Chapter 3

Modules and Vector Spaces

3.1 Definitions and Examples

Modules are a generalization of the vector spaces of linear algebra in which
the “scalars” are allowed to be from an arbitrary ring, rather than a field.
This rather modest weakening of the axioms is quite far reaching, including,
for example, the theory of rings and ideals and the theory of abelian groups
as special cases.

(1.1) Definition. Let R be an arbitrary ring with identity (not necessarily
commutative).

(1) A left R-module (orleft module over R) is an abelian group M together

with a scalar multiplication map
-tRxM—-M

that satisfy the following axioms (as is customary we will write am in
place of -(a,m) for the scalar multiplication of m € M by a € R). In
these axioms, a,b are arbitrary elements of R and m, n are arbitrary
elements of M.

(a1)a(m +n) = am + an.
(b1)(a + b)m = am + bm.
(c1) (ab)ym = a(bm).
(d1)1m =m.

A right R-module (or right module over R) is an abelian group M
together with a scalar multiplication map

M xR—-M

that satisfy the following axioms (again a, b are arbitrary elements of
R and m, n are arbitrary elements of M ).

(a;)(m + n)a = ma + na.
(by)m(a 4+ b) = ma + mb.
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(cy)m(ab) = (ma)b.
(d,yml =m.

(1.2) Remarks.

(1) If R is a commutative ring then any left R-module also has the struc-
ture of a right R-module by defining mr = rm. The only axiom that
requires a check is axiom (c,). But

m(ab) = (ab)m = (ba)m = b(am) = b(ma) = (ma)b.

(2) More generally, if the ring R has an antiautomorphism (that is, an
additive homomorphism ¢ : R — R such that ¢(ab) = ¢(b)¢(a)) then
any left R-module has the structure of a right R-module by defining
ma = ¢(a)m. Again, the only axiom that needs checking is axiom (c,):

(ma)b = ¢(b)(ma)
= o(b)(¢(a)m)
= (¢(b)p(a))m
— b(ab)m
= m(ab).

An example of this situation occurs for the group ring R(G) where R
is a ring with identity and G is a group (see Example 2.1.10 (15)). In
this case the antiautomorphism is given by

¢(Z agg) =Y a9

geG geG

We leave it as an exercise to check that ¢ : R(G) — R(G) is an
antiautomorphism. Thus any left R(G)-module M is automatically a
right R(G)-module.

(3) Let R be an arbitrary ring and let R°P (“op” for opposite) be the
ring whose elements are the elements of R, whose addition agrees with
that of R, but whose multiplication - is given by a - b = ba (where
the multiplication on the right-hand side of this equation is that of
R). Then any left R-module is naturally a right R°P-module (and vice-
versa). In fact, if M is a left R-module, define a right multiplication
of elements of R°® (which are the same as elements of R) on M by
m-a = am. As in Remark 1.2 (1), the only axiom that requires checking
is axiom (c,). But

m-(a-b) = (a-b)m = (ba)m = blam) =b(m-a) = (m-a) - b.

The theories of left R-modules and right R-modules are entirely par-
allel, and so, to avoid doing everything twice, we must choose to work on
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one side or the other. Thus, we shall work primarily with left R-modules
unless explicitly indicated otherwise and we will define an R-module (or
module over R) to be a left R-module. (Of course, if R is commutative, Re-
mark 1.2 (1) shows there is no difference between left and right R-modules.)
Applications of module theory to the theory of group representations will,
however, necessitate the use of both left and right modules over noncommu-
tative rings. Before presenting a collection of examples some more notation
will be introduced.

(1.3) Definition. Let R be a ring and let M, N be R-modules. A function
f:M — N is an R-module homomorphism if

M
(1) f(my+ma) = f(m1) + f(me) for all my, me € M, and
(2) f(am)=af(m) for alla € R and m € M.

The set of all R-module homomorphisms from M to N will be de-
noted Hompg (M, N). In case M = N we will usually write End g (M) rather
than Hompg (M, M); elements of Endg(M) are called endomorphisms. If
f € Endg(M) is invertible, then it is called an automorphism of M. The
group of all R-module automorphisms of M is denoted Autg (M) (Aut(M)
if R is implicit). If f € Hompr(M, N) then we define Ker(f) € M and
Im(f) C N to be the kernel and image of f considered as an abelian group
homomorphism.

(1.4) Definition.

(1) Let F be a field. Then an F-module V is called a vector space over F.
(2) If V and W are vector spaces over the field F' then a linear transfor-
mation from V' to W is an F-module homomorphism from V to W.

(1.5) Examples.

(1) Let G be any abelian group and let g € G. If n € Z then define the
scalar multiplication ng by

g+-+g (n terms) if n > 0,
ng=+{0 ifn=20,

(=9)+ -+ (—g) (—n terms) if n <O0.

Using this scalar multiplication G is a Z-module. Furthermore, if G
and H are abelian groups and f : G — H is a group homomorphism,
then f is also a Z-module homomorphism since (if n > 0)

fng)=flg+---+g)=flg)+-+ flg) =nflg)
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and f(—g) = —f(9g)-
Let R be an arbitrary ring. Then R™ is both a left and a right R-module
via the scalar multiplications

a(by, ... ,by) = (aby, ... ,aby)

and
(b1, ... ,bp)a = (ba, ... ,bya).

Let R be an arbitrary ring. Then the set of matrices My, ,(R) is both
a left and a right R-module via left and right scalar multiplication of
matrices, i.e.,

ent;;(aA) = a ent;;(A)
and

ent;;(Aa) = (ent;;(A))a.

As a generalization of the above example, the matrix multiplication
maps

M (R) X My n(R) — Mpn(R)
(A, B) — AB
and
Mpn(R) x My (R) — My, (R)
(A, B)— AB

make M, ,(R) into a left M,,(R)-module and a right M, (R)-module.
If R is a ring then a left ideal I C R is a left R-module, while a right
ideal J C R is a right R-module. In both cases the scalar multiplication
is just the multiplication of the ring R.

If Ris aring and I C R is an ideal then the quotient ring R/I is both
a left R-module and a right R-module via the multiplication maps

RxR/I — R/I

(a, b+1)—ab+1
and

R/I xR— R/I

(a+1I,b)— ab+I.
M is defined to be an R-algebra if M is both an R-module and a ring,
with the ring addition being the same as the module addition, and the

multiplication on M and the scalar multiplication by R satisfying the
following identity: For every r € R, my, mg € M,

r(mimsg) = (rmq)me = my(rms).
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For example, every ring is a Z-algebra, and if R is a commutative ring,
then R is an R-algebra. Let R and S be rings and let ¢ : R — S
be a ring homomorphism with Im(¢) C C(S) = {a € S : ab = ba
for all b € S}, the center of S. If M is an S-module, then M is also
an R-module using the scalar multiplication am = (¢(a))m for all
a € R and m € M. Since S itself is an S-module, it follows that S
is an R-module, and moreover, since Im(¢) C C(S), we conclude that
S is an R-algebra. As particular cases of this construction, if R is a
commutative ring, then the polynomial ring R[X] and the matrix ring
M, (R) are both R-algebras.

If M and N are R-modules then Hompg (M, N) is an abelian group via
the operation (f 4+ g)(m) = f(m) + g(m). However, if we try to make
Hompg(M, N) into an R-module in the natural way by defining af by
the formula (af)(m) = a(f(m)) we find that the function af need not
be an R-module homomorphism unless R is a commutative ring. To
see this, note that

(af)(rm) = a(f(rm)) = a(r(f(m))) = ar f(m).

This last expression is equal to 7(af)(m) = raf(m) if R is a commu-
tative ring, but not necessarily otherwise. Thus, if R is a commutative
ring, then we may consider Hompg (M, N) as an R-module for all M,
N, while if R is not commutative then Hompg(M, N) is only an abelian
group. Since Endg (M) is also a ring using composition of R-module
homomorphisms as the multiplication, and since there is a ring ho-
momorphism ¢ : R — Endgr(M) defined by ¢(a) = aly where 15
denotes the identity homomorphism of M, it follows from Example 1.5
(7) that Endr(M) is an R-algebra if R is a commutative ring.

If G is an abelian group, then Homgz(Z, G) = G. To see this, define
® : Homz(Z, G) — G by ®(f) = f(1). We leave it as an exercise to
check that ® is an isomorphism of Z-modules.

(10) Generalizing Example 1.5 (9), if M is an R-module then

Hompg(R, M) = M

as Z-modules via the map ® : Homg(R, M) — M where ®(f) = f(1).

(11) Let R be a commutative ring, let M be an R-module, and let S C

Endgr(M) be a subring. (Recall from Example 1.5 (8) that Endr (M)
is a ring, in fact, an R algebra.) Then M is an S-module by means of
the scalar multiplication map S x M — M defined by (f, m) — f(m).

(12) As an important special case of Example 1.5 (11), let T € Endg(M)

and define a ring homomorphism ¢ : R[X]| — Endg(M) by sending
X toT and a € R to aly;. (See the polynomial substitution theorem
(Theorem 2.4.1).) Thus, if

fX)=ar+ar X+ +a, X"
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then
o(f(X) =aoly+ar T+ +a,T".

We will denote ¢(f(X)) by the symbol f(T) and we let Im(¢) = R[T].
That is, R[T] is the subring of Endg(M) consisting of “polynomials”
in T. Then M is an R[T] module by means of the multiplication

F(T)m = f(T)(m).

Using the homomorphism ¢ : R[X] — R[T] we see that M is an R[X]-
module using the scalar multiplication

f(X)m = f(T)(m).

This example is an extremely important one. It provides the basis for
applying the theory of modules over principal ideal domains to the
study of linear transformations; it will be developed fully in Section
4.4.

(13) We will present a concrete example of the situation presented in Ex-
ample 1.5 (12). Let F be a field and define a linear transformation
T : F? — F? by T(u1, u2) = (uz, 0). Then T? = 0, so if f(X) =
ag + a1 X + -+ ap X™ € F[X], it follows that f(T) = aglp2 + a1 T.
Therefore the scalar multiplication f(X)u for u € F? is given by

FOX) - (ur,uz) = f(T) (w1, u2)
= (aplpz + a1T)(u1,u2)

= (agu1 + a1u2, apus).

3.2 Submodules and Quotient Modules

Let R be a ring and M an R-module. A subset N C M is said to be
a submodule (or R-submodule) of M if N is a subgroup of the additive
group of M that is also an R-module using the scalar multiplication on
M. What this means, of course, is that N is a submodule of M if it is a
subgroup of M that is closed under scalar multiplication. These conditions
can be expressed as follows.

(2.1) Lemma. If M is an R-module and N is a nonempty subset of M,
then N is an R-submodule of M if and only if amy + bme € N for all
mi, me € N and a, b € R.

Proof. Exercise. O
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If Fis a field and V is a vector space over F, then an F-submodule of
V is called a linear subspace of V.

(2.2) Examples.

(1) If Ris any ring then the R-submodules of the R-module R are precisely
the left ideals of the ring R.

(2) If G is any abelian group then G is a Z-module and the Z-submodules
of G are just the subgroups of G.

(3) Let f: M — N be an R-module homomorphism. Then Ker(f) C M
and Im(f) C N are R-submodules (exercise).

(4) Continuing with Example 1.5 (12), let V be a vector space over a
field F' and let T € Endp (V) be a fixed linear transformation. Let Vp
denote V' with the F[X]-module structure determined by the linear
transformation 7. Then a subset W C V is an F[X]-submodule of the
module Vp if and only if W is a linear subspace of V and T'(W) C W,
i.e., W must be a T-invariant subspace of V. To see this, note that
X -w = T(w), and if a € F, then a - w = aw—that is to say, the
action of the constant polynomial a € F[X] on V is just ordinary
scalar multiplication, while the action of the polynomial X on V is
the action of T on V. Thus, an F[X]-submodule of Vr must be a T-
invariant subspace of V. Conversely, if W is a linear subspace of V
such that T(W) C W then T™(W) C W for all m > 1. Hence, if
f(X) € F[X] and w € W then f(X)-w = f(T)(w) € W so that W is
closed under scalar multiplication and thus W is an F[X]-submodule
of V.

(2.3) Lemma. Let M be an R-module and let {Ny}aca be a family of sub-
modules of M. Then N = (,c 4 Na is a submodule of M.

Proof. Exercise. O

We now consider quotient modules and the noether isomorphism the-
orems. Let M be an R-module and let N C M be a submodule. Then N
is a subgroup of the abelian group M, so we can form the quotient group
M/N. Define a scalar multiplication map on the abelian group M/N by
alm+ N) = am+ N for all a € R, m+ N € M/N. Since N is an R-
submodule of M, this map is well defined. Indeed, if m + N = m’/ + N then
m—m' € N so that am—am’ = a(m—m’) € N so that am+N = am’+ N.
The resulting R-module M/N is called the quotient module of M with re-
spect to the submodule N. The noether isomorphism theorems, which we
have seen previously for groups and rings, then have direct analogues for
R-modules.

(2.4) Theorem. (First isomorphism theorem) Let M and N be modules
over the ring R and let f : M — N be an R-module homomorphism. Then
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M/ Ker(f) = Im(f).

