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Abstract

[introduce a stronger version of CS-modules which lies between CS- and quasi-continuous
modules. Moreover I analyze modules with the property C2 that are not necessarily con-
tinuous or auto-invariant. Here some results also hold for large restricted modules, which
is a weaker property compared to C2. Finally I introduce the definition of semi-/-regular
modules as a generalization of the definition of semiregular modules and show that every
semi-/-regular module has the finite exchange property and even the exchange property
if it further is a module with LE-decomposition or a Utumi module.
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1 Introduction

In this thesis we analyze different algebraic types of modules. The properties we are
mostly interested in are different exchange properties. It was already shown that contin-
uous modules do fulfill the strongest of these properties. We call a module continuous if
it fulfills the properties C'1 and C'2. We want to research these properties on their own.

C1l-modules are also called C'S-modules and have been studied in multiple papers.
Whilst researching for this thesis, it turned out that one source defined C'1 not exactly
the same as other sources. After some calculations it proved that these definitions are
indeed not the same, unless the property C3 (a weaker version of C2) is fulfilled.

C2-modules have not been studied as much. We will see them being large restricted,
a property introduced by Kasch and Mader. As a result it can be shown that they fulfill
one of the exchange properties assuming some ideals coincide.

Notably there are three ideals we are interested in when studying the lesser known
exchange properties. Those ideals are the singular ideal, the (Jacobson-)radical and the
total.

An important connection between the radical, total and those exchange properties
has already been established. On this ground we generalize the definition of semiregular
modules and see further connections between those semi-I-regular modules and the
exchange properties.

Using this we also get a result on the exchange property for Utumi modules, which
belong to the most recent research in this field of algebraic theory. This result lets us
prove the exchange property for Utumi modules such as continuous modules way faster
than previously.

In the chapters [2] and [3] we will be taking a look at the basics. Chapter [2] will give
some general ring- and module-theoretic definitions in its first section and introduce the
aforementioned singular ideal, the radical as well as the total. Chapter [3| will focus on
the exchange properties and, in its second section, reference some well-known examples
where they coincide such as modules with LE-decompositions.

Chapter {| will introduce and analyze the properties C'1 to C'3. In the first section
we will be taking a closer look at modules with C'1 and its connection to the radical.
In the second and third section our focus will mainly shift to the property C2. We
will first see some rings always fulfilling this property and second see its connection to
automorphism-invariant and large restricted modules. In the last section we come back
to C'1 modules and introduce C'1x modules as a stronger version of them.

Chapter |5 contains our main theorems. In the first section we introduce semi-/-regular
modules as a generalized definition of semiregular modules. We will prove that every



semi-/-regular module has the finite exchange property if I is a submodule of the radical.
Notably, in some cases, this even implies the exchange property. Those cases are modules
with LE-decomposition as well as Utumi modules, which we will introduce in the second
section. Another main theorem will be the equivalence of the B2-exchange property and
the finite exchange property for semi-A-regular modules where A denotes the singular
ideal.

In the final chapter [] a very large example will be analyzed. In particular, it is an
example of a module that fulfills C2, but is of no known type that would imply C2.
Furthermore the module has the exchange property and its singular ideal is not equal
to its radical, showing that their equality is no necessity for modules with any of the
exchange properties. Moreover it is no Utumi module, therefore we see that C2 does
not imply being a Utumi module.



2 Necessary definitions and theorems

First of all, we need some basis to talk about. The reader should be familiar with the
notions of rings and modules. Rings specifically will be assumed to have a unit 1 and
to not necessarily be commutative. As such we need to differentiate between right and
left modules. For the entirety of this thesis we will be looking at right modules and thus
often times omit to specify modules as right modules.

2.1 General defintions

With this in mind, let us go through the first definitions: the first notion will be that of
a summand of a module, acting as a subspace or basis would for a vector space. This
definition is essential for this thesis.

Definition 2.1.1.

Let M be a module and N C M a submodule. Then we call N a (direct) summand of
M if there exists another submodule Ny C M with N + Ny = M and N N Ny = 0. We
then write N @ Ny = M and N C% M.

If we only consider rings, we can classify summands even better. They are exactly
those ideals which are generated by an idempotent (that is an element e with e = ¢).

Theorem 2.1.2
Let I C® Rp be a summand (where R is a ring). Then there exists an idempotent e € R
with I = eR. Conversely, if e is idempotent, eR is a summand.

Proof. A stronger version of this can be found in [MaR, Thm. 7.2.3]. For the second
part, we have e(1—e) = (1—e)e = 0 due to e being idempotent and since 1 = e+ (1 —e)
always holds, we get R = eR @ (1 — e)R. Notable is that if e is idempotent, so is 1 — e.

O

An interesting type of modules are the square-free modules, which we will use as
examples later on.

Definition 2.1.3.
Let M be a module.

e We call M a square it M ~ N & N for some module N.

e We call M a square-free module if none of its submodules (except 0) is a square.



Example 2.1.4

A common example of a square-free module is Qz. Assume there is a submodule 0 #
M C Q with 0 #£ Ny, Ny C M, Ny >~ Ny and Nog ® N1 = M. In particular we have
No N Ny =0 and No, Ny C Q. Now let 0 #£ qo = e € No and 0 # q1 = i € Ni. Then
we have aga; = qoboa; € Ny and aga; = q1biag € N1, a contradicition, as this implies
07éa0(11 € NoNnN; =0.

Next up, we want to take a look at essential and superfluous modules. The first one
in particular will be used in quite a lot of important definitions later on.

Definition 2.1.5.
Let M be a module and N C M a submodule.

e N is called essential in M if for every 0 # Ny C M we have N N Ny # 0. We write
N C* M.

e N is called superfluous in M if for every M # Ny C M we have N + Ny # M. We
write NV C° M.

If it is clear which module M we operate in, we simply say N is essential or superfluous,
respectively.

The following is an immediate result, however, since it is used a lot in this thesis, we
will give a formal proof once:

Lemma 2.1.6
The only essential summand of a module M is M itself.

Proof. Let N be an essential summand of M. Thus there exists Ny with N + Ng = M
and N N Ny = 0. Since N is essential, the second equation implies Ny = 0, hence the
first equation becomes M = N + No =N +0= N. m

For the property C'1, which will be introduced later, we also need the notion of com-
plements. Do note that we will only look at intersection complements, as there is also
the dual notion of addition complements, which should not be confused.

Definition 2.1.7.
Let M be a module and N C M a submodule. We call A C M an intersection comple-
ment (or simply complement) of N if it fulfills these two properties:

e ANN =0.

e A is maximal in the first property, that is for any AwithACAand ANN =0
we have A = A.

We write A := N*. (Do note that complements are not necessarily unique and therefore
this notation may lead to the confusion of a unique complement.)



Now one very important property of intersection complements is that they always
exist:

Theorem 2.1.8
Let N C M. Then there exists an intersection complement N* C M of N.

Proof. Follows simply by Zorn’s Lemma. For a complete proof check [MaR], Lem 5.2.3].
O

Due to their maximality we also get a quick result on the sum of a submodule and its
complement:

Lemma 2.1.9
Let N C M be a submodule and N* a complement. Then N + N* is essential in M.

Proof. Let us assume that N 4+ N* is not essential in M. Then there exists a L # 0 with
LN (N + N*)=0. This implies LN N = LN N* = 0 and therefore N* C N* + L.

Let a = ap+l € NN(N*+L) withag € N*and ! € L. Then! =a—ag € LON(N+N*) =
0, which implies a = ag+ 0 = a9 € NN N* = 0. In conclusion N N (N*+ L) = 0. Since
N* is a complement and N* C (N* + L), we get N* = N* + L, a contradiction. So our
assumption was wrong and N + N* has to be essential.

O

We also get the following lemma, which tells us that we can always choose a com-
plement encompassing another module, as long as it does not intersect the module for
which we seek a complement.

Lemma 2.1.10

Let A, B C M be submodules with AN B = 0. Then there exists a complement A* with
B C A*. This especially means there always exists (N*)* with N C (N*)*. Moreover in
this case N C* (N*)*.

Proof. For the proof of the first claims check [MaR, Lem. 5.2.3]. For the last part no
proof could be found, thus here is a short proof:

Let N C (N*)* and assume N Z* (N*)*. Then there is A C (N*)* with AN N = 0.
We claim that then (A + N*) N N = 0, leading to a contradiction.

We will show (A + N*) N N = 0 with another contradiction. For this assume 30 #
x € (A+ N*)N N. Then on one hand = = a + ng with a € A, ng € N* with a,ny # 0
(otherwise either ANN # 0 or N*N N # 0) and on the other hand x € N C (N*)*.
Since a € A C (N*)*, this implies 0 # ny = x —a € (N*)* which further implies
N*N (N*)* # 0, a contradiction.

Thus (A+N*)NN =0. If A € N* this is a contradiction with the maximality of N*.
On the other hand if A C N* we get another immediate contradiction with A C (N*)*
and N* N (N*)* = 0. O

Next up, we want to quickly introduce the annihilator ideal, which we will use for a
definition of the singular ideal for rings.



Definition 2.1.11.
Let R be a ring and M an R-module. Let furthermore X C M be a subset (note: not
necessarily submodule). Then we define

Ann(X) :={re RVx € X :x-r =0}.

This gives an ideal in R, the so called annihilator ideal. For any m € M we also write
Ann(m) := Ann({m}).

A very well known type of modules are injective modules. Most properties we will
work with later on are fulfilled by injective modules. There are quite a few definitions,
the reader may find more than the one given here in [CaDl Chap. 1 introduction].

Definition 2.1.12.
Let M be an R-module. We call M an injective module if for any R-module N, any

submodule X C N and any homomorphism ¢ : X — M there is an extension ¢ : N —

We can even restrict the module A in this definition and thus generalize the definition.
Still all of the properties we are interested in will be fulfilled.

Definition 2.1.13.
Let @ be a module. We say @) is quasi-injective if for any submodule X C @) and any
homomorphism ¢ : X — @ we can extend ¢ to ¥ : QQ — @ with ¥|x = ¢.

Immediately this implies injective modules to always be quasi-injective:

Lemma 2.1.14
Fvery injective module is quasi-injective.

Proof. Simply choose N = M in the definition of injective modules to get this. O]

Going further in the theory of injective modules, there is also the injective hull to
consider. As the name suggests this is an injective module in which we can embed our
original module. We will mostly need this later on for the definition of automorphism-
invariant modules.

Definition 2.1.15.
Let M, N and @ be modules.

e Let n: M — N be a homomorphism. We call n an essential homomorphism if
Im(n) C* N.

e We call a monomorphism 7 : M — @ an injective hull of M if @) is injective and
7 is essential.

(Do note that oftentimes @) is also called the injective hull of M.)

10



A very important property of the injective hull is its existence always being guaranteed:

Theorem 2.1.16
Let M be a module. Then there exists an injective hull n: M — Q. It is unique up to
1somorphisms.

Proof. For the existence check [MaR, Thm. 5.6.4]. For the uniqueness use [MaR, Thm.
5.6.3]. 0

We want to conclude this section with two definitions of types of rings we will later
on often times see as examples.

The first are regular rings, which we will mostly need for the definition of semireg-
ular and semi-/-regular rings in the following section and chapter [5] respectively. Pay
attention that the terminology regular has multiple meanings in module-theory. When
talking about regular rings in this thesis we are always talking about von Neumann
regular rings.

Definition 2.1.17.
Let R be a ring.

e We call » € R reqular if there is s € R such that r = rsr.
e We call R regular (in the sense of von Neumann) if every r € R is regular.

The second type of rings we want to consider are clean rings and along with them
clean modules. They are very deeply connected with the exchange property, which we
will see in the next chapter.

Definition 2.1.18.
We define:

e A ring R is called clean if every element r € R is of the form r = e + u where
e € R is idempotent and u € R is a unit.

e A module M is called clean if End(M) is a clean ring.

2.2 Important (half-)ideals in Hom

In this section we want to look at some important ideals. This is however not the usual
notion of an ideal and instead the notion in the category of homomorphisms Hompg. We
assume a fixed ring R and thus simply often write Hom. Now let us first look at the
definition of these ideals:

Definition 2.2.1.
Let {I(M,N) C Hom(M,N)|M,N R — Modules}. We call I(-,-) a semi-ideal if it is
closed under composition with any homomorpisms, that is

Vfe Hom(My, M),h € Hom(N,Ny),g € I[(M,N) :hogo f e I(My, Ny).

11



We further call (-, -) an ideal if in addition to it being a semi-ideal, (M, N) is additively
closed for every choice of M, N.

With this, we want to take a look at a very important semi-ideal, the so-called total.
It is defined on the basis of partially invertible morphisms, which we first have to define:

Definition 2.2.2.
We call a mapping f € Hom(M, N) partially invertible if it fulfills any of the following
equivalent properties:

1) There exists g € Hom(N, M) such that
gf =(gf)*#0
2) There exists g € Hom(N, M) such that
fg=(f9)* #0
3) There exists g € Hom(N, M) such that
9f9=9#0

4) There are direct summands 0 # A C® M, B C%® N such that the restriction

fl8:A—-B
a— f(a)
is an isomorphism.
Proof. The equivalence can be found in [RMT) Lem. II1.1.1] ]

Now that we have partially invertible morphisms we can define the total.

Definition 2.2.3.
We define the total of two modules as

Tot(M,N):={f € Hom(M, N)|f is not partially invertible}.
Likewise we define the total of one module as Tot(End(M)) := Tot(M, M) C End(M).
With this, we want to check whether the total is an ideal or at least semi-ideal.

Lemma 2.2.4
The total s a semi-ideal, however, it is generally not an ideal in Hom.

Proof. For proof of it being a semi-ideal check [RMT), Cor. II.1.10]. A well known
example for it not being an ideal is Zy, as Tot(Zz) = Z \ {1, —1}.
O

12



We will come back to the total later to compare it to the following ideals. First up
we have a very important ideal, the so-called (Jacobson-)radical. There are definitions
for this as a (ring-theoretic) ideal, submodule or (Hom-theoretic) ideal, which we will
all use at one point or another.

Definition 2.2.5.
Let R be a ring.

1) Given an R-module M, we define its radical as
Rad(M):= ) A
ACM

= ﬂ{B|B C M maximal}
= ﬂ{Ker(cp)|g0 € Hom(M, N) with semisimple N}

2) If we consider the ring as a module itself, we also get

r € Rad(RR) < Vs € R: 1 —rs is invertible.

3) Given two modules M, N, we define their radical as

Rad(M,N) :={f € Hom(M,N)|Ng € Hom(N,M) : gf € Rad(End(N))}
={f € Hom(M,N)Ng € Hom(N, M) : fg € Rad(End(M))}.

Proof. The equalities from 1) can be found in [MaR], Th. 9.1.1] (for this also recall that
we call a module semisimple if every submodule is a summand), the proof for 2) as well
as the equality from 3) in [RMT, Lem. I1.2.1]. O

First up, let us check that Rad(-) is indeed a submodule. This is immediately shown
as by the second part of its first definition it is an intersection of submodules which
always is a submodule itself.

We can now analyze whether these are good definitions by checking to what extend
the two definitions for Rad(-) and Rad(-,-) coincide. In this context we also check this
for rings:

Lemma 2.2.6
Given a ring R, we have Rad(R) = Rad(Rg, Rr) when identifying R = Endr(RRg).
Proof. (Stated in [RMT), II. Def. 2.2] without a proof. Let us see a short proof using
only the definitions given beforehand.)
Let f. € Rad(Rgr, Rg); f(z) = xr. Then
r € Rad(R) < f, € Rad(End(RR))
& Vg € End(RpR) : gf, € Rad(End(RR))
54 fr S Rad(RR, RR)

Do note that in the second row ” = 7 follows from Rad(-) being an ideal/submodule
and 7 < 7 follows from using g = id. O

13



In case of rings we are often times interested whether ideals are contained in their
radical. Since they are closed under multiplication with elements of the ring, we can get
the answer directly from the ring-centric definition:

Lemma 2.2.7
Let R be a ring and I C R a (right-)ideal. Then I C Rad(R) if and only if for every
a € I we have

1 + a is (right-)invertible.

