ALGEBRA II: RINGS AND MODULES OVER LITTLE RINGS.

KEVIN MCGERTY.

1. RINGS

The central characters of this course are algebraic objects known as rings. A ring is any mathematical
structure where you can add and multiply, and could be thought of generalising Z the integers. Formally
speaking we have:

Definition 1.1. A ring is a datum (R, +, %, 0, 1) where R is a set, 1,0 € R and +, X are binary operations on R
such that

(1) Ris an abelian group under + with identity element 0.
(2) The binary operation x is associative and 1 x x = x x 1 = x for all x € R.!
(3) Multplication distributes over addition:

XY+ =Gxxy)+(xXz), Vx,y,z€R.

Just as for multiplication of real numbers or integers, we will tend to suppress the symbol for the op-
eration X, and write “.” or omit any notation at all. If the operation x is commutative (i.e. if x.y = y.x for
all x,y € R) then we say R is a commutative ring”. Sometimes people consider rings which do not have a
multiplicative indentity’. We won’t. It is also worth noting that some texts require an additional axioms
asserting that 1 # 0. In fact it’s easy to see from the other axioms that if 1 = 0 then the ring has only one
element. We will refer to this ring as the “zero ring”, which is a somewhat degenerate object, but it seems

unnecessary to me to exclude it.

Example 1.2. i) The integer Z form the fundamental example of a ring. In some sense much of the
course will be about finding an interesting class of rings which behave a lot like Z. Similarly if n € Z
then Z/nZ, the integers modulo n, form a ring with the usual addition and multiplication.

if) The subset Z[i] = {a + ib € C : a,b € Z} is easily checked to be a ring under the normal operations of
addition and multiplication of complex numbers. It is known as the Gaussian integers. We shall see
later that it shares many of the properties with the ring Z of ordinary integers.

iif) Any field, e.g. Q,R,C, is a ring — the only difference between the axioms for a field and for a ring
is that in the case of a ring we do not require the existence of multiplicative inverses (and that, for
fields one insists that 1 # 0, so that the smallest field has two elements).

iv) If kis a field, and n € N, then the set M, (k) of n X n matrices with entries in k is a ring, with the usual
addition and multiplication of matrices.

v) Saying the previous example in a slightly more abstract way, if V is a vector space over a field k then
End(V) the space of linear maps from V to V, is a ring. In this case the multiplication is given by
composition of linear maps, and hence is not commutative. We will mostly focus on commutative
rings in this course.

vi) Example iii) also lets us construct new rings from old, in that there is no need to start with a field k.
Given any ring R, the set M, (R) of n X n matrices with entries in R is again a ring.

vii) Polynomials in any number of indeterminates form a ring: if we have n variables ¢, 1, .. .,t, and k is
a field then we write K[¢1, .. ., t,,] for the ring of polynomials in the variables 11, ... ., #, with coefficients
in k.

Date: October, 2011.
That is, R is a monoid under x with identity element 1 if you like collecting terminology.
2We will try and use the letter R as our default symbol for a ring, in some books the default letter is A. This is the fault of the French,
as you probably guess.
3In some texts they use (rather hideous) term rng for such an object.
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viii) Just as in v), there is no reason the coefficients of our polynomials have to be a field — if R is a ring,
we can build a new ring R[] of polynomials in r with coefficients in R in the obvious way. It is
important to note in both this and the previous example is that polynomials are no longer function:
given a polynomial f € R[f] we may evaluate it at and r € R, thus we can associate it to a function
from R to R, but this function may not determine f. For example if R = Z/27Z then clearly there are
only finitely many functions from R to itself, but R[7] still contains infinitely many polynomials.

ix) If we have two rings R and §, then we can form the direct sum of the rings R @ S: this is the ring
whose elements are pairs (r, s) where r € R and s € § with addition and multiplication given com-
ponentwise.

x) Another way to construct new rings from old is to consider, for a ring R, functions taking values in
R. The simplest example of thisis R = (ay, ..., a,), where we add and multiply coordinatewise. This
is just4 the ring of R-valued functions on the set {1,2,...,n}. We can generalise this and consider, for
any set X, the set R¥ = {f: X — R} of functions from X to R, and make it a ring by adding values
(exactly as we define the sum of two R or C-valued functions).

xi) To make the previous example more concrete, the set of all functions f: R — R is a ring. Moreover,
the set of all continuous (or differentiable, infinitely differentiable,...) functions also forms a ring by
standard algebra of limits results.