Proof. Let K = Ker(f). From Theorem 1.3.10 we know that f : M/K —
Im(f) defined by f(m+K) = f(m) is a well-defined isomorphism of abelian
groups. It only remains to check that f is an R-module homomorphism. But
flam+K)) = f(am+ K) = f(am) = af(m) = af(m+ K) for all m € M
and a € R, so we are done. a

(2.5) Theorem. (Second isomorphism theorem) Let M be an R-module and
let N and P be submodules. Then there is an isomorphism of R-modules

(N+P)/P=N/(NNP).

Proof. Let m : M — M/P be the natural projection map and let my be
the restriction of m to N. Then my is an R-module homomorphism with
Ker(mg) = NN P and Im(mg) = (N + P)/P. The result then follows from
the first isomorphism theorem. O

(2.6) Theorem. (Third isomorphism theorem) Let M be an R-module and
let N and P be submodules of M with P C N. Then

M/N = (M/P)/(N/P).

Proof. Define f : M/P — M/N by f(m+P) = m+N. This is a well-defined
R-module homomorphism and

Ker(f)y={m+P:m+N=N}={m+P:meN}=N/P.

The result then follows from the first isomorphism theorem (Theorem 2.4).
O

(2.7) Theorem. (Correspondence theorem) Let M be an R-module, N a
submodule, and 7w : M — M/N the natural projection map. Then the func-
tion P +— P/N defines a one-to-one correspondence between the set of all
submodules of M that contain N and the set of all submodules of M/N.

Proof. Exercise. g

(2.8) Definition. If S is a subset of an R-module M then (S) will denote
the intersection of all the submodules of M that contain S. This is called
the submodule of M generated by S, while the elements of S are called
generators of (S).

Thus, (S) is a submodule of M that contains S and it is contained in
every submodule of M that contains S, i.e., (S) is the smallest submodule
of M containing S. If S = {1, ... ,z,} we will usually write (x1, ... ,z,)
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rather than ({z1, ... ,x,}) for the submodule generated by S. There is the
following simple description of {S).

(2.9) Lemma. Let M be an R-module and let S C M.

(1) If S =0 then (S) = {0}.
(2) If S #0 then

<S>:{Zaisi:n€N, ai, ...,an € R, sl,...,snES}.

i=1

Proof. Exercise. u

(2.10) Definition. We say that the R-module M is finitely generated if
M = (S) for some finite subset S of M. M s cyclic if M = (m) for
some element m € M. If M is finitely generated then let u(M) denote the
minimal number of generators of M. If M is not finitely generated, then
we will define (M) = oo. We will call u(M) the rank of M.

(2.11) Remarks.

(1) We have p({0}) = 0 by Lemma 2.9 (1), and M # {0} is cyclic if and
only if (M) = 1.

(2) The concept of cyclic R-module generalizes the concept of cyclic group.
Thus an abelian group G is cyclic (as an abelian group) if and only if
it is a cyclic Z-module.

(3) If Ris a PID, then any R-submodule M of R is an ideal, so p(M) = 1.

If M is a finitely generated R-module and N is any submodule, then
M/N is clearly finitely generated, and in fact, u(M/N) < p(M) since
the image in M/N of any generating set of M is a generating set of M/N.
There is also the following result, which is frequently useful for constructing
arguments using induction on p(M).

(2.12) Proposition. Suppose M is an R-module and N is a submodule. If
N and M/N are finitely generated, then so is M and

p(M) < p(N) + p(M/N).

Proof. Let S = {x1, ... ,2x} C N be a minimal generating set for N and if
m: M — M/N is the natural projection map, choose T' = {y1, ... ,ye} C M
so that {7(y1), ... ,m(ye)} is a minimal generating set for M/N. We claim
that S UT generates M so that u(M) < k+ ¢ = p(N) + u(M/N). To see
this suppose that © € M. Then 7(z) = a17(y1) + -+ + aegm(ye). Let y =
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a1y1+- - -+agye € (T). Then m(x—y) = 0 so that x—y € Ker(m) = N = (S).
It follows that x = (x —y) + y € (SUT), and the proof is complete. O

(2.13) Definition. If {N,}aca is a family of R-submodules of M, then the
submodule generated by {Nu}aca is (Uyeca Na). This is just the set of all
SUMS Ng, + -+ + Ng, where ng, € Ny,. Instead of <Ua€A Na>, we will use
the notation ) o No; if the index set A is finite, e.g., A= {1, ... ,m},
we will write N1 + - - - 4+ Ny, for the submodule generated by Ny, ..., Np,.

(2.14) Definition. If R is a ring, M is an R-module, and X is a subset of
M, then the annihilator of X, denoted Ann(X), is defined by

Am(X)={a€ R:ax =0 for all x € X}.

It is easy to check that Ann(X) is a left ideal of R, and furthermore,
if X = N is a submodule of M, then Ann(N) is an ideal of R. If R is
commutative and N = (x) is a cyclic submodule of M with generator x,
then

Amn(N) ={a € R: ax = 0}.
This fact is not true if the ring R is not commutative. As an example, let
R = M,(R) = M and let © = E7; be the matrix with a 1 in the 11 position
and 0 elsewhere. It is a simple exercise to check that Ann(FE1;) consists of
all matrices with first column 0, while Ann({E11)) = (0).

If R is commutative and N is cyclic with generator x then we will
usually write Ann(z) rather than Ann((z)). In this situation, the ideal
Ann(z) is frequently called the order ideal of x. To see why, consider the
example of an abelian group G and an element g € G. Then G is a Z-module
and

Ann(g) ={n€Z:ng=0}
= (p)

where p = 0(g) if 0o(g) < oo and p = 0 if (g) is infinite cyclic.

Example. Let F be a field, V a vector space, T € Endp(V) a linear trans-
formation, and let Vi be the F[X] module determined by T (Example 1.5
(12)). If v € V then

Ann(v) = {f(X) € F[X]: f(T)(v) = 0}.

Note that this is a principal ideal (g(X)) since F[X] is a PID.

(2.15) Proposition. Let R be a ring and let M = (m) be a cyclic R-module.
Then M = R/ Ann(m).

Proof. The function f : R — M defined by f(a) = am is a surjective R-
module homomorphism with Ker(f) = Ann(m). The result follows by the
first isomorphism theorem. a



3.2 Submodules and Quotient Modules 117

(2.16) Corollary. If F is a field and M is a nonzero cyclic F-module then
M=~F.

Proof. A field has only the ideals {0} and F, and 1-m =m £ 0 if m # 0
is a generator for M. Thus, Ann(m) # F, so it must be {0}. O

If M is an R-module and I C R is an ideal then we can define the
product of I and M by

IM{Zaimi:n€N, aiEI,mieM}.

=1

The set IM is easily checked to be a submodule of M. The product IM
is a generalization of the concept of product of ideals. If R is commutative
and I C Ann(M) then there is a map

R/IXxM—M

defined by (a + I)m = am. To see that this map is well defined, suppose
that a+1 =b+ I. Then a — b € I C Ann(M) so that (a —b)m = 0, i.e.,
am = bm. Therefore, whenever an ideal I C Ann(M), M is also an R/I
module. A particular case where this occurs is if N = M/IM where I is any
ideal of R. Then certainly I C Ann(N) so that M/IM is an R/I-module.

(2.17) Definition. Let R be an integral domain and let M be an R-module.
We say that an element x € M is a torsion element if Ann(z) # {0}. Thus
an element x € M is torsion if and only if there is an a # 0 € R such
that ax = 0. Let M. be the set of torsion elements of M. M is said to be
torsion-free if M, = {0}, and M is a torsion module if M = M.

(2.18) Proposition. Let R be an integral domain and let M be an R-module.
1

(1) M, is a submodule of M, called the torsion submodule.
(2) M/M, is torsion-free.

Proof. (1) Let x, y € M, and let ¢, d € R. There are a # 0, b # 0 € R such
that ax = 0 and by = 0. Since R is an integral domain, ab # 0. Therefore,
ab(cz + dy) = be(ax) + ad(by) = 0 so that cx + dy € M.

(2) Suppose that a # 0 € R and a(z + M;) = 0 € (M/M.),. Then
ax € M,, so there is a b # 0 € R with (ba)z = b(ax) = 0. Since ba # 0, it
follows that z € M, ie, x+ M, =0¢€ M/M,. O

(2.19) Examples.

(1) If G is an abelian group then the torsion Z-submodule of G is the
set of all elements of G of finite order. Thus, G = G, means that
every element of GG is of finite order. In particular, any finite abelian



118 Chapter 3. Modules and Vector Spaces

group is torsion. The converse is not true. For a concrete example, take
G = Q/Z. Then |G| = oo, but every element of Q/Z has finite order
since q(p/q¢+2Z) =p+Z =0¢€ Q/Z. Thus (Q/Z), = Q/Z.

(2) An abelian group is torsion-free if it has no elements of finite order
other than 0. As an example, take G = Z"™ for any natural number n.
Another useful example to keep in mind is the additive group Q.

(3) Let V = F? and consider the linear transformation T : F? — F?
defined by T'(u1, ug) = (u2, 0). See Example 1.5 (13). Then the F[X]
module Vr determined by T is a torsion module. In fact Ann(Vy) =
(X?2). To see this, note that 72 = 0, so X2 -u = 0 for all u € V. Thus,
(X?) € Ann(Vz). The only ideals of F[X] properly containing (X?)
are (X) and the whole ring F[X], but X ¢ Ann(Vy) since X - (0, 1) =
(1, 0) # (0, 0). Therefore, Ann(Vy) = (X?).

The following two observations are frequently useful; the proofs are left
as exercises:

(2.20) Proposition. Let R be an integral domain and let M be a finitely gen-
erated torsion R-module. Then Ann(M) # (0). In fact, if M = (x1, ... ,zp)
then

Ann(M) = Ann(z1) N--- N Ann(z,) # (0).

Proof. Exercise. a

(2.21) Proposition. Let F' be a field and let V' be a vector space over F, i.e.,
an F-module. Then V is torsion-free.

Proof. Exercise. g

3.3 Direct Sums, Exact Sequences, and Hom

Let My, ..., M, be a finite collection of R-modules. Then the cartesian
product set M7 X - - - X M,, can be made into an R-module by the operations
(1) + (Y15 oY) = (@1 Y1, - Tn + Yn)

a(xy, ..., xy) = (axy, ... ,axy)
where the 0 element is, of course, (0, ...,0). The R-module thus con-
structed is called the direct sum of M, ... , M,, and is denoted

My®---® M, (01“ @M)
=1
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The direct sum has an important homomorphism property, which, in
fact, can be used to characterize direct sums. To describe this, suppose that
fi : M; — N are R-module homomorphisms. Then there is a map

fMi®---®&M, - N
defined by
Fl@r, ) = fil).
i=1

We leave it as an exercise to check that f is an R-module homomorphism.

Now consider the question of when a module M is isomorphic to the
direct sum of finitely many submodules. This result should be compared
with Proposition 1.6.3 concerning internal direct products of groups.

(3.1) Theorem. Let M be an R-module and let My, ... , M, be submodules
of M such that

1) M=M+ --- +M,, and
(2) forl<i<n,

M,n(My+--+M;_1+Miy1+---+M,)=0.

Then
Mng@ @Mn-

Proof. Let f; : M; — M be the inclusion map, that is, f;(z) = z for all
r € M; and define
f:M®- M, - M
by
flze, ... xn) =21+ -+ + Xy
f is an R-module homomorphism and it follows from condition (1) that f is

surjective. Now suppose that (z1, ... ,2,) € Ker(f). Thenx;+-+ -4z, =0
so that for 1 <7 < n we have

rp= (1t T F T+ T
Therefore,
v € M0 (My+ -+ Miy + Mgy + -+ M) =0

so that (z1, ... ,2,) =0 and f is an isomorphism. O

Our primary emphasis will be on the finite direct sums of modules just
constructed, but for the purpose of allowing for potentially infinite rank
free modules, it is convenient to have available the concept of an arbitrary
direct sum of R-modules. This is described as follows. Let {M;};cs be
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a family of R-modules indexed by the (possibly infinite) set J. Then the
cartesian product set [[;. ; Mj is the set of all the indexed sets of elements
(xj)jes where x; is chosen from M. This set is made into an R-module by
the coordinate-wise addition and scalar multiplication of elements. More
precisely, we define

(zj)jeq + (Yj)ijes = (x5 +yj)jes

a(zy)jes = (axj)jer.

For each k € J there is an R-module homomorphism 7 : [] jer — M,
defined by 71 ((z;)jes) = x;, that is, m, picks out the element of the indexed
set (z;);es that is indexed by k. We define the direct sum of the indexed
family {M;};e; of R-modules to be the following submodule B, ; M; of

HjGJ M;:

@ M; = {(zj)jes : ©; = 0 except for finitely many indices j € J}.
je

It is easy to check that @;esM; is a submodule of Hje] M;.

