Ring Extensions Involving Amalgamated Duplications

A dissertation submitted in partial fulfillment of the requirements for the degree of
Doctor of Philosophy at George Mason University

By

Timothy S. Long
Master of Science
George Mason University, 2012
Bachelor of Science
George Mason University, 2005

Director: Dr. Jay Shapiro, Associate Chair
Department of Mathematical Sciences

Spring Semester 2014
George Mason University
Fairfax, VA



Copyright (© 2014 by Timothy S. Long
All Rights Reserved

ii



Dedication

I dedicate this dissertation to my mother, the embodiment of unconditional love and
support.

iii



Acknowledgments

I am profoundly indebted to the following people who made this possible, and I extend
my deepest gratitude for all their support and assistance in this great endeavor. First and
foremost I would like to thank my advisor, Dr. Jay Shapiro, for nurturing my interest in
abstract algebra from the very first semester that I was exposed to the subject, for taking
me as a graduate student, for guiding me over the last many years, and for helping direct my
focus when it was in dire need of direction. I would also like to thank my other committee
members, Dr. Neil Epstein, Dr. Geir Agnarsson, and Dr. Joy Hughes, for taking the time
to be on my committee, and for their valuable comments and insight during this process.
I would like to thank my family for all of their love, support, and enthusiasm, and my
dear friend Ellie Mehrmanesh for helping me stay much more organized over the last few
years than I would have been able to do alone. I would like to thank Dr. Marco Fontana
and Dr. Gabriel Picavet for their useful comments and questions regarding this research. I
would like to thank my “math sister” Amy Schmidt for having conversations with me about
non-Noetherian commutative ring theory when no one else would, and my other peers in
algebra- Sam Mendelson, George Whelan, Elie Al Hajjar, and Brent Gorbutt- for having
conversations with me about commutative algebra in general. I would also like to thank my
other grad student peers Keith Fox, Robert Allen, Andy Samuelson, Matt Gerhardt, and
all of my other exceptional student peers of which there are too many to mention. I would
like to give a special thanks to Christine Amaya for the immeasurable amount of help she
has given me over the years. I would like to thank all of my professors, and in particular,
Dr. David Walnut who helped and advised me in acquiring the teaching assistantships vital
to my success. Finally, I would like to thank all of my students, for allowing me to pass on
knowledge and experience as so many have passed on to me, thus sharing my admiration
for logic and my imperishable love of mathematics.

v



Table of Contents

Abstract . . . . .. e
1 Introduction . . . . . . . . ..
1.1 Notation . . . . . . . . . o e
1.2 Nomnstandard Conventions . . . . . . . . . .. .. .. ... ... .......
1.3 Background . . . . . ...
1.4 Amalgamated Duplications (“Bowtie Rings”) . . . . . ... ... ... ...
1.5 Some Known Results . . . . . ... ... ... ... .. ... ...
2 Preliminary Results . . . . . . . . . ..
2.1 BasicLemmas. . . . . . . . ... L
2.2 Constructions and Decompositions . . . . . . .. .. ... ...
3 Intermediate Rings and Minimal Ring Extensions . . . .. .. .. .. ... ...
3.1 Introduction and Definitions . . . . . . . .. ... ... o0
3.2 Intermediate Rings . . . . . . .. .. .o
3.3 Counterexamples . . . . . . . ...
3.4 Minimal Ring Extensions . . . . .. .. .. ... ... 0oL
3.5 A Note on Nagata’s Idealization . . . . ... ... ... ... ... .....
4  Flat Epimorphisms . . . . . . . . .. . L
4.1 Integrally Closed Minimal Extensions . . . ... ... ... ... ......
4.2  General Epimorphisms and Flatness . . . . . ... .. ... ... .. ...,
4.3 Examples . . . . . ..
5 Complemented Rings and Related Topics . . . . . . . . ... ... ... .....
5.1 Equivalent Properties . . . . . . . . . ... ...
5.2 Results Where I'is Regular . . . . . .. ... .. ... ... .. ...,
5.3 tq(R) and Complemented Rings . . . . . .. ... ... .. o000
6 Integrality . . . . . . . . e
6.1 Integrality and Integral Closure . . . . . . . . ... ... ... ... .....
6.2 Normal Pairs . . . . . .. . .. .
6.3 LO,INC,GU,and GD . . . . . . . . .. . .. e

Page

vil

D NN =



References

Biography

vi



Abstract

RING EXTENSIONS INVOLVING AMALGAMATED DUPLICATIONS
Timothy S. Long, PhD

George Mason University, 2014

Dissertation Director: Dr. Jay Shapiro

We investigate properties of the amalgamated duplication of a ring along an ideal (which
we will usually refer to simply as a bowtie ring), recently studied most notably by D’Anna,
Fontana, and Finocchiaro. If I is an ideal of a ring R, then the basic construction of the
amalgamated duplication of R with I is {(r,r +4)|r € R,i € I}. For rings R, R’ and an ideal
I of R’ the general construction involves a ring homomorphism f : R — R’ and is given by
{(r, f(r)+4)|r € R,i € I}. We will consider in particular different types of ring extensions
in which the base ring and the extension ring are both amalgamated duplications.

In Chapter 2 we provide some introductory lemmas to be employed later. After describ-
ing when a construction will be a ring and when two such constructions will be equal, we
see how set operations affect bowtie rings, observing what rings result from taking sums,
composites, and intersections of bowtie rings. We use these results conversely to examine
when an arbitrary ring can be written as a sum, composite, or intersection of certain types
of bowtie rings.

The subsequent chapter looks at the partially ordered set of intermediate rings between
two bowtie rings (where the partial order is inclusion as subrings). For any given ring R

we find an order-isomorphism between the subrings of R x R containing R (embedded into



R x R along the diagonal) and the ideals of R; in particular, if R is an arithmetical ring,
this order-isomorphism is a lattice isomorphism. We show for any ideals I C J of R, that
the correspondence holds for the rings lying between R <t I and R <1 J and the ideals of R
lying between I and J. For a ring extension R C T where J is an f(T)—subalgebra of T,
a similar correspondence is found between the intermediate rings of R >/ J C T >/ J and
the intermediate rings of R C T'. In this chapter we also consider minimal ring extensions
(i.e., ring extensions R C T with no rings lying strictly between the two), and we determine
when an extension involving two bowtie rings is minimal.

Next, in the Flat Epimorphisms chapter (Chapter 4) we characterize when a homo-
morphism of one bowtie ring into another bowtie ring is a flat epimorphism (thus a ring
extension of the form usually studied in this document is a special case, where the map
is simply the inclusion map). Specifically, if f : R — T a ring homomorphism, and I,
J are an f(R)—subalgebra and an f(7)—subalgebra of T, respectively, with I C J, then
defining f': Roaf T — Tl J as f/((t,t + 7)) = (f(t), f(t) + f(j)) we find that f' is a
flat epimorphism if and only if f is a flat epimorphism and J = f(I)T. As an application
we show that this result can be used to construct flat epimorphisms that are not minimal

extensions.

In the Complemented Rings and Related Topics chapter, we observe situations where
a bowtie ring will have some related properties known as Property A, the (a.c.), Min(R)
being compact, and the ring R being complemented.

It is known that if I is a regular ideal of a ring R, then tq(R > I) = tq(R) x tq(R) (where
tq(.S) is the total quotient ring of a given ring S). After analyzing the above properties in the
case where [ is regular, we supplement this result by observing the structure of tq(R < I).
With only the information provided in Chapter 3 we see that tq(R > I) = tq(R) > J for
some (possibly improper) ideal J of tq(R), and this is sufficient information to show that
R < I is complemented if and only if R is complemented. We complete the chapter by
describing the exact form of tq(R > I) for any ideal I of any ring R.

Finally, in Chapter 6 we consider integrality of extensions of bowtie rings. We see that



R I C R J is always an integral extension (for any ideals I C J of a ring R) and find
cases of bowtie ring extensions that are not integral. Further, we use the description of the
total quotient ring of a bowtie ring (found in Chapter 5) to exactly describe the integral
closure of a bowtie ring. Later we show that if R is an integrally closed subring of a ring T’
and J is a common ideal to both of these rings, then R C T is a normal pair if and only if
R J C Tr<J is a normal pair.

We study various extension ring properties closely related to integrality, including lying-
over, going-up, incomparability, and going-down. The first three of these properties give
predictable results. However, given ideals I C J of rings R C T, respectively, we find that
the extension R <1 I C T > J satisfying going-down is equivalent to the properties that

R C T satisfies going-down and for every pair of primes P C Q of T, I ¢ P and J € Q

implies that I ¢ Q.



Chapter 1: Introduction

1.1 Notation

Throughout the following document we let every ring be commutative with identity element
1 # 0. We assume that all ring homomorphisms (and thus all ring extensions) are unital
(i.e., for any ring homomorphism f : R — S we have that f(1g) = 1lg and for any ring
extension R C T we have 1 = 17). Let R be a ring. We let Spec(R), Max(R), and
Min(R) denote the set of prime ideals, maximal ideals, and minimal prime ideals of R,
respectively. We use dim(R) to denote the (Krull) dimension of R.

An element z of R is nilpotent if ™ = 0 for some nonnegative integer n. We will use
Nil(R) to denote the nilradical of R, i.e., the set of all nilpotent elements of R (which
forms an ideal in R); we say R is reduced if Nil(R) = 0. We use Z(R) to denote the set of
zero-divisors in R, Reg(R) to denote the regular elements of R (i.e., the non-zero-divisors in
R), and we use tq(R) to denote Rg.q(r) := {Z|r € R, s € Reg(R)}, the total quotient ring
of R.

If T is an extension ring of R we say an element ¢ € T' is integral over R if it satisfies
some polynomial with coefficients in R and leading coefficient 1. We use R", to denote the
integral closure of R in T (i.e., the set of elements in 7" that are integral over R). This set
forms a subring of T'; in particular, the sum of two integral elements is integral. We remove
the superscript and write R to denote the integral closure of R (that is, the integral closure
of R in its total quotient ring). We say R is integrally closed in T (resp., integrally closed)
if R = R (resp., R=R).

Given an ideal I C R we will write Anng(I) for the annihilator of I, i.e., Anng(I) :=
{r € RlrI =0}. If I = (z) is principal we will write Anng(x) for the annihilator of (z)

1



(and also refer to this as the annihilator of x). An ideal I is called regular if it contains a
regular element, and dense if Anng(I) = 0. Clearly every regular ideal is dense. We say R
is quasilocal if it has a unique maximal ideal m; in this case we often write R as (R, m).

Given rings R, R’ and a ring homomorphism f : R — R’ we will use the notation
RA :={(r,7)|r € R} as a subring of R x R (resp., I'(f) := {(r, f(r)|r € R} as a subring of
R x R') and describe this as the diagonal image of R in R X R (resp., in R x R'). This is a
subring of R X R (resp., R X R’) isomorphic to R.

We let N denote the positive integers and identify these as the “natural numbers.”

Finally, we use C to denote strict containment.

1.2 Nonstandard Conventions

Remark 1.2.1. Let R be a ring. For the remainder of this dissertation we will adopt the
following unconventional definition for an R-algebra: Let A be an R-module where A is
also a multiplicative semigroup, possibly without 1 (we retain all the usual axioms for A
to be an R-algebra except that we allow the possibility A might not have a multiplicative
identity.) Under this same definition, if B is an R—algebra contained in A we will say that

B is an R-subalgebra of A.

Remark 1.2.2. In this dissertation when we simply refer to an ideal I of a ring R, we allow
that possibilities the I = 0 or I/ = R (unless otherwise noted). Similar allowances apply to

“subalgebras” (as they are defined in the previous remark).

1.3 Background

In 1932 Dorroh gave an algebraic construction that would allow any ring to be embed-
ded into a ring with identity [D3]. Specifically, for a ring R without identity, the set
{(n,r)|n € Z,r € R} with multiplication defined by (n,r)(m,s) = (nm,ns +rm +rs) is a

ring with identity (1,0) into which R embeds via the map r + (0,7). The non-unital ring



{(0,7)|r € R} = R in fact becomes an ideal in this new ring. The new unital ring construc-
tion is sometimes referred to as a Dorroh ring, and we will adhere to this terminology.

In [N] (also see [N2]) M. Nagata- the mathematician best known for solving Hilbert’s 14th
problem- considered a specific case of Dorroh’s construction, introducing the idealization of
a module. Idealization has become an invaluable tool in algebra for constructing examples
and counterexamples of numerous types of rings. It is defined as follows: for a commutative
ring R (with identity 1) and an R—module M, we define the idealization of M (over R),
or the trivial extension of R by M, to be the set R x M := {(r,m)|r € R,m € M} (also
occasionally written as R(+)M ) with addition defined componentwise as in the R—module
R ® M, but with multiplication given by (r,m)(s,n) = (rs,rn + sm). This produces a ring
with identity element (1,0). Here R embeds into R x M via the map r — (r,0), and M
embeds into it via the map m — (0, m); the image of M is an ideal of R x M whose square
is zero.

In this paper we discuss a very similar construction, called an amalgamated duplication
of a ring along an ideal or simply a bowtie ring, as well as a standard generalization of
this construction. The original construction involves an ideal I of a ring R, and is given
by the construction R 1 I := {(r,r +14)|r € R,i € I} where addition and multiplication
are componentwise as in R x R. This can be considered as an extension ring of R via the
embedding of R into R 1< I given by r — (r,r). Another way to view the ring R > I is by
taking the set {(r,7)|r € R,i € I} with addition defined pointwise as in the R—module R®1,
and with multiplication given by (r,4)(s,j) = (rs,7j + si +ij). The original construction
is isomorphic to this one via the map (r,r +¢) — (r,4) (and it follows that R embeds into
this ring via the map r + (r,0)). In the second form it is easy to see that if I2 = 0, then
the bowtie ring is isomorphic to Nagata’s idealization of the R—module I. Alternatively,
letting I be an ideal of R = Z and taking I to be our ring without identity in Dorroh’s
construction, we see easily that R < [ is also isomorphic to Dorroh’s ring with identity via
the map (r,r 4+ i) — (r,i) (respectively, via the map (r,i) — (r,7), in the second form of

R 1).



Following [DFF2] (with only slightly modified notation), the more general case of the
bowtie construction is described here. Let R, R’ be rings with I an ideal of R’ and let
f: R+ R be aring homomorphism. Then we define R </ I = {(r, f(r) +i)|r € R,i € I}.
This construction is referred to as the amalgamated duplication of the ring R along the ideal
I with respect to f. It is a clear generalization of the amalgamated duplication of a ring
along an ideal as described above. Further, this construction simultaneously generalizes
some important constructions in commutative ring theory, including Dorroh’s embedding
into a ring wih identity and Nagata’s idealization, the classical D + M construction, and
the A+ XB[X]| and A 4+ X B[[X]] constructions (cf. [DFF2]).

Although similar constructions to these “bowtie rings” were briefly employed by Shores
in [S2] and Corner in [C], it was D’Anna and Fontana who gave the structure much analysis
more recently in [D], [DF], and [DF2] (with a small error in [D] corrected by Shapiro in
[S1]). D’Anna and Fontana were joined by Finocchiaro to study the construction further in
[DFF| and [DFF2], and Finocchiaro included many of these results along with new ones in
his PhD dissertation [F]. The construction- in both the general and non-general cases- has
gained much interest in the field of commutative algebra over the last decade. We wish to
expand on the literature by investigating how these ring constructions behave in the context

of ring extensions.

1.4 Amalgamated Duplications (“Bowtie Rings”)

For a ring of the form R > I or R >/ I as described in the previous section, multiple
names have been used, including an amalgamated duplication of a ring along an ideal, an
amalgamated duplication ring, and- mainly in a noncommutative context- a Dorroh ring or
an ideal extension. For brevity, we will adhere to the terminology bowtie ring, as used in

[DS4]. For reference we recall the definitions in the following remark.

Remark 1.4.1. Let I be an ideal of a ring R, and define R I := {(r,r +i)|r € R,i € I}.
Henceforth, any ring of the form R > I (I and ideal of the ring R, or more generally an
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R—algebra) will be referred to as a simple bowtie ring, or a simple bowtie extension of R.
In our most basic context we will investigate ring extensions of the form Rt 1 C T 1 J
where R C T is a ring extension and I, J are ideals of R, T, respectively, such that I C J.
We will define the more general construction with algebras rather than ideals; the reasons
for this will become evident in Chapter 3. If f : R — R’ is a ring homomorphism and I is
an f(R)—subalgebra of R/, then a ring of the form R >/ I := {(r, f(r) +I)|r € R,i € I}
will be referred to as a general bowtie ring, or a general bowtie extension of R. Given a ring
homomorphism f : T — T’ and a subring R of T we will slightly abuse notation by also
simply writing f for the map f restricted to R. Our primary focus will be investigating
ring extensions of the form R >/ I T </ J, where f : T — T’ is a ring homomorphism,
R C T is a ring extension, [ is an f(R)—subalgebra of 7', and J is an f(T)—subalgebra
of T" such that I C J. Note that this generalizes ring extensions of the form described in
the previous paragraph (which belong to the special case where T'=T" and f is simply the

identity map).

Remark 1.4.2. We allow R to embed into R 1 I (resp., R >4/ I) along the diagonal
RA := {(r,r)|r € R} = R (resp., I'(f) := {(r, f(r))|r € R} = R). Thus we have that
RACR~ICRXR (resp.,, I'(f) C R </ I C R x R’). Note that the diagonal image and
cross product can be viewed as bowtie rings as well, for R® = R0 and R x R= R R

(and generally, I'(f) = Ri</ 0 and R x R' = R/ R').

In the study of bowtie rings of the form R >/ I, the two ring extensions that ostensibly
garner the most attention are the extensions I'(f) € R4/ T and R/ I € R x R'. We
note that the general extensions R >/ I € T o/ J studied in this paper generalize both
of these extensions by the above remark. Namely, setting I = 0, T = R, our extension
has the form I'(f) C R > J. Alternatively, setting T = R, J = R/, our extension becomes
R/ I € R R = R x R'. This paper also generalizes any extensions of rings that can
be described by the general bowtie construction, for instance the extension A + XB[X]| C

A+ XB[[X]] (where A C B is any ring extension).
5)



Example 1.4.3. For perhaps the easiest example of an extension relative to this paper let
R=7,1 =4Z,J = 2Z. Then R 1< I is the set of all pairs (z,y) € Z x Z such that x and
y differ by a multiple of 4, and R < J is the set of pairs that differ by an even number.

Clearly Rt I C R J, so we have an extension of simple bowtie rings.

Example 1.4.4. Let R be a ring and set R = R[[X]]. If we set [ = XR[X] and J =
XR[[X]], and f as the natural embedding from R into R’, we have an extension of general
bowtie rings where the ring R stays fixed, R >t/ I € R </ J. In this sense the extension

of bowtie rings is simply another way to write the extension R[X] C R[[X]] (cf. [DF2,

Example 2.5]).

As we will see, extensions where the ring R or f(R)—subalgebra I stays fixed will be
critical in our study of minimal ring extensions. When the subalgebra stays fixed we will
denote it by J rather than I, noting the importance of the larger subalgebra in the general
extension R >/ I € T </ J: specifically, J will always be an f(R)—algebra, but there is

no guarantee that I will be an f(7')—algebra.

Example 1.4.5. Let R C T be a ring extension. Consider the rings R’ = R + XT[X]
and 7" = T[X]. Then setting J = XT[X]| and f : T — T[X] as the natural embedding,
we have an example of an extension of general bowtie rings where the ideal J stays fixed,
R/ JC R/ J.

Example 1.4.6. Finally, for a straightforward example where neither the ring R, nor the
f(R)—subalgebra I stays fixed, let R = Z,T = Q, 7" = Q[X],I = XZ[X],J = XQ[X].

Now set f : T — T’ as the natural embedding. Then the extension R >/ I ¢ T </ J can

be viewed another way to write the extension Z[X]| C Q[X].

1.5 Some Known Results

Many properties of bowtie rings have been analyzed over the last decade and the majority

of these were investigated by D’Anna, Fontana, and Finocchiaro (cf. [DF], [DFF]|, [DFF2]).
6



In this section we record a few important known results, in particular those that will be
relevant to our study of bowtie rings.

The following proposition is essentially condensed version of [DFF2, Proposition 5.1].

Proposition 1.5.1. Let f : R — R’ be a ring homomorphism, I an ideal of R', and define

Ro<! T={(r,f(r)+ilrel,iclI}.
1. R I contains (an isomorphic image of) R as a subring, namely T(f) =
{(r, f(r))|r € R} into which R maps via the isomorphism r — (r, f(r)).

2. For any ideal J of R, the set J </ T = {(j, f(j) +1i|j € J,i € I} is an ideal of Ri</ I.

Further, we have the following canonical isomorphism:

RNfIgR

Jof T J°
3. The sets {0} x I and f~'(I) x {0} are ideals of R >/ I and the following canonical

isomorphisms hold:

R/ 1 R/ T
=1 % ok WL

12

4. The sets f~1(I) x I and I are ideals of the rings R </ I and f(R) + I, respectively,

and the following isomorphism holds:

Rl T f(R)+1
fUI) x I I

1

In particular, if f is surjective then this gives the following isomorphism

R/ T R
<1 I
7



It is not hard to see that when I # 0, then the simple bowtie ring R > [ is never an
integral domain (since for any nonzero ¢ € I, we have (7,0)(0,7) = (0,0)). However it is
possible for a general bowtie ring R >/ I to be a domain even if I # 0 and R is not a

domain.

Proposition 1.5.2. [DFF2, Proposition 5.2] With the notation of Proposition 1.5.1, if

1 #£ 0, then the following are equivalent.

1. Ro<! T is an integral domain.

2. f(R) + I is an integral domain and f~*(I) = {0}.

In particular, if R is an integral domain and f~(I) = {0}, then Ri</ I is an integral
domain.

Given an ideal I of a ring R, it is clear that R < [ is reduced if and only if R is reduced.
This contrasts Nagata’s R x I construction, which will never be reduced (assuming I # 0).

It is also possible that the general bowtie ring R >/ I will not be reduced, even if R is.
Proposition 1.5.3. [DFF2, Proposition 5.4] With the notation of Proposition 1.5.1, the

following conditions are equivalent.

1. R<! I is a reduced ring.

2. R is a reduced ring and Nil(R')NI = {0}.

If R and R’ are reduced, then R </ I is reduced. If Rv<a! I is reduced and I is a radical
ideal, then R and R are reduced.

Numerous ring properties are equivalently satisfied by R I and R, including R being
reduced, R being quasilocal, and R being Noetherian. In the context of general bowtie

rings, these conditions may become slightly more complicated.