Definition 1.3. If Ris aring, a subset S C R is said to be a subring if it inherits the structure of a ring from R,
thus we must have 0,1 € § and moreover S is closed under the addition and multiplication operations in R
so that (S, +) is a subgroup of (R, +).

For example, the integers Z are a subring of Q, the ring of differentiable functions from R to itself is a
subring of the ring of all functions from R to itself. The ring of Gaussian integers is a subring of C, as are
QR (the latter two being fields of course). Recall that for a group G containing a subset H, the subgroup
criterion says that H is a subgroup if and only if it is nonempty and whenever hy, h, € H we have hh;' € H
(here I'm writing the group operation on G multiplicatively). We can use this to give a similar criterion for
a subset of a ring to be a subring.

Lemma 1.4 (Subring criterion). Let R be a ring and S a subset of R, then S is a subring if and only if 1 € S and for
all S1, 852 € S we have S$152,81 — $2 € S.

Proof. The condition that s; — s, € S for all 51, 5, € § implies that S is an additive subgroup by the subgroup
test (note that as 1 € § we know that § is nonempty). The other conditions for a subring hold directly. o

When studying any kind of algebraic object’ it is natural to consider maps between those kind of objects
which respect their structure. For example, for vector spaces the natural class of maps are linear maps, and
for groups the natural class are the group homomorphisms. The natural class of maps to consider for rings
are defined similarly:

Definition 1.5. Amap f: R — S between rings R and § is said to be a (ring) homomorphism if

(1) fr) =15,

(2) f(ri+12) = f(r) + f(r2),

@) fri.r2) = f(r)-f(r2),
where strictly speaking we might have written +z and +g for the addition operation in the two different
rings R and §, and similarly for the multiplication operation®. Apart from the fact that things then become
hard to read, because the required syntax is clear from context, hopefully this (conventional) sloppiness in
notation will not bother anyone. Note that it follows from (2) that f(0) = 0.

4Recall, for example, that sequences of real numbers are defined to be functions a: N — R, we just tend to write a, for the value of
a at n (and refer to it as the n-th term) rather than a(n).

50r more generally any mathematical structure: if you're taking Topology this term then continuous maps are the natural maps
to consider between topological spaces, similarly in Integration you consider measurable functions: loosely speaking, you want to
consider maps which play nicely with the structures your objects have, be that a topology, a vector space structure, a ring structure or
a measure.

6though since I've already decided to supress the notation for it, it’s hard to distinguish the two when you supress both...
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It is easy to see that the image of a ring homomorphism f: R — §, thatis{s € S : Ir € R, f(r) = s}
is a subring of §. If it is all of § we say f is surjective, and f: R — S is an isomorphism if there is a
homomorphism g: S — R such that f o g = ids and g o f = idg. It is easy to check that f is an isomorphism
if and only if it is a bijection (that is, to check that the set-theoretic inverse of f is automatically a ring
homomorphism — you probably did a similar check for linear maps between vector spaces before.)

Example 1.6. i) For each positive integer n, there is a natural map from Z to Z/nZ which just takes an
integer to its equivalence class modulo n. The standard calculations that check modular arithmetic
makes sense exactly show that this map is a ring homomorphism.

ii) Let V be a k-vector space and let @ € Endy(V). Then ¢: k[7] — Endk(V) givenby ¢(3 1, ait') = Yl aia
is a ring homomorphism. Ring homomorphisms of this type will connnection the study of the ring
k[7] to linear algebra. (In a sense you saw this last term when defining things like the minimal
polynomial of a linear map, but we will explore this more fully in this course.)

iif) Obviously the inclusion map i: § — R of a subring § into a ring R is a ring homomorphism.

iv) Let A = {(a

b _ab) :a,b € R}. Itis easy to check this A is a subring of Mat;(R). The map ¢: C — A

givenby a+ib — (a 4 ) is a ring isomorphism. (This homomorphism arises by sending a complex

b
number z to the map of the plane to itself given by multiplication by z.)