To get a feeling for the difference between direct sums and direct prod-
ucts when the index set is infinite, note that the polynomial ring R[X], as an
R-module (ignoring the multiplicative structure), is just a countable direct
sum of copies of R, in fact, the n*" copy of R is indexed by the monomial
X™. However, the formal power series ring R[[X]], as an R-module, is just a
countable direct product of copies of R. Again, the n** copy of R is indexed
by the monomial X”. Each element of the polynomial ring has only finitely
many monomials with nonzero coefficients, while an element of the formal
power series ring may have all coefficients nonzero.

The homomorphism property of the finite direct sum of R-modules
extends in a natural way to arbitrary direct sums. That is, suppose that
N is an arbitrary R-module and that for each j € J there is an R-module
homomorphism f; : M; — N. Then there is a map f : @jeqsM; — N
defined by f((z;)jes) = >_,c; fj(x;). Note that this sum can be considered
as a well-defined finite sum since x; = 0 except for finitely many indices j €
J. (Note that this construction does not work for infinite direct products.)
We leave it as an exercise to check that f is an R-module homomorphism.

The characterization of when an R-module M is isomorphic to the
direct sum of submodules is essentially the same as the characterization
provided in Theorem 3.1. We state the result, but the verification is left as
an exercise.

(3.2) Theorem. Let M be an R-module and let {M;};cs be a family of
submodules such that

(1) M =3 e, Mj={Ujc, Mj), and
(2) M2 jenqry Mj = {0} for every k € J.
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Then

M= M;.

jeJ
Proof. Exercise. O

(3.3) Definition. If M is an R-module and My C M is a submodule, we say
that My is a direct summand of M, or is complemented in M, if there is
a submodule My C M such that M = My © Ms.

(3.4) Example. Let R = Z and M = Z,». If M; = (p) then M; is not
complemented since M is the only subgroup of M of order p, so condition
(2) of Theorem 3.1 is impossible to satisfy.

The concept of exact sequences of R-modules and R-module homo-
morphisms and their relation to direct summands is a useful tool to have
available in the study of modules. We start by defining exact sequences of
R-modules.

(3.5) Definition. Let R be a ring. A sequence of R-modules and R-module
homomorphisms

fi fit1

e My M I M

is said to be exact at M; if Im(f;) = Ker(fi11). The sequence is said to be
exact if it is exact at each M;.

As particular cases of this definition note that

(1) 0— M, L, M is exact if and only if f is injective,
(2) M 2 My, — 0 is exact if and only if g is surjective, and
(3) the sequence

(3.1) 0— M LM M —0

is exact if and only if f is injective, g is surjective, and Im(f) = Ker(g).
Note that the first isomorphism theorem (Theorem 2.4) then shows
that Mo = M/Im(f). M/Im(f) is called the cokernel of f and it is
denoted Coker(f).

(3.6) Definition.

(1) The sequence (3.1), if exact, is said to be a short exact sequence.
(2) The sequence (3.1) is said to be a split exact sequence (or just split)
if it is exact and if Im(f) = Ker(g) is a direct summand of M.
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In the language of exact sequences, Proposition 2.12 can be stated as
follows:

(3.7) Proposition. Let 0 — My — M — My — 0 be a short exact
sequence of R-modules. If My and My are finitely generated, then so is M,
and moreover,

p(M) < p(My) + p(Ma).

Proof. O

(3.8) Example. Let p and ¢ be distinct primes. Then we have short exact
sequences

(3.2) 0—Zy -2 Zpy —25 Zy — 0
and
(3.3) 0—12, 2,7, —0

where ¢(m) = qm € Zypq, f(m) = pm € Z,2, and 1) and g are the canonical
projection maps. Exact sequence (3.2) is split exact while exact sequence
(3.3) is not split exact. Both of these observations are easy consequences of
the material on cyclic groups from Chapter 1; details are left as an exercise.

There is the following useful criterion for a short exact sequence to be
split exact.

(3.9) Theorem. If
(3.4) 0 — My =1 M - My — 0

is a short exact sequence of R-modules, then the following are equivalent:

(1) There exists a homomorphism o : M — My such that ao f = 1y, .
(2) There exists a homomorphism 3 : My — M such that go 8 = 1py,.
(3) The sequence (3.4) is split exact and
M = Im(f) ® Ker(a)
= Ker(g) & Im(9)
= M, & Ms.

The homomorphisms o and 3 are said to split the exact sequence (3.4)
or be a splitting.

Proof. Suppose that (1) is satisfied and let x € M. Then

a(z = f(a(z))) = az) = (ao f)(a(z)) =0
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since o f = 1py,. Therefore, z — f(a(x)) € Ker(a) so that
M = Ker(a) + Im(f).

Now suppose that f(y) =« € Ker(a) N Im(f). Then

0=a(z) =alf(y) =y,

and therefore, x = f(y) = 0. Theorem 3.1 then shows that

M =Im(f) ® Ker(a).
Define g : My — M by
(3.5) Blu) = v — f(a(v))

where g(v) = u. Since g is surjective, there is such a v € M, but it may
be possible to write u = g(v) for more than one choice of v. Therefore, we
must verify that 3 is well defined. Suppose that g(v) = u = g(v’). Then
v —2v" € Ker(g) = Im(f) so that

(v = fla() = (" = fla(v)) = (v =) + (f(a(v)) = f(a(v)))
€ Im(f) NKer(a)

= {0}.

We conclude that g is well defined. Since it is clear from the construction
of B that g o 8 = 1,4, we have verified that (1) implies (2) and that
M = Im(f) ® Ker(a), i.e., that (3) holds.

The proof that (2) implies (1) and (3) is similar and is left as an
exercise.

Suppose that (3) holds, that is, M = M; @& M,. Then the projection
a: M — M, satisfies a o f = 1y, and the inclusion 8 : My — M satisfies
go =1, so (1) and (2) hold. |

If M and N are R-modules, then the set Homg (M, N) of all R-module
homomorphisms f : M — N is an abelian group under function addition.
According to Example 1.5 (8), Hompg (M, N) is also an R-module provided
that R is a commutative ring. Recall that Endg(M) = Hompg(M) denotes
the endomorphism ring of the R-module M, and the ring multiplication is
composition of homomorphisms. Example 1.5 (8) shows that Endg(M) is
an R-algebra if the ring R is commutative. Example 1.5 (10) shows that
Homp(R, M) = M for any R-module M.

Now consider R-modules M, M;, N, and Ny, and let ¢ : N — Ny,
1 : M — M; be R-module homomorphisms. Then there are functions

¢« : Homg(M, N) — Hompg(M, Ny)

and
¥* : Hompg(M;, N) — Homgr(M, N)
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defined by
O (f)=¢of for all f € Hompg(M, N)

and
Y (g) =got for all g € Hompg(M;, N).

It is straightforward to check that ¢.(f+¢g) = ¢« (f)+d«(g) and v*(f+g) =
»*(f) +1v*(g) for appropriate f and g. That is, ¢, and ¥* are homomor-
phisms of abelian groups, and if R is commutative, then they are also
R-module homomorphisms.

Given a sequence of R-modules and R-module homomorphisms

(3.6) RN iflﬁ’Mi%—H}Mz}l—)"'

and an R-module N, then Homp( , N) and Homp(N, ) produce two
sequences of abelian groups (R-modules if R is commutative):

(37) - — Homp(N, Mi_1) %% Homp(N, M)

@) Homp(N, Miyy) — -
and
(38) - Homp(M;_1, N) @ Homp(M;, N)

)" Homp (M, N) e— -

A natural question is to what extent does exactness of sequence (3.6)
imply exactness of sequences (3.7) and (3.8). One result along these lines
is the following.

(3.10) Theorem. Let

(3.9) 0 — M, -2 M -2 My

be a sequence of R-modules and R-module homomorphisms. Then the se-
quence (3.9) is exact if and only if the sequence

(3.10) 0 — Homp(N, My) 25 Hompg (N, M) -2 Homp (N, M)

is an exact sequence of Z-modules for all R-modules N .

If
(3.11) M, 2 M My — 0

is a sequence of R-modules and R-module homomorphisms, then the se-
quence (3.11) is exact if and only if the sequence

(3.12) 0 — Homp(Ms, N) Y5 Homp(M, N) 25 Homp (M, N)
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is an exact sequence of Z-modules for all R-modules N .

Proof. Assume that sequence (3.9) is exact and let N be an arbitrary R-
module. Suppose that f € Homg(N, M) and ¢.(f) = 0. Then

0=¢o f(z)=o(f(2))

for all z € N. But ¢ is injective, so f(z) =0 for all x € N. That is, f =0,
and hence, ¢, is injective.
Since 1) o ¢ = 0 (because sequence (3.9) is exact at M), it follows that

(
V(@4 (f)) =0 ¢u(f) =1podpo f=0

for all f € Hompg(N, M). Thus Im(¢,.) C Ker(¢,). It remains to check
the other inclusion. Suppose that g € Hompg (N, M) with ¥.(g) = 0, i.e.,
¥(g(z)) = 0 for all z € N. Since Ker(¢)) = Im(¢), for each x € N, we
may write g(z) = ¢(y) with y € M. Since ¢ is injective, y is uniquely
determined by the equation g(z) = ¢(y). Thus it is possible to define a
function f : N — M by f(x) = y whenever g(z) = ¢(y). We leave it as an
exercise to check that f is an R-module homomorphism. Since ¢.(f) = g,
we conclude that Ker(,) = Im(¢.) so that sequence (3.10) is exact.

Exactness of sequence (3.12) is a similar argument, which is left as an
exercise.

Conversely, assume that sequence (3.10) is exact for all R-modules
N. Then ¢, is injective for all R-modules N. Then letting N = Ker(¢)
and ¢ : N — M; be the inclusion, we see that ¢.(t) = ¢ o+ = 0. Since
¢ : Hompg(N, M;) — Hompg(N, M) is injective, we see that + = 0, i.e.,
N = (0). Thus, ¢ is injective.

Now letting N = M; we see that

0= (¢ 0¢:)(1n,) =90 .

Thus Im(¢) C Ker(y)). Now let N = Ker(¢) and let ¢ : N — M be the
inclusion. Since 9, (t) = ot = 0, exactness of Equation (3.10) implies that
L = ¢« () for some o € Homp (N, My). Thus,

Im(¢) 2 Im(1) = N = Ker(4)),

and we conclude that sequence (3.9) is exact.
Again, exactness of sequence (3.11) is left as an exercise. O

Note that, even if
¢ »
00— M — M — My —0
is a short exact sequence, the sequences (3.10) and (3.12) need not be short

exact, i.e., neither ¥, or ¢* need be surjective. Following are some examples
to illustrate this.
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(3.11) Example. Consider the following short exact sequence of Z-modules:

(3.13) 0—z-%72%2, 0

where ¢(i) = mi and 1 is the canonical projection map. If N = Z,, then
sequence (3.12) becomes
0 — Homz(Zm, Zn) — Homgz(Z, Z,) = Homz(Z, Z,,),
which, by Example 1.5 (10), becomes
0 — Homz(Zn, Zn) — Zn 2= Zy,

so that
Homg(Z,, Z,) = Ker(¢").

Let d = ged(m, n), and write m = m/d, n = n'd. Let f € Homz(Z,Z,,).
Then, clearly, ¢*(f) = 0 if and only if ¢*(f)(1) = 0. But

¢"(£)@) = f(m-1) =mf(1) = m'df (1).

Since m/ is relatively prime to n, we have m/df (1) = 0 if and only if df (1) =
0, and this is true if and only if f(1) € n'Z,,. Hence, Ker(¢*) = n'Z,, = Zg,
ie.,

(314) Homz(Zm, Zn) = Zd.
This example also shows that even if
0— M1 — M — M2 — 0

is exact, the sequences (3.10) and (3.12) are not, in general, part of short
exact sequences. For simplicity, take m = n. Then sequence (3.12) becomes

*

(3.15) 0—Zp — Zp 2 Z,

with ¢* = 0 so that ¢* is not surjective, while sequence (3.10) becomes

(3.16) 0 — Homgz(Zn, Z) — Homz(Z,, Z) 2= Homgz (Zy, Zy,).
Since Homgz(Z,,, Z) = 0 and Homg(Z,,, Z,) = Z,, sequence (3.16) becomes
P

0—0—0—7%Z,

and 1, is certainly not surjective.

These examples show that Theorem 3.10 is the best statement that
can be made in complete generality concerning preservation of exactness
under application of Hompg. There is, however, the following criterion for
the preservation of short exact sequences under Hom:
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(3.12) Theorem. Let N be an arbitrary R-module. If
(3.17) 0— M, - MY My —0
is a split short exact sequence of R-modules, then
(3.18) 0 — Hompz (N, M;) 2 Hompg(N, M) -2 Homp (N, Mz) — 0
and
(3.19) 0 — Homp(Ms, N) 2= Homp(M, N) 2= Homp(M;, N) — 0

are split short exact sequences of abelian groups (R-modules if R is com-
mutative).