Proposition 1.5.4. [DFF2, Proposition 5.6] With the notation of Proposition 1.5.1, the

following conditions are equivalent.



1. Ro<! I is a Noetherian ring.

2. R and f(R) + I are Noetherian rings.
Concerning chains of ideals, we also know the following result on Krull dimension.

Proposition 1.5.5. [DFF, Proposition 4.1] With the notation of 1.5.1, then dim(R </
I) = maz {dim(R),dim(f(R) + I)}. In particular, if f is surjective, then dim(R </ I) =

max {dim(R),dim(R")} = dim(R).
Corollary 1.5.6. If I is an ideal of a ring R, then dim(R > 1) = dim(R).
The following combines [DFF, Proposition 3.1] and [DFF, Proposition 3.4].

Proposition 1.5.7. Let f : R — R’ be a homomorphism of rings, and let f~'(I), I be

reqular ideals of R, R, respectively. Then

1. tq(Ro<af T) = tq(R) x tq(R'), and

2. Rf T=Rx f(R)+ 1.

The next lemma follows from [DF2, Proposition 2.2]. Note that the cases for I = 0 and

I = R hold trivially.

Lemma 1.5.8. Let I be an ideal of a ring R. Let P be a prime ideal of R and set
o Py={(p,pt+i)lpe PiclnP}
o PL={(p,p+i)pe Picl} (“form 17), and
e P,={(p+i,p)pe Picl} (“form 27).

(a.) If I C P, then Py = Py = P» is a prime ideal of R< I and it is the unique prime ideal
of R I lying over P.
(b.) If I ¢ P, then P, # Py, PLN P, = Py, and P, and P> are the only prime ideals of

R I lying over P.



(c.) The extension P(R > I) of P in R I coincides with {(p,p+1i)|p € P,i € IP} and,
moreover, \/P(R>1) = F.

Furthermore, every prime of R > I can be written in form 1 or form 2 for some prime

P € Spec(R).

Proof. The majority of this lemma is simply [DF2, Proposition 2.2]. The final statement
then follows from the rest of the lemma and [D, Remark 1(a)] because the integral extension
R I of R(Z R?) satisfies lying-over [K, Theorem 44].

O

Corollary 1.5.9. Let I be a proper ideal of a ring R. Then R is quasilocal (with unique
mazximal ideal M ) if and only if R I is quasilocal (with unique mazimal ideal

{(m,m+1i)ljme M,iel}).

The corollary above is one of the only results in this document that requires that I
be proper. Note that if I = R and R is quasilocal with unique maximal ideal M, then
RI =R R=R X R is no longer quasilocal, now containing the two distinct maximal
ideals M x R and R x M.

Finally, we make a quick note on localization. This proposition was presented in [D,
Proposition 2.7]. An alternate proof for the second statement was given in [DS3, Proposition

4.4(b.)].

Proposition 1.5.10. /D, Proposition 2.7] Let R,I, P, Py, Py be as in Lemma 1.5.8. If

ICP,then(R<xI)p, 2 Rp<Ip fori=1,2. IfI ¢ P, then (R I)p, = Rp fori=1,2.

We will expand on Proposition 1.5.10 later, when we will need a more general version

in the study of flat epimorphisms (see Proposition 4.2.9).
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Chapter 2: Preliminary Results

2.1 Basic Lemmas

We will use the present chapter as storage for many lemmas that will be used in this
manuscript, in particular those that will be employed multiple times. No theorems will be
presented in this chapter, but each of the lemmas will be utilized at some further point in
the document.

Before examining constructions of bowtie rings from existing rings in the next section,
we present the following lemma to ensure that these constructions will indeed be rings

themselves, and the subsequent lemma to ensure that each such construction is unique.

Lemma 2.1.1. Let f : R — R’ be a ring homomorphism, and let K be a subset of

R' with the same operations of addition and multiplication defined. Then R v/ K :=
{(r, f(r)+k)|r € R,k € K} is a ring if and only if K is an f(R)—subalgebra of R’ .

Proof. If K is an f(R)—subalgebra of the ring R’, then the set described is simply the
bowtie extension R >/ K of R.

Conversely, define R >/ K := {(r, f(r) + k)|r € R,k € K}, and assume that this set
forms a ring. By assumption K is contained in R’. We know that R </ K as defined here
contains the set {(0,k)|k € K}, and basic calculations (noting the definition of the ring
R </ K) show that this set is closed under addition and multiplication so that K itself
is closed under these operations. Since the ring R >/ K contains (0,0), it follows that K
contains 0, and for any element k € K, the element (0, k) must have an additive inverse in
R/ K, say (s, f(s)+7), so that clearly f(s) = s = 0 and then j = —k lies in K by definition
of R/ K. Finally, if r € R, and k € K, then (r, f(r))(0,k) = (0, f(r)k) € R K, which
implies that f(r)k € K. It follows that K is an f(R)—subalgebra of R'.

11



O]

Corollary 2.1.2. Let R be a ring, and let K C R have the same operations of addition
and multiplication defined. Then Ro< K = {(r,r + k)|r € R,k € K} is a ring if and only

if K is an ideal of R.

Note that there was no requirement in these lemmas that K be a proper subset (or
proper ideal) or nonzero. The proofs are still valid, considering the rings R >/ 0= R and
R/ RR=Rx R (or Ra02 R and R R 2 R x R, respectively in the “simple bowtie

ring” case).

Lemma 2.1.3. Let f : R — R’ be a homomorphism of rings, and let H, K be f(R)—

subalgebras of R'. Then R/ H = R/ K if and only if H = K.

Proof. If H = K then clearly R/ H = R/ K. For the converse note that if there is an
element h € H \ K then (0,h) € R/ H\ R/ K.
O

We should point out that nothing in this lemma prevents two bowtie rings R </ H,
R/ K (for distinct H, K) from being isomorphic to one another. This is certainly possible,
but we are only concerned with whether or not the two bowtie rings are equal as sets.

The next lemma will be vital in our study of many properties of ring extensions in the
Integrality chapter. Also, a version concerning general bowtie rings will be presented and
used briefly in our study of integrally closed minimal extensions in the Flat Epimorphisms
chapter. For the sake of clarity, we present the lemma in the context of simple bowtie rings
here. In the proof, recall that if R C T is a ring extension, and @ € Spec(T), then the

contraction of @ to R is a prime ideal of R (that is, @ N R € Spec(R)).

Lemma 2.1.4. Let R C T be a ring extension with ideals I, J, respectively, such that I C J.
Suppose that Q' is a prime ideal of T <1 J. If Q" has the form {(q,q + j)|q € Q,j € J} (resp.

{(¢g+74,9)|qa€Q,je J}) for some prime Q of T, then Q' N (R 1) =
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{(p,p+i)lpe QNRyi €I} (resp. {(p+i,p)lp€ QNR,i €1}). Thus, Q" and Q'N(R < I)

can be written in the same form (in the sense of Lemma 1.5.8).

Proof. First consider the case Q' = {(q,q+ j)|¢ € Q,j € J}. Let P’ =
{(p,p+1i)|lp€e QNR,i € I}. Then P’ is a prime ideal in R > I by Lemma 1.5.8 and clearly
P/ C Q. Thus P' C Q' N (R ).

For the reverse inclusion, let (¢,q+j) € Q'. If (¢, q+j) € R I as well, then this element
must have the form (r,r 4+ 4) for an » € R and an i € I. Then since (q¢,q+ j) = (r,r + 1),
clearly we must have r = q. It follows that ¢ € R, so that ¢ € Q N R. Further, since
(¢,q+7) = (r,r+1i) = (¢,q + 1) € P, we have the reverse inclusion that we desired.

Next we consider the only other possible case (by Lemma 1.5.8), viz., Q' =
{(g+7,9lqgeQ,j € J}. Let PP={(p+1i,p)lp € QN R,i € I} As before we see that P’ C
Q' N(Rx1).

For the reverse inclusion, let (¢+ j,q) € Q". If (¢+j,9) € R<xtI C R x R as well, then
q € R so that ¢ € Q@ N R. Further, by definition of R < I, the difference (¢ + j) —q¢ = j

must be an element of I. Therefore (q + j,q) € P’, and our reverse inclusion follows.

2.2 Constructions and Decompositions

In this section we will examine sums, composites, and intersections of bowtie rings; these
lemmas will be particularly useful later in our study of intermediate rings. For a few small
immediate applications, we consider when arbitrary rings can be obtained by performing
one of these operations on a finite collection of non-trivial simple bowtie rings. By a non-
trivial simple bowtie ring, we mean one of the form R 0 I with I # R a nonzero ideal of
R; the “nonzero” requirement in our decompositions is necessary, since if I = 0 we trivially

have that R= R 1.

Lemma 2.2.1. Let R, S be subrings of some ambient ring A, and R', S’ be subrings of some

ambient ring A’. Suppose further that RNS and R'NS’ are rings. Let f : R — R',g: S — S
13



be ring homomorphisms that agree on RNS, let I be an f(R)—subalgebra of R' and let J
be a g(S)—subalgebra of S'. Then (R<f I)N (S >9 J) = (RNS) >/ (INJ). In particular,

setting R=8 and R' = S', then (R></ I) N (R<f J) = R/ (INJ).

Proof. We easily note that (Ro</ I) N (S <9 J) = {(r, f(r) +4)|r € R,i € I} N
{(s,g9(s)+5)s€S,jeJt={tft)+k)|tecRNS kcInJ}=(RNS)x=/ (INJ).
O

Corollary 2.2.2. Every ring can be written (isomorphically) as the intersection of two

nontrivial simple bowtie rings.

Proof. Let R be any ring and let X,Y be two distinct indeterminates over R. Note that
R[X] and R[Y] are subrings of the ambient ring R[X,Y]. Since R[X] contains no multiples
of Y (and R[Y] contains no multiples of X), it follows that the only elements shared by
the subrings R[X] and R[Y] are the constant terms, i.e., R[X] N R[Y] = R. Similarly, the
ideal generated by X in R[X] contains no Y terms (even though the ideal generated by X
in R[X,Y] does), and the ideal Y R[Y] contains no X terms; hence X R[X]NY R[Y]| = 0.
Now set S := R[X]| 1 XR[X] and S’ := R[Y] 1 Y R[Y], and note that these are both
contained as subrings of the ambient ring R[X, Y] > (X, Y)R[X,Y]. Then by Lemma 2.2.1,
SNS = (RX|NR[Y]) < XR[X]NYR[Y]=Rx<0ZX=R.
U

Corollary 2.2.3. Let R be a Noetherian ring. Then any simple bowtie ring R I can be
written as the finite intersection of simple bowtie extensions R <t Py, R > P, ..., R 1 P,
of R where the P; are primary ideals of R. In particular, any Noetherian ring R in which
0 is not primary can be represented as (an isomorphic copy of ) the finite intersection of

nontrivial simple bowtie extensions of R.

Proof. Allowing the possibility that P; = 0 or P; = I for the primary ideals P;, the first

statement follows easily from the Lasker-Noether Theorem and Lemma 2.2.1. For the second
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statement, let P N --- N P, be a primary decomposition for 0. Then R 2 Rix0 = R
Pn---NRx P
O

Corollary 2.2.4. No domain R can be written (isomorphically) as a finite intersection of

nontrivial simple bowtie extensions of R.

Proof. Suppose that R = (Rt I;)N---N (R 1) for some nonzero ideals I, ..., I, of R.
Then by Lemmas 2.2.1 and 2.1.3, and the fact that R =2 R > 0 we have that [yN---NI, =0,
so that in particular, for any nonzero elements i1, ..., %, of I, ..., I, respectively, we have
the product i; - - - i, = 0. But since each of the elements i; was nonzero by assumption, this

contradicts R being a domain.

However, when we move to infinite intersections, we have the contrary result.

Proposition 2.2.5. Every Noetherian domain R that is not a field can be represented

(isomorphically) as an infinite intersection of nontrivial simple bowtie extensions of R.

Proof. Suppose that R is a Noetherian domain that is not a field, and let I be any nonzero
ideal of R. Note that I is not nilpotent since R is a domain. Thus for each natural
number n, R > I" is a nontrivial bowtie extension of R. Clearly the proof of Lemma
2.2.1 extends to infinite intersections. Then we have by the Krull Intersection Theorem,
N(R=<I")=Rx<x(I"=Rx<0XR.

O

The proof of the following lemma is straightforward, and similar to that of Lemma 2.2.1.

This lemma will become useful when we study lattices of subrings in the following chapter.
Lemma 2.2.6. Let f : R — R’ be a ring homomorphism, and let I,J be f(R)—subalgebras
of R'. Then (R></ I)+ (Rw</ J) = Ro</ (I +J) (where the first sum is taken in R x R).

Recall that by the composite of two subrings R, S of some ring A, we mean the subring

RS :={}"" risilri € R,s; € S,n € N} of A.
15



Lemma 2.2.7. Let I, J be ideals of rings R, S, respectively. Assume that the composite
RS exists and that the sum SI + 1J + RJ exists (as an RS—algebra). Then (R < I)(S >
J) = RS > (SI+ 1J+ RJ). In particular, if I,J are ideals of the same ring R, then
(RaI) (R J) =R (I +J).

Proof. To simplify notation we will not write the index terms on finite sums in this proof.

Any element of (R< I)(S < J) can be written as

> ko rr + ik) (5 sk + Gk) = O (rksk), D (resk + ik + Skl + ki) =

O resks D rrsk+ D rkik+ > ikdk + Y skik),

whence (R<t I)(S>1J) C RS (SI+1J+ RJ).
For the reverse inclusion, let (3 risg, >, resk + D Shin + > iifi + Y. rtjt)

be an arbitrary element of RS < (ST + IJ + RJ). This element can be

rewritten as > (rk, i) (Sk, k) + 22(0, ) (s sn) + 22(0,2)(0, 52) + 22(re, 74)(0, e,
so we see that it lies in (R < I)(S > J), as (rg, %), (0,4n),(0,4), (r¢,7:) € R > I and

(S/Ca Sk)v (Sfu Sh)a (0)jl)a (Ovjt) € S > J
]

Corollary 2.2.8. Fvery finite composite of nontrivial simple bowtie extensions of a quasilo-

cal ring (R,m) can be written as a single nontrivial simple bowtie extension of R.

Proof. For any proper ideals Iy, ..., I, of R, we have (R< I1)--- (R I,) = R (I +
-+« 4 Ip). Since all of the I are nonzero by assumption, clearly their sum is nonzero as
well, and since I; + - - - + I,, C m, we know that the sum of these ideals is not all of R (thus

the bowtie ring is nontrivial).
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Corollary 2.2.9. No domain R can be written (isomorphically) as a finite composite of

nontrivial simple bowtie extensions of R.

Proof. Suppose that R could be written as the finite composite of nontrivial simple bowtie
extensions of R. Then, as in the first corollary, R can be written (isomorphically) as a
simple bowtie ring R > I for some (now possibly improper) ideal I of R. It follows from
our assumption (and the proof of Lemma 2.2.7) that [ is nontrivial, say 0 # ¢ € I. Then R

is not a domain, since it contains the nonzero elements (0, 7), (z,0), whose product is zero.

O]

Note that if M, N are comaximal ideals of aring R (i.e., M+ N = R) then (R > M )(R <
N)=Rx> (M + N)=Rwx R =R x R. However if (R, m) is quasilocal, then for any two
proper ideals I,J of R, we see that (R [)(R>1J) =R (I +J) C Rxxm C R x R.

Since any two distinct maximal ideals are comaximal, we now have the following:

Corollary 2.2.10. Let R be a ring. Then R x R can be written as a finite composite of

nontrivial simple bowtie extensions of R if and only if R is not quasilocal.
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Chapter 3: Intermediate Rings and Minimal Ring Extensions

3.1 Introduction and Definitions

Given an extension of bowtie rings R >t/ I C T </ J (in the sense of Remark 1.4.1) we wish
to investigate the intermediate rings of this extension. In this chapter we will determine
the possible forms of such rings, and study the cardinality of existing chains of intermediate
rings. We will also determine under what conditions the extension R >/ T C T af J is
minimal.

Given a ring extension R C T we will adopt the notation [R,T] for the set (partially
ordered by inclusion) of all rings S satisfying R C S C T (as unital subrings). Similarly,
for two R—subalgebras I C J of an R—algebra A, we will define [I,J] as the set of all
R—subalgebras K of A satisfying I C K C J (naturally, if R = A then I, J are ideals of A
and [I, J] refers to all the ideals K of A with I C K C J).

As in [GH], we will call a ring extension R C S a A—extension if for any two intermediate
rings R, Ry € [R,S], the sum R; + Rj is a subring of S. We will follow [G] in defining a
ring extension R C T as a A—extension if the set [R,T] is linearly ordered (by inclusion).
Note that every A—extension R C T is also a A—extension, since any two intermediate
rings A, B are comparable, say A C B, so their sum A + B = B is a ring. For an example
of a A—extension that is not a A—extension, see Example 3.2.9. A ring whose ideals are
linearly ordered by inclusion is called a chained ring (thus a chained ring with no nonzero
zero-divisors is a valuation domain). An extension R C T satisfies FIP (or the finitely many
intermediate algebras property) if [R,T] is a finite set and satisfies FCP (or the finite chain
property) if every chain of intermediate rings is finite. Clearly any extension satisfying FIP

must satisfy FCP as well.
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3.2 Intermediate Rings

We begin by noting the exact form of any intermediate ring in the set [R paf I, Rl J ].
In particular we will prove that not only is every simple bowtie ring an element of the set
[R?, R x R], but every element of this set is a simple bowtie ring. Thus the set of all simple
bowtie extensions of a ring R is exactly the set of all rings between R (embedded along the
diagonal) and R x R. The proof is very similar to an argument in [D,2 Remark 2.9] that
every R—subalgebra of an idealization R x E has the form R x E’ for some R—submodule

E’ of the R—module E.

Lemma 3.2.1. Let f : R — R’ be a ring homomorphism, and let I C J be f(R)—subalgebras
of RI. If S is a ring with R/ T ¢ S € R wf J, then S = R ! K for some
f(R)—subalgebra K of R with I C K C J.

Proof. Fix an intermediate ring R </ I ¢ S C R </ J. Note that each element

of S has the form (r, f(r) + j) for some r € R, j € J. Now define the set K :=
{j € J|3r € R with (r, f(r) +j) € S}. We claim S = R/ K := {(r, f(r) + k)|k € K}.
Given (r, f(r) + k) € R >/ K then for some 7' € R, (', f(r') + k) € S. Note that
(', f(r")) € R </ I C S so we have that (0,k) € S. Further, (r, f(r)) € S so that
(r,f(r) + k) € S; thus R/ K C S. If (r, f(r) + j) € S, then j € K by definition of
K. Tt follows that S C R </ K so that these sets are equal. Now the fact that K is an
f(R)—subalgebra of R’ follows from Lemma 2.1.1. Finally, the inclusions I € K C J follow

from the definition of S and the fact that R<f T ¢ S =R/ K ¢ R/ J.
O

Let f : R — R’ be a homomorphism of rings. For any f(R)—subalgebra I of R’ the
bowtie ring R </ I lies in [['(f), R x R'] by construction. Since I'(f) = R </ 0 and

R x R' = R/ R!, the lemma tells us that [T'(f), R x R'] only consists of such rings. Thus

we have the following.
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Corollary 3.2.2. Let f : R — R’ be a ring homomorphism. Then the set of all rings R T
for I an (possibly trivial or improper) f(R)—subalgebra of R’ is equal to [T'(f), R x R']. In
particular the set of all simple bowtie rings R I (for a possibly trivial or improper ideal I

of R) is equal to [R®, R x R].

Theorem 3.2.3. Let f : R — R’ be a ring homomorphism, and let I C J be f(R)—
subalgebras of R'. Then there is a one-to-one, order-preserving correspondence mapping the

set [Ro<! I, R J] onto the set [I,.J], given by the map Ri</ K — K.

Proof. By Lemma 2.1.3 the given map is well-defined and injective. From Lemma 3.2.1 the
map preserves order. Finally, surjectivity is obvious since R >/ K is a ring between R >/ [

and R >/ J for any f(R)—subalgebra K between I and J.
O

In particular, if I C J are ideals of a ring R, then there is a one-to-one, order-preserving
correspondence between the rings in [R > I, R 0< J] and the ideals in [/, J]. This conse-
quence has in fact already been presented in a noncommutative context in [DM, Lemma
2.4], but only in the special case where I = 0.

We record a few more consequences together in the following corollary. As these indi-
vidual results will not be much use to us, the main purpose of this corollary is to note that
our Theorem 3.2.3 in fact generalizes some other recently presented results (see Corollary

3.5.4 and the comments preceding it).

Corollary 3.2.4. Let f : R — R’ be a homomorphism of rings, and let I C J be

f(R)—subalgebras of R'. Identify R with T'(f) := R/ 0(= R). Then
e RC Ri<! R has FOP if and only if every chain of f(R)—subalgebras of R’ is finite.
e RC Ruw</! I has FIP if and only if I has only finitely many f(R)—subalgebras.

e RC Rw</! I has FCP if and only if every chain of f(R)—subalgebras of I is finite.
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e R/ I C Rl J has FIP if and only if the f(R)—algebra J/I has only finitely many

f(R)—subalgebras.

e Rix/ I € R/ J has FCP if and only if every chain of f(R)—subalgebras of the
f(R)—algebra J/I is finite.

Proof. The first three statements are immediate. For the remaining two statements, note
that the set of f(R)—subalgebras of J/I is the set of f(R)—algebras of the form K/I for
an intermediate f(R)—algebra I C K C J of R.

O

Corollary 3.2.5. Let f : R — R’ be a ring homomorphism, and let I C J be f(R)—

subalgebras of R'. Then R/ T C Rl J is a minimal ring extension if and only if J/I

is a simple f(R)—submodule of R'/I.

Corollary 3.2.6. Given two ideals I C J of a ring R, the extension R I C R J is a

A—extension. Thus for any ring R, the extension R® C R x R is a A—extension.

Proof. By Lemma 3.2.1, every intermediate ring in [R < I, R 1 J] is a bowtie ring of the
form R 1 K for some ideal K of R. By Lemma 2.2.6 the sum of any two of these is again
a ring.
The last statement is now immediate, setting I = 0,J = R and recalling that R® =
R<0and R x R= R~ R.
O

As in [G] we will refer to an integral domain R as a A—domain if R C Frac(R) is a

A—extension.

Corollary 3.2.7. Let R be a ring. Then R is a chained ring if and only if R 1 C R J
is a A—extension for all ideals I C J of R. If R is a domain, then these conditions are

equivalent to R being a A—domain.
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Proof. The first claim follows directly from Theorem 3.2.3. For the final statement, note
that any chained ring that is a domain is a valuation domain, which is integrally closed by

[K, Theorem 50]. The statement now follows from [G, Corollary 1.5]. O

We note that the following corollary to Corollary 3.2.7 was also proved via different

methods in |G, Corollary 2.15(a)].

