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1 Rings and Modules

1.1 Rings and Fields

Definition A ring consists of a set R on which are defined operations of
addition and multiplication that satisfy the following properties:

e the ring is an Abelian group with respect to the operation of addition;

e the operation of multiplication on the ring is associative, and thus
x(yz) = (zy)z for all elements z, y and z of the ring.

e the operations of addition and multiplication satisfy the Distributive
Law, and thus z(y + 2) = zy + xz and (z + y)z = zz + yz for all
elements z, y and z of the ring.

Let R be aring. Then R is an Abelian group with respect to the operation
of addition, and therefore x + (y + 2) = (r +y) + z and z +y = y + « for all
x,y € R. Also the ring R contains a unique zero element Op characterized
by the property that x + 0r = x for all x € R. Moreover given any element
x of R, there exists a unique element —z of R for which z + (—xz) = Og. This
element —z is the negative of the element x. An element x of a ring R is said
to be non-zero if x # Og.

The operation of subtraction in a ring R is defined such that z —y =
x + (—y) for all z,y € R, where —y is the unique element of R for which

Y+ (—=y) = Og.

Lemma 1.1 Let R be a ring, and let O be the zero element of R. Then
20g = Og, Ogz = O0g, (—x)y = —(zy) and x(—y) = —(zy) for all elements
and y of R.

Proof Let x,y € R. It follows from the Distributive Law that
xy=x(y +0g) =2y +20g and yz = (y+ O0r)z = yx + Ogx.

On subtracting xy and yx respectively from both sides of these two equations,
we find that 20p = O and Orx = Og. It also follows from the Distributive
Law that

ry + (=2)y = (z + (=2))y = Ory = O
and

vy +(~y) = 2(y + (=y)) = 20r = Or.
Therefore (—z)y = —(xy) and x(—y) = —(zy), as required. |



Definition A subset S of a ring R is said to be a subring of R if Og € S,
a+besS, —ae Sandabe S forall a,b € S, where 0z denotes the zero
element of the ring R.

Definition A ring R is said to be commutative if xy = yx for all x,y € R.

Not every ring is commutative: an example of a non-commutative ring is
provided by the ring of n x n matrices with real or complex coefficients when
n > 1.

Definition A ring R is said to be unital if it possesses a (necessarily unique)
non-zero multiplicative identity element 1z satisfying 1gz = x = x1g for all
xr € R.

Definition A unital commutative ring R is said to be an integral domain if
the product of any two non-zero elements of R is itself non-zero.

Let R be an integral domain. We define n.r for all integers n and el-
ements r of R so that 0.r = Og, where Og is the zero element of R, and
(n+1).r = n.r 4+ r for all integers n. Thus

lr=r, 2r=r+r, 3r=r+r+r etc,

and (—n).r = —(n.r) for all integers n. Now {n € Z : n.lgp = Og} is
a subgroup of the group Z of integers. A basic result of number theory
therefore ensures that there exists a unique non-negative integer p such that

{n€Z:nl1gr=0gr} =pZ,

where pZ denotes the subgroup of Z consisting of all integers that are di-
visible by the non-negative integer p. This non-negative integer p is the
characteristic char R of the ring.

Lemma 1.2 Let R be an integral domain for which char R = 0, where char R
denotes the characteristic of R. Then n.r # Og for all non-zero elements r
of R, and for all non-zero integers n. Thus if r € R, m,n € N, r # 0r and
m # n then m.r # n.r.

Proof If char R = 0 then n.1g # Og for all non-zero integers n. Now it
follows from the Distributive Law and the definition of n.r that n.r = (n.1g)r
for all n € Z and r € R. Thus if n # 0 and r # O then n.r is the product
of two non-zero elements of the integral-domain R, and therefore n.r # Og.
It follows that if r € R, m,n € N, r # Ogr and m # n then (m — n).r # Og,
and therefore m.r # n.r, as required. |



Lemma 1.3 Let R be an integral domain for which char R = p, where p > 0
and where char R denotes the characteristic of R. Then the characteristic p
of R is a prime number. Moreover let m,n € Z and r € R, where r # Og.
Then m.r = n.r if and only if n — m is divisible by the prime number p.

Proof If p > 0, where p = char R then p is the smallest positive integer for
which p.1g = 0g. Suppose that p = jk, where j and k are positive integers.
Then it follows from the Distributive Law that

(j1r)(k.1Rr) = (jk).1g = p.1g = Og.

But R is an integral domain, and therefore the product of two non-zero
elements of R is always non-zero. We conclude therefore that either j.1z =
Og, in which case p divides j, or else k.1z = Og, in which case p divides k.
Thus p cannot be factored as the product of two positive integers that are
both strictly less than p, and therefore the characteristic p of the integral
domain R is a prime number.