Proof. We will prove the split exactness of sequence (3.18); (3.19) is similar
and it is left as an exercise. Given Theorem 3.10, it is only necessary to
show that 1, is surjective and that there is a splitting for sequence (3.18).
Let 8 : My — M split the exact sequence (3.17) and let f € Homp(N, Ma).
Then

Vs 0 Bu(f) =¥u(Bo f)
=(popB)of
=(1a)o f
= (Ttomp(N,0)) (f)-

Thus, ¥« o B« = lHomp (N, M) SO that 1. is surjective and S, is a splitting
of exact sequence (3.18). O

(3.13) Corollary. Let My, My, and N be R-modules. Then

(3.20) Homp(N, My ® M) = Homp (N, M;) ® Hompg (N, Ms)
and

(3.21) Homp(M; & M3, N) 2 Hompg(M;, N) ® Homp(Ms, N).

The isomorphisms are Z-module isomorphisms (R-module isomorphisms if
R is commutative).

Proof. Both isomorphisms follow by applying Theorems 3.12 and 3.9 to the
split exact sequence

0— My - M; & My — My — 0

where «(m) = (m, 0) is the canonical injection and 7(my, ms) = mq is the
canonical projection. a
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(3.14) Remarks.

(1) Notice that isomorphism (3.20) is given explicitly by

O(f) = (mof, mof)

where f € Homp(N, My & Ms) and m;(m1, me) = m; (for i = 1, 2);
while isomorphism (3.21) is given explicitly by

\Ij(f):(fobhfoﬂ)

where f € Homp(M; & Ma, N), ¢; : My — M; @& M is given by
t1(m) = (m, 0) and 1 : My — My @ My is given by wa(m) = (0, m).

(2) Corollary 3.13 actually has a natural extension to arbitrary (not nec-
essarily finite) direct sums. We conclude this section by stating this
extension. The proof is left as an exercise for the reader.

(3.15) Proposition. Let {M;}icr and {N;}jcs be indexed families (not nec-
essarily finite) of R-modules, and let M = @;cr, N = @jcy. Then

Homp(M, N) = H(@ Hom p(M;, Nj)).

iel jeJ

Proof. Exercise. g

3.4 Free Modules

(4.1) Definition. Let R be a ring and let M be an R-module. A subset S C M
is said to be R-linearly dependent if there exist distinct x1, ... ,x, in S and
elements ay, ... ,a, of R, not all of which are 0, such that

a1r1 + -+ apx, = 0.
A set that is not R-linearly dependent is said to be R-linearly independent.

When the ring R is implicit from the context, we will sometimes write
linearly dependent (or just dependent) and linearly independent (or just
independent) in place of the more cumbersome R-linearly dependent or
R-linearly independent. In case S contains only finitely many elements
T1,%2, ... ,Tn, we will sometimes say that x1, s, ... ,x, are R-linearly de-
pendent or R-linearly independent instead of saying that S = {x1, ... ,z,}
is R-linearly dependent or R-linearly independent.
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(4.2) Remarks.

(1) To say that S C M is R-linearly independent means that whenever
there is an equation

ax1+ -+ apr, =0

where x4, ... ,z, are distinct elements of S and aq, ... ,a, are in R,
then

ap=---=ap=0.
(2) Any set S that contains a linearly dependent set is linearly dependent.
(3) Any subset of a linearly independent set S is linearly independent.
(4) Any set that contains 0 is linearly dependent since 1-0 = 0.
(5) A set S C M is linearly independent if and only if every finite subset
of S is linearly independent.

(4.3) Definition. Let M be an R-module. A subset S of M is a basis of M
if S generates M as an R-module and if S is R-linearly independent. That
is, S C M 1is a basis if and only if M = {0}, in which case S = () is a basis,
or M # {0} and

(1) every x € M can be written as
T =a171 + -+ anTy

for some x1, ... ,x, € S and ay, ... ,a, € R, and
(2) whenever there is an equation

ax1+ -+ apTy, =0

where 1, ... ,x, are distinct elements of S and a1, ... ,a, are in R,
then
a1 =---=a,=0.

It is clear that conditions (1) and (2) in the definition of basis can be
replaced by the single condition:

(1) S C M is abasis of M # {0} if and only if every € M can be written
uniquely as
r=a121 + -+ anTy

for ai, ... ,a, € Rand x1, ... ,z, € 5.
(4.4) Definition. An R-module M is a free R-module if it has a basis.

(4.5) Remark. According to Theorem 3.2, to say that S = {z;};cs is a
basis of M is equivalent to M being the direct sum of the family {Rx;};cs
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of submodules of M, where Ann(z;) = {0} for all j € J. Moreover, if J is
any index set, then N = @,c;R;, where R; = R for all j € J, is a free R-
module with basis S = {e;};cs, where e; € N is defined by e; = (§;x)res-
Here, §;1, is the kronecker delta function, i.e., 6;5 = 1 € R whenever j =k
and 6, = 0 € R otherwise. N is said to be free on the index set J.

(4.6) Examples.

(1) If Ris a field then R-linear independence and R-linear dependence in
a vector space V over R are the same concepts used in linear algebra.
(2) R™is a free module with basis S = {ey, ... ,e,} where

e;=(0,...,0,1,0,...,0)

with a 1 in the i*" position.
(3) Myn(R) is a free R-module with basis

(4) The ring R[X] is a free R-module with basis {X" : n € ZT}. As in
Example 4.6 (2), R[X] is also a free R[X]-module with basis {1}.

(5) If G is a finite abelian group then G is a Z-module, but no nonempty
subset of G is Z-linearly independent. Indeed, if g € G then |G|-g =0
but |G| # 0. Therefore, finite abelian groups can never be free Z-
modules, except in the trivial case G = {0} when 0 is a basis.

(6) If R is a commutative ring and I C R is an ideal, then I is an R-
module. However, if I is not a principal ideal, then I is not free as an
R-module. Indeed, no generating set of I can be linearly independent
since the equation (—as)a; + ajas = 0 is valid for any aq, as € R.

(7) If My and M, are free R-modules with bases S and Sy respectively,
then M; @ M, is a free R-module with basis S} U S5, where

S ={(z,0):z €8} and S,={(0,y):y€ S}
(8) More generally, if {M,},cs is a family of free R-modules and S; C M;

is a basis of M for each j € J, then M = @©;csM; is a free R-module
and S = Uje ;5 is a basis of M, where S} C M is defined by

S; = {Sga = (5jk'3j04)k6] 1 Sja € S]}
Informally, S; consists of all elements of M that contain an element of

S, in the jt" component and 0 in all other components. This example
incorporates both Example 4.6 (7) and Example 4.6 (2).

Example 4.6 (5) can be generalized to the following fact.
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(4.7) Lemma. Let M be an R-module where R is a commutative ring. Then
an element x € M is R-independent if and only if Ann(z) = {0}. In par-
ticular, an element a € R is an R-independent subset of the R-module R if
and only if a is not a zero divisor.

Proof. Exercise. O

(4.8) Proposition. Let R be an integral domain and let M be a free R-
module. Then M 1is torsion-free.

Proof. Let M have a basis S = {z,},;c; and let € M,. Then az = 0 for
some a # 0 € R. Write x =, ; a;z;. Then

0=ax= Z(aaj)xj.

jeJ

Since S is a basis of M, it follows that aa; = 0 for all j € J, and since
a # 0 and R is an integral domain, we conclude that a; = 0 for all j € J.
Therefore, x = 0, and hence, M, = (0) so that M is torsion-free. O

The existence of a basis for an R-module M greatly facilitates the
construction of R-module homomorphisms from M to another R-module
N. In fact, there is the following important observation.

(4.9) Proposition. Let M be a free R-module with basis S, let N be any
R-module, and let h : S — N be any function. Then there is a unique
f € Homg(M, N) such that f|s = h.

Proof. Let S = {x;}jes. Then any x € M can be written uniquely as
T = ZjeJ ajr; where at most finitely many a; are not 0. Define f : M — N
by

flz) =Y ah(z;).
jeJ

It is straightforward to check that f € Hompg(M, N) and that flgs =h. O

Remark. The content of Proposition 4.9 is usually expressed as saying that
the value of a homomorphism can be arbitrarily assigned on a basis.

(4.10) Corollary. Suppose that M is a free R-module with basis S = {x;}je ;.
Then

Homp(M, N) = [[ N,
jeJ
where Nj = N for all j € J.

Proof. Define ® : Homp (M, N) — [[;c; N; by ©(f) = (f(z;))jes. Then ®
is an isomorphism of abelian groups (R-modules if R is commutative). 0O
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(4.11) Theorem. Let R be a commutative ring and let M and N be finitely
generated free R-modules. Then Hompg(M, N) is a finitely generated free
R-module.

Proof. Let B = {v1, ... ,vm} be abasis of M and C = {wy, ... ,w,} a basis
of N. Define f;; € Homgr(M, N) for 1 <i<mand1<j<nby

w; if k=1,

fij is a uniquely defined element of Hompg (M, N) by Proposition 4.9.
We claim that {f;; : 1 < i <m; 1< j <n}isabasisof Homg(M, N).
To see this suppose that f € Hompg(M, N) and for 1 < i < m write

fw) = anwi + -+ + aipwn.
Let
m n
1= s
i=1 j=1
Then
g(vg) = aprwr + -+ + agpw, = f(vg)

for 1 < k < m, so g = f since the two homomorphisms agree on a basis
of M. Thus, {f;; : 1 <i<m; 1< j<n} generates Homg(M, N), and
we leave it as an exercise to check that this set is linearly independent and,
hence, a basis. a

(4.12) Remarks.

(1) A second (essentially equivalent) way to see the same thing is to write
M =& R and N = &}_; R. Then, Corollary 3.13 shows that

Hompg (M, N) @@HomR (R, R).

i=1 j=1

But any f € Hompg(R, R) can be written as f = f(1) - 1. Thus
Hompg(R, R) = R so that

Homp(M, N) = @@R
i=1 j=1

(2) The hypothesis of finite generation of M and N is crucial for the va-
lidity of Theorem 4.11. For example, if R = Z and M = ®{°Z is the
free Z-module on the index set N, then Corollary 4.10 shows that

Homgz (M, Z) Hz
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But the Z-module []}° Z is not a free Z-module. (For a proof of this fact
(which uses cardinality arguments), see I. Kaplansky, Infinite Abelian
Groups, University of Michigan Press, (1968) p. 48.)

(4.13) Proposition. Let M be a free R-module with basis S = {x;}jcs. If
I is an ideal of R, then IM 1is a submodule of M and the quotient module
M/IM is an R/I-module. Let m : M — M/IM be the projection map.
Then M/IM is a free R/I-module with basis w(S) = {m(x;)}jes.

Proof. Exercise. O

(4.14) Proposition. Every R-module M is the quotient of a free module and
if M is finitely generated, then M is the quotient of a finitely generated free
R-module. In fact, we may take pu(F) = u(M).

Proof. Let S = {z;};cs be a generating set for the R-module M and let
F = @jcsR; where R; = R be the free R-module on the index set J. Define
the homomorphism ¢ : F — M by

b((aj)jes) =Y ajz;.
JjeJ

Since S is a generating set for M, 1) is surjective and hence M = F'/ Ker(v).
Note that if |S| < oo then F' is finitely generated. (Note that every module
has a generating set S since we may take S = M.) Since M is a quotient of
F, we have u(M) < u(F). But F is free on the index set J (Remark 4.5),
so u(F) < |J|, and since J indexes a generating set of M, it follows that
w(F) < p(M) if S is a minimal generating set of M. Hence we may take F’
with p(F) = u(M). O

(4.15) Definition. If M 1is an R-module then a short exact sequence
0 — K —F—M—70

where F' is a free R-module is called o free presentation of M.

Thus, Proposition 4.14 states that every module has a free presenta-
tion.

(4.16) Proposition. If F' is a free R-module then every short exact sequence

0— M, —M-2sF_—0

of R-modules is split exact.

Proof. Let S = {x;}jes be a basis of the free module F'. Since f is surjective,
for each j € J there is an element y; € M such that f(y;) = z;. Define
h :S — M by h(z;) = y;. By Proposition 4.9, there is a unique 8 €
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Hompg(F, M) such that 8|s = h. Since f o B(z;) = z; = 1p(z;) for all
j € J, it follows that f o 8 = 1p, and the result follows from Theorem
3.9. O

(4.17) Corollary.

(1) Let M be an R-module and N C M a submodule with M/N free. Then
M= N @ (M/N).

(2) If M is an R-module and F' is a free R-module, then M = Ker(f) ® F

for every surjective homomorphism f: M — F.

Proof. (1) Since M/N is free, the short exact sequence
0—N—M-—M/N—20

is split exact by Proposition 4.16 Therefore, M = N @& (M /N) by Theorem
3.9.
(2) Take N = Ker(f) in part (1). O

(4.18) Corollary. Let N be an arbitrary R-module and F a free R-module.
If

(4.1) 0—M 2 MYF 0
is a short exact sequence of R-modules, then
0 — Homp (N, M;) 25 Homp (N, M) 25 Hompg (N, F) — 0

is a (split) short exact sequence of abelian groups (R-modules if R is com-
mutative).