Proof. Check [MaR, Lem. 9.3.1]. (Do note that the source proves 1 — a instead which
is equivalent since I is multiplicatively closed and thus a € I < (—a) € I.) O

While we are on the subject of the radical of a ring, we can now give a generalization
of regular rings. In chapter 5| we will expand on this definition even more.

Definition 2.2.8.
Let R be a ring. We call R a semireqular ring if it fulfills the following:

e R/Rad(R) is regular and

e we can lift idempotents modulo Rad(R) (that is, for every idempotent € € R/Rad(R)
there exists an idempotent ey € R with € = &).

We have seen that Tot(-,-) is in general only a semi-ideal, we can however show that
Rad is indeed an ideal:

Lemma 2.2.9
Rad(-,-) is an ideal in Hom.

Proof. (No proof found but this has allegedly been proven before and follows directly
from Rad(-) being a submodule. In the interest of completion a proof will be given here.)

First we have to show that Rad(-,-) is closed under composition. Thus let f €
Rad(M,N), g € Homgr(X,M) and h € Homgr(N,Y). We have to show (1) fg €
Rad(X,N) and (2) hf € Rad(M,Y).

(1) Let i € Homg(N,X). We want to show (fg)i € Rad(Endg(N)). Now (fg)i =
f(gi) and f € Rad(M,N) together with gi € Hompg(N, M) implies f(gi) €
Rad(Endgr(N)) directly by the first definition of this radical.

(2) Follows the same when using the second definition.

We have shown Rad(-,-) being closed under composition, but we still have to show
it is closed under addition. Hence let f,g € Rad(M,N). We want to prove f + g €
Rad(M, N) which is to say for any h € Hompg(N, M) we have (f+g)h € Rad(Endgr(N)).
Since f,g € Rad(M,N), we have fh € Rad(Endgr(N)) and gh € Rad(Endg(N). As
Rad(-) is a submodule, we get fh + gh = (f + g)h € Rad(Endr(N)).

14



We will need some general properties of the radical later on, therefore we follow this
up with two lemmata on the radical.
The first one will be about the behaviour of the radical of a submodule.

Lemma 2.2.10
Let M be a module and N C M be a submodule. Then Rad(N) C Rad(M).

Proof. A more general statement can be found in [MaR), Thm. 9.1.4]. O
Our second lemma will be about how the radical interacts with direct sums.

Lemma 2.2.11
Let M = @,.; M;. Then Rad(M) = @,.; Rad(M;).

Proof. Check [MaRl 9.1.5(c)]. O

Now that we have seen some properties of Rad and Tot, let us draw a connection
between these two:

Lemma 2.2.12
For any choice of modules M, N we have

Rad(M,N) C Tot(M, N).

Proof. In [RMT), Thm. II1.2.4] it is shown that Rad(M,N) + Tot(M,N) = Tot(M, N).
Thus the claim follows from 0 € T'ot(M, N) which is easily checked. O

Using these two (semi-)ideals, we can classify rings in a way which will be very helpful
when we will be taking a look at different exchange properties in chapter [3

Definition 2.2.13.
Let R be a ring.

1) We call R a total ring if Tot(Rp) is an ideal (which is to say if it is additively
closed).

2) We call R a radicaltotal ring if Tot(Rg) = Rad(R).

Example 2.2.14
Some examples for radicaltotal rings are:

o A module is called semisimple if every submodule is a summand. Every semisimple
ring R is radicaltotal as Tot(R) = 0. Assuming this is not the case, any 0 # t €
Tot(R) would generate tR, which can not be a summand as otherwise t would be
partially invertible.

e Moreover every semusimple ring is reqular and every reqular ring is semireqular.
A common result is that every semireqular ring has the exchange property, which,
as we will see later, implies that the ring is radicaltotal.

15



e Recall that we call a ring local if it has exactly one one-sided maximal ideal. Every
local ring s radicaltotal:

Let m be the maximal ideal of the local ring R. Then on the one hand we have
m = Rad(R) since Rad(R) is the intersection of all mazimal ideals of R. On the
other hand for any t € Tot(R) we havet € tR C m since tR # R. (Otherwise there
would be r € R with tr =1, a contradiction with t not being partially invertible.)

Thus Tot(R) € m = Rad(R). This implies Tot(R) = Rad(R) since Rad(R) C
Tot(R) is always fulfilled.

We have only seen examples for radicaltotal rings but not for total rings. Nonetheless
every one of these also works as an example for a total ring. This is due to the following
lemma which is an immediate consequence of the definitions:

Lemma 2.2.15
A radicaltotal ring is also a total ring.

Proof. Follows immediately from the fact that the radical is additively closed. O]

On this ground we can ask whether total rings are also radicaltotal. We will later
see that this is not the case. For this we first have to see the connection of those two
properties and some exchange properties. With these we will give an example for a ring
which is total and not radicaltotal in example [3.2.12]

But for now we will introuce another type of ring for which an equivalence to radical-
total rings can be shown.

Definition 2.2.16.
Let R be a ring. We call R semipotent if it fulfills one of the following equivalent
properties:

e Every left-ideal that is not contained in Rad(R) contains a nonzero idempotent.
e Every right-ideal that is not contained in Rad(R) contains a nonzero idempotent.
e If a ¢ Rad(R), then there exists a 0 # x € R with zar = .

Proof. For a proof of the equivalence check [IR, Lem. 1.1]. O

It should be noted that Nicholson used the term 10 — ring in [IR] instead. However,
over time, the term semipotent prevailed and was used in works by Y. Zhou and H.
Hakmi. For example Hakmi gave another equivalent definition in [ST), Thm. 2.1] where
he also expanded the definition to I —semipotent rings where some ideal I is used instead
of Rad(R).

On the other hand Zhou also expanded the definition in [SRT] in another way. In this
paper he did not use ring-ideals and the radical of a ring and used ideals in Hom and
the radical of two modules instead. In [SRT], Thm. 2.2] he proves a more general version
of the following lemma.

16



Lemma 2.2.17
A ring 1s radicaltotal if and only if it is semipotent.

Proof. (Also check [SRT) Thm. 2.2]

Let Rad(R) = Tot(R). Furthermore let » € R\ Rad(R). We need to show r R contains
a nonzero idempotent. Since r € R\ Rad(R) = R\ Tot(R), we know that r is partially
invertible, therefore there exists s € R such that rs # 0 is an idempotent.

Now let R be semipotent. We already know Rad(R) C Tot(R) is always true, so we
need to show Tot(R) C Rad(R). For this we will show that if z ¢ Rad(R) we also
have x ¢ Tot(R). Thus let x ¢ Rad(R), which implies R ¢ Rad(R). Since R is
semipotent, this implies the existence of an idempotent 0 # e = e € xR. Hence there

is r € R with e = r which means x is partially invertible. Finally this is equivalent to
x ¢ Tot(R). O

Next we want to shift our focus from the radical to the last important ideal, the
so-called singular ideal. Again, we will see that this is contained in the total in lemma
[2.2.21] however, over the course of this thesis we will be more intersted in its connections
with the radical.

Definition 2.2.18.
Let M, N be modules. Then we define the singular ideal of these two as
A(M,N) :={f € Hom(M,N)|ker(f) C* M}.
Given only one module, we sometimes also write A(M) := A(M, M).
If we consider a ring as a module over itself, we can also give another definition of the

singular ideal using the annihilator ideal defined in the first section of this chapter.

Lemma 2.2.19
Given a ring R and the module Rg, we also have

A(RR) ~ {r € R|Ann(r) C* R}.
Proof. Follows directly from R ~ End(Rgr) = Hom(Rg, Rg);r — f. and ker(f,) =
Ann(r). O
Having seen the definition, let us check that the singular ideal is indeed an ideal.

Lemma 2.2.20
A(-,-) is an ideal in Hom.

Proof. Check [CaD| Lem. 3.2(1)]. O

We want to conclude this section with the fact that, just like the radical, the singular
ideal is also contained in the total.

Lemma 2.2.21
Given two Modules M, N, we have

A(M, N) C Tot(M, N).
Proof. Follows from equation (7) (p. 17) of [RMT]. O
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3 Exchange properties

In this chapter we are going to to introduce the different exchange properties. The
first section will contain their definitions, some equivalent properties as well as their
connection to each other. The second section will introduce LE-decompositions and
locally injective modules with the goal of referencing an example to show that two of
the exchange properties are indeed not equivalent.

3.1 Three distinct exchange properties

In this section we want to take a look at the different exchange properties. The most
known of these is simply called the exchange property while the other two are called the
B2— and d2—exchange property. As we will see, especially these last two are strongly
intertwined with the ideals we saw in the last chapter.

Definition 3.1.1.
Let M be a module. We say M has the exchange property (or shortened EP) if for every
situation
MC® A=A
iel

there exist submodules A} C A; such that A =M & €, A;.

If this only holds for I’s of a certain cardinality, we get weaker exchange properties,
most notably the finite EP (where |I| < oo) and the 2—EP (where |I| = 2).

A ring R is called an exchange ring if Rr has the exchange property.

Example 3.1.2
There are quite a lot of modules that have the exchange property:

e Mohamed and Miiller give one possible proof in [CaD, Thm. 1.21] that every
quasi-injective (and thus also every injective) module fulfills it.

e A commonly known type of exchange rings are local rings. A proof of this can, for
example, be found in [LM, Thm. 12.2].

e Nicholson proves in [LI, Prop. 1.8 + Thm. 2.1] that every clean ring is an
exchange ring.

e Nicholson also proves in [LI, Prop. 1.6 + Thm. 2.1] that every semireqular ring
is an exchange ring. We will develop this furhter in chapter[5
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There is a very important connection between a module having the finite exchange
property and its endomorphism ring being an exchange ring. The following theorem can
be seen as a main pillar of the theory about the exchange property.

Theorem 3.1.3
Let M be a module. Then it has the finite exchange property if and only if End(M) is
an exchange ring.

Proof. Check for example [LI, Cor. 2.2]. ]

Example 3.1.4
With this and example we can instantly see that every clean module has the finite
exchange property.

In the more recent research papers about the exchange property one can usually only
find the distinction between the 2-EP and the EP, omitting the finite EP. This is due to
the following theorem, making the distinction obsolete:

Theorem 3.1.5
Let M be a module. Then M has the 2-exchange property if and only if M has the finite
exchange property.

Proof. Check for example [LM, Thm. 11.11]. ]

Until now it is neither proven nor disproven whether the 2-EP and the EP are also
equivalent. However, for a lot of types of modules their equivalence was already verified.
As an example we have:

Lemma 3.1.6
Let M be a finitely generated module. Then M has the 2-exchange property if and only
if it has the exchange property.

Proof. Check [MEE] 1.1]. O
As an immediate consequence we get:

Corollary 3.1.7
Let R be a ring. Then it is an exchange ring if and only if Rr has the 2-exchange

property.
Proof. Follows from the previous theorem as Rp is finitely generated by 1. n

For later use we will reference the following theorem on the exchange property exclu-
sively for rings:

Theorem 3.1.8
Let R be a ring. Then Ry has the exchange property if and only if for every r € R there
exists an idempotent e € R such thate € TR and 1 —e € (1 —r)R.
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Proof. Check [TMRI Lem. I1.5.1] for the dual property as well as, for example, [ERDI
Cor. 2| to see that this is left-right-symmetric. m

Another common result on the exchange property is the compability with direct sums:

Lemma 3.1.9
Let M = A@® B. Then M has the exchange property if and only if both A and B have
the exchange property.

Proof. Check for example [CaDl Lem. 3.20]. O

Next we come to the second exchange property, the so-called B2-exchange property,
introduced by W. Schneider. The "B’ stands for "between” as it was the final exchange
property found and lies in the line of implications between the EP and the d2-EP, which
we will see later.

Definition 3.1.10.
Let M be a module. We say M has the B2-exchange property (B2-EP) if for any

A=Me&N=BaC

(where M ~ M) one of the following holds:

1. There exists B’ C B such that

A=Ma® B &C.

2. There exists C" C C such that

A=Ma&Ba (.

3. There exist 0 £ M’ C MandO;ﬁM* C M as well as B' C B and C* C C such
that
A=MaeB oC=M"dBoC*.

Whilst the property itself is seldom found in other works, the following equivalent
property is for example studied in [SRT].

Theorem 3.1.11
A module M has the B2-EP if and only if Rad(M, M) = Tot(M,M).

Proof. Check [TMRI Prop. I1.3.5]. O

When remembering the notion of a radicaltotal ring, we see the implication that a
module has the B2-EP if and only if its endomorphism ring is radicaltotal.

As was alluded in the introduction of the B2-EP, having the EP implies having the
B2-EP as we see in the next theorem:
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Theorem 3.1.12
If a module has the finite EP, it also has the B2-EP.

Proof. Check [TMR], Prop. I1.3.4] in combination with the previous theorem or its source
[TMR], Prop. I1.3.5]. O

We can also show that having the B2-EP does not imply having the exchange property.
For this we want to take a look at the following example, which is a simplified version
of an example found in [TMR] example in ch. I1.5]

Example 3.1.13
(of a module that has the B2-EP but not the EP)
Let R be the ring of all series of Q stagnating in some element of Z, that is

R:= {(xn)neN € QNETLO eENzeEZVn>ng:x, = z}

with addition and multiplication on its components. (It should be noted that we could
use any non-local subring T # 0 containing 1g of any field F.)

Firstly we want to show that R fulfills the B2-EP by proving Rad(R) = Tot(R). To
achieve this we will show Tot(R) = 0. Therefore we have to show that for any 0 # z € R
there is a partial inverse 0 # y € R with xy being idempotent. (Note that we usually
have to show this for x € End(R), however R ~ End(R) since R is a ring.)

Now let 0 # x = (xp)neny € R. Thus there is at least one x,, # 0. Define y =
(0,...,2,),0,...). Theny € R since it stagnates in 0 € Z and xy = (0,...,0,1,0,...)
18 idempotent due to the componentwise multiplication.

Accordingly x ¢ Tot(R) and hence Tot(R) = 0, implying Rad(R) = Tot(R) which
further indicates R having the B2-EP.

Secondly we next want to show that R does not fulfill the EP. For this we will use
theorem which tells us that we have to find one r € R for which there is no
idempotent e € R with e € TR and 1g —e € (1g —1)R.

We choose r = (3,3,...) € R. Then 1g —r = (—=2,—2...) € R. Now let us assume
there is an idempotent e = (ép)neny € R with e € TR and 1 — e € (1g — r)R, that is
e =1(Tn)neny and 1 —e = (1g — r)(Yn)nen for some (x,)nen, (Yn)nen € R.

Thus, on the one hand we get r(x,)nen = (3%n)nen Stagnating in some 3x,,, and on the
other hand by assumption we have ¢ = r(z,)nen being idempotent, so 3z, = (32,,)? =
95”72107 which only 0 € Z fulfills. As such e has to be equal to 0.

Howewver, then we get 1 = 1g — e = (1g — 7)(Yn)nen = (—2Yn)nen, a contradiction
since —3 ¢ 7.

As we have seen with the EP, the B2-EP is also compatible with direct sums:

Lemma 3.1.14
Let M = A® B. Then M has the B2-exchange property if and only if both A and B
have the B2-exchange property.

Proof. Check [EPT) Thm. 2.6. 2)] O
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With this we introduce the last exchange property, the d2-EP. (’d’ here stands for
”direct” /" direct sum”.)

Definition 3.1.15.
Let M be a module. We say it has the d2-exchange property (d2-EP) if for any

A=M@eN=Cao®D
(where 0 #£ M’ ~ My C® M) one of the following holds:
1. There exist 0 # M; C M' and C" C C such that

A=M&C' @ D.