Corollary 3.2.8. Let R be a ring. Then R® C R x R is a A—extension if and only if R is

a chained ring.

Example 3.2.9. In light of Corollaries 3.2.6-3.2.8, we can now easily give an example of a
A—extension that is not a A—extension. Simply pick any non-chained ring R (for instance
R =7), and take the extension R® C R x R.

For an example involving nontrivial simple bowtie rings, set R = Q[X,Y], I = (XY,
J = (X,Y). Then Ri<x I C R J is a A—extension. However it is not a A—extension,
since by Theorem 3.2.3 the set [R > I, R b J| contains the incomparable rings R > (X)

and R (Y).

In the following proof recall that every Artinian ring is also necessarily Noetherian (cf.

[M, Theorem 3.2]).

Corollary 3.2.10. Let R be a ring. Then R is Artinian if and only if R I C R > J
satisfies FCP for all ideals I C J of R.

Proof. We prove each direction via contrapositive. Suppose there are two ideals I C J of
R such that the ring extension R <t I C R > J does not satisfy FCP. Then there is an
infinite chain (which we can harmlessly assume is countable) of rings Rl C --- C S_; C
So C S1 C -+ C R J. By (a simple iteration of) Lemma 3.2.1, each S; has the form
R K; for an ideal K; of R, with K; C K;41 C K;42---. Fix the intermediate ring So. By
assumption at least one of the chains of rings Sp D S_1 D S_o--- or Sy C S1 C So--- does
not terminate. In the first case we would have that Ko D K_1 D K_9--- is a descending

chain of ideals that does not terminate, giving that R is not Artinian. In the second case
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the ascending chain of ideals Ky C K7 C Ks--- does not terminate, giving that R is not
Noetherian and so not Artinian either.

For the converse, assume that R is not Artinian and let Iy D Iy D I D --- be a
descending chain of ideals that does not terminate. Set J = Iy and I = (). Then
R I C R < J does not satisfy FCP since the within this extension lies the chain of
intermediate rings --- C R Iy C Rt [1 C R I.

O]

We will say that a ring extension R C T has FACP (or the finite ascending chain
property), if every ascending chain of intermediate rings R C S; C S; C S3 C --- with each
S; strictly contained in T' has a maximal element. We will analogously define FDCP (or
the finite descending chain property) as each descending chain 7" D> S; D Sy D S3 D ---
containing a minimal element (now assuming R is strictly contained in each S;). The
Artinian part of this corollary follows easily by a similar proof to Corollary 3.2.10 above
(by trimming some unnecessary pieces); the Noetherian part follows via similarly methods,

replacing the intersection in the last paragraph, of course, with a union.

Corollary 3.2.11. Let R be a ring. Then R is Artinian (resp., Noetherian) if and only if

Rl C RxJ satisfies FDCP (resp., FACP) for all ideals I C J of R.

It is known that the ideals of a Prufer domain form a distributive lattice (cf. [G2, Theo-
rem 25.2, p. 310]). A ring- possibly not a domain- with this property is called an arithmetical
ring. With this we can now extend Theorem 3.2.3 from a one-to-one correspondence to a

lattice isomorphism.

Theorem 3.2.12. Let I C J be ideals of an arithmetical ring R. Then the set of rings in
[Ri< I, R J| forms a distributive lattice, where the join of two rings S1,S2 is S1V Se :=
S1 4 Sa. Moreover, there is a lattice isomorphism between the rings in [R > I, R > J|
and the ideals in [I,J] given by f(R > K) = K. Conversely, if such a lattice (and lattice

isomorphism) exists for every pair of ideals I C J in a ring R, then R must be arithmetical.
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Proof. Suppose that R is an arithmetical ring, so that its ideals form a distributive lattice,
where the join and meet of two ideals I, I5 are defined as Iy + I3 and Iy N Is, respectively.
By Lemma 3.2.1, every ring in [R < I, R > J] can be written as R 1 K for some ideal K of
R, and by Lemmas 2.2.1, 2.2.7, and 2.2.6 we conclude that the rings in [R 1 I, R > J] form
a lattice (where the join of two subrings R >t H, R <1 K of R < J is the smallest subring
containing them, namely the composite (R<t H)(R< K) =R (H+K) =R H+ R
K). This lattice is distributive since for any ideals H, K, L € [I, J] of the arithmetical ring

R we have

(R<H)N(RK+R<L)=(R<xH)N(R=<(K+L))=Rx(HN(K+1L)) =

R<((HNK)+(HNL)=Rx<x(HNK)+Rx=x(HNL)=
(R<H)N(R=<K)+ (R<xxH)N (R L).

Now define the map f: [R>I, R J] — [I,J] by f(R> K) = K. By Theorem 3.2.3 this
map is bijective and preserves inclusion. We now note that it also preserves the minimum
lattice element, as f(Rp<a I) = I, and the maximum lattice element, as f(R< J) = J. We
know by Lemma 2.2.1 that meets are preserved, and it follows by Lemma 2.2.7 that joins
are preserved (recall that H + K is the smallest ideal containing the ideals H, K of a given
ring, and thus (in an arithmetical ring) is the join of H and K in the lattice of ideals of the
ring). Therefore f is a lattice isomorphism.

For the final statement, suppose that R is not arithmetical, and thus there exist ideals
H,K,L of R where HN (K + L) # (HNK) + (H N L). Then, following similar reasoning

as above (and recalling Lemma 2.1.3), we see that

(R HYN (R K + R L) = Roa (H N (K + L)) #

Rx<(HNK)+(HNL)=(R<H)N(R=<xK)+ (R<xH)N(RX L),
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so that the rings in [R>10, Rt (H + K + L)] do not form a distributive lattice, and so in

particular, constructing the described lattice isomorphism is impossible.

O]

Next we want to investigate extensions of bowtie rings where the f(R)—algebra J (rather

than the ring R) is kept fixed.

Lemma 3.2.13. Let R C T be an extension of rings, let f : T — T be a ring homomor-
phism, and let J be an f(T)—subalgebra of T'. If Ri<! J C A C T <! J for some ring A,

then A has the form A= S af J for some ring S with R S C T.

Proof. Elements of A naturally look like (¢, f(¢) 4+ j) where t € T and j € J. Let S =

{t € T|3j € J with (¢, f(t) + j) € A}. Clearly R C S C T, and assuming S is a ring we
claim that A = S </ J. Say (¢, f(t) + j) € A. Then t € S by definition, so it follows
that A C S </ J. Now let (s, f(s) +j) € S >/ J. Then there exists a j' € J such that
(s, f(s)+j") € A. Since A (containing R </ .J) also contains the set {(0,)|j € J} we have
that (s, f(s) +4) = (s, f(s) +5') +(0,5) — (0,5") € A. Thus A = S/ J.

To finish the proof, we still need to show that S is a ring. Note that 0 € S since R C S
and that S contains the common 1 to R and 7. Let z,y € S. Then (z, f(z) + i) € A and
(y, f(y) + j) € A for some elements i,j € J. Since A is aring, (z —y, f(r —y) +i—j) =
(z, f(x)+i)—(y, f(y)+j) € A. Then since i—j € J, this gives us x—y € S by definition of S.
Similarly, we have the product (z, f(z)+i)(y, f(y)+J) = (xy, f(xy)+ f(x)j+ f(y)i+ij) € A
and f(x)j + f(y)i+ij isin J (since J is an f(R)—subalgebra of T), so that zy € S, again
by definition of S. It follows that S is a ring.

Finally, note that the inclusions R C S C T must be strict, since otherwise we would
have that A = R/ Jor A =T/ J.

O

Theorem 3.2.14. Let R C T be a ring extension, let f : T — T be a homomorphism of

rings, and let J be an f(T)—subalgebra of T. Then there is an order-isomorphism between
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the set [Ro<! J, T ><af J] and the set [R,T), given by the map S >f J — S.

Corollary 3.2.15. Let R C T be a ring extension, let f : T — T be a homomorphism of
rings, and let J be an f(T)—subalgebra of T. Then R <! J C T </ J is a minimal ring

extension if and only if R C T is a minimal extension.

Corollary 3.2.16. Let R C T be a ring extension, let f : T — T’ be a homomorphism of
rings, and let J be an f(T)—subalgebra of T. Then the extension R i</ J C T ! J has

FIP (resp., FCP) if and only if the extension R C T has FIP (resp., FCP).

Corollary 3.2.17. Let R C T be a ring extension, let f : T — T be a homomorphism of
rings, and let J be an f(T)—subalgebra of T. Then Rl J C T >l J is a A\—extension if

and only if R C T is a A—extension.

Proposition 3.2.18. Let R C T be a ring extension, let f : T — T' be a homomorphism

of rings, and let J be an f(T)—subalgebra of T. Then R/ J C T <! J is a A—extension

if and only if R C T is a A—extension.

Proof. Assume R C T is a A—extension. Let Ay, Ay € [R </ J, T </ J]. By Lemma 4.5

we can write A; = S; >/ J and Ay = Sy >/ J for some rings Sy, Ss € [R,T]. Note that

Ay + Az = {(s1, f(51) +J1)[s1 € S1,51 € T} + {(s2, f(52) + jo)|s2 € S2,42 € J} =

{(s1+ 52, f(s51) + f(s2) + J1 + J2)|s1 € S1,82 € S2,j1,42 € J} =
{(s1 4 52, f(51 4+ 52) +j)|s1 € S1,82 € S2,5 € J},

which is a ring, since S; + S is a ring by assumption, and since J is an f(7T')—subalgebra
of S1 + S2 (being an f(T)—subalgebra in both S; and S5).

Conversely, assume R >/ J C T </ J is a A—extension. If R C T is not a A—extension
then we can find S1,S2 € [R,T] such that S; + S is not a ring, that is, we can find
s1, 8] € S1, 82,8, € Sy such that (s1 + s2)(s] + sof) ¢ S1 + Sa. Note as above that J is an
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f(T)—subalgebra of S; + Ss. But then (s1+ s2, f(s1+2)), (s] + s, f(s] +55)) are elements
of the set Sy paf J + Sy >/ J whose product is not in this set, so that it cannot be a ring.
Since Sy </ J, Sy >af J € [R <! J, T <af J], this contradicts that R >/ J € T </ J is a
A—extension.

O]

Some properties involving intermediate rings descend easily (from the extension R </

I C T >af J to the extension R C T') even while reverse implication may not hold. We will
show the “descent” for FCP, FIP, and A—extensions in the following two propositions. The

“ascent” direction does not hold in either case, as we will show in the next section.

Proposition 3.2.19. Let R C T be a ring extension, f: T — T a ring homomorphism, I
an f(R)—subalgebra of T', and J an f(T)—subalgebra of T' with I C J. If R/ T C Tl J
has FCP (resp. FIP), then so does R C T.

Proof. For any ring S with R C S C T we note that S </ J is a ring by Corollary 2.1.2.
Further, R > T C S </ J C T f J. Thus there is a surjection from the rings in
[R <ol I,T </ J] to the rings in [R, T] (by projecting to the first coordinate). This proves
the statement for FIP. To prove FCP simply note that the given surjection preserves order
(by inclusion).

O]

Proposition 3.2.20. Let R C T be a ring extension, f: T — T a ring homomorphism, I
an f(R)—subalgebra of T', and J an f(T)—subalgebra of T' with I C J. If R/ T € Tl J

is a A—extension, then so is R C T.

Proof. Suppose for two rings 51,53 that R € S € T and R C Sy C T with 51,5,

incomparable. We will harmlessly abuse notation and write f for f restricted to S (resp.
Ss). Then Roaf T € Syaf JCTaJand R/ I € Syxf J C T xaJ. By assumption,

we can find an s; € S7\ Sz and an sy € Sy \ S1. Then (sy, f(s1)) € Sy > J\ Sy 1 J
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and (sg, f(s2)) € Sy > J\ Sy < J, giving that these two rings are incomparable in [R >/

I,T<f J], s0 Rof T € T xaf J is not a A—extension.

3.3 Counterexamples

In this section we answer certain questions that may arise due to the results of the previous
section. For example, given a homomorphism f : R — R’ with f(R)—submodules I C J
of R',if J/I is a simple R'—module must R >/ I C R </ J be minimal? Must it at least
satisfy FCP (or FIP)? Given an extension of simple bowtie rings R > I C T > J (with
ideals I C J of the rings R C T, respectively) will every intermediate ring be a bowtie ring
(in particular, one of the form S <t K where R C S C T and I C K C J)? Also, do the
propositions at the end of the preceding section have affirmative converses? Each of these
questions is answered in the negative, and we provide appropriate counterexamples in each

case (Examples 3.3.5, 3.3.5 (again), 3.3.3 (also 3.3.4), and 3.3.1, respectively).

Example 3.3.1. The converse does not hold for either of the two propositions concluding
the previous section. To see this in the first proposition, let R = T be a non-Artinian ring
and note by Corollary 3.2.10 that R ><1 0 C R <1 R does not satisfy FCP (or FIP), even
though R C T = R does trivially. For the latter proposition let R =T be any non-chained
ring and note that R 1 0 C R <1 R is not a A—extension (Corollary 3.2.8) even though

R C T = R is trivially.

In light of Lemma 3.2.1 and Lemma 3.2.13, it is tempting to assume that any interme-
diate ring between R </ I C T </ J (this extension constructed in the sense of Remark
1.4.1) is a bowtie ring, say S </ K for some intermediate ring S € [R, T] and f(R)—algebra
K € [I,J]. The following proposition indicates a further necessary condition for this to be
true. The subsequent examples show that this condition does not always hold. Given a

ring homomorphism f : R — R’ and an f(R)—subalgebra I of R’, recall that R embeds
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into R >/ T via the diagonal T'(f) := {(r, f(r))|r € R} = R. Given a subring S’ C R x R’

we use 71(S’) to denote the projection of S” onto the first coordinate.

Proposition 3.3.2. Let R C T be a ring extension, f : T — T’ a ring homomorphism, I
an f(R)—subalgebra of T', and J an f(T)—subalgebra of T with I C J. Suppose S’ is a
ring with R/ T ¢ 8" C Tl J. Then S' = S <! K for some ring S with RC S C T
and some f(S)—subalgebra K of T' with I C K C J if and only if S’ contains the diagonal

image (namely, T'(f|s)) of m1(5").

Proof. If 8" = S </ K, then S’ contains the diagonal image of S by definition. Conversely,
set S := m1(S") (so clearly R C S C T) and suppose that S’ contains the diagonal image
SAT of §. Then SA = Sf 0C §" C Sl J. IfS' = Sl 0 or S’ = S </ J we are done
(noting that S’ = S >/ 0 would force that I = 0, so the inclusion I C K C J holds). Thus
we may assume SAY = §af 0 C §' € S </ J and we are reduced to the case in Lemma
3.2.1, so that S’ = S </ K for some f(S)—subalgebra K of T with 0 ¢ K C J. Finally,

since R/ I ¢ §' = S/ K we can see without much difficulty that I C K.

O

Example 3.3.3. We will use simple bowtie rings for this example. Let R = Z with ideal
I =27, T = Z[X] with ideal J = (2, X). Note that R > [ is a subring of 7' J. We will
give an example of a ring in [R > I, T < J] that is not of the (bowtie ring) form described
in Proposition 3.3.2.

Define S" := {(n + 2p(X),n + 2k)|n, k € Z,p(X) € Z[X]}. Direct calculations show that
S’ is aring. It is clear that R<i I € S’. The ring T' > J is the set of all pairs (f(X), g(X)) €
Z|X] x Z[X] where f(X) and g(X) differ by a polynomial with even constant term. Given
an element (n+ 2p(X),n+ 2k) € S’, the coordinates differ by 2p(X) — 2k, which obviously
has even constant term. It follows that S’ is a subring of T'x1 J, so S" € [Ri< I,T 1< J].

Note however that S’ does not contain the diagonal image of 71(S’); for instance, 2X €
71(5”), but S’ does not contain the element (2X,2X). Thus S’ is not a bowtie extension
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of m(S"); in particular by Proposition 3.3.2 S’ doesn’t have the form S <1 K for any

intermediate ring R C S C T and intermediate ideal I C K C J.

Notice in the previous example that if we reverse the two coordinates in S’ then the
construction can be viewed as a ring of the form S </ K with RCSCTand ICK C.J
where K is an f(R)—subalgebra of T' (namely, with S = Z, K = 2Z[X],and f : Z — Z[X, Y]

the natural inclusion map). We now present an example where this is not possible.

Example 3.3.4. Consider the rings R = Z with ideal I = 2Z and T = Z[X,Y] with
ideal J = (2,X,Y). Then R I C T 1 J is a ring extension. Now consider the set
S = {(n+2p(X),n+2q(Y))|n € Z,p(X) € Z[X],q(Y) € Z[Y]}. Then S’ is a ring, and
R T c S Now T > J is the set of all polynomials (¢(X,Y),h(X,Y)) € Z[X,Y]
where ¢(X,Y) and h(X,Y) differ by a polynomial in Z[X,Y] with even constant term.
Given any element (n + 2p(X),n +2¢(Y)) in S’ the two polynomials in this pair differ by
n+2p(X)—n—2qY) = 2(p(X) — q(Y)), which is clearly a polynomial in Z[X,Y] with
even constant term. It follows that S’ is a subring of T > J.

As in the previous example we can see that S’ cannot be represented in the form S </ K
since m1(S’) does not embed into S” along the diagonal. However, unlike in the previous
example 79(S’) does not embed into S’ along the diagonal either so that switching the
coordinates still does not produce a ring of the desired form S </ K with R € S C T and

ICKC.J.

Let f: R — R’ be a ring homomorphism. Currently the most common construction of
a bowtie ring is to take an ideal of R/, say I, and construct the ring R </ I. However, as
we have seen, many concepts generalize to when I is an f(R)—subalgebra of R’. (Again,
in this document we do not make the assumption that algebras and subalgebras necessarily
contain a unit element.) Further, in considering intermediate rings we are forced to take
such sets into account. Below we give some examples showing that some of the concepts

we have applied using algebras would not respond as well to ideals.
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Example 3.3.5. An example where J/I is a simple R'-module but R pf T Rl J does
not satisfy FCP (or FIP), thus is not minimal.

Set R=Zand R =QxQxQ. Let I ={(¢,0,0)|¢g € Q} and J = {(¢1,0, ¢2)|q1, 92 € Q}.
Then I, J are nonzero proper ideals of R’ with I C J. Let f : R — R’ be the natural
embedding n — (n,n,n).

For each n € N create the f(R)—subalgebra H, := {((¢,0,¢)|q € Q,c € 2"Z)} of R'.
Note that the H, are not ideals in R’, though I C H, C J. In fact, J/I = Q is a
simple R'—module. However, now in [R </ I,R >/ J] we have the non-terminating
chain of intermediate rings --- R </ Hy ¢ R/ Hy ¢ R </ H;. Thus the extension

R/ T ¢ R/ J does not satisfy FCP (and consequently, does not satisfy FIP either).

In the following example the R'—module J/I is not simple. We present this as an
example of when the intermediate rings involved may or may not be constructed from an

ideal of R'. In fact, there are uncountably many intermediate rings of either type.

Example 3.3.6. Let R = Z and R’ = [[{Q. Define I = {(¢,0,0,0,...)[¢ € Q}, J =
{(¢1,0,q3,q4,...)|q; € Q} so I C J are ideals of R'. Let H = {(q,0, 21, 22, ...)|g € Q, z; € Z}
and note H is not an ideal of R’. However, letting f : R — R’ be the natural inclusion
f(n) = (n,n,n,...), we see that Ro</ H is a ring and R/ I € R/ H C R/ J.

More generally, fix any nonempty subset I of N\ {1,2}. Let H be the set of elements in
J whose entries are integers at every coordinate in I'. Then once again, H is not an ideal of

R but R/ H is aring and R/ I ¢ R H € R</ J. Note that if we instead define

H as the set of elements in J whose entries are identically zero at every coordinate in I" then

H is indeed an ideal of R with I C H C J (so that again Ri</ I ¢ Ri<x/ H C R/ J).
It follows that in the lattice of elements of [R </ I, R >/ J], we can find an (uncount-

ably) infinite number of intermediate rings R </ H where H is an ideal, as well as an

(uncountably) infinite number of intermediate rings R >/ H where H is not.
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3.4 Minimal Ring Extensions

Minimal ring extensions have been subject to extensive study (cf. [CDL], [D2], [DS], [DS2],
and [FO]). Here we wish to explore minimal extensions involving bowtie rings in more detail.
In light of the “general bowtie ring” counterexamples that closed the previous section we
will mostly focus on extensions of simple bowtie rings for the present section.

We know that R < I C R J will be minimal if J/I is a simple R—module (Corollary
3.2.5). We will give a few other equivalent conditions next. Recall that for a ring R and
an R—module E, the notation R X E refers to Nagata’s idealization of R with FE, i.e. the
ring of elements (r,e) € R x E under the usual addition but with multiplication defined by
(r,e)(s, f) = (rs,rf + se). Note that R embeds into R x E via the map r — (r,0) so we

may view R C R x F as a ring extension.
Proposition 3.4.1. Let I C J be ideals of a ring R and let ¢ : R — R/I be the canonical

map. Define RA = {(r,¢(r))|r € R} = R. Then the following are equivalent.
1. R I C R J is a minimal ring extension.
2. RA ¢ Rix? (J/I) is a minimal ring extension.
3. RC Rx (J/I) is a minimal ring extension.
4. J/I is a simple R—module.

Proof. The equivalence of the third and fourth statement follows from [D2, Theorem 2.4].
The equivalence of the first and fourth statements follows from Corollary 3.2.5. Finally we
will show the equivalence of the second and fourth statements. First assume that J/I is a
simple R—module, and let R ¢ § C R ><? (J/I) for some ring S. We will use 7 to denote
the canonical image of r € R in R/I.

Take a (r,7+7) € S\T'(f), so in particular j is a nonzero element of J/I (i.e., j € J\I).
Then (0,7) = (r,7+ j) — (r,7) € S and j generates J/I, so S = {(r,7+j)lre R,j€ J} =
Rx? J/I. Tt follows that T'(f) C R><® (J/I) is minimal.
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However, assuming that J/I is not simple, we could take a nonzero
R—submodule M C J/I (necessarily an ideal of R/I), so that T'(f) C R>® M C R® J/I

would give that the extension I'(f) C R »® (J/I) is not minimal.

