.6.13

and by Theorem Int (Z{x}) is a binomially principal ring. Therefore by Proposi-
tion SLInt (Z1*7) is a binomially principal ring. O

We could also consider stably integer-valued polynomials over a set X of variables. For
f € Q[X], f is a stably integer-valued polynomial if

a2l f € Int(ZY), (4.24)
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for some m; > 0 and x; € X. Let SLInt (ZX ) be the set of stably integer-valued Laurent
polynomials. It is a subring of Q[X, X ~!] and is called the ring of stably integer-valued
Laurent polynomials on a set X of variables.

By the same argument as for Theorem we have
SLInt(ZX) = Int(ZX)[ X 1]. (4.25)

Theorem 4.5.6. The ring SLInt(ZX) is a binomial ring.

Proof. This follows from Theorem [2.9.5 O

Theorem 4.5.7. SLInt(Z{zl’“’“"x"}), on finitely many variables x1,xs,...x; is a bi-
nomially Noetherian ring..

Proof. This follows from Theorem [3.7.8 O

Now we consider the notion of stably integer-valued polynomials over a subset as follows.

Definition 4.5.8. Consider K C Z. Let f € Q[X] for a set X of variables. Then f
is called a stably integer-valued polynomial over the subset K if

L f € Int(KX, Z), (4.26)

for some m; > 0 and z; € X. Let SLInt(K X 7Z) be the set of stably integer-valued
Laurent polynomials over the subset K. It is a subring of Q[X, X '] and is called the
ring of stably integer-valued Laurent polynomials over the subset K on the set X of
variables.

In particular, we have
SLInt(K{*}, ) = {f(#) € Q[z, 2] : there is some m >0, k™ f(k) € Z for all k € K}.

This is called the ring of stably integer-valued Laurent polynomials on one variable x
over the subset K.

Note that the ring SLInt (Z*X) is the ring of stably integer-valued Laurent polynomials
over Z, that is
SLInt(ZX) = SLInt(Z*, Z). (4.27)

So we have
Z[X, XY ¢ SLInt(ZX) C SLInt(KX,Z) C Q[X, X 1. (4.28)

Theorem 4.5.9. For K C Z, SLInt(KX,Z) is a binomial ring.
Proof. As in Theorem we have
SLInt(K*X,7) = Int(KX,Z)[ X 1]. (4.29)

So by Theorem [2.4.11} SLInt (K%, Z) is a binomial ring. O
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Finally we are going to extend some properties of the ring Int(K{*} Z) to the ring
SLInt(K{#} 7).

Theorem 4.5.10. For K C 7Z, the ring SLInt(K{m}, Z) is a binomially principal ring.

Proof. This follows from Theorem [3.6.15 O
Theorem 4.5.11. For K C Z, the ring SL[nt(K{xlm"“"”i},Z) on finitely many vari-
ables x1,x2,...,x; is a binomially Noetherian ring.

Proof. This follows from Theorem [3.7.11 O

4.5.2 RINGS OF STABLY INTEGER-VALUED POLYNOMIALS

The main aim of this subsection is to introduce another kind of ring of polynomials
closely related to the ring Int(Z{"}), which is called the stably integer-valued poly-
nomial ring SInt(Z{*}). We show that it is a binomial ring (Theorem . We
show that also the ring of stably integer-valued polynomials over a subset K C Z of
SInt (K {a}, Z) is a binomial ring (Theorem [4.5.23). We will use rings of stably integer-
valued polynomials to give some examples of binomial rings that come from topology

in L0

Definition 4.5.12. Define the set of stably integer-valued polynomials on one variable
x as a subring of the ring Q[z] by

SInt(Z1™}) = {f(z) € Q[z] : there is some m > 0 such that 2™ f(z) € Z for all z € Z}.

It is a subring of Q[z] and is called the ring of stably integer-valued polynomials in one
variable z.

In other words, we can express SInt(Z{*}) by,
SInt(z{*}) = SLInt(z{*}) N Qla]. (4.30)

Theorem 4.5.13. The ring SInt(Z{*}) is a binomial ring.

Proof. We know from Theorem m that SLInt(Z{””}) is a binomial ring. Then by
(4.30) SInt(Z{7}) is the intersection of two binomial subrings of the binomial ring
Q[x, z~1]. Therefore by Proposition [2.3.15/(4), SInt(Z{*}) is a binomial ring. O

Proposition 4.5.14. Let T be a multiplicatively closed subset of SInt(Z1*}). Then
any localization T~ SInt(Z1*}) is a binomial ring. O

Also, we have
Stnt(Z{+}) = {f(z) € Qla] : f(Z) C Zgp)}- (4.31)

It is easy to verify that SLInt(Z{*}) is a localization of SInt (Z{*}).
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Proposition 4.5.15. SLInt(Z*}) = SInt(Z{=})[2~1]. O

Corollary 4.5.16. Let J be a binomial ideal in SLInt(Z3*}). Then J[z~'] is a bino-
mial ideal in SLInt(Z1*}). O

Corollary 4.5.17. Let I be a binomial ideal in SLInt(Z{*}). Then I N Q[z] is a
binomial ideal in SInt(Z*}). O

For f(z) € SInt(Z{¥}), pick m such that h(x) = 2™ f(z) is integer-valued. If we write,

A(h(@) =" 1P (@) @ b (2),

then, let

A(f@) =Y o " (@) @ 2~ "h? (@), (4.32)

This makes the ring SInt (Z{*}) into a Z-coalgebra. Actually, the ring SInt(Z{*}) is
Z-subbialgebra of Q[x]. We have,

Int(Z{*}) C SInt(Z*}) ¢ Qa]. (4.33)
In the same way as in Int (Z{x}), we can give a characterization of all binomial ideals
in SInt (Z{*}) by usual ideals in Q[z].
Theorem 4.5.18. If I is a binomial ideal of SInt(Z{*}), then I = J N SInt(Z1*}), for
the ideal J =1® Q in Q[z].

Proof. The proof is analogous to the proof of Theorem [3.6.9 0

Now we can state the main result of this subsection, which says that SInt(Z{%}) is a
binomially principal ring.

Theorem 4.5.19. The ring SInt(Z{l’}) of stably integer-valued polynomials is a bino-

mially principal ring.

Proof. First by Theorem 4.5.18] we can write every binomial ideal I in SInt (Z{x}) in
the form I = J N SInt(Z1*7), where J is an ideal in Q[z]. Then the rest of the proof
is analogous to the proof of Theorem [3.6.13 O

Let SInt(ZX) be the set of stably integer-valued polynomials (4.24) over a set X
of variables. It is a subring of Q[X]| and is called the ring of stably integer-valued
polynomials on the set X of variables.

In other words, we can express SInt(Z%) by
SInt(Z*) = SLInt(Z*) N Q[X]. (4.34)

Theorem 4.5.20. The ring SInt(ZX) is a binomial ring.
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Proof. The proof is clear by Theorem O

By the same argument as in Theorem [4.5.18] we can write all binomial ideals I in
SInt (Z*) by the form
I =JNSInt(Z%), (4.35)

for the ideal J =1 ® Q in Q[X].
Theorem 4.5.21. The ring SInt(Z{xl’”“"”i}) on finitely many variables x1,xo, ... x;

1 a binomially Noetherian ring.

Proof. First by 1) we can write every binomial ideal I in Slnt (Z{‘”}) in the form
I = J N SInt(z{=1#2:5%})  where J is an ideal in Q[X]. Then the rest of the proof is
analogous to the proof of Theorem O

Definition 4.5.22. Let SInt(KX,Z) be the set of stably integer-valued polynomials
over a subset K C Z on a set X of variables in Q[X], it is a subring of Q[X] and is
called the ring of stably integer-valued polynomials over the subset K, on the set X of
variables.

In particular, we have
SInt(K ! Z) = {f(x) € Q[z] : there is some m > 0 such that k™ f(k) € Z for all k € K}.

This is called the ring of stably integer-valued polynomials on one variable z over the
subset K.

In other words, we can express the ring SInt(KX,Z) by

SInt(K*,7Z) = SLInt(K*X, Z) N Q[X]. (4.36)

Note that the ring SInt (ZX) is stably integer-valued polynomial over Z, that is

SInt(Z%X) = SInt(Z*, 7). (4.37)

We have
Z[X] C SInt(Z*X) C SInt(K*~,7Z) C Q[X]. (4.38)

Theorem 4.5.23. For K C 7 the ring SInt(KX,Z) is a binomial ring.