2. There exists 0 # M; C M’ and D" C D such that

A=M,oCeo D"

We have seen that the B2-EP is equivalent to the equality of the radical and the total.
For the d2-EP a similar equivalence has been proven.

Theorem 3.1.16
A module M has the d2 — EP if and only if Tot(M, M) is additively closed, that is if
Tot(M, M) is an ideal.

Proof. Check [TMR) Thm. II.3.3]. O
An immediate result is the B2-EP indeed implying the d2-EP as was claimed before.

Corollary 3.1.17
If a module has the B2-EP, it also has the d2— EP.

Proof. 1f the module M has the B2-EP, as stated in Theorem|3.1.11] we have Rad(M, M) =
Tot(M, M). Since Rad(M, M) is an ideal, it is additively closed, thus T'ot(M, M) is ad-
ditively closed which by the previous theorem implies the d2-EP. O]

We have seen so far that the EP as well as the B2-EP are compatible with direct
sums. This has yet to be proven or disproven for the d2-EP. A result that was already
achieved in this direction is the following:

Lemma 3.1.18
Let M =A@ B. If A has the B2-EP and B has the d2-EP, then M has the d2-EP.

Proof. Check [EPT) Thm. 2.7]. O

Later on in the second section we will also see an example where a module has the
d2-EP whilst not having the B2-EP. For this check example [3.2.12 in combination with
the theorems (d2-EP) and (B2-EP equal to EP for this type of module).
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3.2 LE-decompositions and locally injective modules

In this section we want to take a look at modules which have LE-decompositions, a type
of module which has been thoroughly researched on the topic of exchange properties.
We also want to introduce locally injective modules as defined by F. Kasch, which are,
as of now, barely researched beyond his and Maders work. Some further research was
done by Zhou in [SRT].

We will start the section with LE-modules and modules with LE-decompositions.

Definition 3.2.1.
Let M be a module. Then we call M a

e LE-module if End(M) is a local ring.

e module with LE-decomposition if M = @._, M; where every M; is a LE-module.

el

As was already said for modules with LE-decompositions, the question on the exchange
property has already been researched quite a lot. A quite impactful result is the following
theorem.

Theorem 3.2.2
Let M be a module with an LE-decomposition. Then the following are equivalent:

1. M has the exchange property.
2. M has the finite exchange property.
3. M has the B2-exchange property.

Proof. Check [LM|, Thm. 14.22] for the equivalence of 1, 2 and the fact that T'ot(M, M) =
Rad(M, M), which, by theorem [3.1.11} is equivalent to having the B2-exchange prop-
erty. L]

Let us now introduce locally injective modules, which we will use together with LE-
decompositions to generate an example of a module with d2-EP and without B2-EP.

Definition 3.2.3.
A module M is called locally injective if for every submodule A C M that is not essential
in M, there exists a non-zero, injective submodule ) C M with AN = 0.

Whilst this definition validates the term locally injective way better than the following
equivalent property proven by Kasch and Mader, we actually prefer working with the
equivalent property due to the significance of the singular ideal and the total.

Theorem 3.2.4
A module M is locally injective if and only if for any other R-rightmodule N

A(M,N) = Tot(M, N).
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Proof. Check [RMT), Thm. II1.2.2]. O

Therefore we immediately see that every locally injective module fulfills the d2-EP
and thus we do not need to prove it in our example later on.

Corollary 3.2.5
Every locally injective module M fulfills the d2-exchange property.

Proof. By the previous theorem we instantly get A(M, M) = Tot(M, M), which
implies that T'ot(M) is an ideal. Thus, by theorem [3.1.16 M fulfills the d2-EP. ]

We have seen that the question whether the sum of two modules which have the d2-EP
also has the d2-EP is still open. At least for locally injective modules this holds due to
the following theorem.

Theorem 3.2.6
In general we have:

o Let M, N be locally injective. Then M & N 1is locally injective as well.
o Let M = A® B be locally injective. Then A and B are also locally injective.
Proof. Check [RMT, Thm. I11.4.2]. m

In general an infinite sum of injective modules does not need to be injective. Kasch
and Mader did, however, prove that the sum is at least locally injective. We will use
this later when we have some decompositions into injective modules.

Theorem 3.2.7

Let M = @,.; M; where every M; is injective. Then M is locally injective.

Proof. Check [RMT), Prop. II1.3.1]. O
Whilst the following could be proven from the definition alone, we want to simply

formulate it as a corollary to the previous theorem.

Corollary 3.2.8
Every injective module is locally injective.

Proof. Follows instantly when we choose I as 1-elemental set. O]

Kasch and Mader checked in [MaR] under which cirumstances A = Rad = Tot hold.
Inspired by that we instantly get the following:

Corollary 3.2.9
Let M = @,.; M; be a decomposition where every M; is injective. Then if M has the
B2—exchange property, it also fulfills A(M, M) = Tot(M, M) = Rad(M, M).
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Proof. By our previous theorem [3.2.7, M is locally injective and thus by theorem
2.4 we have A(M,M) = Tot(M,M). Furthermore, by theorem [3.1.11 we have
Rad(M, M) = Tot(M, M) as M has the B2-EP. Consequently Rad(M, M) = Tot(M, M) =
A(M, M). O

As we have seen in corollary every locally injective module fulfills the d2-EP.
In general this is not true for the B2- or the finite exchange property. To see this, we
want to look at a well known example introduced by B. Osofsky and extended upon
by K.Yamagata. To understand it we have to first introduce locally semi-T-nilpotent
families and their connection to modules with LE-decompositions.

Definition 3.2.10.

Let {M;]i € I} be a family of modules. We call this family locally semi-T-nilpotent
if for any countable set {i,|n € N} C I with i, # i, for n # m and any family
{fn : M;, — M, . } where no f, is an isomorphism as well as any x € M;, there is a
k € N such that

(fro fr—10...0 fi)(z) =0.
With this definition theorem 3.2.2] can be extended to:

Theorem 3.2.11
Let M be a module with an LE-decomposition M = &)
equivalent:

ic1 Mi. Then the following are

1. M has the exchange property.
2. M has the B2-exchange property.
3. The family {M;|i € I} is locally semi-T-nilpotent.

Proof. The equivalence of 1) and 2) was already shown in [3.2.2l For the equivalence of
1) and 3) check [LM| Thm. 14.22]. O

Having all the prerequisites, we can take a look at the example. Large parts of it are
taken from [MSE| example on page 249] where K. Yamagata proved the module is not
locally semi-T-nilpotent. We simply extend from there. (Do note that Zhou also used
this example to find a locally injective module with Rad # Tot which is the same result
as this when using our previous theorems.)

Example 3.2.12
Let p € N be prime and consider the p-adic integers

Zy={(21+pZ, 29+ P°Z,...)|2 € Z)P'Z and z; = z; mod p'Z fori < j}.

As is well known these form a local ring with the mazimal ideal being pZ,, = {(0, 22, .. .)|z; €
ZJp'Z and z; = z; mod p'Z for i < j}}.
Furthermore let Ay := {Jx|m € Z,k € No} and Zy := Ay /7 = {7x|m € Z,k € No}.
With these we now construct the ring R 1= Z, X Zy~ with
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o (\x)+ (1,y) = A+ p,x+y) and
o (A x)- (1y) = (A, Ay + px).

(Also found in [GQF, ex. 1].) It is easily checked that this does indeed form a commu-
tative ring with multiplicative neutral element (1,0). Notably the ring is also local with
mazximal ideal (p,0)R and the module Ry is injective, which can both be found in [GQF,
er. 1J.

Next let us define our module:

M = @Mi with M; = R
=1

This is a sum of injective modules and thus a locally injective module by theorem |3.2.7.
Moreover it is a sum of local rings whose endomorphism rings are themselves and thus M
also has an LE-decomposition. By our previous theorem this means it has the exchange
property if and only if {M;}icr is locally semi-T-nilpotent. We use the counter-ezample
also found in [MSE] to show that it is not locally semi-T-nilpotent:

Consider the family f; : M; — M;+1 of homomorphisms where

Ji My — My
z—x-(p,0).

Neither of those is an isomorphism as each image is the maximal ideal of the next copy
of R. Moreover we have for any n € N

(fuo...o fi)((1,0)) = (1,0)(p,0)"
= (p",0) # 0.

Thus (M;)ier is not locally semi-T-nilpotent and as such does not have the exchange
property.
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4 C-modules

In this chapter we want to introduce the properties C'l1 to C'3. These come from the
notion of a continuous (or quasi-continuous) module. Whilst C'l-modules have been
researched quite a lot both stand alone as well as in combination with C2 or C'3, the
same can not be said about C'2-modules. Hence we want to see some examples of C2-
modules without C'1 as well some properties C'2-modules have. In the last section we
will also define the C'1x property as a stronger version of C'1.

4.1 Cl-modules

Let us start the first section of this chapter +with the definition of C'1-modules.

Definition 4.1.1.
A module M is said to be a C'1- module (or CS-module) if for every submodule N C M
there exists a summand of M such that N is essential in the summand.

Example 4.1.2
Recall the definition of a semisimple module where every submodule is a summand.
Clearly every semisimple module fulfills C'1 since every submodule is essential in itself.

Often times one can also see the following equivalent description of C'1-modules. It
will be important when we introduce C'1¥-modules later on.

Lemma 4.1.3
A module fulfills C'1 if and only if every compliment is a direct summand.

Proof. (This is for example claimed in [CaDl Prop. 2.4], however, no proof is given. For
this reason here is a short one.)

Let M fulfill C'1. Let further N* C M be a complement of N C M. Assume N* is no
summand of M, then by C1 N* C* K C% M. Now we get two possibilities for K, both
being a contradiction:

e KN N =0 is a contradction to the maximality of N*.

e K NN # 0 implies NNN* = (KNN)NN*#0since N* C* K, a contradiction
with NN N* = 0.

Thus our assumption was wrong and N* has to be a summand.
Now let every complement be a summand. We have to show that every submodule
N is essential in a summand. This is however instantly proven as N C* (N*)* for some

double summand (N*)* by lemma [2.1.10 O
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In the next section we will introduce (quasi-)continuous modules which are defined by
the property C'1 as well as some other properties. Right now we want to see some result
we can show without these other properties.

As the radical is a very important submodule, we want to take a look at how C'1
impacts it. Due to C'1 being a property that produces sums, we will use it to separate
a module into a sum with summands having good properties for their radicals. Unfor-
tunately we have to restrict ourself a little bit and can only prove this for superfluous
radicals. Firstly let us take a look at a more general theorem after which we will include
C1 in a corollary.

Theorem 4.1.4
Let M be an R module and let Rad(M) be superfluous. Furthermore let Rad(M) C L
where M = L & N. Then Rad(L) = Rad(M) and Rad(N) = 0.

Proof. As Rad(M) is superfluous in M, we can show that it is also superfluous in L. To
see this, let us assume a submodule U C L with U + Rad(M) = L, we want to show
U=L.ByU+ Rad(M)= L and M = L & N we can see

M = Rad(M)+ U + N.

Due to Rad(M) being superfluous in M, this further implies M = U + N. Now we
use NN L =0and U C L tosee NNU = 0, implying M = U & N. Then we have
M=U®N=L& N with U C L, proving U = L.

As L C M, we also have Rad(L) C Rad(M) by [2.2.10]

On the other hand we can now easily show Rad(M) C Rad(L): we have just seen that
Rad(M) is superfluous in L and as Rad(L) is the sum of all superfluous submodules of
L, this implies Rad(M) C Rad(L). As such we have Rad(L) = Rad(M).

We still have to show Rad(N) = 0. We know by that M = L & N implies
Rad(M) = Rad(L) @ Rad(N) which, as we have seen, implies Rad(M) = Rad(M) &
Rad(N). This being a sum implies Rad(N) C Rad(M) and, as it is a direct sum,
Rad(N) N Rad(M) = 0. Both of these together can only be true if Rad(N) = 0.

0

With this we will next add C'1. This allows us to guarantee the second condition in
the theorem being fulfilled.

Corollary 4.1.5

Let M be an R-module with superfluous radical. Furthermore let M fulfill C1. Then
there ezists a sum M = L & N with Rad(M) = Rad(L) and Rad(N) = 0. Furthermore
Rad(M) is essential in L.

Proof. As M fulfills C'1 and Rad(M) is a submodule of M, there exists a summand
L C% M in which Rad(M) is essential. We can then use the previous lemma to
show Rad(M) = Rad(L) and Rad(N) =0 (for M = L& N).

[
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Now the question remains which modules actually fulfill this. One important group
will be seen in the following example:

Example 4.1.6

By [MaR, Thm. 9.2.1(c)] the radical of finitely generated modules is superfluous. This
especially means for every ring R the module Rg has superfluous radical. As such any
ring that fulfills C'1 can be split into a sum where the radical of one summand is essential
and the radical of the other summand is 0.

4.2 C2, C3 and continuous modules

In this next section we will look at the properties C2 and C'3. With these also comes the
notion of (quasi-)continuous modules. Accordingly the first part of the section will be
about properties of (quasi-) continuous modules, whilst the later part will focus solely
on modules with C2.

Definition 4.2.1.
Let M be a module. Then we define:

1) M is said to fulfill C2 if every submodule of M that is isomorphic to a summand
of M is a summand itself.

2) M is said to fulfill C3 if for any two summands My, M7 C® M with MyN M; =0
their sum My @ M, is also a summand of M.

If M also fulfills C'1 in addition to C2 or C'3, we call it a continuous or quasi-continuous
module, respectively.

A general result for these is C2 implying C'3, hence implying that every continuous
module is quasi-continuous.

Lemma 4.2.2
If a module fulfills C2, it also fulfills C'3.

Proof. Check |[CaD| Prop 2.2].
O

We can furthermore see that (quasi-)continuous modules are generalizations of (quasi-
)injective modules and thus (quasi-)injective modules also fulfill C'1, C'2 and C3:

Theorem 4.2.3
Every (quasi- )injective module is continuous.

Proof. Check |[CaD), Prop. 2.1]. O

Another important general result on the properties C1 to C3 is that they are inherited
by summands.
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Lemma 4.2.4
Let N C® M. If M has C1, C2 or C3, so does N. In particular this means that if M
is (quasi-)continuous, so is N.

Proof. Check |CaD), Prop. 2.7]. O

A very impactful theorem Miiller and Mohamed used in [CaD] to show that continuous
modules have the exchange property was the following one about the radical and singular
ideal. We will also use this later to prove the same result in a faster way.

Theorem 4.2.5

Let M be a continuous module, A(M, M) be its singular ideal and Rad(M, M) the radical
of its endomorphism ring. Then A(M, M) = Rad(M, M), End(M)/A(M, M) is reqular
and idempotents modulo A(M, M) can be lifted.

Proof. For A(M, M) = Rad(M, M) and End(M)/A(M, M) being regular check |[CaD),
Prop. 3.5] and for lifting idempotents check |[CaD| Lem. 3.7]. O

As we said before, Miiller and Mohamed proved continuous modules always having
the exchange property, a result we can not omit.

Theorem 4.2.6
FEvery continuous (and thus every (quasi-)injective) module has the exchange property.

Proof. Check |[CaD), Thm. 3.24]. O

We see that the properties C'1 and C2 together imply the exchange property. The
same can, however, not be said if we weaken C2 to C3, as can be seen in the following
example:

Example 4.2.7
A quasi-continuous module does not necessarily have the exchange property.

Proof. A commonly known counter-example is Zz. Since any submodule is of the form
xZ and any intersection is of the form xZNyZ = LCM (x;y)Z, we get as a first property
that the only summands are Z and 0 and as a second property that all submodules
(except 0) are essential.

On one hand, by the first property, we easily see that C'2 is not fulfilled as we have
Z ~ x7 for all x # 0. Likewise C3 is instantly fulfilled.

On the other hand the second property implies that all submodules are essential in
the summand Z (or in the case of 0, essential in itself). Therefore C1 is fulfilled and it
is a quasi-continous module.