Proof. By Proposition 4.16, the sequence (4.1) is split exact, so the corollary
follows immediately from Theorem 3.12. O

(4.19) Remark. It is a theorem that any two bases of a free module over
a commutative ring R have the same cardinality. This result is proved
for finite-dimensional vector spaces by showing that any set of vectors of
cardinality larger than that of a basis must be linearly dependent. The
same procedure works for free modules over any commutative ring R, but
it does require the theory of solvability of homogeneous linear equations
over a commutative ring. However, the result can be proved for R a PID
without the theory of solvability of homogeneous linear equations over R;
we prove this result in Section 3.6. The result for general commutative rings
then follows by an application of Proposition 4.13.

The question of existence of a basis of a module, that is, to ask if a
given module is free, is a delicate question for a general commutative ring R.
We have seen examples of Z-modules, namely, finite abelian groups, which
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are not free. We will conclude this section with the fact that all modules
over division rings, in particular, vector spaces, are free modules. In Section
3.6 we will study in detail the theory of free modules over a PID.

(4.20) Theorem. Let D be a division ring and let V' be a D-module. Then
V' is a free D-module. In particular, every vector space V' has a basis.

Proof. The proof is an application of Zorn’s lemma.

Let S be a generating set for V and let By C S be any linearly in-
dependent subset of S (we allow By = )). Let 7 be the set of all linearly
independent subsets of S containing By and partially order 7 by inclusion.
If {B;} is a chain in 7, then UB; is a linearly independent subset of S
that contains By; thus, every chain in 7 has an upper bound. By Zorn’s
lemma, there is a maximal element in 7, so let B be a maximal linearly
independent subset of S containing By. We claim that S C (B) so that
V = (S) C (B). Let v € S. Then the maximality of B implies that V U {v}
is linearly dependent so that there is an equation

i a;v; +bv =20
i=1

where vy, ... ,v,, are distinct elements of B and a1, ... ,a,,, b € D are not
all 0. If b = 0 it would follow that ZZ’;I a;v; = 0 with not all the scalars
a; = 0. But this contradicts the linear independence of B. Therefore, b # 0
and we conclude
v=>b""(bv) = (~b'a;)v; € (B).
i=1

Therefore, S C (B), and as observed above, this implies that B is a basis
of V. a

The proof of Theorem 4.20 actually proved more than the existence of
a basis of V. Specifically, the following more precise result was proved.

(4.21) Theorem. Let D be a division ring and let V' be a D-module. If S
spans V and By C S is a linearly independent subset, then there is a basis
B of V such that B C B C S.

Proof. O

4.22) Corollary. Let D be a division ring, and let V' be a D-module.
1

) Any linearly independent subset of V' can be extended to a basis of V.
2) A maximal linearly independent subset of V' is a basis.
3) A minimal generating set of V' is a basis.

(
(
(
(

Proof. Exercise. O
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Notice that the above proof used the existence of inverses in the division
ring D in a crucial way. We will return in Section 3.6 to study criteria that
ensure that a module is free if the ring R is assumed to be a PID. Even
when R is a PID, e.g., R = Z, we have seen examples of R modules that
are not free, so we will still be required to put restrictions on the module
M to ensure that it is free.

3.5 Projective Modules

The property of free modules given in Proposition 4.16 is a very useful one,
and it is worth investigating the class of those modules that satisfy this
condition. Such modules are characterized in the following theorem.

(5.1) Theorem. The following conditions on an R-module P are equivalent.

(1) Ewvery short exact sequence of R-modules
0O—M —M—P—0

splits.

(2) There is an R-module P’ such that P @® P’ is a free R-module.

(3) For any R-module N and any surjective R-module homomorphism 1) :
M — P, the homomorphism

¥y : Homp (N, M) — Hompg(N, P)

s surjective.
(4) For any surjective R-module homomorphism ¢ : M — N, the homo-
morphism
¢« : Homp(P, M) — Hompg(P, N)

s surjective.

Proof. (1) = (2). Let 0 — K — F' — P — 0 be a free presentation of
P. Then this short exact sequence splits so that F' = P @& K by Theorem
3.9.

(2) = (3). Suppose that F' = P @ P’ is free. Given a surjective R-
module homomorphism v : M — P,let /' =4 ®1p : MO P — PO P =
F; this is also a surjective homomorphism, so there is an exact sequence

0— Ker(¢) — MaP Y5 F 0.

Since F' is free, Proposition 4.16 implies that this sequence is split exact;
Theorem 3.12 then shows that

Y, : Homg(N, M @ P') — Homp(N, P® P')
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is a surjective homomorphism. Now let f € Hompg(N, P) be arbitrary and
let f' = 1o f, where v : P — P @& P’ is the inclusion map. Then there
is an f € Homg(N, M @ P') with ¥,(f) = f/. Let 7 : M@ P' — M
and 7 : P ® P’ — P be the projection maps. Note that 7’ o+ = 1p and
Yom=m'"o1. Then

Yu(mo f) =yo(mof)
=n'oyof
N i
=(n'ou)of
—f

Therefore, 1, is surjective.

3)= (4). Let 0 — K — F . P — 0 be a free presentation of
P. By property (3), there is a 8 € Hompg (P, F') such that ¥.(8) = 1p, i.e.,
o3 =1p.Let ¢ : M — N be any surjective R-module homomorphism and
let f € Hompg(P, N). Then there is a commutative diagram of R-module

homomorphisms

F % p — 0

|7
M N N — 0
with exact rows. Let S = {x;};cs be a basis of F. Since ¢ is surjective,
we may choose y; € M such that ¢(y;) = fo¢(z;) for all j € J. By
Proposition 4.9, there is an R-module homomorphism ¢g : F — M such
that g(x;) = y; for all j € J. Since po g(x;) = ¢(y;) = fov(x;), it follows
that ¢ o g = f o). Define f € Hompg(P, M) by f = g o 8 and observe that

¢(f) = ¢o(goh)
=foyof
= folp
:f_

Hence, ¢. : Hompg(P, M) — Hompg (P, N) is surjective.
(4) = (1). A short exact sequence

0— M, — M 2P0,

in particular, includes a surjection 1 : M — P. Now take N = P in part
(4). Thus,

¥y : Hompg (P, M) — Hompg(P, P)
is surjective. Choose 8 : P — M with t.(8) = 1p. Then § splits the short
exact sequence and the result is proved. a
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(5.2) Definition. An R-module P satisfying any of the equivalent conditions
of Theorem 5.1 is called projective.

As noted before Theorem 5.1, projective modules are introduced as the
class of modules possessing the property that free modules were shown to
possess in Proposition 4.16. Therefore, we have the following fact:

(5.3) Proposition. Free R-modules are projective.

Proof. O

(5.4) Corollary. Let R be an integral domain. If P is a projective R-module,
then P is torsion-free.

Proof. By Theorem 5.1 (2), P is a submodule of a free module F' over R.

According to Proposition 4.8, every free module over an integral domain is

torsion-free, and every submodule of a torsion-free module is torsion-free.
O

(5.5) Corollary. An R-module P is a finitely generated projective R-module
if and only if P is a direct summand of a finitely generated free R-module.

Proof. Suppose that P is finitely generated and projective. By Proposition
4.14, there is a free presentation

0—K—F—P—0

such that F is free and p(F) = pu(P) < oo. By Theorem 5.1, P is a direct
summand of F.

Conversely, assume that P is a direct summand of a finitely generated
free R-module F. Then P is projective, and moreover, if P @ P’ = F then
F/P' = P so that P is finitely generated. O

(5.6) Examples.
1

(1) Every free module is projective.

(2) Suppose that m and n are relatively prime natural numbers. Then
as abelian groups Z,,, = Z,, ® Z,. It is easy to check that this iso-
morphism is also an isomorphism of Z,,,-modules. Therefore, Z,, is
a direct summand of a free Z,,,-module, and hence it is a projective
Z.,.,-module. However, Z,, is not a free Z,,,, module since it has fewer
than mn elements.

(3) Example 5.6 (2) shows that projective modules need not be free. We
will present another example of this phenomenon in which the ring R is
an integral domain so that simple cardinality arguments do not suffice.
Let R = Z[v/=5] and let I be the ideal I = (2, 1++/=5) = (a1, az). It
is easily shown that I is not a principal ideal, and hence by Example
4.6 (6), we see that I cannot be free as an R-module. We claim that I
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is a projective R-module. To see this, let b=1—+/—-5 € R, let F' be a
free R-module with basis {s1, s2}, and let ¢ : F — I be the R-module
homomorphism defined by

@(r181 +1282) = 101 + T200.
Now define an R-module homomorphism a : I — F by
a(a) = —asy + ((ab)/2)ss.

Note that this makes sense because 2 divides ab for every a € I. Now
fora € 1,

poala) = ¢(—asi + ((ab)/2)s2)
—aay + ((ab)/2)az
—aay + aasxb/2

= —2a+ 3a

=a

so that « is a splitting of the surjective map ¢. Hence, F' = Ker(¢) & I
and by Theorem 5.1, I is a projective R-module.

Concerning the construction of new projective modules from old ones,
there are the following two simple facts:

(5.7) Proposition. Let {P;};c; be a family of R-modules, and let P =
@jesPj. Then P is projective if and only if P; is projective for each j € J.

Proof. Suppose that P is projective. Then by Theorem 5.1, there is an
R-module P’ such that P @ P’ = F is a free R-module. Then

F=PoP =(@r)oPr,
jeJ

and hence, each P; is also a direct summand of the free R-module F'. Thus,
P; is projective.

Conversely, suppose that P; is projective for every j € J and let Pj( be
an R-module such that P; © P]’» = Fj is free. Then

Po(r) =P For)

jedJ jedJ
~
=D F
JjeJ

Since the direct sum of free modules is free (Example 4.6 (8)), it follows
that P is a direct summand of a free module, and hence P is projective. 0O
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(5.8) Proposition. Let R be a commutative ring and let P and Q be finitely
generated projective R-modules. Then Hompg (P, Q) is a finitely generated
projective R-module.

Proof. Since P and @ are finitely generated projective R-modules, there are
R-modules P’ and @’ such that P@® P’ and Q@& Q' are finitely generated free
modules. Therefore, by Theorem 4.11, Homg(P @ P/, Q ® Q') is a finitely
generated free R-module. But

Homp(P & P', @& Q') =Hompg(P,Q) & Homp(P, Q')
@ Hompg(P', Q) © Homp(P', Q')

so that Hompg(P, Q) is a direct summand of a finitely generated free R-
module, and therefore, it is projective and finitely generated by Corollary
5.5. O

Example 5.6 (3) was an example of an ideal in a ring R that was
projective as an R-module, but not free. According to Example 4.6 (6), an
ideal I in a ring R is free as an R-module if and only if the ideal is principal.
It is a natural question to ask which ideals in a ring R are projective as
R-modules. Since this turns out to be an important question in number
theory, we will conclude our brief introduction to the theory of projective
modules by answering this question for integral domains R.

(5.9) Definition. Let R be an integral domain and let K be the quotient
field of R. An ideal I C R is said to be invertible if there are elements
ai, ...,anp €I and by, ... ,b, € K such that

(5.1) b I CR forl1<i<mn, and
(5.2) aibi+ -+ +apb, = 1.

(5.10) Examples.

(1) If I C R is the principal ideal I = (a) where a # 0, then I is an
invertible ideal. Indeed, let b = 1/a € K. Then any x € [ is divisible
by a in R so that bx = (1/a)x € R, while a(1/a) = 1.

(2) Let R = Z[y/-5] and let I = (2, 1 + y/=5). Then it is easily checked
that I is not principal, but I is an invertible ideal. To see this, let
a; =2,a3=1++-5,b = —1, and by = (1 — v/=5)/2. Then

arby +asby = -2+ 3 =1.

Furthermore, a1b2 and agby are in R, so it follows that bl C R, and
we conclude that I is an invertible ideal.

The following result characterizes which ideals in an integral domain
R are projective modules. Note that the theorem is a generalization of
Example 5.6 (3):
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(5.11) Theorem. Let R be an integral domain and let I C R be an ideal.
Then I is a projective R-module if and only if I is an invertible ideal.

Proof. Suppose that I is invertible and choose a1, ... ,a, € T and by, ... ,b,
in the quotient field K of R so that Equations (5.1) and (5.2) are satisfied.
Let ¢ : R™ — I be defined by

¢(I1a ,In) =a121+ - +apTn,
and define 8 : I — R™ by

B(a) = (aby, ... ,aby).
Note that ab; € R for all ¢ by Equation (5.1). Equation (5.2) shows that

¢ofa) = Zai(abi) =a (Z aibi> =a

for every a € I. Therefore ¢ o 3 = 1p and Theorem 3.9 implies that I is a
direct summand of the free R-module R", so [ is a projective R-module.