The first of the above examples has an important generalisation which shows that any ring R in fact has
a smallest subring: Forn € Z,psetng = 1 + 1 +...+ 1 (that s, 1, added to itself n times), and for n a negative
integer ng = —(—n)g. You can check that {ng : n € Z} is a subring of R, and indeed that the map n — ng gives
a ring homomorphism from ¢: Z — R. Since a ring homomorphism is in particular a homomorphism of
the underlying abelian groups under addition, using the first isomorphism theorem for abelian groups we
see that {ng : n € Z}, as an abelian group, is isomorphic to Z/dZ for some d € Z. Since any subring S of R
contains 1, and hence, since it is closed under addition, ng for all n € Z, we see that S contains the image of
¢, so that the image is indeed the smallest subring of R.

Definition 1.7. The integer d defined above is called the characteristic of the ring R.

Remark 1.8. The remark above that in general polynomials with coefficients in a ring cannot always be
viewed as functions might have left you wondering what such a polynomial actually is. In other words,
what do we mean when we say K[] is a ring where “# is an indeterminate.” The answer is a bit like the
definition of complex numbers: to construct them you just define an addition and multiplication on R* and
then check the definitions do what you want them to, so that (0, 1) becomes “i”. For polynomials, we just
start with the sequence of coefficients, and do the same thing. More precise, if R is a ring, consider the set
R[1] of sequences7 (@n)ney Where all but finitely many of the a,s are zero, that is, that there is some N € N

such that a, = 0 for all n > N. Then if (a,), (b,) are two such sequences, define
(ay) + (by) = (a, + by);

(@)-(bn) = () axby ).
k=0
It is easy to see thatif a, = O for alln > N and b, = 0 for all n > M, then a, + b, = 0 if n > max{N, M} which
Yiieo kb = 0if n > N + M, since then at least one of a; or b,_, must be zero (otherwise k < Nandn—k <M
so thatn = k+ (n — k) < N + M). It is then routine to check that R[¢] forms a ring, which contains R viewed
as the sequences (a,) where ay = r € R and a,, = 0 for n > 0. The “indeterminate” ¢ is then just the sequence
(0,1,0,...). In fact it is easy to check that " = (0,...,0,1,0,...) where the 1 is in position #, and thus if (a,) is
a sequence as above with a, = 0 for all n > N then (a,) = 3N a,t".

In fact, the set of all sequences (a,),en forms a ring with the same definitions for addition and multipli-
cation. This is known as the ring of formal power series in #, and is denoted R[[7]]. (The name comes from
the fact that, we view elements of R[[7]] as “infinite sums” },,.( a,t".) Perhaps surprisingly, it turns out that
that, say, C[[¢]] has a simpler structure in many ways that C[¢].

7In this course, N will denote the non-negative integers unless it’s obviously supposed to denote the positive integers.
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2. BASIC PROPERTIES

From now on, unless we explicitly state otherwise, all rings will be assumed to be commutative.

Now that we have seen some examples of rings, we will discuss some basic properties of rings and their
elements. Note that it is a routine exercise® in axiom grubbing to check that, for any ring R, we have .0 = 0
for all ¢ € R. The next definition records the class of rings for which this is the only case in which the
product of two elements is zero.

Definition 2.1. If R is a ring, then an element a € R\{0} is said to be a zero-divisor if there is some b € R\{0}
such that a.b = 0. A ring which is not the zero ring and has no zero-divisors is called an integral domain.
Thus if a ring is an integral domain and a.b = 0 then one of a or b is equal to zero.

Another way to express the fact that a ring is an integral domain is observe that it is exactly the condition
which permits cancellation’, that is, if x.y = x.z then in an integral domain you can conclude that either
y = zor x = 0. This follows immediately from the definition of an integral domain and the fact that
xy=xz & x.(y—z) =0, which follows from the distributive axiom.

Example 2.2. If R is a ring, then R? is again a ring, and (a, 0).(0, ) = (0,0) so that (a, 0) and (0, b) are zero-
divisors. The (noncommutative) ring of n x n matrices M, (k) for a field k also has lots of zero divisors, even
though a field k does not. The integers modulo » have zero-divisors whenever z is not prime.

On the other hand, it is easy to see that a field has no zero-divisors. The integers Z are an integral domain
(and not a field). Slightly more interestingly, if R is an integral domain, then R[] is again an integral domain.
Moreover, the same is true of R[[f]].

Exercise 2.3. Show that if R is an integral domain then R[¢] is also.
Recall the characteristic of a ring defined in the last lecture.