Let m,n € Z and r € R, where r # Og. Then n.or — m.r = (n —m).r =
((n—m).1g)r. Thus if m.r = n.r then ((n —m).1g)r = 0. But r # Og, and
the product of any two non-zero elements of the integral domain R is always
non-zero. It follows that (n —m).1g = Og, and therefore n — m is divisible
by the characteristic p of the integral domain R, as required. |}

Definition A field consists of a set on which are defined operations of ad-
dition and multiplication that satisfy the following properties:

e the field is an Abelian group with respect to the operation of addition;

e the non-zero elements of the field constitute an Abelian group with
respect to the operation of multiplication;

e the operations of addition and multiplication satisfy the Distributive
Law, and thus z(y + 2z) = zy + xz and (z + y)z = zz + yz for all
elements x, y and z of the field.

An examination of the relevant definitions shows that a unital commuta-
tive ring R is a field if and only if, given any non-zero element x of R, there
exists an element 27! of R such that za=! = 1z. Moreover a ring R is a
field if and only if the set of non-zero elements of R is an Abelian group with
respect to the operation of multiplication.

Lemma 1.4 A field is an integral domain.



Proof A field is a unital commutative ring. Let x and y be non-zero elements
of afield K. Then there exist elements 2! and y~! of K such that zz=! = 1
and yy~! = 1. Then zyy 'z~! = 1i. It follows that xy # Og, since
Or(y~tz™!) =0 and 1z # 0. |}

The set Z of integers is an integral domain with respect to the usual
operations of addition and multiplication. The sets Q, R and C of rational,
real and complex numbers are fields.

1.2 Left Modules

Definition Let R be a unital ring. A set M is said to be a left module over
the ring R (or left R-module) if

(i) given any x,y € M and r € R, there are well-defined elements = + y
and rx of M,

(ii) M is an Abelian group with respect to the operation + of addition,
(iii) the identities
r(x+y) =rz+ry, (r+s)r =rx+ sz,

(rs)x =r(sz), lpz ==z

are satisfied for all z,y € M and r,s € R, where 1z denotes the
multiplicative identity element of the ring R.

Let M be a left module over a unital ring R. Then M is an Abelian group
with respect to the operation of addition, and therefore 2+ (y+2) = (z+y)+2
and x+y = y+x for all z,y € M. Also the left module M contains a unique
zero element 0y, characterized by the property that z+0,;, = x for all x € M.
Moreover given any element x of M, there exists a unique element —x of M
for which x + (—x) = 0ps. This element —z is the negative of the element .
An element x of a left module M is said to be non-zero if x # 0,,.

The operation of subtraction in a left module M is defined such that
x—y=ux+ (—y) for all z,y € M, where —y is the unique element of M for
which y + (—y) = Oa.

Lemma 1.5 Let M be a left module over a unital ring R, and let and let
Or and 0y be the zero elements of R and M respectively. Then Ogx = 0y,
Oy = 0y and (—7)z =r(—x) = —(rz) for allr € R and x € M.



Proof Let r € R and x € M. Then
re = (r+0g)x = rx + Ogz.

On subtracting rz from both sides of this equation, we find that Ogz = 0y,.
Similarly
re =r(x+0y) =rx+r0y,

and therefore 70, = 0. Also
(=r)z +rz = ((—r) +r)r=0pzx =0y

and
r(—z)+re+r((—z) +x) =10y = Oy,

and therefore (—r)z = r(—z) = —(rz), as required. ||

1.3 Modules over a Unital Commutative Ring

We have defined the concept of a left module over a unital ring. There is
a corresponding concept of a right module. A right module is an Abelian
group with respect to the operation of addition. Furthermore elements of
a right module M over a unital ring R may be multiplied on the right by
elements of the ring R. Moreover, in order that M be a right module over a
unital ring R, the following identities must be satisfied for all z,y € M and
r,s € R:
(x +y)r = zr +yr, z(r+s) = ar + xs,

z(rs) = (zr)s and xzlg =z,

where 1; denotes the multiplicative identity element of the ring R.

If the multiplication operation on the ring R is non-commutative, then
the concept of right module is essentially distinct from that of left module
over this ring R. But if the unital ring R is commutative then there is no
essential distinction between left modules and right modules over R: in this
case it is purely a question of context, tradition and convenience whether
the product of an element = of the module and an element r of the ring is
denoted by rx or by zr. Accordingly both left and right modules over a
unital commutative ring may be described as modules over that ring.

Example If K is a field, then the definition of a module over the field K
coincides with that of a vector space over K. Thus vector spaces are examples
of modules where the ring of coefficients is a field.



Example Let (M, +) be an Abelian group, and let x € M. If n is a positive
integer then we define nx to be the sum x +x + --- 4+ x of n copies of x. If
n is a negative integer then we define nx = —(|n|x), and we define 0z = 0y,
where 0); denotes the zero element of the Abelian group M. This enables
us to regard any Abelian group as a module over the ring Z of integers.
Conversely, any module over the ring Z of integers is also an Abelian group.

Example Any unital commutative ring can be regarded as a module over
itself in the obvious fashion. The operation of left multiplication of elements
of a unital commutative ring R by elements of R itself coincides with the
operation of multiplication defined on the ring R.