Conversely, assume that the ideal I C R is projective as an R-module.
Then I is a direct summand of a free R-module F, so there are R-module
homomorphisms ¢ : F¥ — [ and § : I — F such that ¢ o § = 1;. Let
S = {x;}jes be a basis of F. Given z € I, B(x) € F can be written
uniquely as

(5.3) Bla) = eju;.
jeJ

For each j € J, let ¢;(x) = ¢;. This gives a function +; : I — R, which is
easily checked to be an R-module homomorphism. If a; = ¢(x;) € I, note
that

(5.4) for each x € I, ¢j(x) = 0 except for at most finitely many j € J;
(5.5) for each z € I, Equation (5.3) shows that

z=¢(B(x)) = v;(x)a;.

jeJg

Given ¢ # 0 € I and j € J, define b; € K (K is the quotient field of
R) by

(5.6) by =

The element b; € K depends on j € J but not on the element z # 0 € I.
To see this, suppose that ' # 0 € I is another element of I. Then

2" (x) = ;(a'z) = ¥j(za’) = a1h;(2)
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so that ¢;(x)/z = v;(2")/2’. Therefore, for each j € J we get a uniquely

defined b; € K. By property (5.4), at most finitely many of the b; are not
0. Label the nonzero b; by b1, ... ,b,. By property (5.5), if z # 0 € I then

x=Y vj(x)a; = (bjx)a; ==z > bia;
j=1 j=1 j=1

Cancelling x # 0 from this equation gives

a1b1+ +anbn:1

where ay, ... ,a, € I and by --- ,b, € K. It remains to check that b;7/ C R
for 1 < j <n.Butif 2 # 0 € I then b; = 9;(x)/x so that bjz = ¢;(x) € R.
Therefore, I is an invertible ideal and the theorem is proved. a

(5.12) Remark. Integral domains in which every ideal is invertible are known
as Dedekind domains, and they are important in number theory. For ex-
ample, the ring of integers in any algebraic number field is a Dedekind
domain.

3.6 Free Modules over a PID

In this section we will continue the study of free modules started in Sec-
tion 3.4, with special emphasis upon theorems relating to conditions which
ensure that a module over a PID R is free. As examples of the types of
theorems to be considered, we will prove that all submodules of a free R-
module are free and all finitely generated torsion-free R-modules are free,
provided that the ring R is a PID. Both of these results are false without
the assumption that R is a PID, as one can see very easily by consider-
ing an integral domain R that is not a PID, e.g., R = Z[X], and an ideal
I C R that is not principal, e.g., (2, X) C Z[X]. Then I is a torsion-free
submodule of R that is not free (see Example 4.6 (6)).

Our analysis of free modules over PIDs will also include an analysis of
which elements in a free module M can be included in a basis and a criterion
for when a linearly independent subset can be included in a basis. Again,
these are basic results in the theory of finite-dimensional vector spaces, but
the case of free modules over a PID provides extra subtleties that must be
carefully analyzed.

We will conclude our treatment of free modules over PIDs with a fun-
damental result known as the invariant factor theorem for finite rank sub-
modules of free modules over a PID R. This result is a far-reaching gener-
alization of the freeness of submodules of free modules, and it is the basis
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for the fundamental structure theorem for finitely generated modules over
PIDs which will be developed in Section 3.7.
We start with the following definition:

(6.1) Definition. Let M be a free R-module. Then the free rank of M,
denoted free-rankg (M), is the minimal cardinality of a basis of M.

Since we will not be concerned with the fine points of cardinal arith-
metic, we shall not distinguish among infinite cardinals so that

free-rankp(M) € Z1 U {oo}.

Since a basis is a generating set of M, we have the inequality pu(M) <
free-rank g (M). We will see in Corollary 6.18 that for an arbitrary commu-
tative ring R and for every free R-module, free-rankp (M) = p(M) and all
bases of M have this cardinality.

(6.2) Theorem. Let R be a PID, and let M be a free R-module. If N C M
is a submodule, then N is a free R-module, and

free-rankr(N) < free-rankp(M).

Proof. Since (0) is free with basis (), we may assume that N # (0). Let
S = {z;};cs be a basis of M. For any subset K C J let Mx = ({k}rex)
and let Nx = N N Mg. Let 7 be the set of all triples (K, K, f) where
K'C K CJand f: K' — Ng is a function such that {f(k)}rer is a
basis of Ng.

Claim. 7 # (.

Since N # (0) there is an  # 0 € N, so we may write = a1z;, +
.-+ apxj,. Hence x € Ng where K = {ji1, ..., ji}. Thus, there are finite
subsets K C J such that Ng # (0). Choose a finite set

K={j,...,x} CJ

such that Ng # (0), but Ng = (0) for all sets K’ C J with |K'| < k.
Choose any nonzero z € Nk and write

T=a12j + -+ apTj,-
Let d = ged{ay, ... ,ar}, and if a; = db;, let
= blle 4+ 4+ bkxjk-

Now consider I = {a € R: ax’ € N}. Then I is an ideal, so I = (a) since R
is a PID. Let y = az’. We claim that Nx = (y) so that {y} will be a basis
of Nk. Let z # 0 € Nk be arbitrary. Then
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Z=C1%5 + -+ CkT

and ¢; # 0 since otherwise a linear combination of fewer than k elements of
the basis S will be in N, which contradicts the choice of K. Since

abiz —cy=0-x; + -+ arxj,,

it follows that abiz — c;y € Nk is a linear combination of fewer than k
elements of the basis .5, and hence we must have ab; z—c;y = 0. Dividing by
a gives b1z = c12’ so that bic; = ¢1b; for 1 < j < k. But ged{by, ... ,bx} =
1, so we conclude that by divides c¢;, and hence z = ¢;2’. From the definition
of the ideal I, we conclude that a divides ¢y, i.e.,

z = cjax’ = cy.

Therefore, we have shown that {y} is a basis of Nx. Let K’ = {j;} and
define f : K’ — N by f(j1) = y. Then (K, K’, f) € T so that T # 0, as
claimed.

Now define a partial order on 7 by setting (K, K', f) < (L, L/, g) if
KCL K' CLjand g|g = f. If {(Ka, K., fo)}aca C 7 is a chain, then
(UaeA Ko, Upea Ka, F) where F|g: = fo is an upper bound in 7 for
the chain. Therefore, Zorn’s lemma applies and there is a maximal element
(K, K', f)of T.

Claim. K = J.

Assuming the claim is true, it follows that Mx = M, Ny = NNMg =
N, and {f(k)}rex is a basis of N. Thus, N is a free module (since it has
a basis), and since S was an arbitrary basis of M, we conclude that N has
a basis of cardinality < free-rankp (M), which is what we wished to prove.

It remains to verify the claim. Suppose that K # J and choose j €
J\K. Let L = KU {j}. If Ny = N then (K, K', f) ; (L, K', f),
contradicting the maximality of (K, K’, f) in 7. If

Nk # Np = (Mg + (z;)) N N,
let
I={a€R:axj+veN for some v € Mg }.

I is an ideal of R and, since N # Ny, we must have I # (0). But R is a
PID, so I = (a) for some a # 0 € R. Thus there is a w € Mg such that
z=az;+w € N. Now let L' = K’ U{j} and define f': L' — N by

riy = {10 HReR

We need to show that {f'(k)}rers is a basis of Np. But if & € N, then
x = bx; + v for some v € M. Thus, b € I, so b = ac for some c € R, and
hence,
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x =acxj +v=clax;) +v=cz+ (v—cw).
But x —cz=v—cw € Mg NN = Ng so that

x—cz= Z b f (k)

keK’

where by, € R. Thus, {f(k)}rer’ generates Np.
Now suppose » ;o bx f'(k) = 0. Then

bjz+ > brf(k)=0

keK'

so that
abjz; +bjw+ Y bpf(k) =0.
keK’

That is, abjz; € Mg N (z;) = (0), and since S = {zy}scs is a basis of M,
we must have ab; = 0.

But a # 0, so b; = 0. This implies that ), bpf(k) = 0. But
{f(k)}rek is a basis of Nk, so we must have by, = 0 for all k € K’. Thus
{f'(k)}rer is a basis of Ni. We conclude that (K, K', f) ; (L, L', ),
which contradicts the maximality of (K, K’, f). Therefore, the claim is
verified, and the proof of the theorem is complete. O

(6.3) Corollary. Let R be a PID and let P be a projective R-module. Then
P is free.

Proof. By Proposition 4.14, P has a free presentation
00— K-—F—P—0.

Since P is projective, this exact sequence splits and hence FF = P @ K.
Therefore, P is isomorphic to a submodule of F, and Theorem 6.2 then
shows that P is free. m]

(6.4) Corollary. Let M be a finitely generated module over the PID R and
let N C M be a submodule. Then N is finitely generated and

1(N) < p(M).

Proof. Let
0—K-—F-2M—0

be a free presentation of M such that free-rank(F) = p(M) < oo, and let
N; = ¢~ Y(N). By Theorem 6.2, N; is free with

w(Ny) < free-rank(Ny) < free-rank(F') = u(M).

Since N = ¢(Ny), we have u(N) < p1(N1), and the result is proved. O
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(6.5) Remark. The hypothesis that R be a PID in Theorem 6.2 and Corol-
laries 6.3 and 6.4 is crucial. For example, consider the ring R = Z[X] and
let M = R and N = (2, X). Then M is a free R-module and N is a sub-
module of M that is not free (Example 4.6 (6)). Moreover, R = Z[/=5],
P = (2, 1+ +/=5) gives an example of a projective R-module P that is
not free (Example 5.6 (3)). Also note that 2 = pu(N) > u(M) = 1 and
2=p(P)>1=pR).

Recall that if M is a free module over an integral domain R, then M is
torsion-free (Proposition 4.8). The converse of this statement is false even
under the restriction that R be a PID. As an example, consider the Z-
module Q. It is clear that Q is a torsion-free Z-module, and it is a simple
exercise to show that it is not free. There is, however, a converse if the
module is assumed to be finitely generated (and the ring R is a PID).

(6.6) Theorem. If R is a PID and M is a finitely generated torsion-free
R-module, then M is free and

free-rankp (M) = u(M).

Proof. The proof is by induction on p(M). If u(M) = 1 then M is cyclic
with generator {z}. Since M is torsion-free, Ann(x) = {0}, so the set {z}
is linearly independent and, hence, is a basis of M.

Now suppose that u(M) = k > 0 and assume that the result is true
for all finitely generated torsion-free R-modules M’ with u(M') < k. Let
{1, ... ,2x} be a minimal generating set for M, and let

My ={zxeM:ax € (x1) for some a # 0 € R}.

Then M /M is generated by {zo + M, ... ,xx + M1} so that u(M/M;) =
j <k—1 If ax € My for some a # 0 € R, then from the definition of M,
blax) € (x1) for some b # 0. Hence z € M; and we conclude that M /M,
is torsion-free. By the induction hypothesis, M/M; is free of free-rank j.
Then Corollary 4.17 shows that M = M; @ (M /M;). We will show that M;
is free of free-rank 1. It will then follow that

k=u(M) < p(My) + p(M/My) =1+ j,

and since j < k—1, it will follow that j = k—1 and M is free of free-rank =
k.

It remains to show that M; is free of rank 1. Note that if R is a field
then M7 = R -z, and we are done. In the general case, M; is a submodule
of M, so it is finitely generated by ¢ < k elements. Let {y1, ... ,y¢} be
a generating set for M; and suppose that a;y; = b;z; with a; # 0 for
1<i</{l Letgqg=ay - ap.

Claim. If ax = bxy with a # 0 then a | bqp.
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To see this note that x = Ele ¢;y; so that

4
qor = Z CiqoYi
i=1

4
= Zci(QO/ai)aiyi

i=1

4

= cilgo/ai)bizy

i=1

L
- (Z q(qo/ai)bi) =

i=1

Therefore.

bgor1 = agoxr = a <Z ci(qo/ai)bi> 1.

i=1

Since M, is torsion-free, it follows that

0
bgo = a (Z Ci(qo/ai)bi> )

i=1

and the claim is proved.

Using this claim we can define a function ¢ : My — R by ¢(x) =
(bqo)/a whenever azx = bxy for a # 0. We must show that ¢ is well defined.
That is, if ax = bxy and o’z = b'x, then (bgp)/a = (b'qo)/a’. But ax = bxy
and a’z = bz, implies that a’bx; = a’axz = ab’z; so that a’b = ab’ because
M is torsion-free. Thus a’bgy = ab’qy so that (bgy)/a = (Vqo)/a’ and ¢ is
well defined. Furthermore, it is easy to see that ¢ is an R-module homo-
morphism so that Im(¢) is an R-submodule of R, i.e., an ideal. Suppose
that ¢(xz) = 0. Then ax = bx; with a # 0 and ¢(z) = (bgo)/a = 0 € R.
Since R is an integral domain, it follows that b = 0 and hence ax = 0. Since
M is torsion-free we conclude that 2 = 0. Therefore, Ker(¢) = {0} and

M, = Im(¢) = Re.
Hence, M is free of rank 1, and the proof is complete. a
(6.7) Corollary. If M is a finitely generated module over a field F', then M
is free.
Proof. Every module over a field is torsion-free (Proposition 2.20). O
(6.8) Remark. We have already given an independent proof (based on Zorn’s

lemma) for Corollary 6.7, even without the finitely generated assumption
(Theorem 4.20). We have included Corollary 6.7 here as an observation that
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it follows as a special case of the general theory developed for torsion-free
finitely generated modules over a PID.