Proof. The proof is clear by (4.36]). O

For K C 7Z, We have inclusions of binomial rings
Int(KX,Z) C SInt(K*X,Z) ¢ Q[X]. (4.39)
Also, we can give a characterization of all binomial ideals in SInt (KX, Z) by usual
ideals in Q[X]. Let I be a binomial ideal in SInt (KX, Z). Then
I =JNSInt(K*,7), (4.40)
for the ideal J =1 ® Q in Q[X].
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Theorem 4.5.24. For K C 7, the ring SInt(K*},Z) is a binomially principal ring.

Proof. First by (4.401, we can write every binomial ideal I in SInt(K1*} Z) in the
form I = .J N SInt(K1*}, 7Z), where J is an ideal in Q[z]. Then the rest of the proof is
analogous to the proof of Theorem [3.6.13 O

Theorem 4.5.25. For K C Z, the ring SInt(K{xl’“"“’xi},Z) on finitely many vari-
ables x1,x2,...,x; is a binomially Noetherian ring.

Proof. First by (4.40), we can write every binomial ideal I in SInt (K #1227} 7 in
the form I = J N SI.‘n‘c(K{g“’””2 """ ””i},Z), where J is an ideal in Q[z1,x9,...,2;]. Then
the rest of the proof is analogous to the proof of Theorem [3.7. O

§4.6 Some topologically derived binomial rings

Knutson in [38] proves that a binomial ring R with a particular type of generating
subset leads to an isomorphism R 2 Z. One application of this result is to topological
K -theory. Actually, it means that if K°(X) for a good space X is a binomial ring
then it is isomorphic to the ring of integers Z. In contrast the purpose of this section
is to use Ko(X) to give some non-trivial examples of binomial rings which come from
topology. The main results give new descriptions of these examples (Theorem m
and Theorem .

Theorem 4.6.1. [Knutson] [57, p. 126] Let R be a binomial ring with a subset S
which satisfies the following.

1. S generates R as an abelian group.

2. Fach s in S has finite dimension (where A\i(s) is a polynomial whose degree is

called the dimension of s Definition .
3. N'(s) €S foreach s in S and n>1.

4. If s is one dimension it is insertable in R.

Then R=Z.

We recall from Theorem that a binomial ring is a special type of A-ring whose
Adams operations all are identity.

Also, K9(X) for a good space X is a A-ring with \ operations defined by the exterior
powers on vector bundles B over X, \"(B) = A"(B) (See Example [2.5.10((3)).

Here is a consequence of Knutson’s Theorem in K9(X).

Corollary 4.6.2. suppose K°(X) for a good space X is a binomial ring. Then

KY(X)=Z.
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In contrast, next we use Ky(—) for good spaces and spectra to construct some non-
trivial examples of binomial rings derived from topology. We will start with a well-
known one.

Before giving the construction of the first example of a binomial ring arising in topology,
the following preliminary information is needed.

First recall from Theorem that the ring Int(Z{*}) is a binomial ring. We know

from Theorem [2.4.6| that the polynomials o , for n > 0, form a Z-module basis of
n

Int (Z{7).

On the other hand it is well known that K°(CP>) = Z[[T]] for T = L — 1 where L is
the universal line bundle and, 1 is the trivial line bundle. The K -cohomology of CP*>°
is Z-linear dual to the K-homology see [17], that is we have an isomorphism,

KY(CP*>) = Hom(Ky(CP>),7Z), (4.41)

As a free abelian group Ky(CP>°) has a basis {ay,} such that {77} is dual to {a,}.

Now this brings us to the right position to give the first example. Clarke in [I7] defines
a ring isomorphism using the above basis as follows.

Theorem 4.6.3. [17] From the map

¢ : Int(Z1"h) — Ko(CP™), (4.42)

()

on the basis elements, we obtain a ring isomorphism,

determined by

Int(Z1*}) = Ko(CP™). (4.43)

Proof. 1t is clear ¢ is additive by extending it linearly.

Thus, it remains to show that ¢ preserves multiplication. First we know from Propo-

sition [3.4.10[ that <x> <x> in Int(Z{m}) is given in terms of the basis by
7 J

(0 -2005)E6)

On the other hand, K°(CP>) = Z[[T]], with the coproduct determined by

AT =TRK1+1T+TRT. (4.44)
Hence,
AT") = TR1+1T+TT)",
= (T+)e(T+1)-11)"
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Then by applying the binomial theorem we get

AT =S zt:zt:(—mﬂ (?) C) (;) Ti & T, (4.45)

t=0 =0 j=0

As T" is dual to «;, we obtain

wer =2 (6] o

Zer ()6 -G05)

given in [47, p. 15] we obtain,

aa; =Y (?) (nj_ Z) . (4.47)

n>0

From the identity

This implies that ¢ is multiplicative. O

Next recall from Theorem that the quotient ring R/I for a binomial ideal I of a
binomial ring R is also a binomial ring and from Definition ((x—y)) is a principal
binomial ideal in Int(Z{*¥}) generated by = —y. So now we can state the main result
of this section, which gives a new description of the binomial ring Ko(CP*).

Theorem 4.6.4. Let I = ((z — 1)) in the ring Int(Z1¥}). Then we have an isomor-
phism of binomial rings,

Iny(zle}

N (VAU .
(=1 = Int(Z\) (4.48)

Proof. First consider the map

0 : Int(Z1=¥}H) — Int(z{t)

given by
fla,y) — ft,1),

for f(z,y) € Int(Z{#¥}). It is easy to see that @ is an onto ring homomorphism. With
reference to the first isomorphism theorem we need to show that

Ker(0) = ((z — y))-
First pick an element h € ((x —y)). Then by Proposition rewrite ((x —y)) using,

((fL’—ZD)Z({(x;y),iZl}). (4.49)
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So,
finite —
= Z < , y)gi, for g; € Int(Z{=v}).
i>1 !
Therefore
finite ‘¢
0(h) = ; = 0.
=3 (" Na=o
i>1
This implies that h € Ker(0).
Conversely suppose that f(x,y) € Ker(f). Notice that can rewrite it as
where fi(x) is a polynomial in . This is because
xnym _ Z(y - x>$n—1+iym—i + Lntm
i—1
Since 0(f(z,y)) = 0, we see that fi(x) is zero. Therefore
Hence,
f(@,y) € (x — y)Qlz, y] N Int(ZE¥).
By Remark [3.6.14] this implies that f(z,y) € ((x — y)).
O
Corollary 4.6.5. There is an isomorphism of binomial rings,
Int(ZA%v}
Ko(CP®) = M
((z—v))
O

In section the spectrum K was described via the spaces U and BU. This spec-
trum yields K -cohomology operations, which are defined by K*(K) = [K, K] and
K -homology cooperations defined by K.(K) = m.(K A K). By [52, 16.33] K.(BU) is
torsion free. So by passing to the limit, K,(K) is also torsion free. Therefore the map,

¢ : Kio(K) = K. (K) ©Q,

(4.50)

is injective. On the other hand, it is easy to verify that both Q and 7.(K) ® Q are
flat Z-modules. This implies that the functors m.(K A —) ® Q and 7.(—) @ 7. (K) @ Q
are homology theories. Also by [52], 17.19], the map A ® 1 induces an isomorphism

K. (K)©Q=m(K) ©m(K)© Q.

(4.51)
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We know from ([£.10)) in Section [4.2] that the coefficient ring 7, (K) of K is isomorphic
to the Laurent polynomial ring Z[u,u"!]. As a result the following isomorphism of
rings is obtained for K,

K.(K)® Q= Qlu,vo,u" v, (4.52)

for u,v € Ko(K). Now the description of K,(K) can be given in terms of its image in
Qu,v,u~t,v71] .

Theorem 4.6.6. [/] The map
¢ : K (K) = Qu,v,u v

induces an isomorphism,

1

K.(K) = {g(ujv) € Qu,v,u" v : glax,bz) € Z [b’ x,x_l} for alla,b e Z\ {0}}
a

(4.53)

We are now in the right position to give the second example of a binomial ring coming

from topology. Let w be the degree zero element in Ko(K) given by w =u"'v. As a
result of Theorem we obtain the following.

Corollary 4.6.7. Ko(K) = {g(w) € Qu,w™1]: g(a) € Z[%] for alla € Z\ {0}}. O
On the other hand, by Proposition the ring SLInt (Z{*}) satisfies the integrality
condition.
Corollary 4.6.8. There is an isomorphism of binomial rings,

SLInt(ZV"h) = Ko(K).