Example Let K be a field, and let K[X] denote the ring of polynomials in
a single indeteminant with coefficients in the field X. The ring K[X] is a
unital commutative ring, and elements of K [X| are polynomials of the form

a0+a1X—|—a2X2+---—|—adXd,

where ag,aq,...,aq € K. The operations of addition, subtraction and mul-
tiplication of such polynomials are defined in the usual fashion. Let V' be a
vector space over the field K, and let T:V — V be a linear operator on V.
Define p(X)v = p(T)v for all p(X) € K[X], so that

(ap + a1 X + asX? + - + ag XY = agv + a1 Tv + a;T?v + - - + agT%

forall v € V and ag,aq,...,aq € K. Then this operation of multiplication of
elements of the vector space V' by polynomials with coefficients in the field K
gives the vector space V' the structure of a module over the polynomial ring
K[X]. Moreover any module over the polynomial ring K [X]| can be described
in this fashion. For if V' is a module over K[X] then V is a vector space over
the field K: each element of the field K may be regarded as a constant poly-
nomial, and therefore the algebraic operation under which elements of the
module V' are multiplied on the left by polynomials restricts to an operation
whereby elements of V' are multiplied on the left by constant polynomials,
and accordingly by elements of the field K. Moreover the function that sends
v € V to the product Xv obtained on left multiplying v by the polynomial X
(where X = 15X) is a linear transformation 7:V — V| and basic properties
of modules then ensure that p(X)v = p(T)v for all p(X) € K[X].

1.4 Submodules and Quotient Modules

Definition Let R be a unital ring, and let M be a left R-module. A non-
empty subset L of M is said to be a submodule of M if x+y € L and rx € L
for all z,y € L and r € R.



Let M be a left module over a unital ring R, and let L be a submodule
of M. Then L contains at least one element z, and therefore contains the
zero element 0p; of M, because 0y, = Ogx. Thus every submodule of a left
module contains the zero element of that module. Also —x € L forall x € L,
because —x = (—1g)z, where 1z denotes the multiplicative identity element
of the unital ring R.

Example A subset L of a ring R is said to be a left ideal of R if 0 € L,
—rx €L, x+y € Land rex € L for all z,y € L and r € R. Any unital
ring R may be regarded as a left R-module, where multiplication on the left
by elements of R is defined in the obvious fashion using the multiplication
operation on the ring R itself. A subset of R is then a submodule of R (when
R is regarded as a left module over itself) if and only if this subset is a left
ideal of R.

Given any submodule L of the left R-module M, we denote by M/L the
set of cosets of L in M. These cosets are the subsets of M that are of the
form L + x for some x € M, where

L+ax={l+x:1€eL}.

Let x and y be elements of M. If y € L + x then y = [, + x for some [, € L.
But then x = (—l,) + vy, and therefore x € L 4 y. Moreover

l+y=Il+l,+r€L+x

and
l+z=1+(-l,)+yeL+y

foralll € L. Thusify € L+ 2 then L+y = L+ z. It follows that
L+z=L+vyifand onlyif x —y € L.

Let x,2',y,y/ € M and r € R. Suppose that L +x = L + 2’ and
L+y=L+vy. Then 2’ —x € L and 3y — y € L. But then

(+y) - @ +y)=@-2)+y—-y)eL,

because the operation of addition on M is both commutative and associative,
and

re—ra' =r(x—2a') €L,
and therefore L+ (z +y) = L+ (' +¢') and L +rz = L+ ra’. It follows

that there is a well-defined operation of addition on the set M /L of cosets of
L in M, where

(L+x)+(L+y)=L+ (z+y)
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for all z,y € M. This addition operation on M/L is associative and commu-
tative. Also L+(L+x) = (L+0y)+(L+2) = L+x and (L+(—x))+(L+x) =
L+ ((—z)+x) = L+0y =L for all z € M. It follows that the set M/L
of cosets of L in M is an Abelian group with respect to the operation of
addition of cosets. We define (L + x) = L + rz for all » € R. Then

r(L4+2)+(L+y) = r(L+@x+y)=L+rx+y)
= L+ (re+ry)=(L+rz)+ (L+ry)
= r(L+x)+r(L+vy),
(r+s)(L+x) = L+ (r+s)z=L+ (rz+ sx)
= (L+rz)+ (L + sz)
= r(L+a)+s(L+a),
(rs)(L+z) = L+ (rs)r =L+ r(sx)=r(L+ sx)
= r(s(L+x)),

and

for all ;s € R and z,y € M. It follows that the set M /L of left cosets of L
in M is itself a left module over the unital ring R.

Definition Let M be a left module over a unital ring R, and let L be a
submodule of M. The corresponding quotient module M/L is the left R-
module M/L whose elements are the cosets of L in M, with operations of
addition of cosets and left multiplication of cosets by elements of the ring R
defined such that

(L+2)+(L+y)=L+x+y and r(L+z)=L+rx

for all z;,y € M and r € R.

1.5 Homomorphisms of Left Modules

Definition Let M and N be left modules over some unital ring R. A
function p: M — N is said to be a homomorphism of left R-modules if
oz +y) =)+ ¢(y) and p(rz) = re(x) for all z,y € M and r € R. A
homomorphism of R-modules is said to be an isomorphism if it is invertible.