Let us now consider its total. For this we need all endomorphisms which are not
partially invertible. Every endomorphism has the form f, : Z — Z;x +— nx with n € Z.
For each of these we have I'm(f,) = nZ, which is no summand according to the first
property when n # 0 and n # +1. Neither can we constrict the pre-image to a summand,
as by the first property there is no non-trivial summand. Thus no f,, except f_; and
f1, is partially invertible.
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As such Tot(Z) ~ Z\{—1; 1} (when identifying f,, ~ n). This is not additively closed,
therefore Z does not have the d2-exchange property and hence neither has the exchange
property. ]

In conclusion we have seen that on one hand there are quasi-continuous modules that
do not have the exchange property. On the other hand we will see a quasi-continuous
module, which is not continuous, and has the exchange property in the next example.
In particular this shows having the exchange property does not imply having C2.

Example 4.2.8
There are quasi-continuous modules that are not continuous and fulfill the exchange
property.

Proof. As noted by Mohamed and Miiller in [CaD, Ex. 3.26] any local commutative
domain R, which is not a field, fulfills these properties. Let us prove this:

By example we know that R has the exchange property since it is local.

Let us first prove that R is quasi-continuous. For C'l1 let A C R be an ideal. If A =0,
it is essential in the summand 0, so let us assume A # 0. Since R is local, the only other
summand is R itself, so we have to show that A is essential in R. For thislet 0 # B C R
be another ideal. Since A, B # 0 there are a € A, b € B with a,b # 0. Then we also
have ab € A and ab = ba € B since R is commutative. As R is also a domain, we have
ab # 0 and thus AN B # 0.

C3 is quickly shown as the only summands of R are 0 and R itself, hence any possible
sum (that does not intersect) is again either R or 0.

Now let us show that R does not fulfill C2. For this we will show R ~ aR for any
element 0 # a € R. To do this consider

f:R—aR

= ar.

f is a well-defined epimorphism. It is, however, also a monomorphism. To show this,
assume ar = 0 for some r € R. Then, since a # 0 and R is a domain, we instantly get
r=0. [

For a lot of modules, including Utumi modules, which we will introduce later on and
which are a generalization of continuous modules, having the exchange property and
being clean is closely linked. As such we want to take a quick look at the main result of

[CMC.

Theorem 4.2.9
Every continuous module is clean.

Proof. Check [CMC| Thm. 3.9]. O

As was already said, a main goal of this thesis was analyzing the properties C'1 to C'3
on their own. Herefore having examples is very helpful. Finding examples for modules
fulfilling C'1 but not C?2 is rather simple, any true quasi-continuous module fulfills this.
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However, it is rather difficult to find an example for a C'2-module that is not continuous.
Hence here is one such example:

Example 4.2.10
(A module that is C2 but not C1)
Consider the ring R = Z[X]/(4,2X, X?). Its structrue of ideals is as follows:

We can instantly see that it is a local ring and as such has no non-trivial summands.
One one hand, since it is also finite, no submodule can be isomorphic to R and therefore
C2) is trwially fulfilled. On the other hand the three ideals (2),(X), (X + 2) are not
essential in R (since either intersection of two of these is 0) and thus there is no direct
summand for them to be essential in. Hence the ring does not fulfill C'1.

As we have seen, being local made proving C2 very quick. It was, however, not even
needed in this case. We can prove that any finite, commutative ring fulfills C2. For this
we will first look at a much more general theorem where we do not need any element
excluding idempotents to commute.

Theorem 4.2.11
Let R be a ring where every idempotent is central. Moreover let M C® R be a summand
and M ~N CR. Then N C M.

Proof. Let f: M = N and let M = eR for some idempotent e (which exists by .
Then for any € N we have x = f(y) = f(er) = f(e)r and moreover for any r € R we
have er € eR = M, thus f(e)r = f(er) € f(M) = N. In conclusion N = f(e)R.
Furthermore we have e = €2, thus f(e) = f(e?) = f(e)e = ef(e), where the last
part uses the fact that all idempotents are central by our prerequisite. Then we have
f(e) = ef(e) € eR which implies f(e)R C eR. We have already established N = f(e)R
and M = eR, proving N C M. O

This leads to the question which rings even fulfill the property of every idempotent
being central. A few examples can be seen in the following.

Example 4.2.12
Rings where every idempotent is central:
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e Rings where every element is central or in other words commutative rings.

e Fuvery reduced ring, as stated and proven in [Ro@Q), Lem 12.2, p.40]. (A ring is
called reduced if there are no non-zero nilpotent elements.)

o Let M be a square-free module. Then all idempotents of End(M)/A(M) are central
by [CaD, Lem. 3.4].

If we further restrict ourself to finite rings, we can find an even stronger conclusion:

Corollary 4.2.13
Let R be a finite ring where every idempotent is central. Furthermore let M C® R be a
summand and M ~ N C R. Then M = N.

Proof. By the previous lemma [4.2.11| we know that N C M. Since now M and N have
the same (finite) number of elements, this immediatly implies N = M. O

We will now come to the interesting result concerning the property C2:

Corollary 4.2.14
Let R be a finite ring where every idempotent is central. Then Rg does fulfill C2.

Proof. For this we need some summand M C® R and a module N C R with M ~ N.
We need to show that N also is a summand. By we have N = M, so it is a
summand. O

This does also show why we can very quickly check C2 for finite, commutative rings:

Corollary 4.2.15
Let R be a finite, commutative ring. Then Rg does fulfill C2.

Proof. Follows immediatly from [4.2.14] as any element including any idempotent in a
commutative ring is central. [

Now we come back to our previous chapter. In particular we want to prove some
results on the exchange properties of modules that fulfill C'2 and are locally injective.
In order to do this, we want to extract the following lemma on the radical and singular
ideal from another lemma Mohamed and Miiller proved in [CaD].

Lemma 4.2.16
Let M be a module, Rad(M, M) the radical of its endomorphism ring and A(M, M) its
singular ideal. If M fulfills C2, then A(M, M) C Rad(M, M).

Proof. [CaD) parts of Prop. 3.5]

Let f: M — M € A(M,M). Consider m € ker(f) N ker(Id — f). Then 0 =
f(m) = Id(m) — f(m) implies m = 0 and thus ker(f) N ker(Id — f) = 0. Furthermore
ker(f) C* M holds due to f € A(M, M). As such we get ker(Id — f) = 0.

Moreover M ~ Im(Id— f)® ker(Id— f) generally holds, so we get M ~ Im(Id— f).
Since M C% M and M fulfills C2, this implies Im(Id — f) C® M.
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Next let us prove that ker(f) C Im(Id — f). This is, however, immediate due to
m € ker(f) = f(m)=0=m=Id(m)+ f(m) =m € Im(ld— f).

This and ker(f) C* M implies Im(Id — f) C* M. Combined with our previous result
we get Im(Id — f) = M, as M is the only essential summand in M. As such Id — f is
an automorphism, which is to say a unit in End(M).

Since A(M, M) is an ideal, we can analogously prove Id — fg for any g € End(M).
Thus f € Rad(End(M)) = Rad(M, M).

In conclusion A(M, M) C Rad(M, M).

Following this, we instantly get the next theorem.

Theorem 4.2.17
If a module M fulfills C2 and A(M,M) = Tot(M,M), it also has the B2-exchange
property.

Proof. By lemma [4.2.16| we have A(M, M) C Rad(M, M), as M fulfills C2. Since in
general Rad(M, M) C Tot(M, M), we get
A(M, M) C Rad(M, M)
C Tot(M, M)
= A(M, M).

In conclusion Rad(M, M) = Tot(M, M), which is equivalent to M having the B2-EP.
O]

We recall the definition of a locally injective module M and, more importantly, theo-

rem which implies A(M, M) = Tot(M, M).

Corollary 4.2.18
If a module M 1is both locally injective and it fulfills C2, it also fulfills the B2-exchange
property.

Proof. By theorem we have A(M, M) = Tot(M, M) as M is locally injective. Thus
the claim follows by the previous theorem [4.2.17] O

As we have seen in example[3.2.12] this is not true if we omit C2. As we know a module
that is a sum of injective modules is locally injective, we can improve the previous result
if those injective summands also have local endomorphism rings.

Corollary 4.2.19

If M = @,.; M; is an LE-decomposition where every M; is injective and M fulfills C2,
it also fulfills the exchange property.

Proof. As M has a decomposition into injective modules, it is locally injective by theorem
3.2.7. Thus it has the B2-EP by our previous corollary [4.2.18 Finally, since M has

an LE-decomposition, we know that the B2-EP is fulfilled if and only if the exchange
property is fulfilled by theorem [3.2.2] O
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4.3 Automorphism-invariant and large restricted
modules

In this section we want to see two more types of modules that are connected to the C2
property. The first type are so-called automorphism-invariant modules (recently often
abbreviated to auto-invariant modules), which also fulfill C2. The second type are large
restricted modules, which were studied by Kasch. We will see that every module with
C2 is large restricted.

For the automorphism-invariant modules we first want to take a look at the following

theorem, which gives a connection between quasi-continuous modules and the injective
hull:

Theorem 4.3.1

Let M be a module and n: M — @Q be an injective hull. (Since n is a monomorphism,
we will assume M C Q.) Then M is quasi-continuous if and only if f(M) C M for any
idempotent f € End(Q).

Proof. Check |[CaD), Thm. 2.8]. O

Now we want to introduce automorphism-invariant modules. As their name suggests,
these are modules which are invariant under certain automorphisms, namely those of
their injective hull.

Definition 4.3.2.
Let M be a module and n : M — @ be an injective hull. (Since 1 is a monomorphism,

we will assume M C Q.) We call M automorphism-invariant if for any automorphism
¢ Q — Q we have ¢(M) C M.

Automorphism-invariant modules fulfill two very important properties we are inter-
ested in. The first of is that they always fulfill C2.

Theorem 4.3.3
Every automorphism-invariant module fulfills C2.

Proof. [MSAlL Comment on last page]. O

The second property we are interested in is that automorphism-invariant modules
always have the exchange property.

Theorem 4.3.4
FEvery automorphism-invariant module has the exchange property.

Proof. Check [AEP, Thm. 3]. O

On this ground Asensio and Srivastava were able to prove the following, which yet
again shows a connection between clean modules and those with the exchange property.
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Theorem 4.3.5
Every automorphism-invariant module is clean.

Proof. Check [AEP, Cor. 4]. O

We want to end the part on automorphism-invariant modules with another definition
for which it has been shown that it is equivalent to that of automorphism-invariance.

Definition 4.3.6.
Let M be a module. Then we call M pseudo-injective if for every A C M and every
monomorphism ¢ : A — M there is an extension ¢ : M — M with 1|4 = ¢.

We can clearly see the connection between pseudo-injective and quasi-injective mod-
ules. The only difference is that for quasi-injective modules any homomorphism, instead
of every monomorphism, needs to be extendable. Thus the following is immediate:

Lemma 4.3.7
Every quasi-injective (and thus every injective) module is pseudo-injective.

Proof. Follows immediately from the definitions. m

This also implies that every (quasi-)injective module is automorphism-invariant through
the next theorem.

Theorem 4.3.8
A module is automorphism-invariant if and only if it is pseudo-injective.

Proof. Check [MSA| Thm. 16]. O

Now let us come to the second type of module we want to discuss in this section.
These so-called large restricted modules were first introduced by Kasch and Mader in
[RMT] and have not been further researched a lot since. However the property can for
example be found in [CaD] without a designated name.

Definition 4.3.9.

Let M be a module. We then call M restricted for large submodules or simply large
restricted if and only if every monomorphism f : M — M with essential image is
already an automorphism, that is Im(f) = M.

A quick example for large restricted modules is the following:

Example 4.3.10
Let M be a finite module. Then it is large restricted, as any monomorphism between
finite modules is an automorphism.

Mohamed and Miiller have proven the following in [CaD], which gives a connection
between quasi-continuous, continuous and large restriced modules.
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Lemma 4.3.11
Let M be a quasi-continuous module. Then it is continuous if and only if it is large
restricted.

Proof. Check [CaD), Lem. 3.14]. O

In the proof of Lem. 3.14 the authors write that the "only if” part is obvious, we can
however actually specify the statement (as it does not rely on M having C1). Since it
is a rather interesting result, we want to give a proof.

Lemma 4.3.12
Let M fulfill C2. Then M 1s large restricted.

Proof. To show this let f : M — M be any monomorphism with Im(f) C* M. We
want to show Im(f) = M.

Since M C® M and f|"™) . M — Im(f) is an isomorphism (as f was already
a monomorphism), we get by C2 that Im(f) C® M. As such Im(f) is an essential
summand, which can only be M itself. Thus Im(f) = M. O

As an immediate consequence a lot of the modules we have seen ao far are large
restricted:

Corollary 4.3.13
Every module of the following types is large restricted:

e (quasi-)injective modules
e continuous modules
e automorphism-invariant modules.
Proof. Follows immediately as each of these fulfills C2. O

Furthermore we can ask ourselves how important the quasi-continuous part of lemma
is and whether we could show that C2 and large restricted are equivalent. How-
ever, we can show that this is not the case with the following counter-example, which
can partially be found in [CaD| Ex. 2.9].

Example 4.3.14
(of a large restricted module that is not C2)

We have already seen in example that every finite module is large restricted.
As such any finite module not fulfilling C2 can be seen as an example. We will see later

inf.4.3 that the ring
R {F F}

0 F

s not fulfilling C3 for any field F'. This especially implies that for F' = Fy the module
Rp is a finite module that does not fulfill C?2.
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We want to close this section with the following theorem from [RMT] where Kasch
and Mader proved a more general result of lemma [4.2.16| for large restricted modules,
which by the above is thus true for modules fulfilling C2, as well as some corollaries.

Theorem 4.3.15
Let M be large restricted. Then we have for any R-module N

A(M,N) C Rad(M, N).
Proof. Check RMT), Thm. III1.1.2]. O

As Kasch and Mader also proved in [RMT], this gives us an immediate result for large
restricted locally injective modules.

Corollary 4.3.16
Let M be large restricted and locally injective. Then
A(M, M) = Rad(M, M) = Tot(M, M).
In particular this also means that M has the B2-EP.
Proof. Follows from the theorems [4.3.15| and [3.2.4] O

We can use this to get a result for modules with LE-decompositions that also fulfill
these properties.

Corollary 4.3.17
Let M = @,.; M; be a LE-decomposition. Furthermore let M be locally injective (for
example because every M; is injective) and large restricted. Then M has the EP.

Proof. Follows instantly from theorem [3.2.2] which says that for a module with LE-
decomposition the EP and B2-EP are equivalent. O

4.4 Cl*-modules

We return to the definition of C'1. As we have seen in[4.1.3] we can describe it as ”every
complement is a direct summand”. One may make the assumption that the sum would
be with the usual double-complement. Indeed this is the definition for C'1 found in
[RMT]. We will give this the name of C'lx to differentiate between the two definitions.
As we will see later on these are indeed not the same.

Definition 4.4.1.
Let M be a module. Then we say M fulfills C'1x if for every submodule N C M and its
complement N* and double-complement N** (with N C N**) we have M = N* & N**.

In the case of (quasi-)continuous modules these two definitions are interchangable, so
we can visualize a chain of

C'1 — modules D C1 x —modules D quasi-contionuous modules.
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Lemma 4.4.2
Let M fulfill C3. Then it fulfills C'1 if and only if it fulfills C'1x.

Proof. Since C'lx immediately implies C'1 by lemma [£.1.3] we only have to show C1
implying C'1*. As such let M fulfill both C'1 and C3. Now given any submodule N C M
and its (double)-complements N* and N** (with N C N**), we have N* N N** = 0 by
definition of them being complements. Since each of them is a complement of some
submodule, both of them are summands by C'1. As such we can use C3 to obtain
N* @& N* C® M. However by we also have N* @ N** C* M. As the only essential
summand is M itself, we have N* & N** = M proving C'1x. m

Having shown this, the question still remains whether the two definitions could be
equivalent. The next example shows this not being the case. Considering our previous
lemma, this means it doubles as an example of a module that is C'1 but not C3.