]

Here is our main result of this section, which gives another description of the binomial
ring SLInt(Z{#})

Theorem 4.6.9. Let Int(Z{‘”’y}) be the ring of integer-valued polynomials over two x,y
variables and let Int((Z1H)[z71] be the localization of the ring Int(Z1*}) with respect to
the multiplicatively closed set {x™ : n € N}. Then we have an isomorphism of binomials
TINgs,

Int(Z1#9}) _
2 ozt h . 4.54
(ay = 1)) (Z¥7)[z™] (4.54)
Proof. Define the map

p: Int(Z=vH) — Int(z21H) 271

given by
fla,y) = fla,z7h),
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for f(x,y) € Int(Z{®¥}). It is easy to see that p is a ring homomorphism. Consider a
general element =" f(z) in Int(Z1*})[z~1], for n € N and f(z) € Int(Z{#).

We see that
p(y"f(x)) = 2 " f(z) and y" f(z) € Int(Z1"}),

so p is an onto homomorphism. To finish the proof, we need to show that

Ker(p) = ((ay — 1)).

As in Theorem it is clear that ((zy — 1)) C Ker(p). Conversely consider f(z,y)
in Ker(p). We claim that f(z,y) = fi(z) + f2(y) mod (zy — 1)Q[z,y].This can be

seen, using
n—1

mnym _ ym—n + Z(xy o 1>$iym—n+i,
1=0

for 0 < n < m. Then, since p(f(z,y)) =0, we see that fi(z) = fa(y) = 0. Therefore

f(z,y) =0 mod (zy — 1)Q[z, y].

Hence
f(z,y) € (zy — 1)Q[z, y] NInt(Z{¥}).

So by Remark flz,y) € (zy —1)). O

Corollary 4.6.10. There is an isomorphism of binomial rings.

Int(Z4%Y})
((zy — 1))

1

Ko(K)

In order to give a third example, the following information is needed. First we begin
with the notion of a connective spectrum. A spectrum FE is called a connective spectrum
if m,(E) =0 for all n < 0. A connective spectrum e which has a map e — E for a
spectrum FE such that it is universal amongst maps ¢ — E in which € is connective,
is unique up to homotopy equivalence. This is called the connective cover of E.

We let k be the connective cover (connective K -theory spectrum) of K. The coefficient
ring 7. (k) of k is isomorphic to Z[t]. By applying the functors m.(K A —) ® Q and
(=) @ m(K) @ Q to k as in (4.51)) we obtain

k) @ (K)©Q = K.(k)oQ,
= Q[uauilfu]'

Proposition 4.6.11. For the connective K -theory spectrum k, we have
Ko(k) = K()(K) N Q[JJ]

Proof. Apply Proposition 17.2 (iii) and Theorem 17.4 of [3] to k. O

On the other hand, recall from Theorem [4.5.13| that the ring SInt (Z{*}) is a binomial

ring.
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Corollary 4.6.12. There is an isomorphism of binomial rings

SInt(Z37}) = Ko (k).

O
From Theorem we can give a new description of Ky(k).
Corollary 4.6.13. There is an isomorphism of binomial rings
Int(Z{7v})
Ko(k) 2 ——= NQJz].
((zy — 1))
[

Finally. we know from Theorem [2.9.5] that binomial rings are preserved by localization.

From Proposition [2.9.8 and Theorem [£.6.8] we have the following.

Example 4.6.14. There is an isomorphism of binomial rings,

Int(zg)}) > (K (,))o(CP>).

From (4.22)) and Corollary we have the following.

Example 4.6.15. There is an isomorphism of binomial rings,

SLInt(Zg)}) = (K (py)o(K p))-

Also from (4.31]) and Corollary |4.6.12] we have the following.

Example 4.6.16. There is an isomorphism of binomial rings,

SInt(Z{7)) 2 (K)o (kp)-

For more examples in this direction see [50].



Chapter 5

Cotriple Cohomology

§5.1 Introduction

Huber [35] realised that a cotriple C = (C,¢,d) in a category A defined using the
iterates of C, with face operations C"T!'(A4) — C™(A) and degeneracy operations
C"™(A) — C™*1(A), constructed by using € and §, for A € 2 yields a simplicial object
in 2L

Barr and Beck used a cotriple from an adjoint pair of functors, to introduce a cohomol-
ogy theory, by using the Huber simplicial structure. This is called cotriple cohomology
theory [10]. Furthermore, Beck in his PhD dissertation [I1], gave more details of the
cotriple cohomology theory and interpreted the 0-th and first cohomology groups. The
main tools of cotriple cohomology theory and some necessary background on it are

given in §5.2

André in [6] described a cohomology theory arising from a specific complex and at the
same time Quillen in [46] described a cohomology theory with regards to abelianization.
Both theories turn out to compute the same cohomology theory on the category of
commutative algebras. This is called the André-Quillen cohomology theory. It is an
example of a cotriple cohomology theory in the category of commutative algebras, where
the cotriple comes from the composite of a free functor and a forgetful functor. It will

be discussed in §[.3]

Robinson in his thesis [48], defines the cohomology of A-rings with coefficients in a
contravariant functor Dery(—, M). This is the set of all A-derivations with values in
a A-module M. In §[5.4] a summary of this theory is presented. In the next chapter,
we will apply Robinson’s concepts to binomial rings to define cohomology of binomial
rings as another example of cotriple cohomology.

§5.2 Cotriple cohomology

A cotriple yields an augmented simplicial object which can be used to construct a
cochain complex and hence a resolution in the sense of homological algebra. The

115
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cotriple cohomology was originally defined by Barr and Beck, where they used a cotriple
to construct a cotriple resolution by using simplicial methods. André and Quillen define
a cohomology theory in the category of commutative algebras as an example of cotriple
cohomology theory. Before defining cotriple cohomology, in this section, we present all
necessary background material.

5.2.1 SIMPLICIAL OBJECTS

Definition 5.2.1. A simplicial object in a category 2l is given by a system X, =

(X, di,tt) consisting of a sequence of objects Xo, X1 -+, Xy, -+ with two families of

arrows of 2
dil X, = X,q, for 0<i<n and 1<n<oo, (5.1)
tﬁl Xy = Xpy1, for 0<i<n and 1<n< oo, (5.2)

where d!, is called a face operation and #, is called a degeneracy operation. They
satisfy the following relations (called simplicial identities).

dyod,  =d od, ; for 0<i<j<n+l,

thoth =t ot/ for 0<i<j<n.

A , todi,  for 0<i<j<n,
nt1oth =41, for 0<i=j<n or 0<i—1=j<n,
th_jodit, for 0<j<i—1<n.

We write X, for the simplicial object as above.

There is an equivalent description of a simplicial object X, in a category 2. Let A
be the category whose objects are finite totally ordered sets and whose morphisms are
the maps preserving order. Then giving a simplicial object X, in 2 is equivalent to
giving covariant functor

X, A? — 2

We mean by an augmented simplicial object in a category 2 a simplicial object X, in
2l together with an additional object X_; and a morphism € : Xy — X_; such that
eodi = eod}. We express it by the diagram

— —

: : - €
: Xnt1 G :>> X1 =Xy =X 1.
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Suppose that X, is a simplicial object in an additive category €. Then we have the
structure of a complex

A X X, S xS h X, o, (5.3)

with differential d = Y"1 ((—1)'df, : X, — Xp_1.
Proposition 5.2.2. [8, Proposition 4.1]We have dod = 0.

So the complex in (5.3)) is a chain complex associated to X, and we write it as C(X).

All information on simplicial objects comes from [8, Chapter 3] and [53, Chapter §].
For more details about simplicial methods we refer to [42].

5.2.2 TRIPLES AND COTRIPLES

Any endofunctor which is defined on a category 2 has composites. In particular T2 =
ToT :2A — 2A is also an endofunctor. So we can consider a natural transformation
B :T? — T. On the other hand every category has an identity functor Iy : A — .
Therefore we can consider a natural transformation 7 : Iy — 7. From the following
data in any category we can define a triple (it is an alternative name monad). More
detail on this material can be found in [53] and [11].

Definition 5.2.3. Let 2 be a category, a triple (monad) T = (7,7, 3) on 2 consists
of the following.

1. An endofunctor T : A — 2.
2. A unit natural transformation n: Idy — T.

3. A multiplication natural transformation 3 : T2 — T.

These are such that the following diagrams

Tp

T34>T2

AT B

T° —— T

nT Tn

Id dr



118

are commutative. These are called the associativity law, left and right unit respectively.

The notion of a cotriple on a category 2l is defined dually. That is, a cotriple (comonad)
in 2 is a triple T, on the category 2A°P.

Definition 5.2.4. A cotriple (comonad) C = (C,¢,6) on the category 2 consists of
the following.

1. An endofunctor C' : A — .
2. A counit natural transformation ¢ : C — Idy.

3. A natural transformation ¢ : C — C2.

These are such that the following diagrams

C % CQ
) cé
2 v 3
C 5C C
C
Idg 1 Ido
c Ce o2 eC o

are commutative.