(6.9) Corollary. If M is a finitely generated module over a PID R, then
M~ M, @ (M/M,).

Proof. There is an exact sequence of R-modules
0— M, — M— M/M, — 0.

Hence, M /M, is finitely generated and by Proposition 2.18, it is torsion-
free, so Theorem 6.6 shows that M /M, is free. Then Corollary 4.17 shows
that M =2 M, & (M/M,). O

The main point of Corollary 6.9 is that any finitely generated module
over a PID can be written as a direct sum of its torsion submodule and
a free submodule. Thus an analysis of these modules is reduced to study-
ing the torsion submodule, once we have completed our analysis of free
modules. We will now continue the analysis of free modules over a PID R
by studying when an element in a free module can be included in a basis.
As a corollary of this result we will be able to show that any two bases
of a finitely generated free R-module (R a PID) have the same number of
elements.

(6.10) Example. Let R be a PID and view R as an R-module. Then an
element a € R forms a basis of R if and only if a is a unit. Thus if R is
a field, then every nonzero element is a basis of the R-module R, while if
R = 7Z then the only elements of Z that form a basis of Z are 1 and —1.
As a somewhat more substantial example, consider the Z-module Z2. Then
the element u = (2, 0) € Z? cannot be extended to a basis of Z? since if v
is any element of Z? with {u, v} linearly independent, the equation

au+ fv = (1, 0)

is easily seen to have no solution «, § € Z. Therefore, some restriction on
elements of an R-module that can be included in a basis is necessary. The
above examples suggest the following definition.

(6.11) Definition. Let M be an R-module. A torsion-free element v # 0 € M
is said to be primitive if © = ay for some y € M and a € R implies that a
is a unit of R.

(6.12) Remarks.

(1) If Ris a field, then every nonzero x € M is primitive.
(2) The element z € R is a primitive element of the R-module R if and
only if x is a unit.
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(3) The element (2, 0) € Z? is not primitive since (2, 0) =2 - (1, 0).
(4) If R=7Z and M = Q, then no element of M is primitive.

(6.13) Lemma. Let R be a PID and let M be a free R-module with basis
S =A{zj}tjes. If x = ZjEJ ajx; € M, then x is primitive if and only if
ged ({a;}jes) = 1.

Proof. Let d = ged ({a;}jes). Then x = d(3_,c ;(a;/d)z;), so if d is not a
unit then z is not primitive. Conversely, if d = 1 and = = ay then

E a;T; =T

jeJ
= ay
= G(Z bj.%'j)
jeJ

= Zabjxj.

jeJ

Since S = {x;};jes is a basis, it follows that a; = ab; for all j € J. That
is, a is a common divisor of the set {a;};cs so that a | d = 1. Hence a is a
unit and z is primitive. O

(6.14) Lemma. Let R be a PID and let M be a finitely generated R-module.
If x € M has Ann(z) = (0), then we may write x = ax’ where a € R and
a2’ is primitive. (In particular, if M is not a torsion module, then M has a
primitive element.)

Proof. Let xg = x. If xq is primitive we are done. Otherwise, write xo = a1
where a; € R is not a unit. Then (xg) ; (z1). To see this, it is certainly
true that (x¢) C (x1). If the two submodules are equal then we may write
x1 = bxg so that zg = a1z1 = a1bxg, ie., (1 —a1d) € Ann(zg) = (0).
Therefore, 1 = a1b and a7 is a unit, which contradicts the choice of a.

Now consider 1. If 7 is primitive, we are done. Otherwise, x1 =
asxo where ag is not a unit, and as above we conclude that (z1) ; (x2).
Continuing in this way we obtain a chain of submodules

(6.1) (o) G (1) G (@2) G-+

Either this chain stops at some 4, which means that x; is primitive, or (6.1)
is an infinite properly ascending chain of submodules of M. We claim that
the latter possibility cannot occur. To see this, let N = | J;=, (z;). Then N
is a submodule of the finitely generated module M over the PID R so that
N is also finitely generated by {y1, ... ,yr} (Corollary 6.5). Since (zg) C
(x1) C -+, there is an i such that {y1, ... ,yx} C (x;). Thus N = (x;) and
hence (x;) = (x;41) = -+, which contradicts having an infinite properly
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ascending chain. Therefore, x; is primitive for some ¢, and if we let 2’ = x;
we conclude that z = az’ where a = ajay - - - a;. m]

(6.15) Remark. Suppose that M is a free R-module, where R is a PID, and
x € M. Then Ann(z) = (0), so & = ax’ where 2’ is a primitive element of
M. If S = {z;},cs is a basis of M, then we may write 2’ = > ._, b;z; so

that
r=azr' = Zabjxj = chxj.
jeJ jedJ

Since ged ({b;}jes) = 1 (by Lemma 6.13) we see that a = ged ({¢;}jer).
The element a € R, which is uniquely determined by x up to multiplication
by a unit of R, is called the content of x € M and is denoted ¢(x). (Compare
with the concept of content of polynomials (Definition 2.6.3).) Thus, any
x € M can be written

jeJ

(6.2) x=c(x) 2

where 7’ is primitive.

(6.16) Theorem. Let R be a PID and let M be a free R-module with
rank(M) = k = p(M) = free-rank(M).
If x € M is primitive, then M has a basis of k elements containing x.

Proof. Assume first that k < oo and proceed by induction on k. Suppose
k =1 and let M have a basis {z1}. Then x = azy for some a € R. Since x
is primitive, it follows that a is a unit so that (x) = (x1) = M, hence {x}
is a basis of M.

The case £ = 2 will be needed in the general induction step, so we
present it separately. Thus suppose that M has a basis {z1, 22} and let
x = rx1 + sxo where r,s € R. Since x is primitive, ged{r, s} = 1, so we
may write ru 4+ sv = 1. Let x}, = —vx1 + uxy. Then

T1 = UuT — ST

and
To = VX + To:’Q.

Hence, (z, b)) = M. It remains to show that {z, x4} is linearly indepen-
dent. Suppose that az + bz, = 0. Then

a(rxy 4+ sxe) + b(—vxy + uxs) = 0.
Since {z1, x2} is a basis of M, it follows that
ar —bv =20

and
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as+bu = 0.

Multiplying the first equation by u, multiplying the second by v, and adding
shows that a = 0, while multiplying the first by —s, multiplying the second
by r, and adding shows that b = 0. Hence, {x, x4} is linearly independent
and, therefore, a basis of M.

Now suppose that ©(M) = k > 2 and that the result is true for all free

R-modules of rank < k. By Theorem 6.6 there is a basis {z1, ... , 2} of M.
Let x = Ele a;x;. If a, = 0 then x € My = (%1, ... ,zk_1), so by induc-
tion there is a basis {z, x5, ... ,2},_,} of My. Then {z, 2}, ... ,z}_,, xx}is

a basis of M containing z. Now suppose that a; # 0 and let y = Ei:ll a; T;.

If y = 0 then x = apxy, and since x is primitive, it follows that ay is a unit
of R and {1, ... ,xk_1, 2} is a basis of M containing = in this case. If
y # 0 then there is a primitive y’ such that y = by’ for some b € R. In
particular, ¥’ € M; so that M; has a basis {y/, 5, ... ,z},_;} and hence
M has a basis {y/, za, ... ,z)_,, o }. But 2 = apxr + y = apxi, + by’ and
ged(ag, b) = 1 since « is primitive. By the previous case (k = 2) we conclude
that the submodule (zy,y’) has a basis {z, y"’}. Therefore, M has a basis
{z, 5, ... ,2},_1,y"} and the argument is complete when k = p(M) < oco.

If k = oo let {z;}jcs be a basis of M and let © = Y. | a;z;, for
some finite subset I = {j1, ... ,jn} € J. If N = (zj,, ... ,x;,) then x is
a primitive element in the finitely generated module N, so the previous
argument applies to show that there is a basis {z,z5,... ,2),} of N. Then

{@, o4, ... 2, } U{z;}jes\1 is a basis of M containing z. O

(6.17) Corollary. If M is a free module over a PID R, then every basis of
M contains p(M) elements.

Proof. In case (M) < oo, the proof is by induction on u(M). If p(M) =1
then M = (x). If {1, z2} € M then z; = a;x and and z2 = asx so that
asx1 — arre = 0, and we conclude that no subset of M with more than one
element is linearly independent.

Now suppose that (M) =k > 1 and assume the result is true for all
free R-modules N with u(N) < k. Let S = {z,};e; € M be any basis of
M and choose x € S. Since z is primitive (being an element of a basis),
Theorem 6.16 applies to give a basis {x,ya, ... ,yx} of M with precisely
u(M) = k elements. Let N = M/(z) and let 7 : M — N be the projection
map. It is clear that N is a free R-module with basis 7(S) \ {w(x)}. By
Proposition 2.12 it follows that u(N) > k—1, and since {7 (y2), ... ,7(yx)}
generates N, we conclude that u(N) = k — 1. By induction, it follows that
S| —1 < ooand |S|—1=k—1,ie., |S] =k, and the proof is complete in
case u(M) < oo.

In case u(M) = oo, we are claiming that no basis of M can contain a
finite number k € ZT of elements. This is proved by induction on k, the
proof being similar to the case pu(M) finite, which we have just done. We
leave the details to the reader. O
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(6.18) Corollary. Let R be any commutative ring with identity and let M be
a free R-module. Then every basis of M contains (M) elements.

Proof. Let I be any maximal ideal of R (recall that maximal ideals exist
by Theorem 2.2.16). Since R is commutative, the quotient ring R/I = K
is a field (Theorem 2.2.18), and hence it is a PID. By Proposition 4.13,
the quotient module M/IM is a finitely generated free K-module so that
Corollary 6.17 applies to show that every basis of M/IM has u(M/IM)
elements. Let S = {z;};cs be an arbitrary basis of the free R-module M
and let 7 : M — M/IM be the projection map. According to Proposition
4.13, the set w(S) = {m(x;)}jes is a basis of M/IM over K, and therefore,

w(M) < 17| = pu(M/TM) < (M),
Thus, (M) = |J|, and the corollary is proved. O

(6.19) Remarks.

(1) If M is a free R-module over a commutative ring R, then we have
proved that free-rank(M) = u(M) = the number of elements in any
basis of M. This common number we shall refer to simply as the rank
of M, denoted rankr (M) or rank(M) if the ring R is implicit. If R is
a field we shall sometimes write dimpg (M) (the dimension of M over
R) in place of rankr(M)). Thus, a vector space M (over R) is finite
dimensional if and only if dimg (M) = rankr(M) < co.

(2) Corollary 6.18 is the invariance of rank theorem for finitely generated
free modules over an arbitrary commutative ring R. The invariance of
rank theorem is not valid for an arbitrary (possibly noncommutative)
ring R. As an example, consider the Z-module M = @,cNZ, which
is the direct sum of countably many copies of Z. It is simple to check
that M = M @ M. Thus, if we define R = Endz(M), then R is a
noncommutative ring, and Corollary 3.13 shows that

R = Endz(M)
= Homgz (M, M)
>~ Homg (M, M & M)
=~ Homg (M, M) @ Homgz (M, M)
=ROR.

The isomorphisms are isomorphisms of Z-modules. We leave it as an
exercise to check that the isomorphisms are also isomorphisms of R-
modules, so that R = R2?, and hence, the invariance of rank does
not hold for the ring R. There is, however, one important class of
noncommutative rings for which the invariance of rank theorem holds,
namely, division rings. This will be proved in Proposition 7.1.14.
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(6.20) Corollary. If M and N are free modules over a PID R, at least one of
which is finitely generated, then M = N if and only if rank(M) = rank(V).

Proof. If M and N are isomorphic, then p(M) = p(N) so that rank(M) =
rank(N). Conversely, if rank(M) = rank(NV), then Proposition 4.9 gives a
homomorphism f : M — N, which takes a basis of M to a basis of N. It is
easy to see that f must be an isomorphism. a

(6.21) Remark. One of the standard results concerning bases of finite-
dimensional vector spaces is the statement that a subset S = {z1, ... ,x,}
of a vector space V of dimension n is a basis provided that S is either a
spanning set or linearly independent. Half of this result is valid in the cur-
rent context of finitely generated free modules over a PID. The set {2} C Z
is linearly independent, but it is not a basis of the rank 1 Z-module Z.
There is, however, the following result.

(6.22) Proposition. Let M be a finitely generated free R-module of rank = k
where R is a PID. If S = {x1, ... ,xx} generates M, then S is a basis.

Proof. Let T' = {e; }le be the standard basis of R*. Then there is a homo-
morphism ¢ : R¥ — M determined by ¢(e;) = x;. Since (S) = M, there is
a short exact sequence

0—>K—>Rki>M—>O

where K = Ker(¢). Since M is free, Corollary 4.16 gives R¥ =~ M @ K, and
according to Theorem 6.2, K is also free of finite rank. Therefore,

k = rank(M) + rank(K) = k + rank(K)

and we conclude that rank(K) = 0. Hence ¢ is an isomorphism and S is a
basis. O

We will conclude this section with a substantial generalization of The-
orem 6.2. This result is the crucial result needed for the structure theorem
for finitely generated modules over a PID.