Let M and N be left modules over a unital ring R. A homomorphism
©: M — N from M to N is said to be a monomorphism if it is injective. A
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homomorphism p: M — N from M to N is said to be a epimorphism if it
is surjective. A homomorphism ¢: M — N from M to N is said to be an
isomorphism if it is bijective. A homomorphism ¢: M — M from M to itself
is referred to as an endomorphism of M. An isomorphism ¢: M — M from
M to itself is referred to as an automorphism of M.

Let ¢: M — N be an isomorphism from M to N. Then the function ¢
has a well-defined inverse p=: N — M. Let u,v € N, and let x = o~ !(u)
and y = ¢ '(v). Then ¢(x) = u and p(y) = v, and therefore

or+y) =) +oy)=utv and ¢(rz)=re(r)=ru.

It follows that

p i utv) =9 (u) ¢ (v) and @7 (ru) =re”(u).

Thus the inverse ¢~ 1: N — M of any left R-module isomorphism ¢: M — N
is itself a left R-module isomorphism.

Lemma 1.6 Let M and N be left modules over a unital ring R, and let
©: M — N be a left R-module homomorphism from M to N. Then ¢(0y) =
On, where 0p; and Oy denote the zero elements of the left modules M and N
respectively. Moreover o(—x) = —p(x) for all x € M.

Proof Let z € M. Then

o(x) = p(x + 0n) = ©(x) + ©(0nr).

On subtracting ¢(x) from both sides of this identity, we find that Oy =
©(0y). It follows that

o) + (=) = oz + (=2)) = ¢(0m) = Ox,
and therefore ¢(—x) = —p(x), as required. |

Definition Let M and N be left modules over some unital ring R, and let
©:M — N be a left R-module homomorphism. The kernel ker ¢ of the
homomorphism ¢ is defined so that

kero ={z € M : p(x) =0y},

where Op denotes the zero element of the module V.



The kernel ker ¢ of a left R-module homomorphism ¢: M — N is itself a
left R-module. Indeed let =,y € ker ¢ and r € R. Then

o(r+y) =) +¢y) =0 + 0y =0y

and
o(rz) =rp(z) =r0y = O,
and therefore x + y € ker ¢ and rz € ker ¢.
The image or range @(M) of a left R-module homomorphism ¢: M — N
is defined such that
p(N) ={p(z): 2 € M}.

The image of any left R-module homomorphism is itself a left R-module.

Proposition 1.7 Let M and N be left modules over a unital ring R, let
p:M — N be a left R-module homomorphism from M and N, and let L
be a submodule of M. Suppose that L C keryp. Then o: M — N induces
a homomorphism @: M/L — N defined on the quotient module M /L, where
(L + x) = @(x) for all x € M. This induced homomorphism is injective if
and only if L = ker ¢.

Proof Let x,2" € M. Then L+ x = L+ 2’ if and only if 2’ — z € L. Also
oz’ — ) = p(a’) — p(x), and therefore p(x) = p(2’) if and only if 2’ — z €
ker p. But L C ker ¢. It follows that if L+x = L+2' then ¢(x) = ¢(2'), and
therefore there exists a well-defined function @: M /L — N characterized by
the property that p(L + z) = ¢(x) for all z € M. The function from M/L
to NN characterized by this property is uniquely determined. Moreover the
function @ is injective if and only if L + x = L + 2’ whenever p(z) = ¢(2').
It follows that ®: M /L — N is injective if and only if L = ker ¢.
Let z,y € M. Then

P((L+z)+(L+y) = PL+z+y)=pl+y) =) +ey)
= p(L+x)+o(L+y).
Also
o(r(L+2)) =p(L+rz) = o(rz) = re(z)

for all » € R. It follows that @: M/L — N is a homomorphism of left
R-modules with the required properties. |}

The following corollary follows immediately on applying Proposition 1.7.

Corollary 1.8 Let M and N be left modules over a unital ring R, and let
©: M — N be a left R-module homomorphism from M and N. Then o(M) =
M/ ker .
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1.6 Direct Sums of Left Modules

Definition Let M, M,, ..., M} be left modules over a unital ring R. The
direct sum My PB My®- - -® M, of the modules My, Ms, ..., My is defined to be
the set of ordered k-tuples (z1, s, ..., x), where z; € M; for i =1,2,... k.
This direct sum is itself a left R-module, where

($1;I27---7$k)+(y17y27---7yk) - (Il+y17$2+y27--~;$k+yk)a
r(zy, @9, ... x8) = (rey,reg, ..., rTE)

for all z;,y; € M; and r € R.

Definition Let R be a unital ring, and let n be a positive integer. We define
the left R-module R™ to be the direct sum of n copies of the ring R. The ele-
ments of this left R-module R™ are thus represented as n-tuples (ry,rs, ..., 7,)
whose components are elements of the ring R.