O]

In the Intermediate Rings section of this chapter, we have seen two ways to obtain a
minimal extension as an extension of bowtie rings (Corollaries 3.2.5 and 3.2.15). By the

following proposition these are the only ways to do so.

Proposition 3.4.2. Let R C T be a ring extension, f : T — T' a ring homomorphism, I
an f(R)—subalgebra of T', and J an f(T)—subalgebra of T' with I C J. Then R/ I C

T >a! J is a minimal ring extension if and only if one of the following holds:

1. R=T and J/I is a simple f(T)—submodule of T".

2. RCT is a minimal ring extension and J = I.

Proof. The cases where R = T or I = J have already been handled, by Corollary 3.2.5
and Corollary 3.2.15, respectively. We wish to show that no other case is possible. But
the only remaining possibility to check is R C T being a minimal extension, and I C J
a strict inclusion with no f(R)—subalgebras of T' lying between I and J. Since J is an
f(R)—subalgebra of T it is closed under multiplication by elements of T, in particular, by
elements of R. Consider the set Ri</ J := {(r, f(r) +j)|r € R,j € J}. It is a quick check
to see that this set is a ring (cf. Lemma 2.1.1 and Corollary 2.1.2), and in fact a ring lying
strictly between R </ I and T <f J, so that the extension R </ I € T >/ J is not

minimal.

O]

Much study has been devoted to the classification of minimal extensions of certain types
of rings. One such classification is given in the following theorem (cf. [PP, pages 369-386]).

The subsequent results apply this theorem to extensions of bowtie rings.

33



Theorem 3.4.3. Let A C B be an integral ring extension. Then A C B s a minimal
ring extension if and only if there exists M € Max(A) such that one of the following three
conditions holds:

(a) inert case: M is a mazximal ideal of B and A/M — B/M is a minimal field
extension;

(b) decomposed case: There exists ¢ € B\ A such that B = Alq], ¢* —q € M, and
MqC M;

(c) ramified case: There exists ¢ € B\ A such that B = Alq], ¢* € M, and Mq C M.

Furthermore, conditions (a)-(c) are mutually exclusive.

Proposition 3.4.4. Let R C T be an integral ring extension and J an ideal of T (so in
particular, R J C T 1 J is an integral extension by the forthcoming Corollary 6.1.2).
Then the extension R C T is a minimal extension in the inert case (resp., the decomposed
case, ramified case) in the sense of Theorem 3.4.3 if and only if R>1 J C T x J is a

minimal extension of the same case.

Proof. Inert case: Suppose that R C T is a minimal extension of the inert case. Then
R J C T J is a minimal ring extension by Corollary 3.2.15. By assumption there is a
maximal ideal M € Max(R) such that M € Maz(T) and R/M — T /M is a minimal field
extension. Note that M’ := {(m,m + j)|m € M, j € J} is a maximal ideal of both R J
and T < J. Further, (R< J)/M' = R/M and (T > J)/M' = T /M, by [DFF, Proposition
2.1]. But this clearly implies that (R > J)/M’' — (T > J)/M' is a minimal field extension,
so that Ra J C T > J is a minimal extension of the inert case.

Conversely, suppose that R < J C T 1 J is a minimal extension of the inert case,
and let M’ be a maximal ideal of T > J, with (R > J)/M’ — (T > J)/M’' a minimal
field extension. We note that the ideal M’ has the form {(m,m + j)lm € M,j € J} or

{(m+j,m)m e M,j € J} for some M € Max(R). In the first case we have that

R J
M J
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by [DFF, Proposition 2.1]; the second case would follow by a similar homomorphism as
used in that proof. Since M’ is a maximal ideal of T > J as well, it must have one of the
above forms for some N € Max(T). If it is of the first form, then clearly M = N. Other-
wise, we have two ways to write M’, shown in the equation {(m,m + j)lm € M,j € J} =
{(n+j,n)|n € N,j € J}. But setting the j to zero (in one side of the equation at a time),

it is not difficult to see that, again, M = N. In either case, we have that M € Maz(T) and

T J

(Toa DM = 57—

~T/M,
so the canonical map R/M +— T /M is just the assumed (minimal) field injection (R <

J)/M"— (T'>a J)/M'. Tt follows that R C T is a minimal extension of the inert case.

Decomposed case: Say R C T is a minimal extension of the decomposed case. As in the
inert case, R J C T < J is a minimal extension by Corollary 3.2.15. Then there exists a
q€ T\ Rand an M € Maz(R) with T = R[q], ¢* —q € M, and Mq C M. Set ¢ = (q,q),
and M' = {(m,m+j)lm € M,j € J} € Max(R > J). Note that ¢ € T > J\ R J so
that T 01 J = R <1 J[¢'] by minimality. Further, ¢? —¢' = (¢* —¢,¢* —q) € M', and M'q' =
{m'q'|m" € M'} = {(m,m +j)(q,q)lm € M,j € J} = {(mq,mq +iq)lm € M,j € J} C M’
since mq € M by assumption. It follows that Rt J C T 1 J is a minimal extension of the
decomposed case.

Conversely, suppose that R 1 J C T < J is a minimal extension of the decomposed
case. Then there exists a (t,t +j) € T > J\ R J and an M’ € Max(R < J) with
TwaJ =R J[(t,t+75)], (t,t+5)? — (t,t +35) € M and M'(t,t + j) C M’. Recall that
M’ must have the form {(m,m + j)jm € M,j € J} or {(m + j,m)|m € M, j € J} for some
M € Maz(R). For now we will assume that M’ is of the first form.

Note that R C T is a minimal ring extension (Corollary 3.2.15) and ¢t € T\ R, so we
must have T = R[t]. Further, since 2tj + j? — j € J (by definition of the ideal I), we see
that (t,t + )% — (t,t +7) = (2 —t,1> —t + 2tj +j%> —j) € M', and so t? —t € M. Also,
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M'(t,t + 5) = {(mt,(m+1i)(t+j))|m e M,i € J} C M’ by assumption, so that mt € M
for all m € M; that is Mt C M.

Finally we consider the possibility that M’ be of the second form. Rewrite our given
(t,t +7) as (u+i,u) where u =t + j and i = —j € J. Then the remainder of the proof
for this case follows a symmetric argument to the one in the previous paragraph (noting- if
necessary- that the ring R > J could harmlessly be defined as {(r + j,7)|r € R,j € J}). It

follows that R C T is a minimal extension of the decomposed case.

Ramified case: This proof is essentially the same as the decomposed case, noting now that
q®> € M if and only if ¢ = (¢%,¢%) € M.

O]

Remark 3.4.5. We know by Proposition 3.4.2 that any minimal extension of the form
T < J of a bowtie ring R < [ has the form 7' > [ (with R C 7" minimal) or R > J (where
J/I is a simple R—module). The first case is integral exactly when R C T is (this will be
shown in Corollary 6.1.2), and we can classify the extension R > I C T < I as in Proposition
3.4.4. The second case R I C R J is always integral, as we will see in Corollary 6.1.3,
so naturally we ask when it will be of the inert, decomposed, or ramified case. It turns out
that this extension will never be of the inert case. By [DFF, Proposition 2.6 (4)] we know
that any maximal ideal of R > I has the form M’ = {(m,m +i)|m € M,i € I} for some
M € Maz(R), and any maximal ideal of R > J has the form N’ = {(n,n + j)ln € N,j € J}
for some N € Max(R). If these two sets are equal, then in particular the set of first
coordinates in M’ is equal to the set of first coordinates in N’ and it follows that M = N.
Then, since I # J, it is easy to see that M’ # N’. Thus no maximal ideal of R < I is a
maximal ideal of R J, so the inert case is impossible.

Now we have that every minimal ring extension R 1<t I C R J is of the decomposed
case or the ramified case. Either of these cases is possible, and fairly easy to construct. For
instance if I = J2 # .J, then pick any j € J\ I and it is clear that we can take (0, ) as our

element ¢ in the ramified case. We can give an example of the decomposed case similarly.
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It is not difficult to construct ideals I C J of a ring R such that some j € J \ I satisfies
j2—j €I (and take (0, j) as our ¢ in the decomposed case). For instance, consider I = 6Z,
J = 3Z in the ring R = Z. Then R I C R J is a minimal integral extension of the

decomposed case, with (for instance) ¢ = (0, 3).

Proposition 3.4.6. Let R <t I C R < J be a minimal extension of bowtie rings (which
is mecessarily integral by the forthcoming Corollary 6.1.3). Following the terminology of
Theorem 3.4.3, this is an extension in the ramified case if and only if there existr € R,j €
J\I,M € Max(R) such that > € M and 2rj + j% € I. Otherwise, it is an extension in

the decomposed case.

Proof. Suppose that such an r,j, and M exist, and consider the element g = (r,r + j) €
R J\Rwx I Then R J = (R x I)[g] by minimality. Further, ¢> = (2,72 +
2rj + j2) is contained in the maximal ideal M’ := {(m,m +1i)|m € M,i € I} of R I (cf.
[DFF, Proposition 2.6 (4)]). Note that M'q = {(rm,rm +mj+ri+ij)m € M,i € I} is
contained in M’ (since M and I are ideals of R). Then by Theorem 3.4.3 it follows that
this is an extension in the ramified case.

Conversely, if Rt I C R J is a ramified extension, then by Theorem 3.4.3 and [DFF,
Proposition 2.6 (4)] there exists an M € Maxz(R) and some (r,r 4+ j) € Rpa J\ R [
such that R < J = (R I)[(r,r + )] and (7,7 + j)? € M' := {(m,m +i)|m € M,i € I}.
Clearly we must have that j € J\ I and since (r,7+j)% = (72,72 +2rj + j2) € M’, we have
that r2 € M and 2rj + j2 € I by definition of M.

Finally, if the extension R >t I C R 1 J does not satisfy the above conditions (or
equivalently, is not an extension in the ramified case), then by Theorem 3.4.3 and Remark

3.4.5, it must be an extension in the decomposed case.
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3.5 A Note on Nagata’s Idealization

Let R be a ring, and E be an R—module. As we have seen, Nagata’s idealization is the ring
Rx E :={(r,e)|r € R,e € E} where addition is defined as in the abelian group R & E and
multiplication is defined as (r,e)(s, f) = (rs,rf + se). If we define a trivial multiplication
on F (so ee/ =0 for all e,e’ € E), then the set R+ F is a ring, and R embeds into this ring
in the obvious fashion. Let us denote this embedding by ¢. With the trivial multipication
we see that £ becomes an R—algebra (so an ¢(R)—algebra). Further, it is easy to see that
the map R x F — R <x* E given by (r,e) — (r,c(r) + e) is an isomorphism. Thus we
may view R X E as a general bowtie ring, R 0<* E, so that Nagata’s idealization becomes a
special case of many of the results of this chapter. We will record some of the more notable
results here.

The first order of business is to describe Lemma 3.2.1 and Theorem 3.2.3 in terms of
idealizations, a result which in turn extends [D2, Remark 2.9]. We note that the basic proof
concept in this cited remark is utilized in the proof of Lemma 3.2.1 from which much of this
chapter follows. The next theorem is easily proven by the same methods as for the general

bowtie ring case.

Theorem 3.5.1. Let R be a ring and let E C F be R—modules. Then every element of
[R x E,R x F] has the form R x E" for some R—module E" with E C E' C F. Further,
there is an order-isomorphism between the sets [Rx E, Rx F] and [E, F|, given by the map

Rx E' — FE'.

Corollary 3.5.2. Let R be a ring and let N C M be R—modules. Then R x N C Rx M

is a minimal ring extension if and only if M/N is a simple R—module.

Corollary 3.5.3. Let R be a ring and let N C M be R—modules. Then Rx N C Rx M

is a A—extension.

Numerous related properties on idealizations were recently presented by Gabriel Picavet

and Martine Picavet-L’Hermitte. We list some of these results in the next corollary, noting
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that these follow as special cases of applications of Theorem 3.2.3 (namely, the results
recorded in Corollary 3.2.4). Given a ring R and an R—module M, we will use Lr(M)
to denote the length of M (i.e., the number of strict inclusions in the longest chain of
submodules of M). For the following corollary, note that R 22 R x 0. In the first assertion

of the corollary, note that every R—module lying between 0 and R (as sets) is an ideal of

R.
Corollary 3.5.4. Let R be a ring and N C M be R—modules. Then
e RC Rx R has FCP if and only if R is Artinian.
e RC Rx M has FIP if and only if M has only finitely many submodules.

¢ RC Rx M has FCP if and only if Lr(M) < cc.

Rx N C Rx M has FIP if and only if M/N has only finitely many submodules.

e Rx N C Rx M has FCP if and only if Lp(M/N) < co.

Proof. The first three statements are immediate. For the rest, note that the set of R—sub-
modules of M /N is the set of R—modules of the form N'/N for an intermediate R—module
NCN' C M.

O]

Finally, we consider the analogous results to Lemma 3.2.13 and Theorem 3.2.14 in the

context of Nagata’s idealization. The proof uses the same process so we omit it for brevity.

Theorem 3.5.5. Let R C T be a ring extension and let M be a T—module. Then every
ring in [R x M,T x M| has the form S x M for some ring S € [R,T]. Further, there is an

order-isomorphism from [R x M,T x M] to [R,T], given by the map S x M +— S.

Again we provide a list of relevant consequences in the specific case of idealizations.

These also all have analogues in Section 3.2 in the context of general bowtie rings.

Corollary 3.5.6. Let R C T be rings and M a T'—module. Then
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Rx M CTwx M is a minimal extension if and only if R CT is a minimal extension.

Rx M CTx M has FCP if and only if R C T has FCP.

Rx M CT x M has FIP if and only if R CT has FIP.

Rx M CT x M is a A—extension if and only if R C T is a A—extension.

Rx M CTx M is a \—extension if and only if R C T is a A\—extension.
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Chapter 4: Flat Epimorphisms

4.1 Integrally Closed Minimal Extensions

Let R be a ring. Given R-modules L, M, N a short exact sequence is a chain of R-module

homomorphisms

such that « is injective and f is surjective. We say that an R—module A is flat if for any
short exact sequence as above, the induced sequence obtained by tensoring each module

with A, namely

&
0—— Ao S0 M ey N —— 0,

is also a short exact sequence. (We present this only as the classical definition of flatness;
with the aid of known equivalent properties, we will in fact never need to use the definition
in any of the proofs in this chapter.)

Let f : A — B be a ring homomorphism. Then we say that f is an epimorphism if
for any ring homomorphisms ¢g,h : B — C, go f = ho f implies ¢ = h. In this sense,
epimorphisms generalize surjective homomorphisms; the canonical map R — R/I (for a
ring R with ideal I) is commonly given as an example of an epimorphism. If A C B is a
ring extension and the inclusion map f : A — B is an epimorphism, we will say that A C B
is an epimorphic extension (or simply an epimorphism, when the context is obvious).

By saying that a ring homomorphism f : A — B is a flat epimorphism (in particular,
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when B is a ring extension of A), we mean that f is an epimorphism making B a flat
A—module (via the action a - b := f(a)b for each a € A,b € B). If S is a multiplicatively
closed set in R, then the natural map R — Rg is an example of a flat epimorphism. Thus if
S contains only regular elements, then R C Rg is a ring extension that is a flat epimorphism
(as expected, we may refer to this as a flat epimorphic extension).

Let R C T be a minimal extension, so T' = R[u] for each u € T'\ R. Clearly this
extension is integral or R is integrally closed in T'. If R is integrally closed in T', then this
extension is a flat epimorphism by the following lemma, which can be derived by combining

[K, Theorem 44] with [FO, Theorem 2.2 ((ii)(e) and (iii))].

Lemma 4.1.1. Let R C T be a minimal extension. Then R C T s either an integral
extension or a flat epimorphism. Thus every minimal integrally closed extension of rings is

a flat epimorphism.

We will use this fact to determine when certain minimal extensions are integral, by show-
ing that they are not flat epimorphisms. The next lemma (a generalization of Lemma 1.5.8
that will only be necessary for the current section) is a consequence of [DFF, Proposition

2.6).

Lemma 4.1.2. Let f : R — R’ be a ring homomorphism with I and ideal of R'. Then the

prime ideals of R T are exactly the sets of the following two forms:

1. {(p, f(p) +1)lp € Pyi € I} and
2. {(a, f(a)+i)|a€ R,i€ 1, f(a)+ic€Q}
where the P run through all primes of R and the Q run through all primes of R'.

Lemma 4.1.3. Let f : R — R’ be a ring homomorphism with I C J ideals of R'. Let
P € Spec(R) and Q € Spec(R'). If Qo = {(p, f(p) +j)lp € P.j € J} and Q1 =

{(a, f(a)+j)|la € R,j € J, fa) + 7 € Q} in Spec(R </ J), then

Po:=QoN (Re<! I) = {(p, f(p) +i)lp € Pi € I}
42



and

P :=QiN (R I) = {(a, f(a) +i)la € Ryi €I, fla) +i € Q}.

Proof. Since I C J it is clear that Py C (QQg. Obviously Py is contained in R >t/ I and thus
in the intersection Qo N (R >/ I). Conversely, let (p, f(p) + j) lie in Q. If it also lies in
Rl I, then we must have j € I. Tt follows that Qo N (R </ I) C Py and so these primes
are equal.

Next, since I C J it is clear that P, C Q1. Further, since P C R </ I we have
that P, C Q; N (R =/ I). Now let (a, f(a) +j) € Q1. If it is also in R >/ I, then
we must have j € I. Also f(a) +j € Q by definition of Q;. Thus Q; N (R >/ I) C
{(a,f(a)+i)|la€e R,i €, fla)+i€Q}=P.

O

Lemma 4.1.4. Let f : R — R’ be a ring homomorphism with I C J ideals of R'. Suppose

for some Q € Spec(R') that I C Q,J € Q. Then the contraction mapping Spec(R ol J) —

Spec(R ><af ) is not one-to-one.

Proof. Take such a () and consider the primes

Qo ={(a, fla) +j)la€ R,j € J, f(a)+j € Q}

and

Qi={@f)+)lpef(Q)jecJ}

in Spec(R >/ .J). These are distinct, since by assumption there exists j € J \ @, and thus
(0,5) € Q1 \ Qo. But we claim these primes have the same contraction in R >/ I.

By the Lemma 4.1.3, Py := Qo N (R </ I) = {(a, f(a) +4)|a € R,i € I, f(a) +i € Q},
and Py = Q1 0V(R s/ 1) = {(p, f(p) +D)lp € (Q),i € I}. Since f(f~1(Q)) C Q and
I C @, we have for each (p, f(p)+1i) € Py that f(p)+i € Q, i.e., P C Py. As for the reverse

inclusion, note for each (a, f(a) +1i) € Py, that i € I C Q, so f(a) € Q, i.e. a € f~HQ). It
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follows that Py C P; and we have equality.
O

Proposition 4.1.5. Let f : R — R’ be a ring homomorphism with I C J ideals of R'.
Suppose that R >/ I € R >/ J be a minimal extension. If there exists a Q € Spec(R')

such that I C Q but J € Q, then the extension R bl T € Rl J is integral.

Proof. Suppose that such a @ exists. Then by Lemma 4.1.4 the contraction mapping
Spec(R <! J) — Spec(R >/ I) is not one-to-one. Thus by [L, Chapitre IV, Proposition
1.4] the embedding R >/ I — R >/ J is not an epimorphism. Since every minimal
extension is either integral or a flat epimorphism it follows that R </ J is integral over
Rl 1.

O

Corollary 4.1.6. Let f: R — R’ be a ring homomorphism with I and ideal of R'. If I is
prime in R', then every minimal extension of the form Rw</ I € Rw<! J (with J an ideal

of R containing I) is integral.

4.2 General Epimorphisms and Flatness

As we have already noted in the previous section, every minimal extension is either integral
or a flat epimorphism. Suppose that R C T is a ring extension and that J is a common ideal
to Rand T. Then R C T is a non-integral minimal extension if and only if Rt J C T J
is a non-integral minimal extension (Corollary 3.2.15 and the forthcoming Corollary 6.1.2),
and either hypothesis implies that R € T and R <t J C T > J are flat epimorphisms
(Lemma 4.1.1). We now want to investigate flat epimorphisms in a more general setting,
without making assumptions on integrality or minimality. Further, for the sake of generality
most of the results of this section will be proved for epimorphic (resp., flat epimorphic) maps
which are not necessarily embeddings (i.e., we temporarily stray away from the study of
ring extensions to the more general context of ring homomorphisms). However, as some of
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the tools used have no analogues for general bowtie rings, we will adhere to studying simple
bowtie rings in this section.
We begin the section simply with epimorphisms. After a few notes on flatness, we end

with the main goal of this chapter, investigating flat epimorphisms.

Theorem 4.2.1. Let f: R — T be a ring homomorphism, and I,J ideals of R, T, respec-
tively, such that f(I) C J. Define f': R I — T > J as f'(r,r+1i) = (f(r), f(r) + f(©)).

If f" is an epimorphism then so f. The converse holds if and only if J = f(I)T.

Proof. Suppose f’ is an epimorphism. Let g,h : T — C be ring homomorphisms satisfying
that go f = ho f. We can extend g, h to homomorphisms ¢’,h' : T 1 J — C by setting
gt t+7) = g(t),h(t,t + j) = h(t). By construction ¢’ o f/ = h’ o f’ and since f’ is an
epimorphism we have that ¢’ = h'. Then by definition of these maps we see that for all
t €T, g(t) = h(t). Thus the map f is an epimorphism.

To analyze the converse, suppose that f is an epimorphism, and note that f(I)T" C
JT =J.

First assume the strict inclusion f(I)T C J; we will show that f’ is not an epimorphism
in this case. Define the maps g,h: T >xJ — T/f(I)T by g(t,t+j) =1t h(t,t+j)=t+7J
(where for any element s € T, 5 denotes the canonical image of s in T'/f(I)T). It is clear
that these are both homomorphisms, as each is simply a composition of the projection

map onto one coordinate with the canonical map from 7" onto 7'/ f(I)T. Note that g # h,

since for any j € J \ f(I)T we have g(0,5) = 0 and h(0,5) = j # 0. However for any

element (r,7 +14) € R > I we have that g(f(r,r +1)) = g(f(r), f(r) + f(i)) = f(r) and

h(f(r,r+14)) = h(f(r), f(r)+ f(i)) = f(r)+ f(i) = f(r), so that go f = ho f. Tt follows

that the map f is not an epimorphism.