Proposition 5.2.5. Let F : A — B be a left adjoint functor to the functor G : B —
2 between two categories A and B. Let n : Idy — GF be the unit morphism of
the adjunction and € : FG — Idsg be the counit morphism of the adjunction. Then
(FG,e, FnG) is a cotriple on 2.

Proof. First to show the associativity law, we have
FnG o FnGFG = F(nG onGFG) = F(nG o GFnG) = FnG o FGFnG.

In the language of diagrams this means that the diagram
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FnG
FG ——— (FG)?

FnG FGFnG

(FG)? ———— (FG)?
FnGFG

is commutative. Second to show the left and right unit laws, we have
FnG o FGe = F(nG o Ge) = F(Id) = Id

and
FnGoeFG = FnG o FGe = F(nG o Ge) = F(Id) = Id.

That is, the diagram,
FG
Idp FnG Uldpq
re 9 (pop —£¥C U pg

is commutative. O

5.2.3 COTRIPLE COHOMOLOGY

Let C = (C,¢e,d) be a cotriple on the category 2. For an object A in 2 we have the
following augmented simplicial object in 2.

LLOmHA) L S 0M(4) 30(4) SA (5.4)

— —

We denote it by C,(A) — A, with the face and degeneracy operations defined by
di = C'eC™: C"TH(A) — C™(A) for 0<i<n, (5.5)
tt = CC™ ™ C"TL(A) = C"T2(A) for 0<i<n. (5.6)

The simplicial identities hold for d, and t, see [22 p.187], with augmentation

e: C(A) — A,
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where C,(A) is the simplicial object with

(Ci(A)), =CoC---0C(A) = C"(4),
with CY(A4) = A and for any n > —1.
We call C(A) the cotriple resolution of A in 2.

Definition 5.2.6. Let D : 2l — € be a contravariant functor from a category 2 to an
abelian category €. Then by applying D to C.(A), we get an augmented cosimplicial
object DA — D(C\(A)) in €. Then we obtain the cotriple cohomology groups of the
object A with coefficients in D. We write this theory as Hg(A, D), in which

H{ (A, D) =: H"(D(C.(A))).

In other words, H¢(A, D) is the nt" cohomology group of the object A with coefficients
in D with respect to the cotriple C. This is the cohomology associated to the cochain
complex

0 — D(C(A)) 25 D(C%(A)) B D(C3(A) Zs - -

where o, = > 1" (—1)"d, D.
Proposition 5.2.7. [1(] Suppose D : A — € transforms

C?(A) =C(A) S A (5.7)
into an equalizer diagram in € and let A € A, then

HX(A,D) = D(A).
Proposition 5.2.8. Let X € € and let A= C(X). Then

H{(A,D) 0.

for all n > 1.

Proof. There exists a contracting homotopy map ¢, : C"t2 — C"*3, for n > —1
given by ¢, = C"*16. Since es_y = Id , En+tisn = Id , €950 = ¢—1€ and ;5 = G164,
this implies that H{(A, D) = 0. O

Now we will consider the case of cotriple cohomology for the category of commutative
rings €Ring. By Proposition we can consider a cotriple C = (FG, e, FnG) coming
from the composite of a pair of adjoint functors.

Set L CRing G, Get,

where F' is free functor and G is forgetful functor as in Example Our coefficients
will we given be a derivation functor.

The product rule for differentiation,

difg) _ ,dg  df

de dz " Yax

leads to the idea of a derivation of a ring.
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Definition 5.2.9. A derivation of a commutative ring R is an additive homomorphism
d : R — R satisfying the condition

d(zy) = zd(y) + d(z)y, (5.8)
for all z,y € R.

For an R-module M, an additive homomorphism d : R — M that satisfies the deriva-
tion condition is called a derivation of R with values in M. As sets we denote
by Der(R) the set of all derivations of R and by Der (R, M) the set of all derivations
of R with values in M.

Note that the maps (d; + d2) and (ad) given by
(d1 + d2)(z) = di(x) + da(x)

and
(ad)(z) = ad(z),

for dy,ds and d be derivations of R and z,a € R, are also derivations of R. So Der(R)
is an R-module. Similarly Der(R, M), is also an R-module.

Proposition 5.2.10. Let d: R — M be a derivation of a commutative ring R with
unit with values in an R-module M, then

2. d(r™) = nr""td(r) forr € R and n > 1.

Proof. The first property follows from (5.8)) by taking z = y = 1. We are going to
prove property 2 by induction on n. For n = 1 it is clear. Assume the statement is
true for n. For n + 1 we have

dr™) = rd(r™) 4+ rd(r)
= o™ d(r) + rd(r)
= (n+1)r"d(r).

O

For commutative rings R and S, let M be a R-module and let f : S — R be a
ring-homomorphism. Then it is clear by the action given by (s,m) —— f(s)m, M is
also an S-module. Thus we define the category of commutative rings over R, whose
objects are ring-homomorphisms f; : S; — R, from a commutative ring S; and whose
morphisms are given by the commutative diagrams of ring-homomorphisms,
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S —R
g Idg

So — R
2
We denote this category by €Ring/R.

Now for a commutative ring R and an R-module M the derivation functor Der(—, M)
give us a contravariant functor

Der(—, M) : €Ring/R — 2b.
There is a canonical homomorphism from C"(R) to R given by composite of maps in
(5.4). Therefore M becomes a C™(R)-module. This leads to the following.

Definition 5.2.11. Let R be a commutative ring and let M be an R-module. Then
we define the cohomology of R with coefficients in M to be the cotriple cohomology of
R with coefficients in Der(—, M), that is

H™(R, M) = HE(R, M) = HZ(R, Der(—, M)).
Proposition 5.2.12. Let M be an R-module. Then
HQ(R, M) = Der(R, M).

O
Proposition 5.2.13. Let R be a free commutative ring and let M be an R-module,
then
HE(R,M) =0.
for all n > 1.
Proof. The proof follow by applying Proposition with C' = F@G. O

Dually if U : 21 — € is a functor from a category 2 to an abelian category € and
T = (T,n, ) is a triple in 2, in the same way as above we obtain the triple cohomology
groups of an object A with coefficients in U. We write this theory as Hg(A,U), for
n > 0, where

HE(A,U) = HM(U(T.(A))).

In other words, Ht(A,U) is the n** cohomology group of the object A with coefficients
in U with respect to the triple T. This is the cohomology associated to the cochain
complex

0 — U(T(A)) = U(T?(A)) 2 U(T?(A)) 25 -
where o, = > (—1)'n;U.

For more details about cotriple cohomology we refer to [9] and [21].
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§5.3 André-Quillen cohomology

There is a cohomology theory for commutative algebras, which was independently in-
troduced by André and Quillen. André describes the cohomology theory arising from a
specific complex and Quillen describes the cohomology theory with regard to abelian-
ization. Both theories compute the same cohomology. This theory is now called André-
Quillen cohomology theory of commutative algebras over a commutative ring K. In
this section we will present this theory.

For a fixed commutative ring K, we consider the category Commalg whose objects
are commutative K -algebras and whose morphisms are K -linear algebra maps f :
R — S, between two commutative K -algebras R and S. The free functor Fi that
sends a set X to the polynomial algebra K[X], is left adjoint to the forgetful functor
Gk : Commalg — Get [46]. Then by Proposition from FrxGg we obtain a
cotriple Cx on Commalg. In an obvious way as a result we obtain a cotriple resolution
(Cy)k (R) for each object R € Commalg.

Definition 5.3.1. Let R be an K-algebra and let M be an R-module, we mean
by K-derivation a K-module map dx : R — M, such that satisfying the following
condition

dg (rs) = r(ds) + (dr)s,
for all r,s € R.

Then in the same way of commutative ring all K -derivations Derg (R, M), with value
in M is an R-module.

For K-algebras R and S, let M be a R-module and let f : S — R be a K-
homomorphism. Then by the same way of commutative ring it is clear M 1is also an
S-module. Thus we define the category of K-algebra over R whose objects are K-
homomorphisms f; : S; — R, from a K-algebra S; and whose morphisms given by
the following commutative diagrams of K -algebras

N

Sy — R
g Idpr

Sy — R
2

for a K -homomorphism g. We denote this category by Commalg/R.

Now for a K-algebra R and an R-module M, we define the contravariant functor
Derg(—, M) : Commalg/R — Ab.