Definition Let M be a left module over some unital ring R. Given any
subset X of M, the submodule of M generated by the set X is defined to be
the intersection of all submodules of M that contain the set X. It is therefore
the smallest submodule of M that contains the set X. A left R-module M is
said to be finitely-generated if it is generated by some finite subset of itself.

Lemma 1.9 Let M be a left module over some unital ring R. Then the
submodule of M generated by some finite subset {1, xs,...,xx} of M consists
of all elements of M that are of the form

Xy + reZo + - -+ TET
for some ri,7r9,..., 1 € R.

Proof The subset of M consisting of all elements of M of this form is clearly
a submodule of M. Moreover it is contained in every submodule of M that
contains the set {x1,xs,...,x;}. The result follows. |}

1.7 Right Modules

Definition Let R be a unital ring. A set M is said to be a right module
over R (or right R-module) if

(i) given any z,y € M and r € R, there are well-defined elements = + y
and zr of M,

(ii) M is an Abelian group with respect to the operation + of addition,

11



(iii) the identities
(x 4+ y)r = xr +yr, x(r+s) = ar + xs,

x(rs) = (zr)s, rlp =2

are satisfied for all z,y € M and r,s € R, where 1z denotes the
multiplicative identity element of the ring R.

Let R be a unital ring that is not necessarily commutative, and let +
and x denote the operations of addition and multiplication defined on R.
We denote by R°P the ring (R, +, x°P), where the underlying set of R? is R
itself, the operation of addition on R coincides with that on R, but where
the operation of multiplication in the ring R°P is the operation x°P defined
so that r x°?s = s xr for all r, s € R. Note that the multiplication operation
on the ring R°? coincides with that on the ring R if and only if the ring R is
commutative.

Any right module over the ring R may be regarded as a left module over
the ring R°P. Indeed let My be a right R-module, and let r.x = xr for all
xr € Mg and r € R. Then

r.(s.x) =r.(zs) = (xs)r=z(s xr) =2(r xPs)=(r x?s)x

for all z € My and r,s € R. Also all other properties required of left modules
over the ring R°P are easily seen to be satisfied. It follows that any general
results concerning left modules over unital rings yield corresponding results
concerning right modules over unital rings.

Note that if the unital ring R is commutative then rx°?s = sxr = rxs for
all 7, s € R, and therefore the multiplication operations x°P and X coincide.
Thus if R is a unital commutative ring then the identity function of R is an
isomorphism between the rings R and R°P, and thus R is the same ring
as R. It follows that any right module over the ring R may be regarded as a
left module over R, and vice versa.

12



2 Free Modules

2.1 Linear Independence in Modules

Let M be a left module over a unital ring R, and let x1, 2o, . . ., £} be elements
of M. A linear combination of the elements x1, s, ..., x; with coefficients
ri,7o,...,7 is an element of M that is represented by means of an expression
of the form

X1 + Tk + -+ + Tk,

where 71,75, ..., 7, are elements of the ring R.

Definition Let M be a left module over a unital ring R. The elements of a
subset X of M are said to be linearly dependent if there exist distinct elements
T1, T, ..., 2, of X (where z; # x; for i # j) and elements 71,79, ..., 7 of the
ring R, not all zero, such that

171 + oo + - - + 1 = Opy,

where 0;; denotes the zero element of the module M.
The elements of a subset X of M are said to be linearly independent over
the ring R if they are not linearly dependent over R.

Let M be a left module over a unital ring R, and let X be a (finite or
infinite) subset of M. The set X generates M as a left R-module if and only
if, given any non-zero element m of M, there exist x1,2s,...,2; € X and
r1,72,...,7x € R such that

m:T11’1+T2$2+"'+TkZ‘k

(see Lemma 1.9). In particular, a left module M over a unital ring R is

generated by a finite set {x1, xs, ...,z } if and only if any element of M can
be represented as a linear combination of xq, xo, ..., x; with coefficients in
the ring R.

A left module over a unital ring is freely generated by the empty set if
and only if it is the zero module.

Definition Let M be a left module over a unital ring R, and let X be a
subset of M. The left module M is said to be freely generated by the set X
if the following conditions are satisfied:

(i) the elements of X are linearly independent over the ring R;

(ii) the module M is generated by the subset X.
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Definition A left module over a unital ring is said to be free if there exists
some subset of the module which freely generates the module.

Definition Let M be a left module over a unital ring R. Elements
L1, T2y..., Tk

of M are said to constitute a free basis of M if these elements are distinct,
and if the left R-module M is freely generated by the set {x,zo, ..., zx}.

Example Let K be a field, let V' be a finite-dimensional vector space over K,
and let by, bo, ..., b, beabasisof V. Then V is a left K-module, and moreover
V is freely generated by the set B, where B = {by, by, ...,b,}. Indeed, given
any vector space W over K, and given any function f: B — W, there is a
unique linear transformation ¢: V' — W that extends f. Moreover

@ (Z ijj> = x;f(by)
j=1 j=1
for all 1, x,,...,x, € K. This linear transformation is a homomorphism of
left modules over the field K.
Lemma 2.1 Let M be a left module over an unital ring R. Elements
T1,X2,...,Tk

of M constitute a free basis of that left module if and only if, given any
element m of M, there exist uniquely determined elements ry,79,...,7% of
the ring R such that

m =712y + 7oy + " + TLTk.