Now instead, assume that f(I)T = J. Let ¢',h’ : T >1 J — C be ring homomorphisms
such that ¢’ o f' = h' o f'. Then g(f(r,r +14)) = h(f(r,r +1)) for all (r,r +i) € R 1. In
particular g(f(r,r)) = h(f(r,7)) for all » € R. Define the mapping d : f(R) — f(R)* as

d(f(r)) = (f(r), f(r)). Clearly d is an isomorphism. Now for all r € R,
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(g" o d)(f(r)) = (W o d)(f(r)),

and since f is an epimorphism, ¢’ od = I/ o d on all of T'; that is, ¢’ = h' on the diagonal
image of T in T J.

Now for any (t,t + j) € T < f(I)T, note that we can write this element as (t,t) +
(0,251 fR)te) = (6,1) + 2521 (0, f(ir)) (ths tr) = (E,8) + D py f/(0, k) (g, tr) for some

ir € Ity € T,n € N. Then (letting h'f' :=h o f" and ¢'f' := ¢’ o f') we have
g'(tt+7)=g(t,t)+4(0,5) =W (tt)+4'(0,5)

= h,<t7 t) + g,(z f/(O, ik)(tlﬁ tk)) = h,<t7 t) + Z g/f,(ov Z.k)g/(tk; tk) =
k=1 k=1

n

‘(t,t +Zh’ (0, i) (tr, tie) = B (t,8) + B/ (> F(0, i) (ts i)

k=1
n n
(6, 8) + WO (0, F(ik)) (e tr)) = (6 1) + > (0, F(ir)) (trr t)) = B (t,t + 5),
k=1 k=1

so ¢ =N onall of T > f(I)T. It follows that the map f’ is an epimorphism.

O]

Corollary 4.2.2. Let I C J be ideals of a ring R. Then the extension R><x I C R > J
is not an epimorphism. In particular, for any nonzero proper ideal I of a ring R neither

RACR>I nor RaI C Rx R (= R R) is an epimorphism.

Corollary 4.2.3. Let R C T be an extension of rings with I and ideal of R. If R I C

T x T is an epimorphism then I contains a finitely generated dense ideal of R.
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Proof. Recall that T x T'=T <t T. Now supposing Ri<t I C T 1T is an epimorphism, we
must have that IT = T, by Theorem 4.2.1. The statement then follows from [DS6, Lemma

2.4]. O

As we have noted, our present goal is to investigate flat epimorphisms, but first we will

record a few quick results on flatness alone.

Proposition 4.2.4. Let R C T be a ring extension with J an ideal of T. Suppose R is a

PID and that every nonzero element of R is a reqular element in T. Then R® C T > J is

a flat extension.

Proof. Suppose (r,7)(t,t+ j) = (0,0) for some 0 #r € R, (t,t +j) € T >xJ. Then rt =0,
and so by assumption ¢t = 0. Now we have (r,7)(0,7) = (0,0) implying that rj = 0. Again
by assumption j = 0, so that (¢, + j) = (0,0). It follows that T < J is torsion-free as an

RA—module, so by [R, Corollary 3.50], T x J is flat over R™.
O

Corollary 4.2.5. If R is a PID then for every ideal I of R, the extension R® C R 1 is

flat.

Lemma 4.2.6. Let f : R — T be a ring homomorphism, and I,J ideals of R, T, respec-
tively, such that f(I) C J. Define f': Ro<x I — T J as f'((r,r+1)) = (f(r), f(r)+ f(7)).

If f' is a flat ring map then so is f.

Proof. Suppose that the map f’ is flat, and suppose that we have the sum ;' ¢ f(rg) =0
where tp € T, r, € R. Thus >, (tr, tr) (f(rk), f(ri) = dDopeq (e tr) f/(ri, i) = (0,0),
with (tg,tg) € T < J, (rg,7,) € R > I. Now by [R, Lemma 3.65(1) = (iii)], there exists
(ty ty+ig) € T J for g =1,...,m (some fixed integer m), and (sqr, sqx +eqx) € R > I with
S (gt €q0) £/ 78) = SS(f sy Fsgr) + (g ) (), £()) = (0,0) for all g
and 23;1(7527 t:; +j(/1)f/(5qka Sqk + €qr) = Z;n:l(t/qa tf; +jz/1)(f(3qk)a f(sqk) + f(eqk‘)) = (t, tk)

for all k.
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Then looking only at the first coordinates it follows that ), f(sq)f(r%) = 0 for all ¢
and D00t f(sqr) =ty for all k. Now applying [R, Lemma 3.65(iii) = (i)], we have that T

is flat as an f(R)—module, so f is a flat map.
[

The flatness of an extension of bowtie rings R > I C T < J does not follow easily
from the flatness of R C T. By [M2, p. 33|, any flat ring extension satisfies going-down,
so even for R = T (which is trivially flat over itself), we will see (in Theorem 6.3.7) that
the extension R <11 C R J must satisfy rather complicated assumptions on the ideals I
and J to imply that the ring extension satisfies going-down; thus complicated assumptions
are necessary for the extension to even possibly be flat. In particular, setting R = 7', then
Example 6.3.10 gives an extension where T is flat over R (trivially) but 7 < J is not flat
over R<[.

If we restrict ourselves to flat epimorphisms, however, then we do find a strong corre-
lation between the extensions R C T"and Rt I C T 1 J, or more generally between any
given homomorphism R — T and the map that it induces from R > I to T < J. Before

proving this correlation, we will need the following lemma.

Lemma 4.2.7. Let f: R — T be a ring homomorphism, and let I be an ideal of R. Define
fle R I =T IT by f'(ryr +14) = (f(r), f(r) + f(i)). Let P' € Spec(R > I), where
P’ is constructed from P € Spec(R) in the sense of Lemma 1.5.8. If f(P)T = T, then

F(PYT = IT) =T < IT.

Proof. Clearly f'(P")(T > f(I)T) C T > f(I)T. We wish the show that the reverse
inclusion holds as we assume that f(P)T =T.

We know that P’ must be of one of the two forms described in Lemma 1.5.8. In either
case, fix the P € Spec(R) used to define P’ (again in the sense of Lemma 1.5.8), and note
that P’ contains the diagonal image {(p,p)|p € P} of P in R I. Let x be an arbitrary
element of T'< f(I)T. Then x has the form (¢,¢ + > f(ix)ty) for t,tx € T,iy € I. Rewrite

this as (¢,£) +> (0, f(ix)tx). Since f(P)T =T we see that (t,t) = (3 f(pj)t;, > f(pj)t;) =
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2 (f(pi)s F (i)t t5) = 22 /(s> i) (5, t5) € f/(P')(T < f(I)T). Thus we only need to
show that > (0, f(ix)tx) € f/(P)(T > f(I)T). We will prove something slightly stronger
and show that (0, f(ix)tx) € f/(P)(T > f(I)T) for every k; thus we will abuse notation
and drop the subscript k for clarity. Now since f(P)T =T, we can write (for some p; € P,

teT)

(0,it) = (0, £()) S puts) = (0,3 puf (i)t0)) =

> O, p(F@)1) = (P ) (0, (D)) € P/(T s f(I)T).

Thus Tt f(I)T C P'(T < f(I)T) and we have that the sets are equal.

O]

Lemma 4.2.8. Let f : R — T be a ring homomorphism and let I,J be ideals of R, T,
respectively such that f(I) C J. Define f' : R > I — T > f(I)T as f'(r,r+1i) =
(f(r), f(r) + f(i)). Define h : T > J — T as the projection to the first coordinate, i.e.,
h(t,t +j) = t. If P' € Spec(R <1 I) lies over P € Spec(R) (as in Lemma 1.5.8), then

(ho f) (R I\ P) = f(R\ P).

Proof. Let y € f(R\ P). Then there exists an 2 € R\ P with f(z) = y. Note that
(x,x) € Re<x I\ P’ by Lemma 1.5.8. Now (y,y) = (f(z), f(z)) = f'(z,z) € f/(R>= T\ P’),
soy=(ho f)(z,x)€ (ho f)(R<xI\P).

Conversely, let y € (ho f')(R < I\ P’). Then there is an element (z,x+¢) € R<x [\ P’
with (ho f)(z,z +¢) = y. But (ho f')(z,z +e€) = h(f(x), f(x) + f(e)) = f(x), so
that y = f(z). Clearly x € R, but it is not possible that z € P or else we would have

(x,x +e) € P'. It follows that y = f(x) € f(R\ P).
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The proof of the following proposition essentially mimics the proofs found in [D, Propo-
sition 2.7(a)] and [DS3, Proposition 4.4(b)]. We generalize to the context of ring homo-
morphisms as studied in the current section, and for the sake of clarity, provide details
that were taken as obvious (or unnecessary) in the original proofs. As usual, given a ring
homomorphism f : R — T and a prime P € Spec(R) and we use f, : Rp — Typ\p) to

denote the ring homomorphism f, (%) = ;E:g

Proposition 4.2.9. Let f : R — T be a ring homomorphism and let I,J be ideals of
R, T, respectively such that f(I) C J. Define f': R I — T v J as f'((r,r +1)) =
(f(r), f(r)+ f(@)). Let P € Spec(R) and let P’ be a prime of R I lying over P € Spec(R)

as in Lemma 1.5.8. Then:

1. If[ - P, then (RNI)pI = Rp > IP and (Tl>4 J)f’((RMI)\P/) = Tf(R\P) > Jf(R\P)
2. IfI g P, then (RDQI)p/ >~ Rp and (Tl>4 J)f’(RDdI\P’) = Tf(R\p).

Proof. (1.) Suppose that I C P. The conclusion that (R > I)pr = Rp > Ip is proved
directly in [D, Proposition 2.7(a.)]. We will now show that (7' J) ¢((rsary\ ) = Tp(r\P) >
Jrr\py- Let ¢ : T > J — Typ\py > Jp(r\p) be the homomorphism defined by (,t + j)

(+,L41). We claim that every element of (¢o f')(R>a I\ P’) is a unit in Ts(r\p) > J(R\P)-
Let (r,r +i) € R I\ P'. Then we must have that r € R\ P and so (%, % 4 %) is a unit

in Rp\p > IRp\p (as in the proof of [D, Proposition 2.7(a.)]). Thus (¢ o f')(r,r + i) =

r

S5+ 1) isaunit in f(R)pr\py > F(DF(R)prvp) € Trypy > F(D T r\p)-

Hence, by the Universal Mapping Property of ring localizations, there exists a unique
extension W : (T > f(I)T) p(roar\py — Trr\pP)y > f(I)T§r\p) of ¢ given by ¥(3) =
#(a)p(b)~L. We only need to show that this is an isomorphism. To show that it is onto, let
(¢4 i) € Trr\p) > f(I)T(r\p)- Since s,z are both in the multiplicatively closed set

f(R\ P) of T, so is their product sz; in particular, sz # 0. Now we can take the element

(tz,tz+js)

(s252) o map to (4L 4 ) via ¥. To show that the map is one-to-one, suppose that

s?'s
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U(t,t + j) = (0,0). Then by definition of localization it follows that there exist elements
u,v in the multiplicatively closed set f(R\ P) satisfying ut = 0 and v(t + j) = 0; hence
(uv,wv)(t,t + j) = (0,0), so (by the definition of localization and the observation that
(uv, uv) lies in the multiplicatively closed set f'(R I\ P)) we have that (¢,¢t+ j) = (0,0)
in (T f(I)T) p(roar\pry- Thus W has zero kernel, so it is an injection.

(2.) Now suppose I ¢ P. The proof that (R < I)pr = Rp is shown in [DS3, Propo-
sition 4.4(b.)], so we proceed to show that (T' > J) s (rean\py = Trr\p)- By Lemma
1.5.8 there are two cases to consider. For the first case, we assume that P’ has the form
P = {(p,p+i)|lp € P,i € I'}. The surjective ring homomorphism h : T > J — T defined
by (t,t + j) — t has kernel equal to 0@ J. If j € I\ P, then (j,0) € Rx I\ P, so that
(f(4),0) = f'(4,0) € f/(R>x I\ P’). Since (f(5),0)(0J) = (0,0) we conclude that 0 J is
in contained in the kernel of the canonical map T o< J — (T < J) 1(rear\ pr)- Now Lemma
4.2.8 gives that h(f'(R< I\ P’)) = f(R\ P), and we conclude by [DS3, Lemma 4.3] that
(T'oa J) priroar\pry = Ty(r\P)-

Now for the second case, we assume that P’ has the form P’ = {(p+i,p)|p € P,i € I}.
Consider the surjective map h : T 1 J — T given by (¢,t + j) — t + j. The kernel of
this map is J ® 0. Given j € I\ P, then (0, f(i)) = f/(0,i) € f'(R > I\ P’). Since
(0, f(1))(J @ 0) = (0,0) we see that J @ 0 is contained in the kernel of the canonical map
T J = (T o< J) g (psar\pry- As in the preceding paragraph, h(f'(Ra I\ P')) = f(R\ P),
and so by [DS3, Lemma 4.3] we again have that (T'0< J) pr(gsar\ Py = Tt(r\P)-

O

Theorem 4.2.10. Let f : R — T be a ring homomorphism and let I,J be ideals of R, T,
respectively such that f(I) C J. Define f' : R> I — T > f(I)T as f'(r,r +1i) =
(f(r), f(r)+ f(4). If " is a flat epimorphism then so is f. The converse holds if and only
if J=f(I)T.

Proof. First suppose that f’ is a flat epimorphism. Then by Theorem 4.2.1 and Lemma
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4.2.6, f is a flat epimorphism as well.

Now conversely, suppose that f is a flat epimorphism. By Theorem 4.2.1, for the map
/! to be a flat epimorphism the condition J = f(I)T is necessary (otherwise the extension
is not even an epimorphism). We will show that it is also sufficient; that is, we will show
that the mapping f': R>x I — T f(I)T is indeed a flat epimorphism.

By [L, Proposition 2.4] (or [G3, Theorem 1.2.21]) f being a flat epimorphism is equivalent
to the following condition: that for every P € Spec(R), either f(P)T =T or Rp = Ty(g\p)
(via the map f,). We want to utilize this same theorem by showing that for any given
P’ € Spec(R < I), we have either f/(P')(T o f(I)T) = T > f(I)T or (R I)pr =
(T < IT) pr(poar\ Py (via the map f'p/). Thus let P' € Spec(R < I) be constructed from
P € Spec(R) in the sense of Lemma 1.5.8.

If f(P)T = T, then we have by Lemma 4.2.7 that f/(P')(T > f(I)T) = T > f(I)T.
Otherwise, Rp = T'y(g\ p). Then we have two cases to consider, I C P or [ ¢ P.IfICP,

then by [Proposition 4.2.9 (a.)], we have

(R > I)p/ = Rp > IP = Rp X IRP = Tf(R\P) > f(I)Tf(R\P) = (Tl>4 f(I)T)f’(RlxlI\P’)-

If instead we have that I € P, then by [Proposition 4.2.9 (b.)], (R>a I)pr = Rp = Ty(p\ p) =
(T f(I)T) p(Roar\pry- In any case, the assumption that Rp = Ty g\ p) for all P € Spec(R)
implies that (R >a I)pr = (T >4 f(I)T) pr(poar\pry for all P' € Spec(R < I). It now follows

from [L, Proposition 2.4] (or, again, [G1, Theorem 1.2.21]) that f’ is a flat epimorphism.
O

Let I be an ideal of a ring R, and let S be a multiplicatively closed set in R. It is not
clear if Rg 1 Ig will always be a localization of R > I at some multiplicatively closed set

in R I, but in any case we now have the following.

Corollary 4.2.11. Let I be an ideal of a ring R and let S be a multiplicatively closed set

in R. Then the natural map R > I — Rg 1 Ig given by (r,r +14) — (5,5 + 1) is a flat
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epitmorphism.

Since the purpose of this document is to investigate ring extensions, for convenience we

record the results of Theorems 4.2.1 and 4.2.10 in the context of ring extensions.

Theorem 4.2.12. Let R C T be a ring extension with ideals I C J, respectively. If
Rl CTrxlJ is an epimorphism (resp., flat epimorphism) then R C T is an epimorphism

(resp. flat epimorphism). The converse (in either case) holds if and only if J = IT.

4.3 Examples

We now return to the context of ring extensions. We will use our results from the previous
section to construct new examples of flat (respectively, flat epimorphic) extensions.

First we provide a quick example of an epimorphic extension that is not flat. As we
have seen, for an extension R 11 C T 1 J to be an epimorphism or a flat epimorphism, it
is necessary that J = IT. However, for the extension simply to be flat, that assumption is
not always necessary, as in the following example (where I = 0 so that IT = 0). Since Z is

a PID, this example is an immediate application of Corollaries 4.2.5 and 4.2.2.
Example 4.3.1. The extension Z*» = Z 10 C Z <1 27 is flat, but not an epimorphism.

Remark 4.3.2. We can ostensibly use Theorem 4.2.12 to construct examples of non-
minimal extensions that are flat epimorphisms from flat epimorphic minimal extensions.
For instance, let R C T be an integrally closed minimal extension (thus a flat epimorphism
by Lemma 4.1.1), where R contains at least one ideal I that is not an ideal of T". Thus
I C IT, so by Proposition 3.4.2, Rt I C T x IT is not a minimal extension, though by

Theorem 4.2.10 it is a flat epimorphism.

The author believes that credit for the original extension in the following example be-
longs to J.R. Isbell (due to a public comment by Anton Geraschenko on an online message

board), though this has not been verified.
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Example 4.3.3. Let k be a field. Set R = k[X, XY, XY? — Y] and T = k[X,Y]. It is
known that R C T is an epimorphic extension (where R and 7" are distinct rings) that is not
a localization. In fact, no nonunit of R becomes a unit in 7. With some work, it can also be
shown that R C T is a flat extension. The rings involved are domains, but we can use them
to create flat epimorphic extensions of rings with zero-divisors which are not localizations.

The easiest way to do this is to create an extension of cross products, R x R C T x T.
But we can also use nontrivial bowtie rings to give further examples. For instance, set I =
(X, XY, XY2-Y) and note that IT = (X,Y). Thus k[X, XY, XY? -Y] > (X, XY, XY?—
Y) CE[X,Y] > (X,Y) is a flat epimorphic extension by Theorem 4.2.12.

We wish to show that this example is not a localization. Suppose that the extension
Ropal C T IT satisfies that T IT = (R > I)g for some multiplicatively closed set S
in R < I. Then S must not contain any zero-divisors of R 1 I (or else the natural map
from R > I into T >t IT would not be an embedding). In particular, every element of S
must be nonzero in both coordinates (since for instance an element (0, s) could be killed by
(7,0) € R [ for any nonzero i € I). But R is a domain, so this implies that every element
of S must project to a regular element of R in each coordinate.

Now pick (s,s+ j) € S such that (s,s + j) is not a unit in R I. We claim that s or
s+ j is not a unit in R. Suppose otherwise, say st = 1, (s+j)k = 1. Then (tk,tk) € R 1
and (s,s + j)(tk,tk) = (k,t) is an element of R > I, which implies that k —t € I, so that
(t,k) € Re< I. But then (s,s+ j) has an inverse in R < I, a contradiction. This ends the
proof of the claim.

Now we know that either s or s+ is not a unit in R. Suppose s is not a unit. If (s, s+7)
isaunit in 7' < IT, then there are elements t € T, h € IT such that (s, s+7)(t,t+5) = (1, 1),
and so st = 1. But then some nonunit of R becomes a unit in 7', a contradiction. If instead
s+ j is not a unit, then we similarly find a t € T, h € IT with (s,s + j)(¢t,t + h) = (1,1),
giving (s + 7)(t + h) = (1,1) in T, the same contradiction.

It follows that no nonunit elements of R <1 I become units in the extension 7" IT, so
that this extension cannot be a localization.
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The same reasoning can be used to show that T < I'T is a flat epimorphic extension of
R I that is not a localization (and where R I # T > IT since R # T) for any ideal I
of R, in particular (X™) for any natural number n. Thus the current example provides an

infinite collection of distinct flat epimorphic ring extensions that are not localizations.
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Chapter 5: Complemented Rings and Related Topics

5.1 Equivalent Properties

We say that a ring R satisfies Property A if every finitely generated ideal I C Z(R) has a
non-zero annihilator (in the literature such a ring is sometimes called a McCoy ring). We
say that R has the annihilator condition, or the (a.c.), if given any two elements a,b € R,
there is a ¢ € R satisfying that Anng((a,b)) = Anng(c). Although Property A and the
(a.c.) are related, neither property implies the other in general. Recall that for a ring R
to be von Neumann regular we mean that for any x € R, there exists a y € R such that
2%y = x. We say that R is complemented if its total quotient ring tq¢(R) is von Neumann
regular. When we say Min(R) is compact, we mean as a subspace of Spec(R) under the
Zariski topology. The motivation for studying these properties together comes from the

following theorem.

Theorem 5.1.1. [H, Theorem 4.5] Let R be a reduced ring. Then the following properties

are equivalent:
e R is complemented.
e tq(R) is complemented.
e R has Property A and Min(R) is compact.

e R has the (a.c.) and Min(R) is compact.

In this chapter we will study each of these properties, and search for equivalences between
the two given rings in the extension R C R > I (resp., R C R </ I), where as usual we

associate R with R® (resp., with T'(f)). This will become easier in the next section, where
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we assume that [ is a regular ideal. At the end of this chapter we will take a closer look at
complemented rings. In doing so, it will be useful to investigate the total quotient ring of
a bowtie ring, in particular, describing the form of tq(R < I) as it relates to tq(R).

We will devote the rest of the current section to studying descent properties in the
extension R C R > I. We will first look at the minimal primes of a ring R (denoted by
Min(R)), and consider when this set is compact. We view Min(R) as a topological subspace
of Spec(R) under the usual Zariski topology. That is, the basic open sets of Spec(R) are

all sets of the form D(J) := {P € Spec(R)|J € P} where J is an ideal of R.

Proposition 5.1.2. Let I be and ideal of a ring R. If Min(R > I) is compact, then

Min(R) is compact.

Proof. Suppose that Min(R > I) = {P,} is compact. It follows from [D, Proposition
5] that Min(R > I) = {P.} U {P"} where P, := {(p,p+i)|p € Pa,i € I}, and P! :=
{(p+ip)lp€ Fa,icl}

Let |JD(I3) be an open cover for Min(R). Note for each ideal Ig of R here, the
set Ig > I is an ideal of R >a I. We first claim that D(Ig > I) is a(n open) cover for
Min(RwI).

Fix an « and consider P/, P/. From our cover for Min(R) we have that there exists a
B with P, € D(Ig), so Ig € P,, i.e. there exists an « € Ig\ P,. Then (z,z) € Ig [
but (z,z) ¢ P., and (z,z) ¢ PY. Thus Iz pa I is not contained in P} or P/. Thus
P e D(Ig< 1) and P! € D(I5 < I).