There is a canonical map from (C™)k(R) to R. given by edy...d2 ,d% ; (or equiv-

alently any sequence of maps in (5.4), M becomes a module over (C™)g(R) for all
n>1.
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Definition 5.3.2. Let R be a K-algebra and let M be a R-module. By applying the
functor Derg(—, M) to the cotriple resolution (Cy)g(R) on Commalg, we define the

André-Quillen cohomology groups of R with coefficients in Derg (—, M), we write this
theory as H};,(R/K, M) in which

H%o(R/K, M) = HE _(R/K,M) = HE _(R,Derg(—, M)). (5.9)

In other words, HZQ(R/ K, M) is the n'™ cotriple cohomology group of R with coeffi-
cients in Derg (—, M) with respect the to cotriple Cx on Commalg.

Thus André-Quillen cohomology on Commalg is a particular example of cotriple coho-
mology.

Proposition 5.3.3. Let R be an K -algebra and let M be an R-module. Then
HYo(R, M) = Derg (R, M).
O

Proposition 5.3.4. Let R be a free commutative K -algebra and let M be an R-
module. Then
Hjo(R, M) =0.

for all n > 1.

Proof. The proof follow from Proposition O

§5.4 Cohomology of \-rings

Robinson in [48], gives a cohomology theory for A-rings, with values in the contravariant
functor Dery(—, M) which is the set of all A-derivations with values in a A-module M
over the A-ring. This is another example of cotriple cohomology. In this section we
will summarize Robinson Construction of cohomology of A-rings.

First we start with Robinson’s notion of a A-module over a A-ring, which will supply
us with the coeflicients of cohomology of A-rings.

Definition 5.4.1. Let R be a A-ring. An R-module M is called a A-module over R,
if there is a sequence of abelian group homomorphisms QM : M — M, satisfying the
following conditions.

1. QM(a) = a,
2. )l (ra) = ¢"(r)2 (a),

3. O (a) = (-1 VDM O a),

forallae M, r€ R and n,m > 1.
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Definition 5.4.2. Let (M, QM) and (N, Q%) be two A-modules over a A-ring R. An
R-homomorphism f : M — N is called a A-module homomorphism if it preserves
the A-module structure. That is, the following diagram

f
M —— N
M N

commutes for n > 1. We denote this category by R-9t0d) the category of A-modules

over the A-ring R whose objects are A-modules over the A-ring R and whose mor-
phisms are A-module homomorphisms.

—
f

Proposition 5.4.3. Fvery A-ring R whose Adams operations all are the identity map
on R is a A-module over itself with module structure given by

o = (1) D 1dy,
for n > 1. [l

Example 5.4.4. The ring of integers Z is a A-module over itself with module structure
given by
0% = (—1)"D1dg,

for n>1.
Definition 5.4.5. Let R be a A-ring and M a A-module over R. Then a derivation of

R with values in M, d: R — M, is called a A-derivation if it satisfies the following

condition,
n—1

d\"(r)) = D L (dr)N (r), (5.10)

i=0
forall r € R and n > 1.

We know from Proposition that an adjoint pair of functors leads to a cotriple.

We give the construction of the free A-ring on one generator as a step towards con-
structing a cotriple resolution on MRing,. Let A, be a free A-ring in one generator y.
Then by Deﬁnition A, should contain all A"(y) for n > 1. This implies that A,
contains all polynomials in y, A(y), \2(y), ..., A"(y),... with integer coefficients.

Proposition 5.4.6. The free \-ring on one generator y is

Ay = Z[ylay27 t ']7
where A"(y1) =y for allm >1.

Proof. For a proof see [57, Proposition 1.38]. O
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Example 5.4.7. Let M be a A-module over A;, then we have
Dery(Az, M) = M,
for any A-derivation d € Dery (A, M), determined by

d(z1) =m,

d(z;) = Z 0w,
j=1
for m € M and xg = 1.

In the same way we can construct the free A-ring on a set of generators. Let y1,%2,...,Yn €
Ay, yo....y, Such that for any A-ring R there exists a A-homomorphism

determined by
f(yl) =T,
for 1 <4 <n and r; € R. This implies that the ring Ay, 4, . 4, is the polynomial ring
over Z generated by the A"(y;). So
Ay sy = Dyy @ Ay, @+ @ Ay,

On can also construct the free A-ring on an arbitrary set.

So we get
Fy . G
Get — Ring, — Get,
where F) is the free functor taking a set X to the free A-ring generated by this set

and G is the forgetful functor. As a result we obtain a cotriple Cy on fRing,. For
R € Ring, we have a cotriple resolution (Cy)x(R) on Ring, .

For A-rings R and S, let M be a A-module over R and let f : S — R be a A-
homomorphism. Then it is clear M is also a A-module over S. Thus we define the
category of A-rings over R, whose objects are A-homomorphisms f; : S; — R from a
A-rings S; and whose morphisms are given by the following commutative diagrams of
A-rings

S — R

g Idg

Sy — R
2
for a A-homomorphism ¢g. We denote this category by Ring,/R.

Let R be a A-ring and let M be a A-module over R. Then we define the contravariant
functor Dery(—, M) : Ring, /R — 2Ab
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Definition 5.4.8. Let R be a A-ring and let M be a A-module over R. By applying
the functor Dery(—, M) to the cotriple resolution (Cy)\(R) of R € Ring,, we define
the cohomology of A-ring R with coefficients in M by

HY(R,M) = H (R, M) = HE (R, Dery(—, M)). (5.11)

In other words, HY (R, M) is the n* cotriple cohomology group of R with coefficients
in Dery(—, M) with respect to the cotriple Cy on fRing,.

In the next chapter we will introduce cohomology of binomial rings as another example
of cotriple cohomology.

Proposition 5.4.9. Let R be a A-ring and let M be a \-module over R. Then
HY(R, M) = Dery(R, M).

Proof. For proof see [48, Theorem 7.6]. O
Proposition 5.4.10. Let R be a free A\ ring and let M be a A-module over R Then
HY (R, M) =0,

for all n>1.

Proof. The proof follow from Proposition O
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Cohomology of binomial rings

We know from Chapter [5| that the concept of a cotriple provides a simplicial method
to define cohomology in a categorical setting. The most familiar example is a cotriple
that comes from a composite of adjoint functors such as a free functor and a forgetful
functor. This section will start with free binomial rings as a step to construct a cotriple
on ‘BinfRing.

§6.1 Free binomial rings

We know from Proposition [2.8.13| that the integer-valued polynomial ring over a set X
of variables,

Int(Z*) = {f € Q[X] : f(Z*) C Z}
(Definition [2.4.1]) is the free binomial ring on the set X.

Now by taking the composite of this pair of adjoint functors
C = FpinGpin : BinRing — BinfRing,

we obtain the cotriple Cpj, on BinfRing. Thus for any binomial ring R € BinfRing
we can take the associated cotriple resolution (Cy)gin(R), where each component of
(Cy)Bin(R) is a free binomial ring.

To define cohomology of binomial rings by using cotriple cohomology theory, we need
first to define the notion of a binomial module over a binomial ring R, in order have
coefficients for the theory.

§6.2 Binomial modules

When we define the cohomology of a usual ring its modules supply us with coefficients.
Quillen in [46], through the concept of modules and derivations on commutative alge-
bras, defined a cohomology theory on commutative algebras. To introduce the concept
of a binomial module over a binomial ring, we apply the construction of Robinson for
A-modules over A-rings in Definition to a binomial ring R. We get the following.

128
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Definition 6.2.1. Let R be a binomial ring. An R-module M is called a binomial
module over R, if there is a sequence of R-homomorphisms, 902/[ M — M, for n>1
satisfying the following.

1. go{w(m) =m,
2. M (m) = (=1)FFVEHIEM (M (m)),

for all m € M and 4,5 > 1.

Proposition 6.2.2. Let R be a binomial ring. Then every R-module M is a binomial
module over R, with binomial module structure oM : M — M, for n > 1, given by

oM = (1) Idy,. (6.1)

Proof. 1. ¢M(m) =m.

(~)EDTDRM (M (m)) = TN (-1)7 m)

Here are some examples of binomial modules.

Example 6.2.3. Every binomial ring R is a binomial module over itself with binomial
module structure (|6.1]).

Example 6.2.4. For m > 0, consider the set of stably integer-valued polynomials
SInt™(Z4}) = {f(z) € Q[z] : 2™ f(x) € Int(ZI7})}.
Then for fixed m each set SInt™(Z{#}) is a binomial module over the binomial ring
Int(Z%*}) with binomial module structure (6.1)).
Indeed we have a filtration on the binomial ring SInt(Z{*}) by binomial modules
SInt™(Z{#}) for m > 0 given by
Int(Z{*}) = SInt®(z{*}) ¢ St} (z1#}) ¢ -+ ¢ SIt™(Z4}) < - .- < SInt(z17}).