Proof First suppose that x1,x,,...,x; is a list of elements of M with the
property that, given any element m of M, there exist uniquely determined
elements ry, 79, ..., of R such that

m =1ryx1+7rexg+ - + rpTs.

Then the elements xq,xs, ...,z generate M. Also the uniqueness of the
coefficients 71,7, ..., r, ensures that the zero element 0, of M cannot be
expressed as a linear combination of xq,x», ...,z unless the coeffients in-

volved are all zero. Therefore these elements are linearly independent and
thus constitute a free basis of the left module M.
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Conversely suppose that x1,xs, ..., x is a free basis of M. Then any ele-
ment of M can be expressed as a linear combination of the free basis vectors.
We must prove that the coefficients involved are uniquely determined. Let
r1,7o, ..., and s1, Sg, ..., s be elements of the coefficient ring R satisfying

AT + T9Xo + -+ TekXr = S121 + S99 + -+ STk

Then
(’1“1 — 81)33'1 + (7"2 — 82)1'2 + -+ (Tk — Sk)ili'k = OM

But then r; —s; = 0 and thus r; = s; for j = 1,2,...,n, since the elements of
any free basis are required to be linearly independent. This proves that any
element of M can be represented in a unique fashion as a linear combination
of the elements of a free basis of M, as required. |}

Proposition 2.2 Let M be a free left module over a unital ring R, and let X
be a subset of M that freely generates M. Then, given any left R-module N,
and giwen any function f: X — N from X to N, there exists a unique left
R-module homomorphism p: M — N such that ¢|X = f.

Proof We first prove the result in the special case where M is freely gen-
erated by a finite set X. Thus suppose that X = {z1,x9,..., 2%}, where
the elements zq,xs, ...,z are distinct. Then these elements are linearly
independent over R and therefore, given any element m of M, there exist
uniquely-determined elements 71,75, ..., of R such that

m =1ryxy+7reoxg+ - + rpli.

(see Lemma 2.1). It follows that, given any left R-module N, and given any
function f: X — N from X to N, there exists a function ¢: M — N from M
to N which is characterized by the property that

o(rixy +roxo + -+ rpxy) = rif(x1) + raf (@) + -+ e f(@r).

for all 71,79, ...,7,. Moreover this function is an R-module homomorphism,
and is the unique R-module homomorphism from M to N that extends
f: X — N.

Now consider the case when M is freely generated by an infinite set X. Let
N be an R-module, and let f: X — N be a function from X to N. For each
finite subset Y of X, let My denote the submodule of M that is generated
by Y. Then the result we have just proved for modules freely generated
by finite sets ensures that there exists a unique R-module homomorphism

wy: My — N from My to N such that ¢y (z) = f(z) for all z € Y.
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Let Y and Z be finite subsets of X, where Y N Z # (. We claim that
My "My = Myng. Clearly Mynz C My and Mynz C M. Let YU Z =

{x1,x9,..., 2}, where xq, xo, ...,z are distinct. Then, given any element m
of My N My, there exist uniquely-determined elements 71,75, ..., 7, of R such
that

m =1ryxy+reolg+ - + rpli.

But this element m is expressible as a linear combination of elements of
Y alone, and as a linear combination of elements of Z alone. Therefore,
for each index i between 1 and k, the corresponding coefficient r; is zero
unless both x; € Y and x; € Z. But this ensures that x is expressible as
a linear combination of elements that belong to Y N Z. This verifies that
My NnM 7z = MYﬂ 7.

Now there exist unique left R-module homomorphisms ¢y : My — N and
wz: Mz — N from My and My respectively to N such that py(z) = f(z)
for all z € Y and pz(z) = f(z) for all x € Z. Then the restrictions of these
left R-module homomorphisms to My~ are left R-module homomorphisms
from Mynyz to N that extend f|[Y NZ:Y NZ — N. But we have shown that
any extension of this function to an R-module homomorphism from My
to N is uniquely-determined. But Mynz; = My N M. Therefore

oy |My N Mz = oz|My N Mz = @ynz.

Let m € M. Then m can be represented as a linear combination of the
elements of some finite subset Y of X with coefficients in the ring R. But
then m € My . It follows that M is the union of the submodules My as Y
ranges over all finite subsets of the generating set X.