It follows that | J D(Ig < I) is an open cover for Min(R > I). Take a finite subcover, say
(without loss of generality) D(I1 > 1)U---UD(I, > 1). We claim that D(I;)U---U D(I,)
covers Min(R).

Let P, € Min(R). Then P/ € Min(R > I) so there must be a k € {1,...,n} where
Pl e DIy > I), i.e. Iy I ¢ P!, Thus there exists an (i, + i) € I, > I that is not

in P/. If iy, € P,, then surely (i, iy +1i) € P,

(e'R]

so we must have iy ¢ Py, so Iy ¢ P,, and
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P, € D(I}). Hence the finite collection of open sets D(I), ..., D(I,) covers Min(R), and it
follows that Min(R) is compact.

O]

Next we study the descent of Property A, and this will suffice to show the descent of

the property of being complemented.

Proposition 5.1.3. Let I be an ideal of a ring R. If R 1 has Property A, then so does
R.

Proof. First suppose that R > I has Property A, and let (rq,...,7,) be a finitely generated
ideal of R consisting of zero-divisors. Then it is easy to see that ((ri,r1),..., (rn, 7)) is
a finitely generated ideal of R a1 I consisting of zero-divisors in this ring. Since R > [
has Property A, there is some nonzero (s, s + j) annihilating this ideal. Then we can take

whichever of s or s+ j is nonzero to annihilate (ry, ..., 7).

O]

Corollary 5.1.4. Let I be an ideal of a ring R. If R > I is complemented, then R is

complemented.

Proof. If R I is complemented then by Theorem 5.1.1 it has Property A and Min(R > I)
is compact. But then, as we have seen in Propositions 5.1.3 and 5.1.2, R has Property A

and Min(R) is compact, so that (by Theorem 5.1.1) R is complemented.
O

In the case of general bowtie rings, R and R’ having one of the above properties does
not necessarily imply that R </ I will have it. We will see numerous counterexamples
in the next section. Whether the Property A and the (a.c.) always ascend in the case
of simple bowtie rings is still unknown. However, as we will see at the end of this chap-
ter, the condition that R > I be complemented is equivalent to the condition that R be

complemented.
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5.2 Results Where I is Regular

We will proceed to study the related properties described in the previous section, now
specifically for the case that the ideal I used in the construction R < [ is a regular ideal
of R’ (i.e., I contains a non-zero-divisor of R') and f~!(I) is a regular ideal of R. In this
context the properties behave very nicely, even though we are working in the general bowtie

ring construction R </ T.

Lemma 5.2.1. Let Ry, ..., R, be rings. Then Ry x --- X Ry, has Property A if and only if

each of the Ry, has Property A.

Proof. Clearly it suffices to prove the lemma for two rings. Thus consider R x S for two
rings R and S.

First suppose that R x S has Property A. Let I and J be finitely generated ideals
contained in Z(R) and Z(S), respectively. Then I x S is a finitely generated ideal of
R x S and consists of zero-divisors (any element (i,s) € I x S is annihilated by (z,0) where
z € Annpg(7)). Since R x S has Property A, there exists some nonzero element (x,y) € Rx .S
annihilating I x S. Clearly y must be zero. Thus x is nonzero, and we see that x annihilates
I in R. The argument for J is identical and it follows that both R and S have Property A.

Now suppose that both R and S have Property A. Let H be a finitely generated ideal
of R x S consisting of zero-divisors. Then H = I x J for some finitely generated (possibly
improper) ideals I,J of R, S, respectively. If I consists of zero-divisors, then we can find
an x in R annihilating I (since R has Property A). Then (z,0) annihilates H. If J consists
of zero-divisors, then it is annihilated by some nonzero y € S and so the element (0,y)
annihilates H. Finally, if I and J are both regular ideals of R and S, respectively, then we
can find a regular element ¢ € I and a regular element j € J. But then (i, ) is a regular
element of H, a contradiction.

O

Corollary 5.2.2. Let R be a zero-dimensional ring. Then R <t I has Property A for every
(proper or improper) ideal I of R.
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Proof. Suppose dim(R) = 0 and that [ is any proper ideal of I. Then by [D, Remark 1],
dim(R > I) = 0. Thus by [H, Corollary 2.12], R v< I satisfies Property A. Finally, the
case where I = R follows from [H, Corollary 2.12] and Lemma 5.2.1 above, recalling that
R<xR=Rx R.

O

Proposition 5.2.3. Let f : R — R’ be a ring homomorphism with I an ideal of R'. Suppose
I and f~Y(I) are regular ideals of R’ and R, respectively. Then R 1</ I has Property A if

and only if R and R’ both have Property A.

Proof. First we assume that both rings R and R’ have Property A. Then by [DFF, Propo-
sition 3.1] tq(R <! I) = tq(R) x tq(R'). By [H, Corollary 2.6], tq(R) and tq(R') then both
have Property A and by Lemma 5.2.1, tq(R </ I) = tq(R) x tq(R') has Property A. Now
by [H, Corollary 2.6], R </ I has Property A.

We can essentially reverse this argument. Suppose that R >/ I has Property A. Then
by [H, Corollary 2.6] and [DFF, Proposition 3.1], tq(R </ I) = tq(R) x tq(R') has Property
A. By the lemma now tq(R) and tg(R’) both have Property A, so finally by [H, Corollary

2.6], R and R’ both have Property A.
O

We note that this result may not hold when I and f~!(I) are not regular ideals. Consider

the following counterexample.

Example 5.2.4. This example is adapted from [H, p. 174, Example 2]. Let K be an
algebraically closed field and D = K[X,Y]. Let {P,} be the set of all nonzero principal
prime ideals of D, indexed by some set I and create the new index set I :=I' x N. For each
index i = (y,n) € I, define D; = D /P, (so that for each v we in fact take a countably infinite
collection of copies of the same ring D/P,). We let E = [[;.; D;, and define ¢ : D — E to
be the canonical projection onto each coordinate (i.e., the “diagonal” mapping). Define the

direct sum J = Y, .; D; (note that J is an ideal of E that is not regular, and ¢~'(.J) = 0).
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Now consider the ring D >? J, which is canonically isomorphic to the A+ B construction

(in the sense of [H, p. 169]), where A = ¢(D), B = [[,.; Di- This ring does not have

i€l
Property A (as described in the adapted example in [H]), even though the ring E does (this

can be shown without much difficulty) and the domain D does trivially.

Lemma 5.2.5. Let Ry, ..., R, be rings. Then Ry X --- X R, has the (a.c.) if and only if

each of the Ry has the (a.c.).

Proof. As in Lemma 5.2.1 we only need to prove the lemma for two rings R,S. Suppose
R, S have the (a.c.). Let 7,7 € R x S, say T = (x1,22),¥ = (y1,¥2). Since R (resp. S5)
has the (a.c.) there exists z; € R (resp. 2o € §) with Anngr((x1,y1)) = Anng(21) (resp.
Anng((z2,y2)) = Anng(22)). Let Z = (21, 22) € R x S. Then straightforward calculations
show that Anngxs(Z,7) = Anngrxs(Z), so R x S has the (a.c.).

Now suppose R x S has the (a.c.). We will show that R has the (a.c.); thus, let
z,y € R. We wish to find an element z € R such that Anng((z,y)) = Ann(z). If
(z,y) = R, then Anngr((z,y)) = 0 = Anng(1) and we are done. Otherwise (z,y) C R (so
((z,1),(y,1)) € R x S) and by assumption, Anngxs(((z,1),(y,1))) = Anngrxs((a,b)) for
some (a,b) € Rx S. Note that b must be regular: if there is some zo € S with z9b = 0, then
(0,22) € Annacs((a,8)) = Annps(((z,1), (5,1))) implies that (0, 25)(z,1) = (0,2) =
(0,0), so zo = 0. We claim that Anng((x,y)) = Anng(a).

Say zx = zy = 0 # za. Then (z,0)(z,1) = (2,0)(y,1) = (0,0) # (2,0)(a,b) = (za,0),
contradicting our definition of Ann((a,b)). It follows that Anng((x,y)) C Anng(a).

For the reverse inequality, say za = 0 for some z € R. Let > r;zfiy% € (x,y). Note
that (z,0) € Anngrxs((a,b)), and thus by assumption (z,0) € Anngrxs((z,1),(y,1)). In

particular,

(Zv 0) Z(Ti’ 1)(‘/1:’ 1)ji (ya 1)ki = (O’ 0)7

so in the first coordinate here we have that z 3 r;z9y¥ is zero. Then z € Anng((z,v)),
so that Anng(a) C Anng((x,y)), giving equality. It follows that R has the (a.c.). By a
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symmetric argument we see that S has the (a.c.) as well.

O]

Proposition 5.2.6. Let f : R — R’ be a homomorphism of rings and I an ideal of R’ such
that I, f~Y(I) are reqular ideals of R', R, respectively. Then R af I has the (a.c.) if and

only if R and R’ both have the (a.c.).

Proof. We note by [BDM, Corollary 2.5] that a ring R satisfies the (a.c.) if and only if tq(R)
does. With this and Lemma 5.2.5 the proof proceeds almost exactly as in Proposition 5.2.3,
again noting that (under the given assumptions) tq(R </ I) = tq(R) x tq(R'). In fact
each step is reversible: R, R’ both have the (a.c.) < tq(R),tq(R’) both have the (a.c.) <
tq(R) x tq(R') = tq(R >/ I) has the (a.c.) & Ro</ I has the (a.c.).

O

Example 5.2.7. We will give an example to show why we assume I and f~!(I) to be
regular for this proposition. For the appropriate counterexample, we create the same ring
as in Example 5.2.4, except now we let {P;} be the set of all maximal ideals of D (this
example is adapted from [H, p. 174, Example 1)).

As before, consider the ring D > J, which is canonically isomorphic to the A + B
construction, where A = ¢(D), B = [[;c; Di. This ring does not have the (a.c.) (see the
adapted example in [H]), even though it can be shown that the ring £ does, and the domain

D does trivially.

Lemma 5.2.8. Let Ry, ..., R, be rings. Then Ry X --- X R, is von Neumann reqular if and

only if each of the Ry is von Neumann regular.

Corollary 5.2.9. Let Ry, ..., Ry, be rings. Then Ry X --- X R, is complemented if and only

if each of the Ry is complemented.

The proof of the lemma is trivial. The corollary follows directly from our definition of

complemented rings and the fact that for any two rings R and S, tq(R x S) = tq(R) x tq(S).
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Proposition 5.2.10. Let f : R — R’ be a homomorphism of rings and I an ideal of R’
such that I, f~Y(I) are reqular ideals of R', R, respectively. Then R paf I is complemented

if and only if R and R’ are both complemented.

Proof. Suppose R </ I is complemented. Note by [DFF, Proposition 3.1] that tq(R paf
I) =tq(R) x tq(R') = tq(R x R’), so this ring is von Neumann regular by our assumption.
But then tg(R) and tq(R’) are von Neumann regular by Lemma 5.2.8; that is, R and R’ are
complemented.

Conversely, suppose R and R’ are complemented. Then by Lemma 5.2.8, tq(R) x tq(R')
is von Neumann regular, and thus tq(R </ I) = tq(R) x tq(R’) is von Neumann regular, so

that R o/ T is complemented.
O

Example 5.2.11. Complemented rings are always reduced, so we know by Theorem 5.1.1
that any complemented ring R must also satisfy the (a.c.). Note that D </ .J of Example
5.2.7 is reduced but does not satisfy the (a.c.), so must not be complemented. Also, since
domains are complemented, this gives an example of a ring R >/ I that is not complemented
even though R- being a domain- is complemented and R’ is complemented (clearly, since

R’ is a product of fields).

Lemma 5.2.12. Let R be a ring. Then R is complemented if and only if for every element

r € R there is an element s € R satisfying that rs =0 and r + s is reqular (in R).

This lemma is well known, and a proof can be found in [DS3, Proposition 2.4]. The
element s is called a complement for r (hence the terminology complemented ring), and is

not necessarily unique.

Example 5.2.13. Now we give an example where R is complemented and neither of the
ideals I or f~1(I) is regular, but R </ I is still complemented. Let E denote the direct
sum of the fields Z/pZ where the p run through all prime numbers in Z, and let F' denote

the direct product of these fields. Define a homomorphism ¢ : Z — F as the diagonal
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mapping ¢(n) = (7,7, 7, ...) (where 7 in each coordinate represents n reduced modulo p in
the relevant field Z/pZ). We will look at the ring Z ><? E. Note that Z is complemented
(as is any domain), and that F is complemented being its own total quotient ring and von
Neumann regular. It is clear that F is not regular in F. Also note that f~1(E) = 0 is
not regular in Z. For a given element e € E we will write e, for its projection into (i.e.,
coordinate at) the summand Z/pZ.

Claim: An element (r,r + e) is a zero-divisor in Z =? E if and only if e, = —r(mod p)
for some p.

If r = 0 then the statement is almost trivial. Since e is in the direct sum of fields, we
can pick an index p where e, = 0. Define the element f in this direct sum by f, = 1, but
fq = 0 for g # p. Clearly then (0,f) annihilates the element (0,e). Now instead suppose
r # 0. If at some index p, e, = —r(mod p), then at this index r + e is zero. Again take f
as defined above, and (0, f) annihilates the element (r,r + e).

Conversely, suppose that at no index p does e, = —r(mod p). Then at no index is r + f
ever zero. By our defined (usual) multiplication on R, for an element (s,s+f) to annihilate
(r,r + e), we would need rs = 0 in Z. Note that r is nonzero by assumption, for if r = 0,
then we would have e, = —r(mod p) at some index, by definition of direct sum. Thus we
must have that s = 0. Now for the element (0,f) to annihilate (r,r 4+ €) we need that at
some index p, fp(r + ep) = 0(mod p). But Z/pZ is a domain, and by assumption (r + ep)
is nonzero here, so we must have f, = 0. Since this is true for all p and since s = 0, then
(s,s+f) = (0,0) and it follows that the annihilator of (r,r 4 e) is zero. This ends the proof
of the claim.

Now we are ready to show that Z <? E is complemented. Consider an element (7, r+e).
Trivially, if this element is zero we take the identity as its complement and if it is regular
we take zero as the complement. So we can assume this element is a nonzero zero-divisor.
Thus by the claim, e, = —r(mod p) for some p.

Let P be the set of prime indices p for which e, = —r(mod p). Define f in the direct
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sum of fields Z/pZ by f, = 1 for p € P and f, = 0 otherwise. We claim that (0,f) is a
complement for (r,r + e).

By construction (0, f) (r,r +e€) = (0,0). Now we consider the sum, (0,f) + (r,r+e) =
(r,r + e+ f), which we wish to be regular. By the claim, it is sufficient to show that at
no index p will we have e, + f, = —r(mod p). At any index p ¢ P we have that f, = 0
and by definition of P, that e, # —r(mod p), so e, + f, # —r(mod p). On the other hand,
for p € P we have that e, = —r(mod p), so that e, + f, = e, + 1 # —r(mod p). Thus the
sum satisfies the claim’s condition to be regular, and so (0, f) is a complement for (r,r+e).

Then by Lemma 5.2.12, Z <x? E is complemented, so this gives our desired example.

5.3 tq(R) and Complemented Rings

If I is a regular ideal of a ring R, then tq(R > I) = tq(R) x tq(R). However, no general
formula seems to be known for tq(R > I) without the assumption that I be regular. It is
not difficult to see that tq(R®) = tq(R)™ and that all regular elements of R® are regular
in the extension R < I. Tt follows that tq(R?) C tq(R < I). However, there is no obvious
guarantee that tq(R > I) C tq(R x R) in all cases. We will show that this in fact does hold,
and use this knowledge to describe exactly when R < I is complemented, and subsequently

to describe the exact form of total quotient ring of R 1.
Lemma 5.3.1. Let I be an ideal of a ring R. Then Reg(R>11) C Reg(R x R).

Proof. We wish to show that every regular element of R < [ is a regular element of R x R.
We will show the contrapositive. That is, suppose (r,r +i) € R x [ is a zero-divisor in
R x R; we will show that it is a zero-divisor in R > 1. We can assume that I # 0 (the case
I = 0 is trivial). If r = 0 (resp., 7 + i = 0) we can take the element (j,0) (resp., (0,7))
of Rx I to kill (r,7 4 i) where j is any nonzero element of I. Thus we may assume that
r# 0 and r + ¢ # 0. Since (r,r + i) is a zero-divisor in R X R, there are elements z,y € R

satisfying that ro = 0 and (r + i)y = 0. If zy # 0, then we can take the nonzero element
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(ry,zy) € Ro< I to kill (r,7+4). Assume instead that xy = 0. Note that it is possible that
x or y is zero, but they cannot both be zero since (z,y) is nonzero by assumption. We now
come to multiple cases, depending on whether x or y are elements of Anng(I).

If y ¢ Anng(I), then we can pick any j € I such that yj # 0 and note that the nonzero
element (0,yj) € Roe< [ kills (r,7 + 7). Similarly, if © ¢ Anng(I), we can find a j € I with
xj # 0 and take the nonzero element (zj,0) to kill (r,r + ).

Assume that = # 0. We can assume further that * € Anng(I) by the preceding
paragraph. Then clearly the nonzero element (z,x) € R I annihilates (r,r + ). Finally,
if x = 0 we must have y # 0. We can assume y € Anng(I), which gives yi = 0 so that
yr =y(r+i—1i) =y(r+1i)—yi =0, and we can take the nonzero element (y,y) € R I to
kill (v, +4). We have shown that (r, + ) is a zero-divisor in R > I; it follows that every

regular element of R < [ is a regular element in R x R.

O

The following proposition will in fact follow immediately from the upcoming Theorem
5.3.3. However we present it here as we have sufficient information to prove it without
knowing the exact form of tq(R < I). In this proposition we use the characterization that

R is complemented if tq(R) is von Neumann regular.

Proposition 5.3.2. Let I be an ideal of a ring R. Then R is complemented if and only if

R 1 is complemented.

Proof. First note that tq(R)® = tq(R®) embeds into tq(R < I), since the regular elements

of R(2 R®) embed into the regular elements of R a I. Note further that tq(R < I) embeds

into tq(R x R) via the canonical map ((:Zi;)) — ((ZZI;)), since Reg(R > I) C Reg(R x R)

by Lemma 5.3.1. Thus we have an inclusion of rings tq(R)® C tq(R > I) C tq(R x R) =
tq(R) x tq(R). Now by Lemma 3.2.1, we can view tq(R < I) (up to isomorphism) as having
the form tq(R) > J for some ideal J of tq(R). If we have proper containment J C tq(R),

then by [CM, Theorem 2.1], this ring tq(R) > J is von Neumann regular if and only if tq(R)
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is von Neumann regular; the case where J = tq(R) has the same conclusion (Lemma 5.2.8),
since in this case tq(R) > J = tq(R) > tq(R) = tq(R) x tq(R). Thus R is complemented if
and only if R > I is complemented.

O]

Now we address the form of ¢tq(R > I) and show that it naturally occurs as a bowtie
ring itself. In particular, we wish to show that tq(R > I) will always be isomorphic to the
ring tq(R) > Itq(R). Since Reg(R < I) C Reg(R x R) we see by the proof of Lemma 5.3.1
that tq(R > I) = tq(R) > J for some ideal J of tq(R). But every localization of a ring is
an epimorphism, so in particular the total quotient ring of a ring is an epimorphism. Thus,
since R > I C tq(R) > J, we have by Theorem 4.2.12 that J = Itq(R). We provide an
alternate proof below (following some pieces of [D, Proposition 2.7(a)]), to allow the present
section to be essentially self-contained.

Note that this generalizes the known property ([DF, Corollary 3.3(d)]) that tq(R > 1) =
tq(R) x tq(R) for any regular ideal I: If s is a regular element of I, then s~! € tq(R) so
that the ideal Itq(R) of tq(R) contains the element ss™! = 1. Thus Itq(R) = tq(R) and so
tg(R> 1) 2 tq(R) x tq(R) = tq(R) =1 tq(R) = tq(R) < Itq(R). It also generalizes the cases
where I is zero or improper: If I = 0, then Ri<10 = R and tq(R < 0) = tq(R) = tq(R) > 0;
if I =R, then R R = R x R and tq(R > R) = tq(R x R) = tq(R) x tq(R) = tq(R) >
tq(R) = tq(R) < Rtq(R).

Theorem 5.3.3. Let I be an ideal of a ring R. Then tq(R> 1) = tq(R) > Itq(R).

Proof. Set D := Reg(R > I). Then for each (s,s + j) € D, (s,s+ j) € Reg(R x R) by

Lemma 5.3.1, so that s,s + j € Reg(R). Thus s~! and (s + j)~! both exist in tq(R).

Now define the map ¢ : R > I — tq(R) > Itq(R) by ¢((s,s+7)) = ($,§+%) = (

! m)_

v 1

—|w

Given (s,s + j) € D we wish now to show that ¢((s,s + j)) is a unit in tq(R) > Itq(R).
As we have seen, s~! and (s + j)~! both exist in tq(R), so that (1, %) € tq(R) x tq(R).
To see that it in fact lies in tq(R) > Itq(R), note that (%,ﬁ) =@+ L L=
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(11— 3(5(875”))) € tq(R) > Itq(R). It follows that every element of ¢(D) is a unit in

tq(R) > Itq(R).

Now by the Universal Mapping Property of ring localizations, there exists a unique map

U tq(R< I) — tq(R) > Itq(R) defined by \Il(((ZZI;))) = Z)((((;Zi;)))) We only need to show

that this map is an isomorphism.
To show that it is onto, let (%,% + %) € tq(R) > Itq(R). Since s,z are both nonzero
regular elements of R, we see that sz # 0 is also regular. Now we can take the element

3

(rzr24is) 44 map to (5,L 4 1) via U. To show that the map is one-to-one, suppose that

(sz,82)

U ((:Zi;))) = (0,0). Then it follows that £ = 0 and ’S”T*; = 0 in tq(R), and so we must have

that » = 0, r+¢ = 0. Thus the kernel of W is zero; that is, ¥ is one-to-one, and we conclude
that tq(R< I) = tq(R) > Itq(R).
O

Remark 5.3.4. The results in this section do not carry over easily to general bowtie rings.
In fact, Lemma 5.3.1 often does not even hold. We will give two examples now. Let
f + R — R’ be a homomorphism of rings, and let I be an f(R)—subalgebra of R'. If I

contains a regular element (of R') and f~!(I) =0, or if I = 0 and f~!(I) contains a regular

element of R, then Reg(R>/ I) ¢ Reg(R x R').

Proof. Suppose I contains the regular element i and that f~1(I) = 0. Then (0,7) € R/ I
If (0,4)(a, b) = (0,0) for some (a,b) € Ri</ I, then b= 0 (as i is regular), and so we must
have that a € f~1(I) (as (a,0) € R/ I); that is, a = 0. It follows that (0,4) is regular in
R/ I. However, (0,i) is a zero-divisor in R x R/, annihilated by the element (1,0).