Note that each SInt™(Z{*}) is not a ring for m > 1 because it is not closed under
multiplication. But
SInt(zt™) = | J SInt™(zt").

m>0

is a ring (see Definition [4.5.12)).
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Example 6.2.5. Note that ev : Int(Z{*} — Z is ring homomorphism. Then Z is a
binomial module over Int(Z{*}) with the action

Int(Z) x 2 — 7,
given by
(f,n) — nf(0) (6.2)

for f € Int(Z{*}) and n € Z, and with the binomial module structure (6.1)).

To give another binomial module structure, recall from Proposition that Binomial
ring is a spacial; type of A-ring. We start with Robinson [48] observation for A-ring
that is in general a A-ring R is not a A-module over itself unless the multiplication in
R is trivial.

First we present the following result. We mean by square zero binomial ideal I that
the multiplication in [ is trivial.

Lemma 6.2.6. Let R be a binomial ring and suppose that I is a square zero binomial
ideal in R, then I is a rational vector space.

Proof. Let a € I, then by the definition of binomial ideal we have <a) € I for all
n
n > 1. Then by our hypotheses we get,

<a> ala—1)--(a— (n—1))

n n!

= (—1)%er
(-1) -

So, for each n > 1 there exists b, € I, for which b, = % So [ is divisible. Since

I is also Z-torsion free, by [49, Lemma 19.2.1], I is a rational vector space. O

Proposition 6.2.7. Let I be a square zero binomial ideal in a binomial ring R. Then
I is a binomial module over R with binomial module structure ¢ : I — I given by,

Phla) = (-2, (6.3)

forael and n>1.

Proof. First it is clear I is an R-module. By Lemma I is a rational vector space,
S0 ¢y, is well-defined. Then we have the following.

1. ol(a) = a.
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2.
()DLl @) = (- 1>”+l+f+1sof<<—1>j“§>

_ ij+i, I
= (=) wz(j)
(1))t
= (DTN
— (—1)itt 2
= ()T
= @ij(a).

O]

Example 6.2.8. The ring of rationals Q is a binomial module over Int(Z{*}) with the
action given in Example with binomial module structure (6.3]).

Note that in Example Q is also a binomial module over Int(Z{*}) with binomial
module structure (6.1). So we can have different binomial module structures on the
same underlying R-module.

Proposition 6.2.9. Let R be a binomial ring. Let r1 = 1 in R and for each prime

p, pick an element r, in R. If n = p1.pa..... Pm, @ product of primes, let r, =
TpiTpo - - Tpm- Define

R.R— R,
by

o (r) = (=1)" r,.r.

Then R is a binomial module over itself with module structure given by & for n > 1.

Proof. 1. of(r)=rir=r.

2.

(~)ENTDGR () = ()T (- 1>i+1r.¢;%<r>
=~
=~y
= %’j( r).

O]

Example 6.2.10. Similarly for any R-module M over a binomial ring R, M is a
binomial module over R with module structure

MM — M

determined by
m— (=1)"r,.m,

for a sequence of elements r, € R as in Proposition [6.2.9
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Definition 6.2.11. Let (M, M) and (N, ¢Y) be two binomial modules over a bino-
mial ring R. An R-homomorphism f: M — N is called a binomial R-homomorphism
if it preserves the binomial module structure, that is for n > 1 and m € M we have

en (f(m)) = f(en! (m)).

We denote by R —9odp;i, the category of binomial modules over R whose objects are
binomial modules over R and whose morphisms are binomial R-homomorphisms.

§6.3 Binomial derivations

In this section we will introduce the notion of a binomial derivation of a binomial ring
R with values in a binomial module M over R. For this purpose in the same way as
for binomial modules we apply the Robinson notion of A-derivation of A-rings with
values in a A-modules as in Definition to the special case of binomial modules
over binomial rings.

Notation 6.3.1. We will use the binomial symbols (f) and their derivatives frequently
in this section. For convenience in formulas now we introduce the notational device
bi(z) for (%) and d;(xz) for %(f), fori>0 and j > 1.

Definition 6.3.2. Let R be a binomial ring and let M be a binomial module over R,
with binomial module structure ,,, n > 1. Then a derivation of R with values in M,
d: R — M, is called a binomial derivation if it satisfies the following condition,

n—1
d(bn(r)) = @M i(d(r))bi(r), (6.4)
i=0
forall r € R and n > 1.

We denote by Derpi, (R, M) the set of all binomial derivations of the binomial ring R
with values in the binomial module M over R.

For a binomial ring R and r € R by (12.6)) we have
1(¢ n—i || i
)= (e [i])

Thus by Proposition [5.2.10|(2) for a usual derivation d of R we obtain

d(b(r)) = <Zn:(—1)"i m ir“d(r)>. (6.5)

Tl i
i=1

On the other hand also by applying (2.6)) to (6.4]), we obtain,

() = jz:somw (;(imw ) (6.6

k=1
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We are going to explore how Robinson’s A-derivations behave in the special case of
binomial rings and binomial modules.

First we give differentiation of polynomials as an example of a derivation. We will
explain what happens for derivations of integer-valued polynomial rings. We start by
exploring differentiation.

Definition 6.3.3. Let D := Im(d : Int(Z{*}) — Q[z]) where d is differentiation on
Int (z{=}).

Example 6.3.4. This example is given to show that D is not an Int(Z{*})-module.
Consider the elements do(z) =2 — 3 € D and z € Int(Z{*}). Suppose

xdy(z) = (.CE — > Z a; di( with a; € Z.

Then for degree reasons a; = 0 for ¢ > 3 and

ardi(x) + agda(x) + azds(z) = z(z — %)

where dj(x) =1 and dsz(x) = (W). So by the equality of the coefficients we get
a3 = 2 and then ag = 3 ¢ Z. Therefore D is not an Int (Z{=}) -module.

Next we are going to find the smallest Int (Z{*})-module M such that
D c M C Q[x].

Definition 6.3.5. Let M be the smallest Int (Z{*})-module such that D ¢ M C Q[z].

Then

finite

M = {Z ai; b (z) : fora;; € Z}. (6.7)

The product rule for differentiation gives the following.

Lemma 6.3.6. For n > 1, we have,

— n

RSN | )

i=0 j=0,j#i

Next we need to present the following result.

Proposition 6.3.7. For all non-negative integers n, we have the equality

n

du() = S(=1 1 L b (). (6.8)

i=1 J
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Proof. We use induction on n. The statement is true for n = 1, since dj(z) = 1 =
bo(z). We assume it is true for n. Then

n

da(@) = 32 (=17 L b, (@),

i=1 J

To prove it for n + 1, we start with

bn(z)(:z:—n)

Then by taking the derivative of both sides we get,

So

dn—l—l(x)

ot (@) = ——(d(2) (& = 1) + b 0))

1
w1 (\ &
n—1|— 1 (( (=1 t—(n—j+ 1)bpt1—j(z) + (_1)jbn—j(:c)> by ()
=1
D i@+ g S Wi
=1 2
[y ) )
n+1 g(—l)k Wp1-k(z) + o
;(1)3—11bn+1 J(x) - n—ll— 1 n( ) _1|_1(1)nb0($) i bn—(i_:ci
n+1 .
Z(_l)J—lfbn—H—J (z)
=1

O

In the same way the following proposition provides an equality regarding derivative of

rising power of z see equation (2.3) in §

Proposition 6.3.8. For all n > 1, we have equality of rational polynomials of degree

n—1,

n

s d<ﬁ> . (6.9)

(n — 1) dz
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Proof. This can be proved by induction on n, in the same way as Proposition [6.3.7]
using

2 "z +n-1)

n! n(n —1)!

Corollary 6.3.9. For alln>1 and 0 < j <n—1, we have

nzl( B].. z(jH)[ " } (6.10)

— | ! ]
— (n i)a! n! |j+1

Proof. For fixed j, the statement follows by taking the coefficient of 7 in , using

Proposition [2.3.19 O

Recall from Definition that we mean by M a smallest Int(Z{*})-module such that
D c M C Q[x].

Theorem 6.3.10. For all non-negative integers n, we have % e M.

Proof. We use induction on n > 1. Certainly 1 = dy = by € M. For the induction
assumption we suppose % € M for 1 <j<n-—1. Then by Definition W

1 i A
i = Za‘gk bi(z) dp(x) for some aj, € Z.
N

We need to show that = € M. From Proposition we have the equality

1
n

n

(@) = Y1 < )
j=1

for all n > 1. Then by rearranging we get

n n—1
CU @) + 1 S by@)
j=1
n—1
= dn(2)+ (1)j<za{kbldk>bnj(x).
7=1 lk

Since by Theorem the product of bg(x) and b;(z) is a Z-linear combination of
the b;(z), this implies that L € M. O

To illustrate Theorem [6.3.10] we present the special case for n = 3.
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Example 6.3.11. For n = 3 by Proposition [6.3.7 we get

ds(z) = b () — %bl(x) + ébo(.@.