Now there is a well-defined function ¢: M — N characterized by the
property that ¢(m) = ¢y (m) whenever m belongs to My for some finite
subset Y of X. Indeed suppose that some element m of M belongs to both
My and Mz, where Y and Z are finite subsets of M. Then m € My, since
we have shown that My N My = Mypnz. But then ¢y (m) = ¢ynz(m) =
¢wz(m). This result ensures that the homomorphisms ¢: My — N defined on
the submodules My of M generated by finite subsets Y of X can be pieced
together to yield the required function ¢: M — N. Moreover, given elements
x and y of M, there exists some finite subset Y of M such that x € My and
y € My. Then

oz +y) =¢yv(@+y) =ov(@) +ov(y) = o) + e(y),

and
p(rz) = oy (rz) = roy(z) = ro(z)
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for all » € R. Thus the function p: M — N is a left R-module homo-
morphism. The uniqueness of the left R-module homomorphisms ¢y then

ensures that p: M — N is the unique left R-module homomorphism from M
to N that extends f: X — N, as required. |}

Proposition 2.3 Let R be a unital ring, let M and N be left R-modules,
let F' be a free left R-module, let m: M — N be a surjective left R-module
homomorphism, and let o: F — N be a left R-module homomorphism. Then
there exists an left R-module homomorphism ¢: F' — M such that ¢ = moqp.

Proof Let X be a subset of the free left R-module F' that freely generates
F. Now, because the left R-module homomorphism 7: M — N is surjec-
tive, there exists a function f:F — M such that 7(f(x)) = ¢(z) for all
x € X. It then follows from Proposition 2.2 that there exists a left R-module
homomorphism ¢: F' — M such that ¢(z) = f(x) for all x € X. Then
m(¥(z)) = w(f(x)) = p(x) for all x € X. But it also follows from Proposi-
tion 2.2 that any left R-module homomorphism from F' to N that extends
¢|X — X — N is uniquely determined. Therefore mo1) = ¢, as required. |}

Proposition 2.4 Let R be a unital ring, let M be a left R-module, let F
be a free left R-module and let m: M — F be a surjective left R-module
homomorphism. Then M = kermw & F'.

Proof It follows from Proposition 2.3 (applied to the identity automorphism
of F') that there exists a left R-module homomorphism : F — M with the
property that w(¢(f)) = f for all f € F. Let 0:kerm @ F — M be defined
so that O(k, f) = k+¢(f) for all f € F. Then :kerm & F — M is a left
R-module homomorphism. Now

w(m — b(w(m))) = w(m) — (7 0 ) (w(m)) = 7(m) — 7(m) = O

where Op denotes the zero element of F. Therefore m — i(w(m)) € kernm
for all m € M. But then m = 0(m — ¢(n(m)), 7(m)) for all m € M. Thus
0:kerm & F — M is surjective.

Now let (k, f) € ker 0, where k € kerm and f € F. Then ¢(f) = —k. But
then f = 7(¢¥(f)) = —7m(k) = 0p. Also k = ¢¥(Op) = 07, where 0y, denotes
the zero element of the module M. Therefore the homomorphism 6: ker 7 &
F — M has trivial kernel and is therefore injective. This homomorphism
is also surjective. It is therefore an isomorphism between ker m & F' and M.
The result follows. |}

Lemma 2.5 Let F be a left module over a unital ring R, let X be a set, and
let i: X — F be a function. Suppose that this function 1: X — F satisfies the
following universal property:
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giwen any left R-module M, and given any function f: X — M,
there exists a unique R-module homomorphism ¢: ' — M such
that poi = f.

Then the function i: X — F' is injective, and F' is freely generated by i(X).

Proof The ring R has at least two elements, since the zero element O and
the multiplicative identity element 1p are distinct elements of the unital
ring R. Let x and y be distinct elements of the set X, and let f: X — R be a
function satisfying f(x) = Og and f(y) = 1g. The ring R may be regarded as
a left R-module over itself. It follows from the universal property of i: X — F
described above that there exists a unique R-module homomorphism 0: F' —
R such that #oi = f. Then 0(i(x)) = Og and 0(i(y)) = 1z. But Og # 1g. It
follows that i(x) # i(y). Thus the function i: X — F' is injective.

Let M be a left R-module, and let g:i(X) — M be a function defined
on i(X). Then there exists a unique homomorphism ¢: F' — M such that
pot = goi. But then ¢[|i(X) = g. Thus the function ¢:i(X) — M
extends uniquely to a homomorphism ¢: F — M. This shows that F' is
freely generated by i(X), as required.  |]

2.2 Construction of Free Modules

Let X be a set, and let R be a unital ring with zero element 0z and multi-
plicative identity element 1. We say that a function o: X — R has at most
finitely many non-zero values if the subset supp o of X is finite, where

suppo = {z € X : o(z) # Or}.

Let o and 7 be functions from X to R that have at most finitely many
non-zero values. Then the sum o + 7 of the functions ¢ and 7 also has at
most finitely many non-zero values, where (o + 7)(x) = o(x) + 7(x) for all
x € X. Indeed

supp(o + 7) C supp o U supp 7.

Also the function ro has at most finitely many non-zero values for all r € R,
where (ro)(x) = ro(x) for all x € X, since supp(ro) C supp o. Moreover the
set FrX of functions from X to R that have at most finitely many non-zero
values, with these operations of addition and of multiplication by elements
of R, is a left R-module. Indeed FrX is an Abelian group with respect to
the operation of addition of functions, and

(r+s)o=ro+so, r(c+7)=rc+rr,
r(so) = (rs)o and 1lgo =0

for all r,s € R and 0,7 € FrX.
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Proposition 2.6 Let R be a unital ring, let X be a set, and let FrX be the
left R-module whose elements are functions from X to R with only finitely
many non-zero values. For each element x of X, let \;: X — R be the
function defined such that

1z ify=ux;

Then the left R-module FrX is freely generated by the set {\, : x € X}.