If I =0 but f~(I) is regular, say with regular element j, then we employ a similar
argument to above. We have that (j,0) € R >/ I. If (j,0)(a,b) = (0,0) then a = 0 from
which it follows that b € I; that is, b = 0, and so (4, 0) is regular in R </ I. However (4,0)

is a zero-divisor in R x R, annihilated by the element (0,1).
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O]

Example 5.3.5. To show that each of the two situations described in the above remark
is possible, we will provide explicit examples here. In the first case, let R be an integral
domain, R’ := R[X], I = XR[X], and f : R — R[X] the natural inclusion map. Clearly I
contains a regular element (in fact, all of its nonzero elements). However f~(I) = 0 as no
nonzero elements of R map to any polynomials with zero constant terms.

For the second case, let R = Z, R’ = Z/4Z, I = 0, and f : R — R’ the canonical
map. Note that f~1(I) = 4Z, which clearly contains regular elements of Z. In each of these

examples it follows by the above remark that Reg(R </ I) ¢ Reg(R x R/).

Since regular elements may not embed into regular elements, we see now that without
any extra assumptions on our bowtie ring R </ I, there is no guarantee that tq(R </ I) C
tq(R x R'), unlike in the simple bowtie ring case; in particular (defining f, : tq(R) — tq(R')

by f,(%) = ;8) there is no guarantee that tq(R o</ I) will have the form tq(R) </t Itq(R)

as we might hope (or even the form tq(R) </t .J for an arbitrary f,(tq(R))—algebra .J).
The explicit form of the total quotient ring found for simple bowtie rings will be vital
in the next chapter, where we will use it to find the integral closure of a simple bowtie ring

(Corollary 6.1.9).
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Chapter 6: Integrality

6.1 Integrality and Integral Closure

In this chapter we will study integrality and related properties, such as lying-over, going-
up, going-down, and normal pairs as they apply to extensions of bowtie rings. For a given
bowtie ring extension R > C R J (with I C J ideals of a ring R) it follows from [D,
Remark 1] that R C R > J is an integral extension and thus so is R <1 [ C R 1 J since
R I is an intermediate ring (for reference we will also offer this as a corollary to the first
theorem of this chapter).

We construct the following theorem on integrality with our most general form of an
extension of bowtie rings. The details relevant to us will be presented in the corollaries that

follow. The proof of this theorem is essentially a generalization of [DFF, Lemma 3.6].

Theorem 6.1.1. Let R C T be a ring extension, f : T — T’ a ring homomorphism, I
an f(R)—subalgebra of T', and J an f(T)—subalgebra of T' with I C J. Then T >/ J is

integral over R <! I if and only if the ring extensions R C T and f(R)+1 C f(T)+J are

both integral.

Proof. Suppose T </ J is integral over R </ I. For any element ¢t € T', we can find a monic
polynomial p(X) over R </ I satisfied by (¢, f(t)) and clearly ¢ satisfies this same polynomial
with coefficients projected to the first coordinate. Similarly, for any f(¢) +j € f(t) + J we
know that (t, f(t) + j) satisfies a monic ¢(X) over R </ I, so f(t) + j satisfies this same
monic with coefficients projected to the second coordinate.

Conversely, suppose that both of the ring extensions R C T"and f(R)+1I C f(T)+J are

integral. Let (¢, f(t)+7) € T >/ J. By assumption, there are coefficients ay and f(by) + i
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in R and f(R) + I, respectively, such that

O™ + an-1(t)" 1+ +ag=0

and

(F@) + )™ + (fbm-1) + im—1)(FE) + )"+ + f(bo) + io = 0.

Now, if (¢, f(t) + 7)"™™ = (0,0) then the element (¢, f(¢) + j) is nilpotent, and integrality
follows trivially. Otherwise, it will satisfy the monic polynomial p(X)g(X) over T </ J,

where

p(X) = (X" + (an-1, f(an-1)) X"+ + (ao, f(a0)))

and

q(X) = (X" + (b1, f(b—1) + dm—1) X1 + -+ (bo, f(bo) + i0).

In either case it follows that the extension R </ I C T </ J is integral.

O]

Corollary 6.1.2. Let R C T be rings with ideals I, J, respectively such that I C J. Then

Rea I C T lJ is integral if and only if R C T is integral.

Corollary 6.1.3. If I C J are ideals of a ring R, then the extension Rt 1 C R J is
integral. Thus (by [K, Theorem 43]) it satisfies lying-over, going-up, and incomparability

(as defined in the next section).

Corollary 6.1.4. Let f : R — R’ be a ring homomorphism, and let I, J be f(R)—subalge-

bras of R with I C J. If J C f(R) or if J C Nil(R') then the extension R/ I C Raf J

18 integral.

Proof. Suppose that J C f(R). Let f(a) +j € f(R) + J and note that f(a) € f(R) + I
trivially, and that j € f(R) 4+ I by assumption. Thus f(R) 4 J is integral over f(R) + I

and so by the Theorem 6.1.1, R/ T € Ri</ J is integral.
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The case where J C Nil(R') is similar except that we now note that f(R)+J is integral
over f(R)+ I since every element of f(R) (being in f(R)+ I) is integral over it as is every
element in J (trivially, as each element is nilpotent). Thus every element of f(R)+ J is the
sum of two integral elements over f(R) + I, so is integral over f(R) + I, and again by the

Theorem 6.1.1, Ri</ I € R/ J is integral.
O

Recall that given a ring extension R C T we use R', to denote the integral closure of
R in T, and simply R to denote the integral closure of R (that is, the integral closure of R
in its total quotient ring). Following [HS], we say that an element r € R is integral over an
ideal I of R, if there exists an integer n and coefficients 45, € I* with k = 1,...,n such that
44" 4. i, = 0. The set of all such elements of R is called the integral closure of
I in R and denoted by I. This set in fact forms an ideal of R [HS, Corollary 1.3.1]. We say

that an ideal J of R is integral over I if J C I.

Proposition 6.1.5. Let f : R — R’ be a ring homomorphism. Let I C J be ideals of R
with J integral over I, i.e., J C 1. Then the extension R <! I C Rf J is integral. In

particular, the extension Rl T € Roal T is integral.

Proof. Suppose that J is integral over I. Let (a, f(a) + j) € R </ J. By assumption
there exist coefficients iy in I¥* C I with j» 4 i1j”~ ' + --- + i, = 0. But then (0,5") +
(0,41)(0,5" 1) 4+ - +(0,i,) = (0,0), showing that (0,7) is integral over R </ I. Also, the
element (a, f(a)) of R </ I is trivially integral over it. Then (a, f(a)+7) = (a, f(a))+ (0, 7)

is integral over R </ I, being the sum of two integral elements. O

We note that the preceding proposition could also be stated as a corollary, with a slightly
modified proof. Since each f(a) € f(R) lies in f(R) + I, f(a) is trivially integral over this
ring. By assumption each j € J is integral over I and so it is easy to see that j is integral
over the ring f(R) + I. It follows that the ring f(R) + J is integral over f(R) + I and so

by Theorem 6.1.1 above, the extension R/ I C R/ J is integral.
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Theorem 6.1.6. Let R C T be a ring extension, f : T — T’ a ring homomorphism, I

an f(R)—subalgebra of T', and J an f(T)—subalgebra of T" with I C J. Then the integral

closure of Ro<! T in Tl Jis R" vl (J N f(R)+1").

Proof. Let (t, f(t) 4+ j) € R" v/ (JN f(R) +1""). Then t is integral over R and it follows
easily that (¢, f(t)) is integral over R o</ I: if t"* +rp, 11" 1 4+ .-+ 79 = 0 (1 € R), then
(t, FE) + (ra—1, f(rn_1) (&, f@)" L4+ (10, f(r0)) = (0,0). Also, we are assuming that
j is integral over f(R) + I by some monic, say

3"+ (F(sn-1) + in—1)" "+ -+ + (f(s0) +i0) = 0.

with each s;, € R,i;, € I. But then (0, ) is integral over R </ I, satisfying the monic

X[Xn + (Sn—h f(sn—l) + in—l)){rh1 + -+ (So, f(SO) + ZQ)]

Then (¢, f(t)) and (0, ) are both in the integral closure of R </ I (in T </ .J), and thus
so is their sum, (¢, f(¢) + 7).
Now we turn to the reverse inclusion. Let (¢, f(¢) 4+ j) belong to the integral closure of

R/ Iin T s/ J. We first claim that ¢ is integral over R. Suppose

(£ (&) + )" + (rnet, f(rne1) + 1) (8, F(8) + )" + -+ + (ro, f(ro) + o) = (0,0)

Then t" 4+ rp_1t" L+ --- + 19 = 0 so we see that t € R". Since f is a homomorphism it
follows further that f(t) is integral over f(R), and thus over the ring f(R) 4+ I. Now from

the above equation we also have that

(@) + )"+ (f(rn1) +in-1)(f(£) + )"+ + (f(ro) +i0) =0,

so that f(t) + j is integral over f(R) + I, and since f(t) is integral over this ring so is
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= (f(t)+4)— f(t). Thatis, j € f(R) + 1", and since j € J by assumption, we have that
(t, f(t) + ) € B of (SO F T I,
O

We note that there are multiple ways to write the integral closure in Theorem 6.1.6. Since

the integral closure of f(R)+1 in T” is intersected with J, the integral closure f(R) + I could
be taken in any subring of 7" containing J. In particular, we could consider the smallest

intermediate ring between f(R) + I and 7" containing J (namely the ring f(R) + J), and

write the integral closure of R >/ T in T4/ J as R >/ (JNf(R) + I'™*7). The way that

we recorded the integral closure in Theorem 6.1.6 was merely for brevity and simplicity.

Corollary 6.1.7. Let R C T be a ring extension, f : T — T’ a ring homomorphism, and

J an f(T)—subalgebra of T'. Then the integral closure of T(f,) := R/ 0 in T o</ J is

R" vl (JOf(R)™).

Corollary 6.1.8. Let R C T be an extension of rings with ideals I C J, respectively. Then
the integral closure of R>< I in T J is R' > (JNR"). In particular, identifying R with
its image along the diagonal in T < J (that is, R = R? = R 0), then the integral closure
of RinTwaJ is R" > (JNR).

With Theorem 6.1.6 and the subsequent Corollary 6.1.8, we are now well-equipped to
determine the integral closure of any simple bowtie ring R > I (that is, the integral closure
of R I in its total quotient ring). It is known that if I is a regular ideal, then the integral

closure of Rxi I is Rixi R = R x R ([DF, Corollary 3.3 (c) and (d)]). Since Itq(R) = tq(R)

for any regular ideal I of R, this result is generalized by the following corollary.

Corollary 6.1.9. Let I be an ideal of a ring R. Then the integral closure of R < I is

R (Itg(R)NR).

Proof. By Theorem 5.3.3, the total quotient ring of R I is tq(R) > Itq(R). Since this is

a bowtie ring containing R < I we can now apply Corollary 6.1.8 (setting 7" = tq(R), J =
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Itq(R)), and find that Ra I = R [0 = R g (Itg(R) N R).
O

We now apply the above results to determine when a bowtie ring is integrally closed

inside a (bowtie ring) extension ring.

Theorem 6.1.10. Let R C T be a ring extension, f : T — T a ring homomorphism, I
an f(R)—subalgebra of T', and J an f(T)—subalgebra of T' with I C J. Then R </ I is

integrally closed in T <! J if and only if the following conditions hold:

1. R is integrally closed in T,
2. f(R)+ I is integrally closed in f(R)+ J, and
3. JIJN(f(R)+1)=1.

Proof. If the three conditions are satisfied then clearly R </ I is integrally closed in T </ J
by Theorem 6.1.6 (and the remark following it).

Conversely, suppose that R >/ I is integrally closed in T >/ J. Clearly R must be
integrally closed in T, by Theorem 6.1.6. Now suppose that some f(r)+j € f(R) + J
satisfies a monic over f(R) + I, say (f(r) + )" + (f(rn-1) +4n-1) + -+ (f(r0) + ip) = 0.
Then (7, f(r) +5)" + (rn—1, f(rn—1) + in—1)(r, f(r) + §)" " + - + (r0, f(r0) + i0) = (0,0),
and since R >/ T is integrally closed in T </ J we must have that (r, f(r) 4+ j) € R/ T,
so f(r)+j € f(R)+ I. Finally, the requirement that J N (f(R) + I) = I follows from the

previous two conditions with Theorem 6.1.6 and Lemma 2.1.3.

O

Corollary 6.1.11. Let R C T be a ring extension with ideals I C J, respectively. Then

R 1 is integrally closed in T < J if and only if R is integrally closed in T and JNR = 1.

Note here the significant difference between bowtie extensions where we leave the ring
fixed and those where we leave the ideal fixed. In the case above, where the ideal is

essentially kept fixed, we can construct an extension that is not integral. In fact, we will see
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in the next section that if the ideal J is common to R and T" we can use them to create a ring
extension R 1 J C T a1 J in which every intermediate ring is integrally closed in T' > J,
in particular a situation where R < J is integrally closed in T < J. This greatly contrasts
keeping the ring R fixed, as R< [ C R J is always necessarily integral (Corollary 6.1.3).

Recall that by saying a ring R is integrally closed we mean that R is integrally closed in
its total quotient ring. Now we have an immediate application of Corollary 6.1.11, keeping

in mind Theorem 5.3.3.

Corollary 6.1.12. Let I be an ideal of a ring R. Then R < I is integrally closed if and

only if R is integrally closed and Itq(R)N R = 1.

Corollary 6.1.13. If R is a total quotient ring (i.e., R = tq(R)) and I is an ideal of R,

then R 1< I is integrally closed if and only if R is integrally closed.

If I is a proper regular ideal, then Itq(R) = tq(R) # I. Thus we see that R > I is never
integrally closed for any proper regular ideal I of R. This information also follows from
[DF, Corollary 3.3(c), (d)]. Thus the assumption that I C Z(R) in the following corollary

is justified.

Corollary 6.1.14. If I C Z(R) and I is prime, then R < I is integrally closed if and only

if R is integrally closed.

Proof. Assume that I C Z(R). If R < [ is integrally closed (by which we mean integrally
closed in tq(R) > Itq(R) by Theorem 5.3.3), then R is integrally closed, by Corollary
6.1.11. For the converse, assume that R is integrally closed and note that Itq(R) N R =
{r € R|dr € I for some d € Reg(R)}, which contains I. Let r ¢ I be an element of Itq(R)N
R. Then there is some d € Reg(R) satisfying that dr € I. Since I is prime and r ¢ I we

must have that I contains the regular element 7, which is absurd.

O

Some texts use the term minimal prime of a domain to describe a prime that is minimal

over zero. We use it in the natural sense that it contains no other primes properly. Thus in a
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domain the only minimal prime is the zero ideal. By [K, Theorem 84] the set of zero-divisors

of a ring R contains the union of all the minimal primes of R.

Corollary 6.1.15. If P is a minimal prime ideal of a ring R, then R 1 P 1is integrally

closed if and only if R is integrally closed.

6.2 Normal Pairs

Given a ring extension R C T, we often refer to the ordered pair (R,T) of rings simply as
a pair. Additionally, we say that (R,T) is a normal pair if S is integrally closed in T for
each intermediate ring R C S C T. Recall that a ring R is called complemented if tq(R) is
von Neumann regular. The more difficult direction of the upcoming theorem was proved by
Dobbs and Shapiro in [DS3, Proposition 4.5]. For convenience, we first we present a lemma
describing the easier direction. We will prove this lemma for general bowtie rings, though

will return to simple bowtie rings for the proposition.

Lemma 6.2.1. Let R C T be a ring extension, f : T — T’ a ring homomorphism, I an
f(R)—subalgebra of T, and J an f(T)—subalgebra of T' with I C J. If (Rl I,T f )

is a normal pair, then (R,T) is a normal pair.

Proof. Suppose (R </ I,T </ J) is a normal pair. If (R,T) is not a normal pair, then
there is some intermediate ring S (possibly R itself) and some element ¢t € 7'\ S which is

integral over S. Say

" 4 s 1t b sty + 59 = 0.

Note that S >/ .J := {(s, f(s) + j)|s € S,j € J} is aring lying between R </ T and T >/ J.

Further, the element (¢, f(t)) € T »af J\ S </ J satisfies the monic

X" + (Snflv f(snfl)) +ot (517 f(Sl))X + (807 f(SO)),
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contradicting that S </ J is (by assumption) integrally closed in T >/ J.
O

The converse of this lemma is not true in general, even for an extension of simple bowtie
rings. For instance, consider the rings R = Zgy and T = Q. Take the unique maximal ideal
I = 2R of R and the improper ideal J = Q of T, sothat Tt J =QxQ = Q x Q. We
see easily that (R,T) is a normal pair, since it is an integrally closed minimal extension.
However, (R I,T i .J) is not a normal pair. Indeed, R > I is not even integrally closed
in T > J; by Corollary 6.1.8, the integral closure of R < I (in T < J) is Zog < Zoy =

ZQZ X ZQZ-

Proposition 6.2.2. Let R C T be a ring extension with ideals I, J respectively, such that
JNR =1, and R is complemented. Then (R > I,T > J) is a normal pair if and only if

(R,T) is a normal pair.

Proof. With the given conditions, (R,T") being a normal pair implies that (R 1,7 < J)

is a normal pair by [DS3, Proposition 4.5]. The converse follows from Lemma 6.2.1.

O

We record an unexpected corollary before moving on. We show that given the conditions
of the above proposition, every ideal J of T' contains exactly one ideal over J N R of each

intermediate ring R C S CT.

Corollary 6.2.3. Let (R,T) be a normal pair such that R is complemented, and let J be
an ideal of T. Set I := JN R. Then for every intermediate ring R C S C T, there is
exactly one ideal K of S satisfying the set inclusions I C K C J, namely K = JNS (and

necessarily K = 1S). Consequently, no nonzero ideal J of T intersects R trivially.

Proof. Let R C S C T as unital subrings. Let K be an ideal of S satisfying I C K C J,
and note that S b K is a ring lying between R <t I and T > J. Since R is complemented

it follows by Proposition 6.2.2 that (R I,T < J) is a normal pair; in particular, S > K
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is integrally closed in T < J. Thus by Corollary 6.1.11, K = JN S. Since IS is an ideal of
S satisfying I C IS C J the same reasoning shows that IS =JNS =K.

Finally, if J N R = 0, then we have for every intermediate ring R C .S C T that there is
exactly one ideal K := J N S of S satisfying 0 C K C J. Since the ideals 0 and J of the
ring S =T clearly both satisfy this assumption we must have that J = 0.

O

Another way to see the last statement of this corollary, is to note that the extension
R0 C T J will contain the intermediate ring T 1 0, and 7' < J is integral over this
ring (Corollary 6.1.3), so that (R,T) cannot be a normal pair, by Proposition 6.2.2.

For a trivial example of how to apply this corollary, note that the ring R = 7Z is integrally
closed in the extension ring 7' = Z[X]|. There are many simple ways to see that (R,T) is
not a normal pair, but we could also cite the above corollary, taking for instance the ideal
J=(X)inT. Then JN R = 0, but J intersects many intermediate rings (in fact, every
intermediate ring) nontrivially, so by the corollary, (R, T") is not a normal pair.

Let us make one quick note regarding the converse of this corollary. That is, one may
wonder whether the condition on the ideals of T is equivalent to (R,T) being a normal
pair. We answer this quickly in the negative. Simply take any finite extension of fields, say
R=Q c T = Q(v2). Then there is only one ideal of T' to check, namely .J = 0. Clearly .J
intersects every intermediate ring trivially, so that the ideals of T satisfy the conditions of
the corollary. Further, R is complemented, obviously, since it is a field. However (R,T) is
not a normal pair. On the contrary, T' is an algebraic field extension of R, so in particular,
R is not algebraically closed (thus, since R is a field, not integrally closed) in 7. For an
example where the rings are not fields, or even domains, simply replace this R and T' with
R™ and T", respectively, for any natural number n > 2.

We now return to Proposition 6.2.2. If we remove the assumption that J N R = I we
run into problems by Corollary 6.1.8, since if J N R # I then R 1 [ itself is not even

integrally closed in T < J. If it were, we would need R to be integrally closed in 7', and

79



so by Corollary 6.1.8 the integral closure of R I (in T > J) would be R" < (JNR") =
R (JNR) D R I (cf. the example following Lemma 6.2.1).

Thus the assumption that J N R = I is indispensable in constructing a normal pair
(R I, T J). On the other hand, if we refine this assumption by requiring that J = I,
we are able to strengthen the result by removing the restriction that R be complemented.

In fact we can give this result in the context of general bowtie rings.

Theorem 6.2.4. Let R C T be a ring extension, f : T — T’ a ring homomorphism, and J
an f(T)—subalgebra of T'. Then (Rw<! J,T </ J) is a normal pair if and only if (R, T) is

a normal pair.

Proof. By Lemma 3.2.13, every ring between R </ J and T </ J is of the form S </ J for
some ring R C S C T. Assume that (R,T') is a normal pair, and thus for each intermediate
ring .S, S is integrally closed in T. Then by Theorem 6.1.6 and the comments following it,
we can see that the integral closure of S 4/ .J in T o</ J is 87 >/ (J N f(R) + J/ %) =
Sl (JN(f(R)+J)) = S >/ J, so that S </ J is integrally closed in T >/ .J. Thus
(Ro<af J,T <! J) is a normal pair.

The converse follows immediately from Lemma 6.2.1.

6.3 LO, INC, GU, and GD

In this section we study some properties or ring extension that are closely related to inte-
grality. We will describe these properties briefly before proceeding. Recall that for a ring
extension R C T, we say that a prime Q € Spec(T) lies over P € Spec(R) (or contracts to

PinR)ifQNR=P.

Definition 6.3.1. Let R C T be a ring extension. We say that the extension satisfies
lying-over (LO) if for every P € Spec(R), there exists a Q € Spec(T') lying over P. The
extension satisfies incomparability (INC) if every pair of primes Qo, Q1 € Spec(T) lying
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over the same prime in R are incomparable; alternatively, whenever Qo C Q1 € Spec(T)
lie over P € Spec(R) we have Q)9 = Q1. The extension satisfies going-up (GU) if whenever
Py C P, € Spec(R) and Qo € Spec(T) lies over Py, there exists a prime Q1 of T lying over
Py with Qo C Q1. The extension satisfies going-down (GD) if whenever Py C P} € Spec(R)

and Q1 € Spec(T) lies over P, there exists a Qo € Spec(T) lying over Py with Qo C Q1.