This implies that

1 1
3= ds3(z) — be(x) + §bl(x)'
Again by Proposition we have
1
5 = —dg(a}) + bl(x)

By Theorem we can write bi(z)bi(x) as a linear combination of basis elements
bi(x)bi(x) = 2ba(x) + b1 ().
Then )
3 = d3(2)bo () + di(2)ba(w) — da(2)b1(x) — do(x)b1 ().
Therefore % e M.

Corollary 6.3.12. We have M = Ql[z].

Proof. Let f(z) € Q[z]. We write f(z) = @, where g(z) € Z[x] and n > 1. Then
g(z) € Int(z{7}). Since M is an Int(Z{*})-module and by Theorem 1em,
this implies that < @) ¢ 1. O

n
Proposition 6.3.13. There is an isomorphism of Int(Z*}) -modules

Der(Int(Z1*}),Q) = Q.

Proof. First we define the map
¢ : Der(Int(Z¥"), Q) — Q
given by
d— d(x),
for d € Der(Int(Z{*}), Q).

It is clear ¢ is an Int (Z{*})-module map. Next, if ¢(d) = 0, then d(z) = 0, therefore
d = 0. This shows that ¢ is injective.

Finally to show that ¢ is surjective, let a € Q. We want to show that a = d(z) = ¢(d)
for some d € Der(Int(Z{*}), Q). This is true by letting d be the derivation determined
by d(z) = a. O

It is well known that the binomial symbols are integer-valued but their derivatives are
not.
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d 2 _6x+2 df (1
Example 6.3.14. Let f(z) = dsx, then ];(;U) = 3z 6x+ . So J;;) ¢ 7.

We know from Example that Z is an Int (Z%*})-module.
Proposition 6.3.15. We have

Der(Int(Z{*}),7Z) = 0.

Proof. Let f € Der(Int(Z{}),Z) and consider b,(z) € Int(Z{=}), for n > 0. Then

since

nlby(z) =z(z —1)...(x — (n — 1)),
we have

() = 0| vy
=1

(1) - () by 6.

So f(x) = (—=1)""'nf(b,(x)) € nZ. Since this holds for all n, this implies that f(x) =
0. So f=0. O

Here is the main result of this section.

Theorem 6.3.16. Let R be a binomial ring and let M be a binomial module over R

with module structure given by oM = %IdM. Then

Der(R, M) = Derpin(R, M).

Proof. To prove the equality we need to show that the condition (6.4) of compatibility
with the binomial module structure follows from the usual derivation condition (5.8]).
In other words, we need to show for each n > 1

n—1 7 . n
-1 d(r) K 1 _n].
_1(n Z)l _1’Lk k _ _1nz Zld )
i;( ) (n — i)l (;( T = ;( A
(6.11)
Since both sides of (6.11)) are polynomials in r, we compare coefficients. For fixed j
the coefficient of 77 on the right hand side is

et

and on the left hand side it is

g(—l)“”'“m i)

1=j

By Corollary both sides are equal. O
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Proposition 6.3.17. Let R be a binomial ring and let M be a binomial module over
R with module structure given by oM = (=1)""'Idy;. Then we have

Derpin(R, M) = 0.

Proof. For oM = (—1)""'Idy; in (6.11)), we have

n— 1 (n—i)—1 E!)<i(_1)ik [ljrk> :;!(Zn:(_”m [Tz]z‘rild(r)) (6.12)

i= O k=1 i=1

Then the coefficient of r on the right hand side of (6.12]) is

(120 o) [“ ,

n! 2]

and on the left hand side it is

By Corollary both sides are equal, for all n > 1. Then for n = 3, we have
—d(r) _dr)2 _  Zd(r)(2)3)

732d( ) 2! - 3!
=3d) = —d(r).

Then we get d(r) = 0. O

Proposition 6.3.18. Let M be a binomial module over Int(Z7}) with module struc-

(-

ture given by pM = %IdM. Then we have an isomorphism of Int(Z{x}) -modules

Derpgin(Int(Z17}), M) = M.

Proof. For any binomial derivation d € Dergiy, (Int(Z{*}), M), suppose that d(z) = m,
for m € M. We define the map

0 : Dergi, (Int(Z{*H), M) — M,

given by

d— d(x) =m.
First to show that € is an injection, we know from Theorem [2.4.6] that a general element
in Tnt(Z{}) is of the form Y7, a;b;(x) for a; € Z. Then

m m

d()  aibi(x)) Y aid(bi(w))

=1 =1

_ ial(;( i (—1)~ uij Ld(z )by (6.5),
 Eu (i )
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Thus 6 is totally determined by m. This implies that 6 is injective. Since setting
d(x) = m determines a derivation, it is clear that € is surjective. O

By Theorem for a binomial module M over R with module structure ¥ =
%IdM as in Proposition [6.3.18] Der(R, M) = Derpi, (R, M). Note that an ordi-
nary derivation d is determined by d(z) and the divisibility property of such an M
means that any choice of d(z) € M extends to a derivation.

Proposition 6.3.19. Let M be a binomial module over Int(Z*¥}) with module struc-

ture given by oM = %Id]\/[. Then we have an isomorphism of Int(Z{x’y}) -modules

Deer(Int(Z{x’y}),M) =~ Mo M.

Proof. For any binomial derivation d € Derg;, (Int(Z{#¥}), M), suppose that d(z,y) =
(my, mg) for my, me € M. Then the rest of the proof is analogs to the proof of Propo-
sition 16.3.18 O

Recall from Theorem [.6.9] that

Int(Z{=v})
((zy — 1))

Next similarly as in Proposition [6.3.19] we compute the Dergy, on non free binomial
ring.

=~ Int(Z47H) [z 7).

Example 6.3.20. Let Q be a binomial module over SLInt(Z{*}) with module structure

given by ¢ = (oY dg. Then we have an isomorphism of SLInt(Z{*})-modules

Derpi, (SLInt(Z1*1), Q) 2 Q ¢ Q,

with derivation given by

d(z,y) = (q1, q2)

for q1,q2 € Q and y =z~ .

We know from section [5.3|that the set Der(R, M) for an R-module M is an R-module.
Similarly we are going to show that the set Derpi, (R, M) is a binomial module over
R.

Proposition 6.3.21. Let R be a binomial ring and let M be a binomial module over
R with structure maps @M. Then the set D = Derpi,(R, M) is also a binomial module
over R with module structure 2 : D — D, defined by setting

or (d)(r) = o' (d(r)),

forde D, reR and n>1.

Proof. First we are going to show that ¢”(d): R — M is a binomial derivation for
d € D. To see that for r,s € R we have,
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1.
(P2 (d)(rs) = @p(d(rs))
= o) (rd(s) + sd(r))
= rp(d(s)) + s.pn! (d(r))
= 1. (d)(s) + s.oP (d)(r)
= 1.(eB(d)(s) + s.(oF (d))(r)
2.

2.
(pi; (@)(r) = @i (d(r))
= (=DM (M (d(r)))
= (=IEIHRM (pPd)(r))
= (-pFuHy (% 7 (d))(r).
for all 4,7 > 1. O

§6.4 Cohomology of binomial rings

The main aim of this section is to introduce the cohomology of binomial rings as
another example of cotriple cohomology theory, on BinfRing with coefficients in the
contravariant functor Derpi,(—, M) for a binomial module M.



CHAPTER 6. COHOMOLOGY OF BINOMIAL RINGS 141

First, for binomial rings R and S, let M be a binomial module over R and let f: S —
R be a ring homomorphism. Then it is clear M is also a binomial module over S. We
define the category of binomial rings over R, whose objects are ring homomorphisms
f:S — R from a binomial ring S and whose morphisms are given by the following
commutative diagrams

Sy — R
g Idg

Sy — R
2

for a ring homomorphism g. We denote this category by BinfRing/R.

Then for a binomial module M over R, we define the contravariant functor
DerBin(—, M) : %ingﬁng/R — Ab.

Recall from Subsection the simplicial object C"(R) that came from an adjoint
pair of functors. The binomial module M over binomial ring R becomes a binomial
module over (C™(R))gin for all n > 1 by the canonical map from (C"(R))gin to R.