Lemma 2.4. Suppose that R is an integral domain. Then any subring S of R is also an integral domain. Moreover,
char(R), the characteristic of R, is either zero or a prime p € Z.

Proof. 1t is clear from the definition that a subring of an integral domain must again be an integral domain.
Now from the definition of the characteristic of a ring, if char(R) = n > 0 then Z/nZ is a subring of R. Clearly
if n = a.b where a,b € Z are both greater than 1, then az.br = 0 in R with neither ag nor by zero, thus both
are zero divisors. It follows that if R is an integral domain then char(R) is zero or a prime. o

Recall that in a ring we do not require that nonzero elements have a multiplicative inverse'’. Neverthe-
less, because the multiplication operation is associative and there is a multiplicative identity, the elements
which happen to have multiplicative inverses form a group:

Definition 2.5. Let R be a ring. The subset
R‘={reR:3AseR,rs=1},
is called the group of units in R — it is a group under the multiplication operation x with identity element 1.

Example 2.6. The units in Z form the group {+1}. On the other hand, if k is a field, then the units k* = k\{0}.
If R = M,(K) then the group of units is GL, (k).

Note that in particular, the characteristic of a field is always zero or a prime.
In our example of Z/nZ notice that this ring either has zero-divisors (when n is composite) or is a field
(when 7 is prime). In fact this is dichotomy holds more generally.

Lemma 2.7. Let R be an integral domain which has finitely many elements. Then R is a field.

8Until you feel you might die of boredom, it’s a good idea to try and check that the axioms for a ring mean do indeed imply that
you can indeed perform standard algebraic manipulations you are used to, so things like 0.x = 0 hold in any ring.

9Except for the assertion the ring is not the zero ring, the zero ring having cancellation vacuously.

10As noted above, the axioms for a ring imply that 0.x = 0 for all x € R, thus the additive identity cannot have a multiplicative
identity, hence the most we can ask for is that every element of R\{0} does — this is exactly what you demand in the axioms for a field.
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Proof. We need to show that if a € R\{0} then a has a multiplicative inverse, that is, we need to show there is
a b € Rwith a.b = 1. But consider the map m,: R — R given by left multiplication by a, so that m,(x) = a.x.
We claim that m, is injective: indeed if m,(x) = m,(y) then we have

ax=ay = a.(x-y)=0,

and since R is an integral domain and a # 0 it follows that x —y = 0, that is, x = y. But now since R is
finite, an injective map must be surjective, and hence there is some b € R with m,(b) = 1, thatis, a.b = 1 as
required. o

Remark 2.8. Note that the argument in the proof which shows that multiplicative inverses exist does not
use the assumption that the ring R was commutative (we only need it in order to conclude R is a field). A
noncommutative ring where any nonzero element has an inverse is called a division ring (or sometimes a
skew field). Perhaps the most famous example of a division ring is the ring of quaternions.

2.1. The field of fractions. If R is an integral domain which is infinite, it does not have to be a field (e.g.
consider the integers Z). However, generalising the construction of the rational numbers from the integers,
we may build a field F(R) from R by, loosely speaking, “taking ratios”: the elements of F(R) are “fractions”
a/b where a,b € R and b # 0, where we multiply in the obvious way and add by taking common denomi-
nators. The field F(R) will have the property that it is, in a sense we will shortly make precise, the smallest
field into which you can embed the integral domain R.

To do this a bit more formally, define a relation on R x R\{0} by setting (a,b) ~ (c,d) if a.d = b.c (to see
where this comes from note that it expresses the equation a/b = ¢/d without using division).

Lemma 2.9. The relation ~ is an equivalence relation.

Proof. The only thing which requires work to check is that the relation is transitive. Indeed suppose that
(a,b) ~ (c,d) and (c,d) ~ (e, f). Then we have ad = bc and cf = de and need to check that (a, b) ~ (e, f), that
is, af = be. But this holds if

af —be=0 & d.(af —be) =0 < (ad).f —b.(de) =0 > (bc).f —b.(cf) =0,
as required (note in the first “if and only if” we used the fact that R is an integral domain and thatd # 0. O
Write 4 for the equivalence class of a pair (a, b) and denote the set of equivalence classes as F(R).