Proof Let x1,x9,...,x; be distinct elements of X, let r{,7q,...,7, be ele-

k
ments of the ring R, and let 0 = ) r;A,,. Then o(z;) =r; fori =1,2,...,r.
j=1

Also o(x) =0 for all x € X \ {z1, @9, ...,z }. It follows that if

k
Z rj)\xj =0
j=1

then 7 =79 = -+ =1, = 0. Thus the elements \,,, Ay, ..., A\, of FrX are
linearly independent over the ring R.

Let B = {)\; : x € R}. We have shown that the elements of every finite
subset of B are linearly independent over R. It follows that the elements of
B itself are linearly independent over R. Now any element of FzX can be
represented as a linear combination of elements of B. Indeed

o= Z o(x) Az

xresupp o
for all 0 € FrX, where
suppo = {z € X : o(z) # Or}.

It follows that the subset B of FrX generates FrX. Thus B is a free basis
of FrX, as required. |}

Corollary 2.7 Let R be a unital ring, let X be a set, and let FrX be the
left R-module whose elements are functions from X to R with only finitely
many non-zero values. ix: X — FrX the function that sends x to A, for all

r € X, where
. 1R ny:x7
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Then, given any left R-module M, and given any function f: X — M, there
exists a unique left R-module homomorphism p: FrX — M such that poix =
f. Moreover

TESUpp o

for all o € FrX, where
suppo = {z € X : o(z) # Or}.

Proof The existence and uniqueness of the left R-module homomorphism
p: FrX — M follows on combining the results of Proposition 2.6 and Propo-
sition 2.2.

Let 0 € FrX. Then

o= Z o(z)A\,

xESupp o

and therefore

reEsupp o xesupp o

as required. |

Definition Let X be a set, and let R be a unital ring. We define the free left
R-module on the set X to be the module FrX whose elements are represented
as functions from X to R with at most finitely many non-zero values, where
(0 +7)(x) =0(x)+7(x) and (ro)(z) = ro(z) for all 0,7 € FrX, r € R and
r e X.

Abelian groups are modules over the ring Z of integers. The construction
of free modules therefore associates to any set X a corresponding free Abelian
group FzX.

Definition Let X be a set. The free Abelian group on the set X is the
module F7X whose elements can be represented as functions from X to Z
that have only finitely many non-zero values.

2.3 The Rank of a Free Module over an Integral Do-
main

Let M be a free module over a unital commutative ring R. A subset of M is
said to be a free basis of M if it freely generates M.
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A free module M over a unital commutative ring is said to be of finite
rank if there exists a finite subset of M that freely generates M.

Suppose that the unital ring R is a field. Then any module over R is
a vector space over R. It follows from the basic theorems of linear algebra
that any finitely generated R-module is a finite-dimensional vector space over
R. Moreover any two bases of this vector space have the same number of
elements. The number of elements in any basis of the vector space is the
dimension of the vector space. We see therefore that the number of elements
in any free basis of an R-module of finite rank does not depend on the choice
of free basis in the particular case where the coefficient ring R is a field.

Now let us consider the case of Abelian groups. An Abelian group is a
module over the ring Z of integers. The ring of integers is an integral domain.
Let d be a non-negative integer, let m be a positive integer, and let

mZ* = {z € Z* : z = mw for some w € Z%}.

Then any element of the quotient group Z¢/mZ? is a coset of mZ? in Z? of
the form
mZ + (n1,na, ... ,ng),

where n; € {0,1,...,m — 1} for j = 1,2,...,d, and therefore Z¢/mZ? is a
finite group of order m?. It follows that if d and e are non-negative integers,
and if Z¢ = Z¢ then d = e. We conclude from this that if M is a free module
of finite rank over the ring Z (i.e., if M is a free Abelian group of finite
rank), then any two free bases of M have the same number of elements. The
number of elements in any free basis of M is the rank of M.

It can be proved that if R is an integral domain, and if M is a free module
of finite rank over the integral domain R then any two free bases of M have
the same number of elements.

Definition Let M be a free module of finite rank over an integral domain R.
The rank of M is the number of elements in any free basis of M.

Let M be a free module of rank d over an integral domain R. Then
M = R Indeed let by, bs,...,b; be elements of M that constitute a free
basis of M. Then, given any element x of M, there exist uniquely-determined
elements r1, 79, ...,74 of the coefficient ring R such that

T =711by + 13by + - - - + 14by.

It follows that there exists an R-module isomorphism 6: M — R? defined
such that
Q(lel + 7“252 4+ 4 Tdbd) = (7“1,7‘2, Ce ,T’d)

for all r1,79,...,74 € R.
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