Example 4.4.3
(of a C1-module that is not C1%; parts of this also found in [CaD, Ex. 2.9])
Given a field F, we consider the ring

N

where we use the usual addition and multiplication for matrices. Then we can compute
its submodules (that is its ideals):

First we consider the determinant of a matriz [ b}, which 1s ad. If it is not 0, the

a

0 d
matriz is invertible and thus any ideal containing any such matrix can only be R itself.
Therefore we can consider only matrices whose determinant is 0, that is only matrices

where either a or d is 0 as F' is a field.

So let A = [(C)L d} be a matriz in an ideal I. In the first case where d = 0 and either
a# 0 orb+#0 we can compute I to be the ideal 0 g

In the second case where a = 0 and d # 0 we see that the ideal generated by A is
the ideal {8 2} if we choose b = 0. In the other subcase where b # 0 we get the ideal
0

0

than one possible ideal and as such can also add any of these up (that is take an ideal

generated by A to be I, .= F [ li] for some k € F. Unlike the first case we get more

generated by more than one matriz) to get the last possible non-trivial ideal [8 F] .

To better understand the structure, we can also visualize it:
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0 b
A

102{8 ﬂ {0 F] Ik:FB llf}(’”éo)

!

: FF 0 0 FF :
Looking at these, we see that R = {0 0] ) {O F} = {0 0] @ Iy (with k #0) are

the only non-trivial possibilites for direct sums. We also instantly get
0 F 0 0
{0 F] - {o F} ® I
(k # 0) being a sum of two non-intersecting summands and still not being a summand

itself, proving R does not fulfill C3.
Proving C1 is rather quick as well. We use the definition where we have to show

that every submodule is essential in a summand. With the exception of [8 ?] and

Iy = [8 Ig} every ideal is already a summand, thus essential in itself. The first exception

15 essential in R and the second one is essential in 0 g :
Now we want to show R does not fulfill C1x. Consider the ideal I, for any k # 0. Then

0 0

0 F} . Now we want a complement of this that also

one possible complement is I} = {

contains I. Since [8 1; s the only non-trivial ideal containing Iy, which however
is mot a complement for I}, we see that the only possibility is (I})* = Iy. However
I, ®I; = [8 ?] # R and thus Clx is not fulfilled.
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5 Utumi modules

In this chapter we want to take a look at some of the most recent research on this topic,
the so-called Utumi modules. At first we, however, have to go way back to some of the
older literature on the exchange property.

5.1 Semi-I-regular and suitable modules

In this section we want to form a basis for the main theorem in the next section on

Utumi modules. For this we will take a closer look at W.K. Nicholsons work [LI] on

suitable rings, which proved the exchange property for clean rings among other things.
First, let us define suitable rings.

Definition 5.1.1.
Let R be a ring.

e An element z € R is called suitable if it fulfills one of the following four equivalent
conditions:

1. There exists an idempotent ¢ € R with e — x € (z — 2?)R.

2. There exists an idempotent e € R and ¢ € R with (1—e)—(1—xz)c € Rad(R).
3. There exists an idempotent e € R with R = eR + (1 — x)R.

4. There exists an idempotent e € xR with 1 —e € (1 — 2)R.

e R is called suitable if every x € R is suitable.
Proof. (of equivalence): Check |LI, Prop. 1.1]. O

We will skip a little ahead in Nicholsons work to see why these rings are of interest
for us: He proved that suitable endomorphism rings have a very important property for
their corresponding module, namely proving the exchange property.

Moreover we want to note that Nicholson uses left-modules whilst we are using right-
modules. As stated by Nicholson, the following theorem implies that all of his results
are also correct for right-modules.

Theorem 5.1.2
Let M be a module. Then the following are equivalent:

1. End(M) is right-suitable.

2. End(M) is left-suitable.
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3. M has the finite exchange property.

(where right-suitable is our definition for suitable and left-suitable is the obvious dual
notion. This also proves that suitable is a notion in which we do not need to differentiate
between left- and right-suitable.)

Proof. Check [LI, Thm.2.1]. ]

Corollary 5.1.3
A ring 1s suitable if and only if it is an exchange ring.

Let us take a step back and check which rings we can prove to be suitable. The
following lemma was formulated by Nicholson only for Rad(R), but he noted it was
possible to prove it for any I C Rad(R). Since we are also very interested in some of
those possibilities for I, we will give this extended prove.

Lemma 5.1.4
Let R be a ring and I C Rad(R) be any ideal contained in its radical.

Then R is suitable if and only if R/I is suitable and idempotents can be lifted modulo
1.

Proof. (taken from [LI, Prop. 1.5].)
First let R/I be suitable and idempotents liftable. We want to show R is suitable.
Let 2 € R. WriteT = 2+ € R = R/I. Since R is suitable, there exists an idempotent
@ € TR and an element ¢ € R such that

1-a=(01-7)

Y

Due to @ € ZR, we will assume a € zR. As we can lift idempotents, there also exists an
idempotent f € R with f = @, which is to say f —a € 1.

Since I C Rad(R), we get f —a € Rad(R), which implies that w :=1— (f —a) is a
unit in R. Then we also get

and thus also u=' =T € R.
Next let us define e := ufu™! € R. First this gives us e
and second this implies

e=(—f+a)ful=(f—-F+afju’

=aful.

2 = e since f is idempotent

-1

As a € zR, we get e € xR. Furthermore we have € = f =@ due touw = u
e =ufu~!. Going back to our original equation, we get

=1 and

l-e=1-a=(1-7)c
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This implies (1 —e) — (1 —z)c € I C Rad(R). Hence, by definition, x is suitable and
thus also R is suitable.

Now let R be suitable. Then by [LI, Cor. 1.3] we can lift idempotents modulo every
ideal including I. Moreover by [LI, Prop. 1.4] every homomorphic image of a suitable
ring is suitable. As R/I is the homomorphic image of the canonical morphism, it is
suitable. O

Next Nicholson proves that every semiregular ring is suitable. We want to introduce
a new notion, that of a semi-/-regular ring, for which this also holds.

Definition 5.1.5.
Let R be aring and [ be an ideal. Then we call R semi-I-regular if it fulfills the following
two conditions:

e R/I is regular and
e we can lift idempotents modulo I.

Moreover we say a module M is semi-I-reqular for some I C End(M) if End(M) is
semi-/-regular.

We want to split Nicholsons next proposition into two different theorems.

Theorem 5.1.6
Every reqular ring is suitable.

Proof. Check |LI, Proof of Prop. 1.6]. O

Furthermore let us give a more general result of Nicholsons proposition:

Theorem 5.1.7
Let R be a ring and I C Rad(R) be an ideal. If R is semi-I-regular, it is suitable.

Proof. (analogue to the proof of [LI, Prop. 1.6]) R/I is regular since R is semi-/-regular.
Thus it is suitable by our previous theorem. Also, since R is semi-/-regular, we can lift
idempotents modulo I. And finally, since I C Rad(R), we can use lemma to show
that R is suitable. O

We can combine these results to the following theorem which we will use in our next
section:

Theorem 5.1.8
Let R be a ring, I C Rad(R) and R be semi-1-reqular. Then R is an exchange ring.

Proof. From our previous theorem we immediately get that R is suitable. Then corollary
tells us that R is an exchange ring. O]

Now we can apply this result on the endomorphism ring of a module to get the
following.
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Corollary 5.1.9
Let M be a module, I C Rad(End(M)) and M be semi-I-reqular. Then M has the finite
exchange property.

Proof. By our previous theorem we know that End(M) is an exchange ring and
thus by theorem M has the finite exchange property. O]

As a main result of this thesis we can now formulate the following implication for
modules with LE-decomposition that are semi-/-regular.

Theorem 5.1.10
Let M be a module with LE-decomposition. Furthermore let I C Rad(End(M)) and M
be semi-I-reqular. Then M has the exchange property.

Proof. By our previous corollary we know that M has the finite exchange property
and by theorem we know that for modules with LE-decomposition this is equivalent
to having the exchange property. O

In the second section we will see a similar result to the above for another type of
module. First, however, we want to prove another main result connecting different
exchange properties and the singular ideal with semi-/-regularity.

Theorem 5.1.11
Let M be semi-A(M, M)-reqular. Then M has the finite exchange property if and only
if M has the B2-exchange property.

Proof. Since the finite exchange property always implies the B2-exchange property let
us assume that M is semi-A(M, M)-regular and has the B2-exchange property. By
theorem M has the exchange property if End(M) is suitable. Due to M having
the B2-exchange property, we have Rad(M,M) = Tot(M,M). As such A(M,M) C
Tot(M,M) = Rad(M,M). Hence we can use theorem [5.1.4] which implies End(M) is
suitable.

[]

5.2 Utumi modules

Recently the notion of Utumi modules was introduced, which are generalizations of both
continuous and automorphism-invariant modules. As such we will also take a look at
them and their connection with the exchange property. First let us introduce them:

Definition 5.2.1.
We call M a Utumi module if for any A, B C M with A ~ B and AN B = 0 we have
summands K, L C% M with AC* K, BC* L and K& L C% M.

Recall that square-free modules are modules that do not contain a submodule iso-
morphic to a square A @ A. As noted in [UM| Ex. 2.2], square-free modules are Utumi
modules.
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Example 5.2.2

Let M be square-free. Then M is a Utumi module, as the existence of A, B C M with
A~B, A B +#0 and AN B = 0 would imply the existence of the square AGB ~ A® A.
Since ANB =0 we get A A~A® B =0, which implies A = B =0, we then choose
K:=L:=0C% M.

Conversely, we have already seen an example of a module that is not a Utumi module.

Example 5.2.3

As an ezample for an R, that is no Utumi module, we look at the ring Z[X]/(4,2X, X?),
which was our example of a module with C2 but without C'1 (check example . We
have (2) ~ (X) with (2) N (X) = 0, however (2) is not essential R, which is the only
summand containing (2).

Also recently N. Ding, Y. Ibrahim, M. Yousif and Y.Zhou found a generalization of
C3-modules and aptly called them C4-modules in [C4]. These are of interest, as later
on Ibrahim and Zhou also showed that every Utumi module is C4. First let us give the
definition they found.

Definition 5.2.4.
A module is said to fulfill C4 if for every decomposition M = A; @& A, and every
homomorphism f : A} — Ay with ker(f) C% A; we have Im(f) C% As,.

We call a module pseudo-continuous if it fulfills both C1 and C4.

The basis for their work on C4-modules was [C3|, prop. 2.3] where Amin, Ibrahim and
Yousif showed that C3-modules fulfill the property they would later call C4. The proof
for the following lemma can thus be found in both [C3] and [C4].

Lemma 5.2.5
If a module fulfills C3, it also fulfills C4. Thus every quasi-continuous module is also
pseudo-continuous.

Proof. Check [C4l Lem. 2.1]. O
We come back to the Utumi modules and their connection to C4-modules.

Lemma 5.2.6
Every Utumi module fulfills C4.

Proof. Check [UM) Lem. 2.8]. O

The next theorem connects our previous chapters to this one as it shows that Utumi
modules are a generalization of types of modules we have already seen:

Theorem 5.2.7
Every automorphism-invariant module as well as every pseudo-continuous module (and
thus also every (quasi-)continuous module) is a Utumi module.
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Proof. For automorphism-invariant modules check [UM] ex. 2.6] and for pseudo-continuous
modules check [UM|, Cor. 2.15]. O

Example 5.2.8

With this theorem we can give a lot of examples for Utumi modules. However, we can also
ask the question whether there are Utumi modules that do not fall in any of those other
categories. Fortunately this was already answered confirmedly by Yousif and Ibrahim:

e FEvery (quasi-)injective module is a Utumi module.
o 7y is a Utumi module as it is quasi-continuous.

e In the same way every local commutative domain s a Utumi module as we have
seen they are quasi-continuous.

e [t is, however, possible to give an example of a module that is Utuma whilst neither
being automorpism-invariant, square-free nor a C'l-module (and thus not (quasi-
/pseudo-)continuous).

We will refer to [UM, ex. 2.19] where Yousif and Ibrahim show that the two Z-

modules
k
M, ::Q@@Z/pz (ke NU{oo}, k> 1; p prime)
i=1
and
My, =Q® @Z/piZ@ L ({p:i|i € I} distinct primes ;0 # L C% @Z/piZ)}

iel iel
are Utumi modules that do not fulfill any of the properties previously mentioned.

As Yousif and Ibrahim note, several types of modules are clean if and only if they
fulfill the (finite) exchange property. They reference this result for quasi-continuous as
well as for square-free modules. Since Utumi modules are generalizations of these, the
question whether this result also holds for them is reasonable. They were able to answer
this affirmatively:

Theorem 5.2.9
Let M be a Utumi module. Then the following are equivalent:

1. M s clean.
2. M has the finite exchange property.
3. M has the exchange property.
Proof. Check [UM), Thm. 5.2]. O
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Next, let us give a new result on Utumi modules and the exchange property. This is
where the last section, where we expanded upon Nicholsons work, is necessary.

Theorem 5.2.10

Let M be a Utumi module. Furthermore let I C Rad(End(M)) and End(M) be semi-
I-regular. Then M has the exchange property.

Proof. Since End(M) is semi-I-regular for I C Rad(End(M)), it is an exchange ring by
theorem [5.1.8, Thus M has the finite exchange property by theorem [3.1.3] Finally by
the previous theorem M has the exchange property. O

Example 5.2.11

This gives us a much easier method for showing that certain Utumi modules have the
exchange property. We have already seen that the property was proven for continuous
and automorphism-invariant modules. As we know they are Utumi modules, we can give
shorter proofs now:

e Let M be continuous. By theorem we see that End(M) is semi-A(M, M)-
reqular and A(M, M) C Rad(M,M). Since continuous modules are Utumi mod-
ules by theorem |5.2.7, we can use the previous theorem to see that M has
the exchange property.

e Let M be automorphism-invariant. By [AEP, Prop. 1] M is semi-A(M, M)-
reqular (and A(M, M) = Rad(M, M) ). Thus we see again that M has the exchange
property.

(It should be noted that [AEDP] uses the same decomposition as [UM] to show that a
module fulfills the EP and thus the above should only be seen as an abbreviation of their

proof.)
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6 An extensive example

In this last chapter we want to take a closer look at an example of a module which does
fulfill C'2 but not C'1l. The module in question is a ring seen as a right-module over itself.
Parts of this example were also published in [CI, Ex. 4.8], where it was shown that Rg
does fulfill C'3 but gz R does not.

Furthermore it was also shown in [CI] that the module has the exchange property.
The author of the source keeps himself rather short on the explanation, as such most of
our following first two sections can be seen as an extension of what was already written
there.

In the third section we want to take a closer look at the radical, total and singular
ideal of the module. The penultimate section will contain quite a lot of calculations. In
this section we will take a look at the properties C'1 and C2, since, until now, we only
know about C'3. Sadly, especially proving C?2 is quite a computational task and as such
we can only show it in a very specific subcase.

The last section will be a concluding summarization.

6.1 Setting up the example

Consider the (non-commutative) ring

R:=F<uzyz>/(2* 2,9 —y, 2y —y,yr — x,y2 — 2, 2°, 272)

where F' is any field. (Do note that the notation F' < --- > is meant to imply a polyno-
mial extension where the variables do not commute with each other.) By construction
R has the following properties:

o 2=gandy? =y
e xy=yandyr ==
o Yz =u1az2

e 22 =0 and zzz = 0.