Lemma 2.10. The binary operations (R x R\{0}) x (R x R\{0}) — R x R\{0} given by:
((a, b), (¢c,d)) — (ad + be, bd)
((a, b), (c,d)) — (ac, bd)
induce binary operations on F(R).

Proof. Note first that since R is an integral domain and b, d are nonzero, bd is also nonzero, hence the above
formulas do indeed define binary operations on R x R\{0}. To check that they induce binary operations on
F(R) we need to check that the equivalence class of the pairs on the right-hand side depends only on the
equivalence classes of the two pairs on the left-hand side. We check this for the first operation (the second
one being similar but easier).

Suppose that (a;, b)) ~ (a2, bs) and (c1,d)) ~ (c2,d>), so that a;b, = a,by and ¢ d, = c,d;. Then we need to
show that (a1d1 +bicy, bldl) ~ (a2d2 + byca, bzdz), which holds if and only if

(ar1dy + b1c1)(b2dr) = (axds + byco)(b1d1) &= (a1badida) + (b1baci1dr) = (axbidida + bibrcady),
but ab, = a>b; so aibrdid, = aybidid> and bycy = byc, so that b1byc1dy = bibrcod; and we are done. ]

Let + and x denote the binary operations the first and second operations above induce on F(R). Thus we

have

a ¢ ad+bc a_ c¢ ac

—+-= . X == —.

b d bd b d bd
Theorem 2.11. The above formulas give well-defined addition and multiplication operations on F = F(R) the set of
equivalence classes {£ : a,b € R, b # 0}, and F is a field with respect to these operations with additive identity 9 and

multiplicative identity 1. Moreover there is a unique injective homomorphism ¢: R — F(R) sending a — .
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Proof. (Non-examinable). One just has to check that the axioms for a field are satisfied. The ring axioms are
routine to check by calculating in R x R\{0}. To see that F(R) is a field, note that (a,b) ~ (0, 1) if and only if
a =0. Thusif £ # 0 thena # 0 and so 2 € F(R), and by definition 4.2 = %2 = 1 Thus the multiplicative
inverse of % is 2.
The map a + { is certainly injective, since (a, 1) ~ (b, 1) if and only if a.1 = b.1, that is, a = b. It is then
immediate from the definitions that this map is a homomorphism as required.
i

Definition 2.12. The field F(R) is known as the field of fractions of R.

Remark 2.13. All of this may look a little formal, but it is really no more than you have to do to construct
the rational numbers from the integers. You should think of it as no more or less difficult (or to be fair,
interesting) than that construction: essentially it just notices that all you needed to construct the rationals
was the cancellation property which is the defining property of integral domains.

Finally we make precise the sense in which F(R) is the smallest field containing R.

Proposition 2.14. Let k be a field and let 6: R — k be an embedding (that is, an injective homomorphism). Then
there is a unique injective homomorphism : F(R) — k extending 6 (in the sense that G = 6).

Proof. (non-examinable): Suppose that f: F(R) — k was such a homomorphism. Then by assumption f(§) =
6(a), and since homomorphism of rings respect multiplicative inverses this forces f(1) = 6(a)™'. But then,
again because f is supposed to be a homomorphism, we must have f(3) = f (‘T‘.%) = f(9). f(%) = 6(a).0(b)"".
Thus if f exists, it has to be given by this formula.

The rest of the proof consists of checking that this recipe indeed works: Given (a, b) € RxR\{0} first define
O(a,v) = 6(a).0(b)"". Then it is easy to check that © is constant on the equivalence classes of ~ the relation
defining F(R), so that it induces a map 8: F(R) — k. Finally it is straight-forward to see that this map is a
homomorphism extending 6 as required. o

Remark 2.15. Notice that this theorem implies that any field k of characteristic zero contains a (unique)
copy of the rationals. Indeed by definition of characteristic, the unique homomorphism from Z to k is an
embedding, and the above theorem shows that it therefore extends uniquely to an embedding of Q into k
as claimed.

3. HOMOMORPHISMS AND IDEALS

From now on we will assume all our rings are commutative. In this section we study the basic properties
of ring homomorphisms, and establish an analogue of the “first isomorphism theorem” which you have
seen already for groups. Just as for homomorphisms of groups, homomorphisms of rings have kernels and
images.