Definition 6.4.1. Let R be a binomial ring and let M be a binomial module over
R. By applying the functor Derpin(—, M) to the cotriple resolution (Cy)gin(R) of an
object R in BinfRing, we define the cohomology of the binomial ring R with coefficients
in M by

Hg (R, M) = H¢ (R, M) := H¢ . (R,Derpiy(—,M)). (6.13)

In other words, Hp. (R, M) is the n'* cotriple cohomology group of R with coefficients
in Derpi,(—, M) with respect to the cotriple Cgj, on BinRing.

Proposition 6.4.2. Let R be a binomial ring and let M be a binomial module over
R. Then
HY, (R, M) = Dergy,(R, M).

Proof. Applying Dergi,(—, M) to the bottom of the augmented simplicial object ([5.4]),
we obtain the following diagram

0

*

(9)
Derpin(R, M) > Derpin(CR, M) (:; Derpin(C2R, M).
—

It is clear that ¢* is injective and since ! = ee},

Ime* C Ker((e])* — (£9)%).

Now let f € Ker((e})* — (¢9)*). Then, we writing x for the product in CR, it follows
that f(axb) = f(ab). Thus we can define g : R — M by g(a) = f(a). Then g is a
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derivative because f is and ¢ is compatible with the module structure of M as f is.
So f =ge =¢e"(g) € Ime*. Thus

Derpin (R, M) = Ime* = Ker((e})* — (¢9)*) = H.. (R, M).
O

Proposition 6.4.3. Let R be a free binomial ring and let M be a binomial module
over R. Then
Hgin(Rv M) =0,

for all n>1.

Proof. The Proposition follows from Proposition [5.2.8 O

Proposition 6.4.4. Let R be a binomial ring and let M be a binomial module over
R with module structure given by oM = (=1)""'Idy;. Then we have

Hgm(Rv M) =0,

forall n > 1.
Proof. The proof is clear by Proposition [6.3.17 O

We end this thesis by defining homomorphisms between binomial cohomology, -
cohomology and André-Quillen cohomology of the underlying commutative ring.

We know from Proposition that a binomial ring has a unique A-ring structure

given by binomial operations on R, A"(r) = (;) and whose Adams operations all

are the identity on R. We are going to show that there exist homomorphisms from
cohomology of A-rings to cohomology of binomial rings for all n. In order to define
these homomorphisms, first we present the following results.

Proposition 6.4.5. In the free A-ring, A, let
S, = {¥"(h) —h : heAyandn > 1}.
Then we have an isomorphism of binomial rings,
% ~ [z,
where I = (Sy,,)-

Proof. First we know from Proposition [2.8.10|that the ideal I is a A-ideal of A, . So by
Proposition % is a A-ring. Since A, is a free A-ring and by Proposition

Int(Z{“"} ) is a A-ring, by the universal property we can define a A-homomorphism

0:Ay — Int(z{),
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determined by
Y — .

Also by Proposition [2.7.5] we have
n n T
o) =30 = (7).

n

Since () € Im(9) for all n and by Theorem these span Int(Z{#}), 6 is surjective.
Now pick an element p € I, then

r

p=Y (" (hi) = hi)gs,

i=1

for some h;, g; € Ay and some n; > 1. Then

0(p) = > 0((" (k) — hi)gi)
i=1

= Z (@Z)”Z(H(hl)) — H(hi)> 0(g:) by Proposition |2.6.5
=1
= 0 by Proposition |2.7.5

Therefore I C Ker # and 6 induces a ring homomorphism
=~ A
0 : Ty — Int(Z7h).
On the other hand we define the Z-linear map
Ay

o Int(z1h) — i

determined on basis elements by

(M) = v+ D

n
= N(y)+1
= <7’7{L> +1 by Theorem|[2.7.5
Then « is a ring homomorphism.
Then
~ (x - n x
da((7)) =000+ D =00 ) = (%)
n n
and

b () + 1) =a((T)) =) + 1

This implies that « is an inverse to 6. O
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Recall from §2.§ that the functor Q) from the category of A-rings to the category
of binomial rings is left adjoint to the inclusion functor Ig;, from the category of
binomial rings to the category of A-rings (Theorem [2.8.12)), from §5.4] that Cy = F)\G,
is a cotriple on fRing, where F) is the free functor taking a set X to the free A-ring
generated by this set and G, is the forgetful functor and from § that Cy = FinGBin
is a cotriple on BinfRing where Fp;, is the free functor taking a set X to the free
Binomial ring generated by this set and Gp;, is the forgetful functor.

Remark 6.4.6. From Proposition we have isomorphism of binomial ring

QFx({y}) = Fin({y})-

Similarly, we have
QAFA(X) = Fpin(X),
for any set X.

Proposition 6.4.7. Let R be a binomial ring. For n > 0 there exists a binomial ring
homomorphism,
nk: Q\CipyuR — Ch,R.

Proof. We will prove it by induction on n. For n = 1. Since G)Igin = Gpin, by
Remark and Proposition [6.4.5, we obtain

Q\CalpinR = CainR

which is clear that is natural in R.

For n = 2, for a A-ring A and a binomial ring Q) A in Theorem we have
Hompin (QaA, QrA) = Homy (4, IpinQr4).
So from the identity map on QyA we obtain a A-homomorphism
(:A— IpnQrA, (6.14)
which is natural in A. Then we obtain the homomorphism
QC3 iR = QUCAIAC, Igin R > QyCrlpinQuCalpinR 2 Chy, R. (6.15)
Assume that for n = k we have a binomial ring homomorphism
CiInR 5 Cy, R (6.16)

Then for n =k + 1, by (6.16)), we define ni11 by the composite

R
QACE I R = QuCEIdRCALR 222 QuChIpin RQACalpinR = CEILR.  (6.17)
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Theorem 6.4.8. Let R be a binomial ring and let M be a binomial module over R.
Then there exists an R-module homomorphism, for each n >0

On : Hgm(Ra M) — H;\Z(IBmRa IBmM)

Proof. Consider the cotriple resolution (C,)pin(R) of R. We know Iy R is a A-ring.
Then consider the cotriple resolution (Cy)y of IginR. Then by Proposition we
have the ring homomorphism

R
Q)\(C;IBmR 77_> (C*BinR'
By applying the functor Derpi,(—, M), we obtain an R-module homomorphism

R\*
Derpin(Chin R, M) 2% Derpin(QrCi IR, M). (6.18)

And by Definition and Definition [6.2.1] we have an isomorphism of R-modules

DerBin(Q)\(C;IBinRy M) = Der)\(IBinQ)\Cf\IBmR, IBinM)- (619)

On the other hand, also by applying Ipi,Q) we obtain the A-homomorphism,

CiIginR 5 IginQaCiIpinR. (6.20)

Now by applying the functor Dery(—, Igin M), we get an R-module homomorphism

Der>\ (IBinQ)\(CXIBinR, IBinM) ,Y—> DerA ((CXIBinRa IBinM)' (6.21)
Finally this gives us

* (0 R\ %\ %
on : Hi (R, M) 0 o R I M). (6.22)

O]

Example 6.4.9. This example is given to show that the above homomorphism is non-

trivial. We consider binomial ring Int(Z{#}) and let M be a binomial module over
_ (=D dy

Int(Z4*}) with module structure given by oM

Then for zero degree n = 0 we have HY, (Int(Z{*}), M) = Derp;, (Z{*}), M) by Propo-
sition and Derg;, (Z{#}), M) = M by Proposition [6.3.18] with derivation d given
by d+—— d(z) =m, for m € M.

Similarly H&)(Int(Z{x}),IBinM) ] DerA(Z{x}),IBinM) > IpinM [48]. Therefor gq is
identity map on M.
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From the construction of the free A-ring (Proposition it is clear that the forgetful
functor from the category of A-rings to the category of commutative rings takes a free
A-ring to a free commutative ring. For a A-ring R and a A-module M over R, Robinson
[48, Lemma 7.7] defines the homomorphism

Yot HY(R, M) — Hjo(R, M).
Then for a binomial ring R and a binomial module M over R we have
&n © Hpin (R, M) — Hjq(Igin R, Ipin M),

where
gn = Yn © On-

Thus we have composition maps between the cohomology of binomial rings, the coho-
mology of A-rings and the André-Quillen cohomology of the underlying commutative
rings.

Next steps to complete this work. We will investigate degree one cohomology of bi-
nomial ring Hy, (R, M) and degree two cohomology of binomial ring HZ, (R, M)
for a binomial ring R and a binomial module M over R with module structure
cp,]\L/[ = %I dyr. we expect to be equivalence classes of binomial extensions of R
by M and connected components of the category of crossed binomial extension of R
by M respectively (with suitable definition of binomial extensions and crossed binomial

extension) similar to Robinson’s [4§] definitions for A-rings.
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