First of all, let us take a look at how elements of the ring even look like. By con-
struction we only have the monomes 1,z,vy, 2, xz, 2z, 2y, xzx, xzy left and as such any
element r € R is of the form

r=a-+br+cy+dz+exz+ fzrx+ gzy + hrze + ixzy
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with a, ..., € F. When using concrete values, this can be used to calculate products
very well, however for general purposes it becomes cluttered very fast. As such we will
often instead use 9-tupels to calculate products. For the readers convenience here is how
a general product thus looks like:

_@0_ [a,] [ oGy 1
bo b1 (lobl + bobl + b0a1 + Cob1

Co 1 apcy + bocy + coar + cocy

do dl Cl()dl + doa1

€| - e | = ape; + b0d1 + boel -+ Codl + cpe1 + epaq

fo fi ap f1 + doby + foar + fob1 + goby

90 0 apg1 + doc1 + foc1 + goar + goca

ho hy aohy + bo f1 + boh1 + co f1 + cohi + egby + hoay + hoby + 1gby
[0 ] |71 | apiy + bogr + boit + cogr + cotr + egcy + hocy + igay +igcy |

Now we want to consider the right-module Rg. By [CI] it is a C'3-module, we want
to study it for more properties.

6.2 An important ideal

As x and y are idempotents, we already know quite a lot about the ideals they generate
respectively, notably that they are summands. But what about the ideal generated by
2?7 We will find that it will help us study the module on multiple occasions. Therefore
let us consider I := RzR. Then we have for any ¢ € I:

t =127
=(a1 +hr+cay+diz+exz+ fize + gizy + hixze + iyxzy)zr
= (mz+ (b1 + c1)xz + 0)(ag + box + coy + doz + esxz + fozx + gozy + hoxzx + iz zy)
= a1a9z + (b + ¢1)asxz + arbozx + (by + c1)byzzr + aycozy + (by + ¢1)coxzy + 0
=dz+éxz + fzx + gzy + hazx + Emzy.

Conversely any s € R that has this form also is an element of [ as z, xz, zx, 2y, vzx, xzy €
RzR = I and thus any multiple and sum of these also is an element of I.
Hence we have

I ={dz+exz+ fzx + gzy + hxzx +izzyld,... i € F'}
={[0,0,0,d,e, f,g,h,i]|d,...,i € F}.

Now that we have constructed the ideal, we can take a look at some of its properties.
Our goal will be to show that R is an exchange-ring. For this we want to prove that R/
is clean and we can lift idempotents. In order to do that we need the following lemma
which shows a needed connection between I and Rad(R).
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Lemma 6.2.1
Let I = RzR be the ideal generated by z in our module and let Rad(R) be its radical.
Then we have I C Rad(R).

Proof. To show this we will simply prove that for every ¢t € I the element 1 + ¢ is
right-invertible and thus ¢ € Rad(R) by lemma [2.2.7]

Assuchlett =[0,0,0,d,e, f,g,h,i| € I. We claim that [1,0,0, —d, —e, — f, —g, —h, —1]
is the right-inverse of 1 +¢. Let us calculate this:

1 1 1x1

0 0 0+0+0+0

0 0 0+0+0+4+0

d —d —1xd+d=x1

el -|—el = —1%xe4+04+04+0+0+ex1 =1.
f —f —1xf+0+fx14+0+4+0

g —g —1xg4+0+0+g*x1+0

h —h —1+xh+0+04+04+0+0+hA*x14+0+0

i | =i | -1+ 0+04+04+0+0+0+ix1+0 |

]

An interesting remark when looking at the calculation in the proof above is that for
any two s,t € I we get s-t =0 and thus I? = 0. (A result that, in general, is not true
for ideals in non-commutative ring that are generated by a nilpotent element):

Lemma 6.2.2
Let I = RzR be the ideal generated by z. Then we have I? = 0, thus I is nilpotent.

Proof. Follows from ztz = 0 for any ¢ € R, which can easily be checked from the
equations 22 = 0, zzz = 0 and yz = x2. O

Next up we want to consider the ring R/I and see that we can lift idempotents. By
construction of I we instantly see R/I = {[a,b,¢,0,0,0,0,0,0]|a,b,c € F}. To avoid
those zeroes for better readability we will simply use R/I ~ {[a,b,c]|a,b,c € F} with
the same multiplication R uses on its first three components.

In order to show the lifting property we will show it more generally for any nilpotent
ideal.

Lemma 6.2.3

Let Ry be any unitary ring and Iy be a nilpotent ideal. Then we can lift idempotents
fmm_Ro/[O to Ry, that is for every idempotent € € Ry/1y there is an idempotent f € Ry
with f =e.

Proof. (Taken from [SE].) Let € be an idempotent, then we have e € Ry not necessarily
idempotent. We will define r := 1 — e, then on one hand we have e +r = 1 and
especially €+7 = 1 and on the other hand we have 7 being an idempotent in Ry/I, (due
to(l—e)?=1—-2+e*=1—-2e+e=1—¢).
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Next up we consider er = e(1—e) = e—e? = (1 —e)e = re, thus e and r commute, and
e —e?2 =0 mod Iy, that is er € I;. Next up we use the prerequisite that I, is nilpotent,
resulting in (er)* = 0 for some k.

Now we consider 1 = 1% = (e +7)F = €* + r* mod I, where the latter equation simply
follows from er € Iy and thus any mixed terms vanishing. Now let z := 1 — (e* + r¥).
Due to our previous observation we have x = 0 mod Iy, or in other words z € I,. Also
we will note that by construction of x as well as e and r commuting, x also commutes
with both e and 7.

Next let u := (1 — z)™' € Ry. This exists due to x being nilpotent (which follows
from x € Iy and Iy being nilpontent) and the difference of 1 and any nilpotent element
always being invertible with concrete value v = 1+z+...+2'~! where 2! = 0. Moreover
u=l4+z+...+27'=140+... 407" =1 mod I,. Finally v also commutes with e
and r due to being a sum of values commuting with these.

Using these properties we can conclude the following: wuef + ur® = u(ef + r¥)
u(l —z) = 1. We then multiply both sides by ue® to get (ue¥)? + u?efr* = 1 - ur
using the the fact that all of these commute. However, since efr¥ = 0, this leaves
(ue)? k k¥ is an idempotent in Ry. Lastly f = we* = T

B

= ue”, so f := ue leh =et =¢e
completes the claim. O

Using these two we can now conclude that we can lift modulo I:

Corollary 6.2.4
Let I = RzR be the ideal generated by z. Then idempotents of R/I can be lifted.

Proof. Follows directly from [6.2.2] and [6.2.3] O]

Having shown that we can lift idempotents, our next step will be showing that R/I is
a clean ring. For this we want to remember the connection R/I ~ {[a,b,c]|a,b,c € F}
with the inherited multiplication. Using this, we split the proof in three simple lemmata.

Lemma 6.2.5
Let v := la,b,c] € R/I with a+0b+c # 0 and a # 0. Then r is invertible with
ri=s:=[a!~ba Y a+b+c) ', —ca(a+b+c)']:=[a,b,d.

Proof. First note that s is well-defined as we operate in a field and as such any value
(except 0) does have an inverse. Then we simply calculate the products rs and sr to be
equal to 1:
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and

1 1
atb—(b+c+apat(a+b+c)t| = |0 =1
alc—(b+c+a)eaa+b+c)™?

Having found some units, we next need to compute some idempotents:
Lemma 6.2.6
Letr, :=[0,1—k,k| € R/T and sy =1—ry, = [1,—1+k,—k] € R/I. Then both of these

are idempotents.

Proof. We again simply compute this:

and

k 0k+(1—kk+k>+k-0

2
1 1-1
—14+k| = |1(-1+k)+(-14+k)>+ (-1+k)(—k)+ (-1+ k)1
—k 1(=k) + (=14 k)(=k) + (k)2 + (k) - 1
1
E—141-2k+k>+k -k +k—1| =sy.
—k+k—k+E -k
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[a a o aa

bl - |b| = |ab+bb+cb+ba

ke ¢ ac + bc + cc + ca

[ aa™! 1 1
(a+b+c)(=ba(a+b+c) ) +ba | = |—bat+ba'| = |0] =1
(a+b+c)(—cat(a+b+c))+cat —ca™ '+ ca™? 0

a a 3 aa )

b| - |b| = |ab+bb+cb+ba

¢ c ac + be + cc + ca

|

2
0 0-0
1—k| =|00—-k)+(1—-k?+0-kk+1—-k0| = [1-2k+k>+k—k
k—k +k
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Now we have the necessary idempotents and units to prove R/I is clean.

Lemma 6.2.7
R/I is a clean ring.

Proof. We have to show that every element is a sum of a unit and an idempotent, so let
r=[a,b,c] € R/I. We will look at different cases and prove each individually:

a+b+c#0 and a # 0: This case is fairly easy, as by r is a unit and as such is a
sum of itself and the idempotent 0.

a+b+c#0and a=0: We consider [0,b,c] =71 := 514+ s9 = [1,—1,0] + [-1,b+ 1, ¢].
By s1 is idempotent (when choosing sy := s; with k = 0)
and since —1 # 0 and (—=1)+ (b+1)+c=a+b+c#0, we
can use to show s; is a unit.

a+b+c=0and a# 0: We will consider 7 = s; + s9 = [0,1,0] + (a,b — 1,¢). s; again
is idempotent by (this time choosing s; = 1 with k = 0)
and since a ZO0and a+ (b—1)+c=0—1=—1#0,[6.2.5

shows sy is a unit.

a+b+c=0and a=0: Lastly we will use r = s + s = 1+ [—1,b,¢], where 1 is
obviously idempotent and s, is again a unit as —1 # 0 and
—14 b4 c= —1+# 0 also fulfills the requirements of

]

Now we have shown that I C Rad(R), that we can lift idempotents mod I and that
R/I is clean. The following theorem then implies R being an exchange ring.

Let us remember the notion of a suitable ring. We have proven in that a ring is
an exchange ring if a quotient ring is suitable and we can lift idempotents. In chapter
we focused on regular quotient rings, we can, however, also prove the same for clean
quotient rings:

Lemma 6.2.8
Let R be any ring and A C Rad(R) be an ideal contained in its radical. Also let R/A be
clean and let idempotents be liftable modulo A. Then R is an exchange ring.

Proof. Since R/A is clean, it is also suitable by [LI, Prop. 1.8]. Then we can use
lemma to show that R is suitable as we can lift idempotents, R/A is suitable and
A C Rad(R). Finally, by corollary |5.1.3] this is equivalent to R being an exchange
ring. 0

Having proven the above, we can finally show that R is an exchange ring.

Theorem 6.2.9
R is an exchange ring.
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Proof. This follows from [6.2.8 as by [6.2.1| I is a subset of Rad(R), by R/I is clean
and by we can lift idempotents modulo .

]

Before moving on to the next section, we also want to show some small fact about I
which will be necessary later on.

Lemma 6.2.10
I is not essential in R.

Proof. To show this we simply need to find some ideal 0 # U C R with U N[ = 0. For
this let us take a look at U := (z — y)R. Then we have for some u € U:

0
071 Tl bta—b o
1 b c—a—c a
—1 Is 0 —a
u=(r—y)r=1_ il =ld+te—d—e|l =11,
. 0
. . O .
L0 U | f+h=—f—n] LV
| g+i—g—1 |

thus showing U = {0, a, —a,0,...,0]|la € K}. We can immediately see U N[ = 0.
[l

6.3 On the radical, total and singular ideal of R

Next up we want to determine the important ideals of R. First we know that radical
and total are the same as, by the previous section, R is an exchange ring. As such the
singular ideal is contained in the radical, as it is always contained in the total. The
question remains whether they are identical.

To do this we first calculate the radical in two steps:

Lemma 6.3.1
Letr =[a,b,c,...] € R witha # 0. Then r ¢ Rad(R).

Proof. We know that if r € Rad(R) was true, then 1 —rs would be a unit for any s € R.
Hence, in order to show that r is not an element of the radical, we will simply find some
s which does not fulfill this. An example would be s := [a™1,0,0,...,0]. (This is well
defined as a # 0 and we are operating over a field.) Therefore we have:

1 a a~! 1—aa™?! 0
0 b 0 —ba~ ! ba~*
L=rs= 1ol = lcl 1o | = | 2ca=t | = |ea?
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Thus 1 — rs has a zero in its first entry. As such also any product (1 — rs) - ¢ will have
a zero in its first entry. However, then it cannot be 1, as 1 = [1,0,0,...]. Thus 1 —rs is
not a unit and therefore r ¢ Rad(R).

O

Using this lemma we can calculate the radical in the second step.

Lemma 6.3.2
We have Rad(R) = {[0,b,—b,d,e, f,g,h,i]|b,d,...,i € K}.

Proof. By the previous lemma we know that the first entry of any element of
Rad(R) has to be zero. Next up we use the fact that in we have shown I C Rad(R)
where I = RzR = {[0,0,0,d,e,...,i||d,...7 € F'}. Therefore we can write any r € R as
r=ry+ry=la,b,c0...00+[0,0,0,d,e,...,i with ro € I C Rad(R). Since Rad(R) is
additively closed as an ideal, this means r € Rad(R) < r; € Rad(R).

Now we choose any r = [0,b,¢,0,...,0] € Rad(R) and want to show b = —c. Let us
assume this not being the case, that is b+ ¢ # 0. Since r € Rad(R), we know 1 —rs is a
unit for any s € R, so we choose s = [0, (b+¢)™*,0...,0] (this exists by our assumption)
which gives rs =[0,1,0...,0] and thus 1 —rs =[1,—1,0...,0]. We get

to B’

t1 —1t1 — 1o —to
1 to to — 1y 0
1 B ts ts

1 t1

0 :(1—T$)t: 0 . t2 = t4—t3—t4 = tg
: ls ls
Lo le
tr —ts — ty ts

| ls — 16 — t3] | T6 |

where ¢ is the inverse of 1 — rs. We instantly see ¢ty = 1 and ¢y = 0, a contradiction.
Thus the premise must have been wrong and we can conclude b+ ¢ = 0 if r € Rad(R).
Conversely, we still want to show that b+ ¢ = 0 also implies r € Rad(R). For this

let r:=1[0,b,—b,0,...] € R and s € R, we again consider 1 — rs and want to show it is
invertible:
_ 0 -
o bs1 + bsg — bsy B 1 7
2 So b82 — b81 — bSQ —bS()
S1 0 ng
l—rs=1—|—b]. s, | =1— |bss+bsy—bsg—bsa| = 0
0 2 0
. N O
c T bsg + bsg — bsg — bsg i 0 J
_b87 + ng — bS7 — ng_
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We claim that ¢ = [1, bsg, —bso,0...,0] is its inverse:

1 1 1-1
—bSQ bS() 1- bSO — bSO . bSo — bSo -1+ bSo : bSO
(1 — TS)t = bSo . —bSO - |1 (—bS(]) — bSo . bSo -+ bSQ -1+ bSO . (—bSQ) =1.
0 0 0
In conclusion 1 — rs is invertible for any s, thus showing r € Rad(R). O

Therefore we also know the total,

Corollary 6.3.3
We also have Rad(R) = Tot(R,R) = {[0,b — b,d,e, f, g, h,i]|b,d...,i € K}.

Proof. By we know that R is an exchange ring. Thus we know Rad(R,R) =
Tot(R, R), as exchange rings have the B2-EP by theorem and the B2-EP is equiv-
alent to Rad(R, R) = Tot(R, R) by theorem [3.1.11] Hence the claim follows from the
previous lemma and lemma which says Rad(R) = Rad(R, R).

[

Next up we want to show that while the singular ideal is a subset of the radical by
the previous corollary, it is not the same set.

Lemma 6.3.4
We have A(R, R) C Rad(R).

Proof. By[6.3.3|we know Tot(R, R) = Rad(R) and by[2.2.21|we generally know A(R, R) C
Tot(R, R), together showing A(R, R) C Rad(R).