Definition 3.1. Let f: R — S be a ring homomorphism. The kernel of f is
ker(f) ={reR: f(r) =0},

and the image of f is
im(f)={seS :dreRr, f(r) = s}

Just as for groups, the image of a homomorphism is a subring of the target ring. For kernels the situation
is a little different. In the case of groups, kernels of homomorphisms are subgroups, but not any subgroup
is a kernel — the kernels are characterised intrinsically by the property of being normal (i.e. perserved by the
conjugation action of the group). We will show that the kernels of ring homomorphisms can similarly be
characterised intrinsically, but the situation, because we have two binary operations, is slightly different: a
kernel is both more and less than a subring. Indeed since homomorphisms are required to send 1 to 1, the
kernel never contains 1 unless it is the entire ring, thus a kernel is not a subring. However, it is closed under
addition and mulitplication (as is straight-forward to check) and because 0.x = 0 for any x, it in fact obeys
a stronger kind of closure with respect to multiplication:'! If x € ker(f) and r € R is any element of R, then
fx.r) = f(x).f(r) = 0.f(r) = 0 so that x.r € ker(f). This motivates the following definition:

Mhis is analogous to the fact that kernels of group homomorphisms, are “more closed” than arbitrary subgroups.
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Definition 3.2. Let R be aring. A subset I C R is called an ideal if it is a subgroup of (R, +) and moreover for
anya € [ and r e Rwe havea.rel

Lemma 3.3. If f: R — S is a homomorphism, then ker(f) is an ideal.
Proof. This is immediate from the definitions. ]

3.1. Basic properties of ideals. Note that if / is an ideal of R which contains 1 then I = R. We will shortly
see that in fact any ideal is the kernel of a homomorphism. First let us note a few basic properties of ideals:

Lemma 3.4. Let R be aring, and I, J ideals in R. Then I + J I N J and IJ are ideals, where
I+J={i+j:iel, jel) IJ:{Zikjk:ikeI,jkeI,neN}.
k=1
Moreover we have IJ CINJand I,J C 1T+ J.

Proof. For I + J it is clear that this is an abelian subgroup of R, while if i € I, j € J and r € R, then
r(i + j) = (ri) + (r.j) € I + J as both I and J are ideals, hence I + J is an ideal. Checking I N J is an ideal is
even less interesting — in fact it is easy to see that an arbitrary (not necessarily finite) intersection of ideals
is an ideal. To see that 1J is an ideal, note that it is clear that the sum of two elements of 1J is clearly of the

same form, and if }};_, xxyx € 1J then
n n
- Z XY = Z(_xk)-Yk €l
k=1 k=1

since if x; € I then —x; € I. Thus IJ is an abelian subgroup. It is also straight-forward to check the
multiplicative condition. The containments are all clear once you note that if i € 7 and j € J then ij in
in I N J because both 7 and J are ideals. O

In fact given a collection of ideals {/, : @ € A} in a ring R, their intersection (4 I, is easily seen to again
be an ideal. This easy fact is very useful for the following reason:

Definition 3.5. Given any subset T of R, one can define

=1

TCl

(where I is an ideal) the ideal generated by T. We can also give a more explicit “from the ground up”
description of the ideal generated by a subset X:

Lemma 3.6. Let T C R. Then we have

n
(Ty = {Z refe i1 € Rt € Tyn € N,

i=1
Proof. Let I denote the right-hand side. It is enough to check that I is an ideal and that 7 is contained in
any ideal which contains 7. We first check that / is an ideal — the proof is very similar to the proof that
1J is an ideal when I and J are: The multiplicative property is immediate: if » € R and Y};_, rx¢ € I then
Qe Tiexi) = 2oy (r.r)x € I. Moreover the sum of two such elements is certainly of the same form, and /
is closed under additive inverses since — >/ _; rixx = Xp_,(—r%).xx,50 that it is an additive subgroup of R.

It remains to show that if J is an ideal containing X then J contains 7. But if {x;,...,x} € T C J and
ri,...,r € R, then since J is an ideal certainly rx; € J and hence }};_, rixx € J. Since the xi,rp and n € N
were arbitrary it follows that / C J as required. ]

This is completely analogous the notion of the “span” of a subset in a vector space. If I and J are ideals,
it is easy to see that  + J = (I U J). In the case where T = {a} consists of a single element, we often write aR
for {(a).

Remark 3.7. Note that in the above, just as for span in a vector space, there is no need for the set X to be
finite.
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