We have seen in Corollary 6.1.3 that any extension of the form R > I C R i J will
satisfy lying-over, going-up, and incomparability. In this section we will show that any
extension of the form R 1 I C T i J satisfies lying-over (resp., incomparability, going-
up) exactly when R C T satisfies lying-over (resp., incomparability, going-up). As we will
see however, the conditions for a ring extension of the form R >t I C T 1 J (or even
R 1 C R J) to satisfy going-down become much more complicated. The results of
this section do not generalize well to the context of general bowtie rings; to avoid requiring
myriad conditions and much longer proofs in all of these results, we will adhere to the case

of simple bowtie rings for the remainder of the chapter.

Proposition 6.3.2. Let R C T be rings with ideals I,J, respectively, such that I C J.
Then the extension R><x I C T < J satisfies lying-over if and only if the extension R C T

satisfies lying-over.

Proof. First suppose that R C T satisfies lying-over. Let Py € Spec(R > I). Without loss
of generality we can assume that Py has the form Py = {(p,p+i)|p € P,i € I} for some
P € Spec(R) (by Lemma 2.1.1 this is one of only two possible forms for Py; the case for
the second form will follow by a virtually identical argument). By assumption we can find
a prime Qo € Spec(T) contracting to P in R. Then by Lemmas 1.5.8 and 2.1.4, the set
Qo :={(¢,q+j)|lg € Q,5 € J} is a prime ideal of T' < J and contracts to Pp.

Conversely, suppose that R < I C T < J satisfies lying-over, and let P € Spec(R).
Consider the prime Py := {(p,p+i)|p € P,i € I} of R > I. By assumption some Qg €
Spec(T < J) lies over it. If Qo is of the first form of 2.1.1, say Q = {(¢,q + j)|l¢ € Q,j € J}

for some @ € Spec(T), then by Lemma 2.1.4 it is easy to see that @ N R = P. Thus
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Q € Spec(T) lies over P.
Finally, if Qg is of the second form of Lemma 2.1.1, say Qo = {(¢,q+j)l¢ € Q,j € J}
for some @ € Spec(T), then by Lemma 2.1.4 its contraction to R < I must look like

{(¢"+1,¢)|¢ € QN R,i € I}. Then by assumption we have

{pp+i)pePicl}={(d+i,qd)d €eQNRiel}.

By comparing the second coordinates we see that every p = p 4+ 0 € P must also be in
Q N R. By comparing the first coordinates we see that every ¢ = ¢’ + 0 in Q N R must be
in P. Thus @ " R = P, so @ lies over P.

O

Lemma 6.3.3. [Krull] For a ring R, Nil(R) = (| P where the intersection runs over all

prime ideals P of R.

As in [DS5] we will say that a ring R satisfies ULO if every ring extension R C T
satisfies lying-over. If R is a zero-dimensional ring then R satisfies ULO (cf. [K, Section

1.6, Exercise 2]), and further R < I is zero-dimensional ([D, Remark 2.1]) so also satisfies

ULO.

Proposition 6.3.4. Let I be an ideal of a ring R. If R I satisfies ULO then R satsifies
ULO. Conversely, if R satisfies ULO and I C Nil(R) then R I satisfies ULQO.

Proof. First suppose that R < [ satisfies ULO. Let R C S be a ring extension and P €
Spec(R). Note that S <1 IS is a ring extension of Ri<t I, and P’ = {(p,p+1i)|p € P,i € [}
is a prime of R 1 I, so by assumption some Q' € Spec(S > IS) lies over P/. Now
Q' N (R > I) is a prime of R 1 I, and has the form {(¢,q+1i)l[¢€ QN R,i €I} or
{(g+14,9)lge QN R,i €I} for some @ € Spec(S). In the first case we conclude that
P = @ N R immediately. In the second case, we have that {(p,p+i)lp€ P,i € I} =

{(g+1i,q9)|g € QN R,i € I}; setting all the i to zero in the second coordinate gives that
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P C Q@ N R and doing so in the first coordinate gives that @ N R C P. It follows that
Q € Spec(9) lies over P.

For the converse, under the assumption I C Nil(R), we suppose that R satisfies ULO.
Let R I C S be a ring extension. Identifying R with R® in R x R (as usual) we see
that R® C S is a ring extension, so satisfies lying-over by assumption. Now let Py €
Spec(R < I). Since I C Nil(R), it follows by Lemmas 1.5.8 and 6.3.3 that we can write
Py={(p,p+1i)|p € P,i € I} for some prime P of R, and further, Py is the unique prime of
R I lying over P. By assumption we can find a Q) € Spec(S) lying over P, and it follows
that Q N (R 1) = Py, so that R I C S satisfies lying-over.

O]

Proposition 6.3.5. Let R C T be rings with ideals I,J, respectively, such that I C J.
Then the extension R < I C T > J satisfies INC if and only if the extension R C T

satisfies INC.

Proof. Suppose R <1 I C T < J satisfies INC. Let Q C Q' be primes of T' contracting to
the same prime P in R. Define the sets Qg =

(g +5)lee@,jeJ}, Q1 = {(d,d +j}, and Py = {(p,p+4)|lp € P,i € I}. Then by
Lemma 1.5.8, Qo, Q1 € Spec(T <1 J) and Py € Spec(R 1< I), and by Lemma 2.1.4 both Qg
and Q1 contract to Py in R < I. Then by assumption Qp = Q1 so we see that Q = Q’.
Thus R C T satisfies INC.

Conversely, suppose that R C T satisfies INC. Let Q9 C (1 be primes of T 1 J both
contracting to some prime Py in R <t I. Note by Lemma 2.1.4 if (Jg is of the first form
(resp. the second form) of Lemma 1.5.8, then we can write Py in the first form (resp. the
second form) by Lemma 2.1.4.

Suppose that Qo = {(q,¢+ j)|qg € Q,j € J} for some Q € Spec(T), so that we can write
Py={(p,p+i)lpe Pyi €I} where P=QNR.IfQ1={(¢,qd +j)ld €Q,j € J}, then it
follows that Q' N R = P as well. Clearly @Q C @’ by construction, so since R C T satisfies

INC, we conclude that Q = @Q'; thus Qp = Q1. The reasoning when all three primes are of
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the second form follows the same logic, by symmetry.

Next suppose That Qg is of form 1, but Q)1 is of form 2. Say Q¢ =
{(gq+0qeQ,jeJ}, Q1 ={(¢d+4,d)d € Q,j e J} for some Q,Q" € Spec(T). Then
by Lemma 2.1.4, we can write Py as {(p,p+i)|p € P,i € [} where P = Q N R, and as
{(p +i,p)|p/i € [} with P = Q' N R. Comparing these two sets we see that P C P’ (by
setting the i to zero in the second coordinates) and P’ C P (by setting the i to zero in the
first coordinates). Thus P = P’ = Q@ N R = Q' N R. By setting the j to zero in the second
coordinates of their definitions of Qg, Q1 we see that Q C @Q’. Since these contract to the
same prime P in R, we must have Q = @', as R C T satisfies INC. Thus by our definitions

of QQy, @1, we have the equality

{(a+NDlgcQjieTy={(d.d+)ldeQ,jel}C

{(d+j.d)Nd €@ ,j}.

Looking at the second coordinates of the last two sets we see that Q' + J C @', so that
in particular, J C @’. Thus by Lemma 1.5.8, all three of the above sets are equal; that is,
Qo = Q1.

Finally, suppose that Qg is of form 2, but @; is of form 1. Say Qg =
{(g+7,0)lqeQ,j€ T}, Q1 ={(¢,d +j)|¢d € Q',j€ J} for some Q,Q" € Spec(T). Then
by Lemma 2.1.4, we can write Py as {(p+1i,p)|p € P,i € [} where P = @Q N R, and as
{(p/,p' +9)|p',i € I} with P’ = Q" N R. Comparing these two sets we see that P C P’ (by
setting the i to zero in the first coordinates) and P’ C P (by setting the i to zero in the
second coordinates). Thus P = P/ = QN R = Q' N R. By setting the j to zero in the
first coordinates of their definitions of Qg, Q1 we see that Q C Q’. Since these contract to

the same prime P in R, we must have Q = @', since R C T satisfies INC. Thus by our
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definitions of Qq, @1, we have the equality

{(a+i9lge,ieJt={(d+id)ld e jeT}C

{(d,d+i)ld Q. j}.

Looking at the first coordinates of the last two sets we see that Q' + J C @Q’, so that in

particular, J C @Q'. Thus by Lemma 1.5.8, all three of the above sets are equal; that is,

Qo = Q1.
As we have covered all possible cases, it follows that R >[I C T i J satisfies INC.

O]

Proposition 6.3.6. Let R C T be rings with ideals I,J, respectively, such that I C J.
Then the extension R 1 I C T a J satisfies going-up if and only if the extension R C T

satisfies going-up.

Proof. First we will assume that R C T satisfies going-up. Suppose Py C P, € Spec(R > 1)
and that Qo € Spec(T < J) contracts to Py in R I. We wish to find a Q1 € Spec(T < J)
contracting to P; in R > I such that Qg C Q1.

First we will assume that Qg is a prime of the first form described in Lemma 1.5.8. Note
by Lemma 2.1.4 that we can also assume Fj is written in this form. Now, if P; is also in

the form then we have

Qo={(¢.q+j)le€Q,jeJ}
Py={(p.p+i)pePicl}
Py={(p 0+l € Piel}

where Q € Spec(T), P,P" € Spec(R), and Q@ N R = P. Since Py C P; it is clear that

P C P'. Then, as R C T satisfies GU, we can find a prime @’ of T' contracting to P’ in
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R, with @ C @’'. Then note that Q1 := {(¢/, ¢ +j)|l¢ € Q',j € J} is a prime in T > J by
Lemma 1.5.8. Further, Qp C Q1 and Q1 N R i< I = P; (by Lemma 2.1.4). Thus Q) gives
our desired prime.

If we assume that Qg, Py, P; are all of the second prime form (in the sense of Lemma
1.5.8), then a similar argument gives a prime Q1 = {(¢' +7,¢)|¢' € Q’,j € J} to complete
the diagram.

Next assume that Qo has form 1 (thus we can assume Py does as well by Lemma 2.1.4),
and that P, has form 2. Say Qo = {(¢,q+j)|l¢ € Q,j € J}, Py ={(p,p+1i)|p € Pi €I},
and P, = {(p/ +14,p)|p’ € P',i € I} for some primes @ € Spec(T), P' € Spec(R) and with

P =@ nNR. Then by assumption we have the inclusion Py C P;; that is,

{pp+i)lpePiclI} C{@ +ip)p eP iel}.

Then setting the p to zero in the second coordinates we see that I C P’. But then by
Lemma 1.5.8 we can write P; in form 1, so that we reduce to the original case where all
three primes involved were of form 1.

Finally, assume that Qo has form 2 (and so we can write Py in form 2 as well by
Lemma 2.1.4), and that P, has form 1. Let us explicitly write these sets, Say Qo =
{(a+7.0laceQ,jeJ}, Py={(p+iplp€ Piicl} and Pr={(p).p +i)lp' € P',i €I}
for some primes Q) € Spec(T), P’ € Spec(R) and with P = Q@ N R. Again by assumption we

have the inclusion Py C P;; in this case, the inclusion looks like

{p+ip)pePicI} C{W.p+i)peP icl}.

Now setting the p to zero in the first coordinate, we can see that I C P’. Again by Lemma
1.5.8 we are reduced to an earlier case, this time the case where all three primes involved
are of form 2. Since all cases have now been covered, we conclude that R > I C T < J
satisfies going-up.

For the converse, suppose that R >x [ C T 1 J satisfies going-up, and let @@ €
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Spec(T), P, P € Spec(R), with QN R = P. We wish to find a prime in 7" containing ()¢ and
contracting to P; in R. By Lemma 1.5.8, the set Qo := {(¢,q¢ + j)|¢ € Q,7 € J} is a prime
ideal of T' < J and the sets Py := {(p,p+i)|lp€ P,ic I}, P :={(p,p'+i)|p’ € Piel}
are prime ideals of R > I. Note that Qo N (R I) = Py and Py C P;. Thus by assumption
we can find a prime ideal Q1 of T 1 J with Qo € Q1 and Q1 N (R =< I) = P;. If @
is a prime of the first form of Lemma 1.5.8, say Q1 = {(¢/, ¢ +J)|¢ € Q',j € J} for some
Q' € Spec(T), then it is easy to see by Lemma 2.1.4 that Q" will fill the requirements
for our sought prime. Finally, assume that @); is of the second form of Lemma 2.1.4, say

Q1={(d +7,4)|d €Q,je€ J} for some Q' € Spec(T). Then Q1 N (R I) = Py, so

{(d+i,d)d €@ nNRiel}y={p+ipeP icl}.

By setting the 7 all to zero in the first coordinate we see that Q'R C P’, and by setting
the 7 to zero in the second coordinate we see that P’ C Q' N R. Thus Q'N R = P. Similarly,
by setting the j to zero in the second coordinate in the definition of )y (and noting that
Qo C Q1) we see that Q C @Q’. Tt follows that we can take Q' as our desired prime. Thus
R C T satisfies going-up.

O

We will conclude with an investigation into when an extension of bowtie rings R
I C T i J satisfies going-down. These conditions are considerably more complicated than
in the cases for LO, INC, and GU. This as is often the case; for instance, every integral
extension will satisfy LO, INC, and GU, but none of this information is enough to imply
GD.

We will also note that every flat extension of rings satisfies going-down (cf. [M2, p. 33]);
thus we need conditions on I and J that are satisfied by (though not necessarily equivalent
to) the condition J = IT in Theorem 4.2.12. We find the appropriate conditions in the

following theorem.
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Theorem 6.3.7. Let R C T be an extension of rings with ideals I C J, respectively. The
ring extension R > I C T a1 J satisfies going-down if and only if R C T satisfies going-

down and for every pair of primes @ C Q' of T with I ¢ Q and J ¢ Q' it follows that

1¢q.

Proof. Suppose that R I C T > J satisfies going-down; we will show that R C T does
as well. Let P C P’ be primes of R and Q' a prime of T such that Q' "R = P. We
must find a prime @ of T, contained in Q" and contracting to P in R. By Lemma 1.5.8
we can construct primes Py = {(p,p+i)lpe Pyie I} C P, ={(p,p/ +i)|p' € P',i € I} of
R I, and Q1 = {(q,q+Jj)lg € Q,j € J} of T xx J. By assumption we can now find a
prime Qo C Q1 of T 1 J such that Qo N (R 1) = PB.

By Lemma 1.5.8, Qg may come in one of two forms. If the first form, Qy =
{(g,q+J)|lg € Q,j € J}, then Q C Q' clearly, and Qo N (R 1) =
{(¢,q+1)|g € QN R,i € I}so@QNR = P, and we can take @) as our desired prime. If Qg is of
the second form, Qo = {(¢ + 7,9)|q € @, j € J} then the assumption that QoN (R I) = P
gives that {(¢+14,q)[¢e QN R, i€ I} = {(p,p+i)|p € P,i € I}. Setting all the i to zero
in the left side of this equation gives that ) N R C P and doing the same in the right side
gives P C QN R, so QN R = P. Similarly, setting all the j to zero in the definition of Qg
(and recalling that Qo C @1) we see that @ C @'. Thus we can take this @ as the prime
we seek, and it follows that R C T satisfies going-down.

We may assume that R C T satisfies going-down for the remainder of the proof. Under
this assumption, we only have to prove that R <t I C T 1 J satisfies going-down if and
only if the conditions for I and J (in the statement of the theorem) are met.

Thus, suppose that for any primes @ C Q" of T, I ¢ @ and J ¢ Q' imply that
I ¢ Q. Let Py C Py be primes of R 1 I and let Q1 € Spec(T 1 J) contract to P
in R > I. First assume that all three of these primes have form (1) in the sense of
Lemma 1.5.8. Say Py = {(p,p+i)lpe Pic I}, Py={(p/,p +i)|]p' € P',i € I}, and Q; =

{(¢,d +J)|d € Q7€ J}. Then we must have P C P’, and by Lemma 2.1.4 that Q' N R =
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P’. By assumption then we can find a prime @ of T' contracting to P in R such that Q C @Q’.
Now take the prime Qo = {(¢,q+ j)|lg € Q,j € J} of T < J to complete the going-down
diagram. The case where all three of the given primes have form (2) (in Lemma 1.5.8) is
similar.

By Lemma 2.1.4 we may assume that P; and ()1 have the same form. Thus we only
have two remaining situations to consider: where P; and @ have form (1) but P has
form (2), and where P; and @ have form (2) but Py has form (1). These situations are
symmetric, so we will only consider the first, say Py = {(p+i,p)lpe P,ie I} C P, =
{,p+0))p e Piel},and Q1 ={(¢,¢ +j)|¢d € Q',j € J}. Since Py C P; we see that
P C P'. Further, by Lemma 2.1.4 it is clear that Q' N R = P’. Since R C T satisfies
going-down, we can find a prime @Q of T contracting to P in R with Q C @Q’. We now have
two possible cases to consider.

Case 1: 1 C Q.

Set Qo = {(¢,q+J)|lq € Q,j € J}, and note that Q9 C Q1. Further, since Qo N (R
I ={(pp+ipePicl} = {(p+ip)lpePicl}t = P (by Lemma 1.5.8) we have
found our desired prime Q).

Case 2: 1 € Q.

Note that P, = Q1 N (R 1) ={(¢,¢ +i)|¢d € @ NR,i € I}. The inclusion Py C P,
thus implies that P C @' N R C @’. Our assumption (on the converse of this proof) now
gives that J C Q" or I € Q'.

First suppose that J C @Q'. Since P C P/ = Q' N R and R C T satisfies going-
down, we can find a prime Q of T' contracting to P in R such that Q C Q’. Set Qy =
{(¢g+7,9)|q € Q,j € J}. Then Qg contracts to Py in R I. Pick any (¢ + j,q) € Qo, and
note that (¢+7,¢9) = (¢+74,(q+7) —J) € Q1 since ¢+ j € Q. Thus Qp C Q1, so Qo gives
the needed prime.

Now instead suppose that I ¢ Q'. We will find a contradiction, showing that this

subcase is impossible. Currently, P; = {(p/,p' +4)|p’ € P',i € I}. Note that Py contains all
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elements of the form (4,0) where ¢ € I. Since Py C Py it follows that I C P/ =Q'NR C Q'.
For the converse, suppose that there exist primes @ C Q' of T such that I ¢ Q
and J ¢ Q but I C Q. We will show that going-down does not hold for the ex-
tension R > I C T o< J. Consider the primes Py = {(p,p+i)lp € P} and Q1 =
{(d+74,4)d €q,jeJ} of Rexx I and T > J, respectively, where P := @ N R. Then
QINR= D) ={(p +i,p)|lP e P=QNR,icl}={,p+i)|p € P,iecI}byLemma
2.1.4 and [D, Proposition 5] (since I C Q'). Since P C P’ (that is, QN R C Q' N R) we now
have that Py C P;. If R I C T 1 J satisfies going-down, then we should now be able to
find a prime Qo of T <1 J contained in ()1 and contracting to Py in R > I. We will show
that this is impossible.
Suppose we are able to find such a Q. Then Py C (g necessarily. Now for some prime
Q of T, Qo has the form {(q,q + j)|lg € Q,7 € J}or {(¢+ j,q)|q¢ € Q,j € J}. Assume it has
the first form. Since J ¢ Q' we can find a j € J\Q'. But then (0,j) € Qo\Q1, contradicting
that Qo C 1. Now assume it has the second form. Since Qg contracts to Py in R 1 [
we have by Lemma 2.1.4 that {(¢+4,¢)l¢€c QN R,i €I} ={(p,p+1i)|p € P,icI}. Note
that the left set contains all elements in R < I of the form (4,0), which implies that
I C P =QnNR, contradicting the assumption that I ¢ Q. It follows that going-down does
not hold.
O

Corollary 6.3.8. Let R C T be rings with tdeals I C J, respectively, such that R C T
satisfies going-down. If I C Nil(R), then the extension R I C T < J satisfies going-

down.

Proof. Since any nilpotent element of R is a nilpotent element of 7', then I is contained in
Nil(T). Thus I is contained in every prime @ of 7" by Lemma 6.3.3, whence we have by

Theorem 6.3.7 that R I C T 1 J satisfies going down.

Since R = R® := R0 the following is now immediate.
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Corollary 6.3.9. Let I be an ideal of a ring R. Then the extension R C R < I satisfies
going-down.

We now have an easy way to construct such an extension of bowtie rings R><1 1 C R J
where going-down holds: simply choose an ideal I contained in Nil(R). To avoid trivialities

and show that the necessary and sufficient condition given in the theorem does not always

hold, we give the following simple example.

Example 6.3.10. In Theorem 6.3.7, set R = T = Z[X], Q = (0), I = Q' = (X), and
J =(2,X). Then (by the theorem, with Corollary 6.1.3) the ring extension Z[X] > (X) C

Z|X] > (2, X) is an integral extension that does not satisfy going-down.

It is not hard to see that we could construct a similar example with any ring R where

dim(R) > 2. We express this with the following corollary.

Corollary 6.3.11. Let I C J be ideals of a ring R. If I € Spec(R) \ Min(R), then the

extension R I C R J is an integral extension that does not satisfy going-down.

Proof. In the statement of Theorem 6.3.7, set Q" equal to I and set ) equal to any prime
that I properly contains. The integrality follows from Corollary 6.1.3.
O

Corollary 6.3.12. Let I C J be ideals of a ring R. If I is not prime and there are no

primes lying between I and J (via set inclusion), then Rt I C R J satisfies going-down.

Finally, we can use simple bowtie rings to give examples of integral extensions that are

minimal and satisfy GD (as well as LO, INC, and GU by [K, Theorem 44]).

Corollary 6.3.13. Let I C J be ideals of a chained ring R. If I is not prime and J/I
is simple (as an R—module) then R ><1 I C R > J is an integral minimal extension that

satisfies going-down.

Proof. Integrality follows from Corollary 6.1.3, minimality from Corollary 3.2.5. Regarding

going-down, note that for any prime @ of R, the inclusion I C @ implies that J C Q.
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Even if we do not assume minimality, we can still construct an integral A—extension

that satisfies going-down, citing Corollary 3.2.8.

Example 6.3.14. The ring extension Zoy, X 479y C Zog, M 2797 is a minimal extension,
it is integral (so satisfies LO, INC, and GD), and it satisfies going-down. If we replace
4797 with any other ideal of Zoz properly contained in 4Zsyy, then this extension it is a

non-minimal A—extension that is integral and satisfies going-down.
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