Next up we want to find an r € Rad(R) \ A(R, R). For this we use lemma
which tells us A(R, R) = {r € R|Ann(r) C* R}. In other words we want to find some
r € Rad(R) whose annihilator is not essential. We can look at our ideal I which we used
in the last chapter, of which quite a lot of elements fulfill this. As an example we will
consider r = zz + zx = [0,0,0,0,1,1,0,0,0]. To determine its annihilator we calculate

0 a 0
0 b 0
0 c 0
0 d 0

r-s=|1 el =1 a
1 f a+b
0 g c
0 h b
0] 7] ¢ ]

As such s = [a,...,i] € Ann(r) & rs = 0 & a = b = ¢ = 0 shows Ann(r) =

{[0,0,0,d,...,i]|d,...,i € K} = I. By [6.2.10] we know that [ is not essential, thus
concluding the proof.
]
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6.4 On C1 and C2 in the case of a specific field

Next we want to check the ring on the properties of a continuous module. As we have
seen in the last section A(R, R) # Rad(R) and thus R can not be continuous, but it
could still fulfill either C'1 or C2. We will check it for C2, however, as this property
needs us to check all of the summands, this is only feasible for a fixed field F. We will
choose F' = Fy which will still require some serious calculations.

Definition 6.4.1.
For the remainder of this chapter we will use the ring Ry := {la,...,]|a,...i € Fy} with
the multiplication we already worked with up to this point.

First up we want to calculate all of the idempotents in order to find the summands.
We will also sort them into 4 groups as they behave quite similar.

Lemma 6.4.2
Given the ring Rs, there are a total of 32 idempotents, sorted into the following 4 groups:

e {[0,1,0,0,e, .0, f +e+1i,ille, f,i € Fa}

e {[1,1,0,0,e, f,0, f +e+1,il]le, f,i € Fa}

e {[0,0,1,0,e,0,9,h,9+ e+ hlle,g,h € Fy}

e {[1,0,1,0,e,0,g,h,g+ e+ hlle,g,h € Fy}.
(Note that we additionally have the trivial idempotents 0 and 1.)
Proof. Let s = s> € R be idempotent, then we get:

a2

ab + b* + ba + cb
ac + be + ca + 2

a a a ad + da
| =s=s"= 1] -|:| = ae + bd + be + c¢d + ce + ea
i i i af +db+ fa+ fb+ gb

ag+dc+ fc+ga+ gc
ah+bf +bh+cf + ch+eb+ ha+ hb+ b
| ai+bg +bi+cg+ci+ec+ he+ia+ic |

_ 2 2 -
2ab + b% + cb b2 + cb
2ac + be + ¢ be + ¢
2ad 0
= 2ae + bd + be + cd + ce = bd +be +cd +ce |,
2af +db+ fb+ gb db+ fb+ gb
2ag + dc+ fc+ gc dc+ fc+ gc
2ah +bf + 2bh + cf + ch + eb +ib bf +cf +ch+eb+ b
| 2ai + bg + bi + cg + 2c¢i + ec + he | | bg + bi + cg + ec+ hc |
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where the last equation follows from operating on Fy. As such we instantly get a? = a,
which in Fy simply means a is a free variable, furthermore we instantly see d = 0. Next
up both the second line b = b2 + cb and the third line ¢ = bc + ¢ imply 1 = b+ ¢, which
in Fy means exactly one of them is equal to 1 and the other is 0, or 0 = b = ¢, which
then implies s = 1 or s = 0, depending on a. There are no more idempotents to be
found with the second possibility, hence we will from here on assume the first possibility
1 = b+ ¢ to hold for the rest of this proof.

The fifth line e = bd + be + c¢d + ce = (b+ ¢)e = e gives no new information. The sixth
line f =db+ fb+ gb= (f+ g)b and the seventh line g = dc + fc+ gc = (f + g)c are
dependent on whether b or c is 1 making either f free and g = 0 or the other way around.
The last two lines h = bf +cf +ch+eb+ib= (b+c)f +ch+(e+i)b = f+ch+(e+1i)b
and ¢ = bg + bi + cg + ec+ he = g+ bi+ (e + h)c are dependent on the previous choices,
making one of them free and the other completely dependent.

Choosing b = 1 gets us idempotents of the form of [a,1,0,0,¢, f,0, f + e + i,i] and
choosing ¢ = 1 gives idempotents of the form [a,0,1,0,e,0,9,h,g + e + h|. The four
groups of idempotents result from choosing a. O

As we have seen in the proof there is, at first, no separation depending on the first entry
when calculating the groups. This separation is, however, very useful as the idempotents
with a = 0 generate summands with 2° elements whilst the other idempotents with a = 1
generate summands with 2% elements.

Lemma 6.4.3

The idempotents of Ry with O as their first entry generate two distinct ideals with 2°
elements, whereas the idempotents with 1 as the first entry generate eight distinct ideals
with 2% elements. (Excluding the trivial idempotents 1 and 0 which generate Ry and 0,
respectively)

Proof. We will simply calculate each of these. For better readability we will denote the
idempotents in the normal notation and every calculation as well as the notation for our
ideals in vector-notation. As a reminder we have [a,b, ... i| = a+bx + cy+ dz+exz +
fzx + gzy + hxzx + ixzy. For the calculation of egR, given an idempotent ey, we will
also use a general element r = [a, b, ...,i] € R. With this, let us see the ideals:

The ideal {[0,a,b,0,¢,0,0,d,€]|a,...,e € Fo} is generated by

e I

e v +xrz+xz2x

T+ xze +x2Y
e T +1Iz+x2Y
*y

® y+rz+x2Y
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e y+ xzxr + xzy and

® Y+ T2+ TZX:

(r+xz+4z20) 17 =

(x 4+ xzx + x2y) -1 =

(x +xz+x2y) - =
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To shorten this, we also get in the same manner:

0 0
b b
a+c a+c
0 0
y-r=|d+e (y+zz+z2y)-r=|lat+td+e
0 0
0 0
f+h f+h
|9 +1] la+g+i]
o o
b b
a+c a+c
0 0
(y+zzx+azy)-r=| d+e (y+zz+xzx)-r=|a+d+e
0 0
0 0
a+f+h a+ f+nh
la+g+1 | | gt

Next up we want to calculate the other ideal with 25 Elements, which is generated by
the remaining eight idempotents which do not have 1 as their first entry. This is the
ideal {[0,a,b,0,¢,a,b,d,€]|a,...,e € Fy} generated by = + zx + zzx, x + 2+ zx, v+
zx + xzy, * +xz + zx +xze +xyz, Y+ 2y +xzy, y+xz+ xy, y+ zy + xzr and
Y+ xz+ zy + xzx + xzy. Notably these are exactly the idempotents containing zx or
2.

0 0
a+b a+b
c c
0 0
(x + 2z + x2z) -1 = d+e (x+xz+zx)-r=|at+d+e
a+b a+b
c c
a+b+ f+h b+ f+h
ctg+i | [ ct+g+i]
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(x +zx+x2y) 1T =

(y+zy+azy) r=

(y+ 2y +x2x) -1 =

a—+b
c
0
d+e
a+b
c
b+ f+h
a+c+ g+
- 0 Z
b
a+c
0
d+e
b
a—+c
b+f+nh

la+c+g+i
[ 0
b

a—+c

0

d+e

b

a—+c
a+b+f+h

c+g+1

(x + 22+ 2z + 20+ 22Y) - T =

(y+az+zy) r=

(y+xz+ 2y +axzx +xzy) 1=

0
a-+b
c
0
a+d+e
a—+b
c
a+b+ f+h
lat+ct+g+i|
- 0 .

b
a—+c
0
a+d+e
b
a-+c
b+f+nh
ct+g+1 ]

0

b
a—+c

0

a+d+e

b

a—+c
a+b+f+h

la+ct+g+i]

Here we have seen all of the idempotents with 0 being their first entry, so let us now
consider those with 1 as their first entry. These will generate eight different ideals, each
generated by two idempotents. We will start with {[a,a,0,b,b,¢,d, ¢, d]|a,...,d € Fy},
generated by 1 4+ x and 1+ z + zx + xzx:

61



_ . . =
b+b+a a
[ 1 c+c 0
1 Z d d
(I+z)r=10|- =letd+e| = |d
. '; f f
| 0 g9 g
h+f+h f
i +g+ 1 9]
(1] [a] [ a | [ a ]
1 b b+b+a a
0 c c+c 0
0 d d d
(14+ 2+ zx+xzx)r= |0 e| = et+d+e = d
1 f f+a+bd at+b+ f
0 g g+c c+g
1 h h+f+h+a+b a+b+ f
0] [2] itt+gtitc | | ¢ty

As we can see here, it is also important that we operate on Fy so 2 = 0 cancels out.
Keeping this in mind, as this is going to be important for the calculation of all the
remaining idempotents, we will omit the calculations.

Next up we have the ideal {[a,a,0,b,a + b,c,d,a + ¢,d]|a,...,d € Fy}, generated by
l+z+2z+2xzeand 1 + 2+ 22z + 22

_ - S
a
0
d
l+zx+zz+za)r=| a+d
a+b+ f
c+g

a+ f b+ f
g | ¢c+g

1+z+zz4+xz2)r = |a

Q@ w+ 2O
Q

Do note that in the ideal the sixth and eight entry have to add up to a. Thus the
second equation also gives an element of this ideal. Next we can look at the third ideal
{la,a,0,b,b,¢,d,a+ c,a + d]|a, ..., € Fy} which is generated by 1+ x 4+ xzx 4+ zzy and
142+ zx + z2y:
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(14 x4+ xze +xzy)r =

SO 2 2

g

a+ f
[a+9g]

(1+ 2+ zz 4+ x2y)r =

QL O 2

d

a+b+ f
c+g
b+ f

la+c+g]

This leaves us with one ideal of those whose second entry is 1, the ideal {[a,a,0,b,a +
b,c,d,c,a+dl|a,...,d € Fy}, generated by 1+x+xz4xzy and 1+x+xz+z0+xz0+22y:

a a
a a
0 0
d d
(I4+zx+xz+xzy)r= |a+d| (l4+zx+zz+z2e0+xz0+z2zy)r=| a+d
f a+b+ f
g ct+g
f a+b+ f
|a+g] la+c+g]
We have seen all ideals generated by idempotents of the form 1 4+ x + ..., so let us now
consider the ones with 14+y+.... As we have seen, all the ideals of the former type had
elements looking like [1, 1,0, ...], but now we will see elements of the form [1,0,1,...].

Just as before, we will start with the ideal generated by 1 + y, which is also generated
by 14y + zy + xzy, that being the ideal {[a,0,a,b,b,c,d,c,d]|a, ..., d € Fy}:

(1+y)r=

Q v w8 o

(I+y+zy+zzy)r =

QUL L O

d
b+ f
at+c+yg
b+ f

_a+c+g_

The next ideal we want to look at is {[a, 0, a, b, a+b, ¢, d, ¢, a+d]|a, . ..,d € Fy}, generated
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by l+y+2xz+2xzyand 1 +y + 22z + 2y:

(14+y+azz+zzy)r=

S|

s}

a a

0 0

a a

d d
+d (I4+y+azz+zy)r=| a+d
g b+yg
f a+c+ f
g b+g
+ f] c+f ]

Our third ideal of this form will be {[a, 0, a,b,b, ¢, d,a+c,a+d]|a,...,d € Fy}, generated
by 1+y+xzex+xzy and 1 +y + zy + xzx:

(1+y+zze+zzy)r =

a a

0 0

a a

d d

d (14+y+zy +xza)r = d

f b+ f

g at+ct+g
a—+ f a+b+ f
[ a+g] | c+g

The last ideal is {[a,0,a,b,a + b,c,d,a + ¢,d]|a,...,d € Fy}, which is generated by
l+y+axz+zzeand 1 +y+ 22 + 2y + xz0 + 22Y:

(I1+y+axz+x2x)r =

S

)
@ +t 9o -+ o o9

S8

-

I+y+az+zytazetzzy)r=| a+d
b+ f

a—+
a—+
| a +

a
0
a
d

c+g

b+ f
c+ 4]

]

Having calculated all of the summands, we can now show that Ry does indeed fulfill
C2. For this we will reference two important theorems:

Theorem 6.4.4

Let M # 0 be a directly indecomposable module with finite length. Then End(M) is

local.

64



Proof. Check [MaRl, Thm. 7.2.7]. O

And secondly the Krull-Remak-Schmidt-Theorem.

Theorem 6.4.5
Let M = @,c; M; with End(M;) local for all i € 1. Furthermore, let M = B, ; N;

where N; is directly indecomposable for all j € J. Then there exists a bijection 8 : [ — J
with M; ~ N for all i € 1.

Proof. Check [MaRl 7.3.1]. O

With these two we can finally come to the main theorem of this section.

Theorem 6.4.6
Ry does fulfill C2. More precisely all of the summands with 2* or 2° elements are
1somorphic to each other and only to each other, respectively.

Proof. We have seen all of the summands in lemma [6.4.3] We will choose one of each
group and calculate from there on.

First, for the summands with 2° elements we will choose z as the idempotent generat-
ing R = {[0,a,b,0,¢,0,0,d,€]|a,...,e € Fo} and have to show this is only isomorphic
to {[0,a,b,0,c,a,b,d,€]|a,...,e € Fo}. So let us assume there is some isomorphism
A xRSM;xr — Aar) for some M C Ry. Then, due to A(zr) = A(x)r, this isomor-
phism is only determined by A(x). As such we will take a closer look at A\(x) := [a, ..., 1].
We know x = 22 and ) is a homomorphism, thus

—_
=)

: : d+f+g

i 0 0

e+h—+1
0

>
—
a¥
|
=
8
[\v)
~—
Il
>
—
&
8
Il
I
[a]
I
S 0O TNHNO O O O

We see that there are six possibilities for A\(x). First of all let us assume a = 0 and let
us look at A(z)R:

o O OO

Qo

BCLO + i)bo

BCO

éao + 6b0
CCo

20

oMo Moo o oo
Il
o
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As we can see, with this A\(z) the module A(z)R has at most 2% elements and thus can
not be isomorphic to R which has 2° elements. Hence we need @ = 1. With this we get

0
Qo -+ bo
Co
agp 0
: Ndo +¢o
@'0 bao + bbo
feo
cag + ¢bo + fo + ho
cco + go + Lo

O NO MO OO = O
I

We find that ¢ does not actually contribute anything here and that if b = 1 we get the
summand {[0,a,b,0,¢,a,b,d,€lla,...,e € Fo} and if b = 0 we instead have the summand
{[0,a,b,0,¢,0,0,d,€l|a,...,e € Fo} = xR. Therefore any module isomorphic to R has
to be either xR itself or our other summand with 2° elements. (Do note, however, that
this does not show they are isomorphic yet. This will be shown later on.)

Next up we will have a look at the idempotent 1 + x and possibilities for A\(1 + z) :=
la,...,i]. Here we will have quite a lot more computing to do. We will again use
A1+ 2) = A(1+ 2)?) to see

o a—+c

a 1 c

1 d
AMl+2)=A(1+2)1+2)=A1+2)1+2)=|c|-|0] =| e
: : d+g

1 0 g

- T 6—!—'&‘

(Do note that we again did use 2 = 0 due to operating on Fy.) Hence we further get for
A1+ x)R:
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S0 1 Tao
a—+c b(]

Cc Co

d dy

Ml+z)r=1| e |- |eo
d+g Jo

g 9o

6+Z ]’LO

¢ | |0

aag

aby + (a + )by + (a + ¢)ag + cby

acy + (a + ¢)co + cag + ccg

ady + dag
= aeg + (a + ¢)dy + (a + c)eg + cdy + ceg + eag
afo+ dby+ (d+ g)ag + (d+ g)bo + gbo
ago + dco + (d + g)co + gaog + gco

aho + (a+ ¢) fo + (a + c)hg + cfo + cho + eby + (e + 1)ag + (e + )by + ibg

aiy + (a+ ¢)go + (a + ¢)ig + cgo + cig + eco + (e + )¢ + iag + ico

aag
2aby + 2¢bg + aag + cag
2acq + 2ccy + cag
ady + dag
= 2aey + ady + 2cdy + 2ceq + eag
af() + 2db0 + d(l() -+ gaog + 29[)0
ago + 2dcy + 2gco + gag
2ahg + afy + 2¢fy + 2chg + 2eby + eag + iag + 2160
2ai9 + agg + 2cgo + 2cig + 2eco + 2icy + iag

aag

aag + cag
Caog

ady + day

= ady + eag

afo + dag + gag
ago + gao

afo + eag + iag
ago + tag

We see that if @ = 0 we have a module with only two elements (or one if also b = ¢ =
... = 0), which is clearly not isomorphic to the 2%-elemental (a + x)R. Thus a = 1 is
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required, which gives us

Qo

(1 + C)ao
Cay

do + dCLQ

A1+ x)r= dy + eag

Jo +dag + gag
go + gao

fo + eag + iag
go + a9

We see that for any choice of b,...,7 this has the free variables ag, dy, fo and gy and
hence any of these possibilities for A\(1 + ) generate modules with 2% elements. As we
can see there is no b, f and h left in A\(1 + z)r and thus we can omit looking at these,
leaving us still having to check the possibilities of ¢, d, e, g and 7 being 1 or 0. We can,
however, shorten this as we only need to distinct whether d = e and g = ¢ holds, as only
these cases generate different modules. With this we are looking at eight possibilities:

1. c=0,d =e,g =i We get the module {[a,a,0,b,b,¢d,¢d|a,...,d € Py} if we
denote a = ap, b = dy + dag = dy + €9, ¢ = fo + dag + gag = fo + eag + iap and
d = gy + gag = go + tag. This module is a summand, generated by 1 + x.

2. ¢c=0,d=e, g #i: We get the module {[@,a,0,b,b,¢,d,a+¢a+da... deF,}
as g # i < g = 1 + 1 due to calculating in Fy. This module is the summand
(14+ 2+ zza + x2y)R.

3. ¢=0,d+#e,g =i We get the module {[a,,0,b,a+b,éd,a+¢éda..., deTF}.
This module is the summand (1 + = + 2z + zzx)R.

4. ¢=0,d+# e, g #i: We get the module {[a,@,0,b,a+b,é d,é,a+da...,deTF,}.
Do note that in the penultimate entry we have fy + eag + iag = fo + (1 + d)ag +
(1+g)ag = fo+dap+ gag = ¢. This module is the summand (1 4z 4 zz + x2y) R.

5. c=1,d=e,g =1 We get the module {[@,0,a,b,b,¢d,¢dla,... ,deF,}, which
is generated by 1 + y.

which is generated by 1+ vy + xzx + xzy.

7. c=1,d #e,g =i We get the module {[a,0,a,b,a+0b,¢ d,a+¢,d)|a, ... deF},
which is generated by 1+ vy + xz + zzx.

8. ¢=1,d+# e, g # i Lastly, we get the module {[a, 0,a, b, a+b, ¢, d, ¢, a+d)|a,...,d €
Fy}, which is generated by 1+ y + zzz + x2y.
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As we can see any possible combination leads to one of the other summands, thus
(1 + z)R can only be isomorphic to those.

Up until now we shown that 2R and (1 4+ z)R can at most be isomorphic to other
summands, the same was not shown for any other summand however. Now we could
show the same thing for every summand the same way, which would be quite tedious.
So instead we will show that all 2* and 2° elemental summands are indeed isomorphic
to each other respectively. Then we can use the transitive property of isomorphisms to
show that any module isomorphic to any summand must also be a summand as it would
also be isomorphic to either 2R or (1 4 z)R, for which we have already shown this.

In order to show that all of the summands with the same number of elements are
indeed isomorphic to each other, we will use the Krull-Remak-Schmidt-Theorem.

To use it we will first have to decompose R, into some decomposition of modules
with local endomorphism ring. This is where our first theorem comes into play. As
any decomposition of any of our summands would also give new summands of R, there
can be no non-trivial one, as then we would have a non-zero summand with less than
2% elements, which we know does not exist. Thus all of our summands are directly
indecomposable. Furthermore, as they are finite, they are also of finite length. Thus the
prerequisites of hold and we get that all of our summands have local endomorphism
ring.

With this we can use the Krull-Remak-Schmidt-Theorem . For this let Ry =
M; & M, be a non-trivial fixed direct sum. Furthermore, let Ry = N; & N, be another
non-trivial direct sum. As we have seen, all summands have either 2* or 2° elements,
hence we will assume M; and N; each have 2* and M, and N, have 2° elements. We have
already established M; and M, having local endomorphism rings and N; and N, being
directly indecomposable. Therefore, by the Krull-Remak-Schmidt-Theorem, M; and N;
as well as My and N, are isomorphic, respectively. Finally, this implies all summands
with 2% elements being isomorphic to M; and all summands with 2° elements being
isomorphic to Mo.

m

As a furhter result we can now also show that Ry does not fulfill C'1. As such we have
found another module that is C'2 but not C1.

Theorem 6.4.7
Ry does not fulfill C'1.

Proof. We can show this in two different ways. First, we do know that a contionuous
module M fulfills A(M) = Rad(M) by theorem [£.2.5] We have, however, seen in [6.3.4]
that A(Rs) # Rad(Ry) (where we have not required operating on Fy yet). Thus R, can
not be continuous. As it fulfills C'2, it can not fulfill C'1.

The other way to prove this would be to simply give a counter-example. We have
already considered the ideal I := RyzR, = {[0,0,0,d,...,d]|d,...,i € Fy}. We can
easily see that it is not contained in any of our summands (as all of them require some
entries to be the same, whereas I does not have this restriction.) As such, if Ry would
fulfill C'1, the ideal I would nessecarily need to be essential in the summand R, itself.
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We have, however, seen in [6.2.10 that this is not the case. As such there is no summand
in which I is essential, thus Ry does not fulfill C'1.
m

6.5 The ring is no Utumi module

Now we want to check if the ring is a Utumi module. For this we will once again only
focus on F' = 5. To show that R, is no Utumi module, we will simply construct two
submodules which will not fulfill the necessary property.

Lemma 6.5.1
Let A = (x +y)Ry and B = (xzx + xzy)Ry. Then A = {(0,a,qa,0,...,0)|a € Fa} and
B =H{0,...,0,b,b)|b € Fo}. Thus AN B =0.

Proof. For a general element r = {ao,...,i} € R we get
_ 0 - 0]
_O_ bo + ag + bo ap
1 Co + ag + Co QAo
1 Qo 0 0
(@+y)r= g = |dot+e+dote| =|0
: io 0 0
: 0 0
0] fo+ho+ fo+ ho 0
| 90 + %0+ go + 1o | | 0]
and
- 0 - 0]
_ 0 0
0 0 0
" Qo 0 0
(xzax+zzy)r=|o| - || = 0 =10
1 io 0 0
1 0 0
-7 Qo + b() + bo Qo
| Co + ao + Co | | Qo]

m
Now that we have our two modules, we want to show that they are indeed isomorphic:

Lemma 6.5.2

Let A, B C R be the two ideals from lemmal|6.5.1. Then X\ : A — B,(0,a,a,0,...,0) —
0,...,0,a,a) is an R—isomorphism.
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Proof. Since X is well defined and preserves addition, we only have to check scalar
multiplication. The multiplication of elements works exactly the same as in the proof of
lemma [6.5.1] and is thus omitted. We get

e \((0,a,a,0...,0)-(ag,...,i)) =...= A0,aap, aap,0,...,0)=(0,...,0,aan, aap)
and
e \((0,a,a,0...,0))(ag,...,%) =1(0,...,0,a,a)(ag,...,i) =...=(0...,0,aap,aap).
Thus A preserves the module-structure. Clearly it is a bijection. O]

With this we can show that Ry is no Utumi module:

Theorem 6.5.3
Ry is no Utumi module.

Proof. Let A,B C Ry be the modules from lemma [6.5.1 By that lemma we have
AN B =0 and by lemma they are isomorphic. Thus, if Ry was a Utumi module,
there would be summands K, L C® Ry, with A C* K, BC* L and K ® L C% M.

By lemma [6.4.2] we know all of the summands. Checking all of those, we see that A
is contained in exactly the two summands xRy and (z + zx + xzx) Ry, which have 2°
elements, and R, itself. We want to show that A is not essential in any of those. For this
we will, yet again, consider the ideal I = RozRy = {(0,0,0,d, e, f,g,h,7)|d,...,i € Fa}.
We get the submodule

INzRy=IN(x+ zz+2zz)Re = {(0,0,0,0,e,0,0,h,i)|e, h,i € Fa}

contained in both summands. Clearly AN (I NxRy) = 0 and thus A is not essential
in either of them. Likewise it is also not essential in Ry. Thus we can not find any
summand K in which A is essential, proving R, is not a Utumi module. O

With this we also have another proof that Ry does not fulfill C'1, as then it would be
continuous and thus a Utumi module. In the same way we can prove the following:

Corollary 6.5.4
Ry is not automorphism-invariant.

Proof. Assuming R, was automorphism-invariant, it would also be a Utumi module by
theorem [5.2.7] contradicting the previous theorem. O

6.6 Conclusion

Finally let us summarize our results for the ring R = F < z,y,2 > /(2* —x,y* —y, 1y —
Y, YT — T, Yz — T2, 2%, 202):

e For the ideal ] = RzR generated by z, we have for any field F':
— I C Rad(R). (Check [6.2.1)
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— R/I is clean. (Check|6.2.7))
R is an exchange ring for any field F'. (Check [6.2.9))

A(R, R) € Rad(R) for any field F'. (Check [6.3.4)

R does fulfill C2 for F' = F,. (Check [6.4.6)

R does not fulfill C'1 for F' = Fy. (Check [6.4.7)

R is no Utumi module for F' = F,. (Check [6.5.3))

R is not automorphism-invariant for F' = Fy. (Check [6.5.4)

Hence, at least in the special case ' = 5, the module Rg is an example of a module
that does fulfill C2 whilst neither being continuous nor being automorphism-invariant.
Furthermore it is an example of a module that does fulfill C'2 whilst not being a Utumi
module.

Also, due to R fulfilling C2 and A(R, R) # Rad(R), we see that we can not improve
lemma [4.2.16 which says that having C2 implies A(M) C Rad(M), to an equation.
This is notable, as both types of modules, which imply C2 (namely continuous and
automorphism-invariant modules), do fulfill this equation.

In the same manner we see that having the exchange property does not imply A(M, M) =
Rad(M) either. Here we also only have the weaker A(M, M) C Rad(M), which follows
from the B2—exchange property.

72



Acknowledgment

Finally, I want to say a few words of gratitude to the people who made it possible for
me to write this thesis.

First of all to all my friends and my brother: I am really sorry for not giving you the
time you deserved, especially in these last months. I am really grateful for every one of
you and want to thank you for understanding the amount of work, not demanding my
time and instead having my back if I ever needed anything.

Second to Nick and my lovely girlfriend Katha, who proofread this thesis, thank you.
Your notes were immensely helpful. To Nick: I wish you the best for your own thesis
and I'm sorry for apparently using the same example you were planing to use. And to
Katha: Thank you for all of this even though you were stressed yourself. I love you.

Next to my parents: I will forever be grateful for everything you have done for me
and nothing of this would have been possible without you. Both of you motivated me
in your own ways throughout these last years (and both of you overdid this sometimes
in your own ways as well) and helped me get through life whenever I needed help.

Finally and most of all I want to say thank you to Prof. Schneider. From the start on
you helped me with everything. You gave me a starting point of what I could research
and whenever I had questions you welcomed me and gave me ways to work on a solution.
And when things did not go as planned and it took me longer than expected, you did
not pressure me and instead gave me all the time I needed to work in my own pace. It
has been a joy, so I want to say from the bottom of my heart: Thank you for everything.

73



Bibliography

[AEP]

[C3]

[C4]

[CaD]

1]

[CMC]

[EPT]

[ERD]

[GQF]

Asensio, P., Srivastava, A., Automorphism-invariant modules sat-
isfy the exchange property, 2013, Journal of Algebra 388

Amin, I., Ibrahim. Y., Yousif, M., C3-Modules, 2015, Algebra
Colloquium 22

Ding, N., Ibrahim, Y., Yousif, M., Zhou, Y., C4-Modules, 2017,
Communications in Algebra Vol. 45

Mohamed, S., Miiller, J. Continuous and Discrete Modules, Lon-
don Mathematical Society Lecture Noe Series 147, 1990, Cam-
bridge University Press

Mazurek, R., Nielsen P., Ziembowski, M. Commuting idempo-
tents, square-free modules and the exchange property, 2015, Jour-
nal of Algebra 444

Camillo, V., Khurana, D., Lam, T. , Nicholson, W., Zhou,Y.,
Continuous modules are clean, 2006, Journal of Algebra 304

Kasch, F., Schneider, W., Exchange Properties and the Total,
1997, Advances in ring theory

Warfield, R.B. Jr., Exchange Rings and Decompositions of Mod-
ules, 1972, Mathematische Annalen Vol. 199, p. 31-36

Osofsky, B., A generalization of quasi-Frobenius rings, 1966, Jour-
nal of Algebra 4

Nicholson, W. K., I-Rings, 1975, Transactions of the American
Mathematical Society 207

Nicholson, W K., Lifting Idempotents and Exchange Rings, 1977,
Transactions of the American Mathematical Society

Clark, J., Lomp, C., Vanaja, N., Wisbauer, R., Lifting Modules:
Supplements and Projectivity in Module Theory, 2006, Frontiers
in Mathematics, Birkhauser Verlag

F. Kasch, Modules and Rings, Academic Press, 1982

74



IMEE]

[MSA]

Tuganbaev, A., Modules with the exchange property and ex-
change rings, 2000, Handbook of Algebra Vol. 2, p. 439-459

Er,N., Singh, S., Srivastava, A. Rings and modules which are
stable under automorphisms of their injective hulls, 2013, Journal
of Algebra 379

Yamagata, K., Modules with semiregular endomorphism rings,
2008, Colloquium Mathematicum Vol. 113

Kasch, F. Mader, A. Rings, Modules and the Total, Frontiers in
Mathematics, 2003, Birkhauser Verlag

Stenstrom, B., Rings of Quotients, 1975 Springer Verlag

The proof of Lemma 6.2.3 is taken
from an answer of the user rschwieb on
https://math.stackexchange.com/questions/2023115/lifting-
idempotents-modulo-a-nilpotent-ideal . The user does not cite a
source but says they have seen the proof elsewhere. No better
source could be found.

Zhou, Y., On (semi)regularity and the total of rings and modules,
2009, Journal of Algebra 322

Hakmi, H., Semipotency and the total of rings and modules, 2013,
Arab Journal of Mathematical Sciences Vol. 19

Kasch, F.; Schneider, W., The total of modules and rings, Algebra
Berichte 69, 1992, Verlag Reinhard Fischer

Ibrahim, Y., Yousif, M., Utumi modules, 2018, Communications
in Algebra Vol. 46 No.2

75



	Ring and module theory: To the connection between C1 and a modified form of C1 and to the significance of C2 and semi-I-regularity for exchange properties
	Alexander Blank
	Nutzungsbedingungen / Terms of use:
	CC BY-NC 4.0  

	Introduction
	Necessary definitions and theorems
	General defintions
	Important (half-)ideals in Hom

	Exchange properties
	Three distinct exchange properties
	LE-decompositions and locally injective modules

	C-modules
	C1-modules
	C2, C3 and continuous modules
	Automorphism-invariant and large restricted modules
	C1*-modules

	Utumi modules
	Semi-I-regular and suitable modules
	Utumi modules

	An extensive example
	Setting up the example
	An important ideal
	On the radical, total and singular ideal of R
	On C1 and C2 in the case of a specific field
	The ring is no Utumi module
	Conclusion