(6.23) Theorem. (Invariant factor theorem for submodules) Let R be a
PID, let M be a free R-module, and let N C M be a submodule (which is
automatically free by Theorem 6.2) of rank n < co. Then there is a basis

S of M, a subset {x1, ... ,x,} C S, and nonzero elements sy, ..., s, € R
such that

(6.3) {8121, ..., SpTn} is a basis of N

and

(6.4) Si | Sit1 for 1<i<n-—1.
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Proof. If N = (0), there is nothing to prove, so we may assume that N # (0)
and proceed by induction on n = rank(N). If n = 1, then N = (y) and {y}
is a basis of N. By Lemma 6.14, we may write y = ¢(y)x where x € M is a
primitive element and ¢(y) € R is the content of y. By Theorem 6.16, there
is a basis S of M containing the primitive element x. If we let 1 = x and
s1 = ¢(y), then s121 = y is a basis of N, so condition (6.3) is satisfied; (6.4)
is vacuous for n = 1. Therefore, the theorem is proved for n = 1.

Now assume that n > 1. By Lemma 6.14, each y € N can be written as
y = c(y) -y’ where ¢(y) € R is the content of y (Remark 6.15) and ¢y’ € M
is primitive. Let

S ={(c(y)) :y € N}.

This is a nonempty collection of ideals of R. Since R is Noetherian, Propo-
sition 2.5.10 implies that there is a maximal element of S. Let (c(y)) be
such a maximal element. Thus, y € N and y = ¢(y) - x, where z € M is
primitive. Let s; = ¢(y). Choose any basis T of M that contains x. This is
possible by Theorem 6.16 since x € M is primitive. Let 1 = x and write
T = {Jil}UT/ = {xl}u{x;}jejl. Let M, = <{£L’;}jej/> and let Ny = M;NN.

Claim. N = <81$1> D Nl.

To see this, note that (s;x1) N Ny C (x1) N My = (0) because T is a
basis of M. Let z € N. Then, with respect to the basis T, we may write

(6.5) z=a1x1 + Z b’
jeJ’
Let d = (s1, a1) = ged{s1, a1}. Then we may write d = us; +va; where u,
v € R. If w=uy + vz, then Equation (6.5) shows that
w=uy + vz
= (us1 +vay)ry + Z vbja
jed’
=dz; + Z vbjx;».
jeJ’

Writing w = ¢(w) - w’ where ¢(w) is the content of w and w’ € M is
primitive, it follows from Lemma 6.13 that c¢(w) | d (because c(w) is the
greatest common divisor of all coefficients of w when expressed as a linear
combination of any basis of M). Thus we have a chain of ideals

(s1) € (d) C {e(w)),

and the maximality of (s;) in & shows that (s1) = (¢(w)) = (d). In partic-
ular, (s1) = (d) so that s; | a1, and we conclude that

AR 61(511‘1) + Z bjSC;
JjeJ!
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That is, z € (syz1) + Ny. Theorem 3.1 then shows that
N = (s121) © Ny,

and the claim is proved.
By Theorem 6.2, N; is a free R-module since it is a submodule of the
free R-module M. Furthermore, by the claim we see that

rank(Ny) =rank(N) —1=n — 1.

Applying the induction hypothesis to the pair Ny C Mj, we conclude that

there is a basis S’ of M; and a subset {xs, ... ,z,} of S, together with
nonzero elements ss, ... , s, of R, such that

(6.6) {822, ... ,$nTn} is a basis of N;

and

(67) S; | Si4+1 for 2 S 7 S n — 1.

Let S = S U {z1}. Then the theorem is proved once we have shown that
S1 | S59.

To verify that sy | s2, consider the element ssxs € N C N and
let z = s121 + sow2 € N. When we write z = ¢(z) - 2/ where 2’ € M
is primitive and c¢(z) € R is the content of z, Remark 6.15 shows that
c(z) = (81, s2). Thus, (s1) C (c¢(2)) and the maximality of (s1) in S shows
that (c(2)) = (s1), i.e., 51 | 2, and the proof of the theorem is complete. O

(6.24) Example. Let N C Z? be the submodule generated by y; = (2, 4),
y2 = (2, —=2), and y3 = (2, 10). Then ¢(y1) = c(y2) = c(y3) = 2. Further-
more, 2 divides every component of any linear combination of y, y2, and
Y3, so the maximal content of any element of N is 2. Let v; = (1, 2). Then
y1 = 2v;. Extend v; to a basis of Z? by taking vy = (0,1). Then

(6.8) Ny = N (0, 1)) = (0, 6)).
To see this note that every z € Ny can be written as
zZ = a1y1 + agys + azys
where a1, ag, az € Z satisfy the equation
2a1 + 2as + 2a3 = 0.

Thus, 4a; = —4as — 4as, and considering the second coordinate of z, we
see that z = (z1, 22) where

z9 = 4ay — 2a9 + 10az = —6as + 6az = 6(@3 — C(,Q).

Therefore, {v1, v2} is a basis of Z?, while {2v1, 6v2} is a basis of N. To
check, note that y; = 2v1, y2 = 2v1 — 6v2, and y3 = 2v; + 6vs.
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(6.25) Remark. In Section 3.7, we will prove that the elements {s1, ..., $,}
are determined just by the rank n submodule N and not by the particular
choice of a basis S of M. These elements are called the invariant factors of
the submodule N in the free module M.

3.7 Finitely Generated Modules over PIDs

The invariant factor theorem for submodules (Theorem 6.24) gives a com-
plete description of a submodule N of a finitely generated free R-module
M over a PID R. Specifically, it states that a basis of M can be chosen so
that the first n = rank(V) elements of the basis, multiplied by elements
of R, provide a basis of N. Note that this result is a substantial general-
ization of the result from vector space theory, which states that any basis
of a subspace of a vector space can be extended to a basis of the ambient
space. We will now complete the analysis of finitely generated R-modules
(R a PID) by considering modules that need not be free. If the module M
is not free, then, of course, it is not possible to find a basis, but we will
still be able to express M as a finite direct sum of cyclic submodules; the
cyclic submodules may, however, have nontrivial annihilator. The following
result constitutes the fundamental structure theorem for finitely generated
modules over principal ideal domains.

(7.1) Theorem. Let M # 0 be a finitely generated module over the PID R.
If u(M) =n, then M is isomorphic to a direct sum of cyclic submodules

M= Rwy @ --- P Rw,
such that
(7.1) R # Ann(wq) 2 Ann(ws) 2 --- 2 Ann(w,) = Ann(M).
Moreover, for 1 <i<mn

(7.2) Ann(w;) = Ann (M/(Rwi+1 + -+ + Rwy,)) .

Proof. Since u(M) = n, let {vy, ... ,v,} be a generating set of M and
define an R-module homomorphism ¢ : R — M by

n
¢(a1, . ,an) = Zaﬂ}i.
i=1

Let K = Ker(¢). Since K is a submodule of R™, it follows from Theorem
6.2 that K is a free R-module of rank m < n. By Theorem 6.23, there is a
basis {y1, ... ,yn} of R™ and nonzero elements s1, ... , s, € R such that
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(7.3) {8191, -+, SmYm} is a basis for K
and
(7.4) Si | Sit1 for 1<i<m-—1.
Let w; = ¢(y;) € M for 1 < i < n. Then {wy, ..., w,} generates M
since ¢ is surjective and {y1, ... ,yn} is a basis of R". We claim that

M = Rwy @ --- d Rw,.

By the characterization of direct sum modules (Theorem 3.1), it is sufficient
to check that if

(7.5) awi + - +apw, =0

where a; € R, then a;w; = 0 for all <. Thus suppose that Equation (7.5) is
satisfied. Then
0=awy + -+ apwy,
= al(b(yl) +eee an¢(yn)
= ¢(a1y1 +--+ anyn)

so that
a1y1 + -+ anyn € Ker(¢p) = K = (8191, - -+ , SmYm)-
Therefore,
a1yr + -+ anyYn = b18$1y1 + - + binSmYm
for some by, ... ,b, € R. But {y1, ... ,yn} is a basis of R™, so we conclude

that a; = b;s; for 1 <4 < m while a; =0 for m + 1 <17 < n. Thus,

aiw; = bisip(y:) = bid(siyi) =0
for 1 <14 < m because s;y; € K = Ker(¢), while a;w; =0form+1<i<n
since a; = 0 in this case. Hence

M = Rwy @ --- D Rw,.

Note that Ann(w;) = (s;) for 1 <14 < m, and since s; | s;41, it follows
that
Ann(wq) 2 Ann(ws) 2 -+ 2 Ann(wy,),

while for ¢ > m, since (y;) N Ker(¢) = (0), it follows that Ann(w;) = (0).
Since s; | s, for all 4 and since Ann(w;) = (s;), we conclude that s, M = 0.
Hence, Ann(w,) = (s,) = Ann(M) and Equation (7.1) is satisfied. Since

M/(Rwi1 + -+ Rw,) = Rwy @ - - - ® Ruw;,

Equation (7.2) follows from Equation (7.1). The proof is now completed
by observing that Ann(w;) # R for any 4 since, if Ann(w;) = R, then
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Rw; = (0), and hence, M could be generated by fewer than n elements.
But n = u(M), so this is impossible because (M) is the minimal number
of generators of M. a

A natural question to ask is to what extent is the cyclic decomposition
provided by Theorem 7.1 unique. Certainly, the factors themselves are not
unique as one can see from the example

Z2=7- (1,002 Z-(0,1)
~7Z (1,0)®Z-(1,1).

More generally, if M is a free R-module of rank n, then any choice of basis
{v1, ... ,v,} provides a cyclic decomposition

M= Rvi ®---® Ru,

with Ann(v;) = 0 for all 4. Therefore, there is no hope that the cyclic factors
themselves are uniquely determined. What does turn out to be unique,
however, is the chain of annihilator ideals

Ann(wy) 2 -+ 2 Ann(wy,)

where we require that Ann(w;) # R, which simply means that we do not
allow copies of (0) in our direct sums of cyclic submodules. We reduce the
uniqueness of the annihilator ideals to the case of finitely generated torsion
R-modules by means of the following result. If M is an R-module, recall
that the torsion submodule M, of M is defined by

M, ={z € M : Ann(z) # (0)}.

(7.2) Proposition. If M and N are finitely generated modules over a PID
R, then M = N if and only if M, = N, and rank M /M, = rank N/N.

Proof. Let ¢ : M — N be an isomorphism. Then if z € M., there is
an a # 0 € R with ax = 0. Then a¢(z) = ¢(ax) = ¢(0) = 0 so that
#(x) € N,. Therefore, ¢(M,) C N,. Applying the same observation to ¢!
shows that ¢(M,) = N;,. Thus, ¢|p, : M, — N, is an isomorphism; if  :
N — N is the natural projection, it follows that Ker(wo¢) = M. The first
isomorphism theorem then gives an isomorphism M /M, = N/N,. Since
M/M, and N/N, are free R-modules of finite rank, they are isomorphic if
and only if they have the same rank.

The converse follows from Corollary 6.20. ad

Therefore, our analysis of finitely generated R-modules over a PID R is
reduced to studying finitely generated torsion modules M; the uniqueness
of the cyclic submodule decomposition of finitely generated torsion modules
is the following result.
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(7.3) Theorem. Let M be a finitely generated torsion module over a PID R,
and suppose that there are cyclic submodule decompositions

(7.6) M = Rw, & - & Ruwy,
and

(7.7) M=ZRz®---® Rz,
where

(7.8) Ann(wy) O -+ O Ann(wy) # (0) with  Ann(wy) # R
and
(7.9) Ann(z1) D -+ 2 Ann(z,) # (0) with  Ann(z1) # R.
Then k = r and Ann(w;) = Ann(z;) for 1 <1 <k.
Proof. Note that Ann(M) = Ann(wg) = Ann(z,). Indeed,
Ann(M) = Ann(Rw; + - - - + Ruwy,)

= Ann(wy) N--- N Ann(wy)

= Ann(wy)
since Ann(w;) 2 -+ O Ann(wyg). The equality Ann(M) = Ann(z,.) is the
same argument.

We will first show that k& = r. Suppose without loss of generality that

k > r. Choose a prime p € R such that (p) 2O Ann(w;), i.e., p divides the

generator of Ann(wy ). Then (p) O Ann(w;) for all i. Since p € Ann(M/pM),
it follows that M/pM is an R/pR-module and Equations (7.6) and (7.7)

imply

(7.10) M/pM = Rw,/(pRw1) ® - - - ® Rwy/(pRwy)
and
(7.11) M/pM = Rz /(pRz1) ® - - ® Rz, /(pRzr).

Suppose that pRw; = Rw;. Then we can write apw; = w; for some a € R.
Hence, ap — 1 € Ann(w;) C (p) by our choice of p, so 1 € (p), which
contradicts the fact that p is a prime. Therefore, pRw; # Rw,; for all i
and Equation (7.10) expresses the R/pR-module M/pM as a direct sum of
cyclic R/pR-modules, none of which is (0). Since R/pR is a field (in a PID
prime ideals are maximal), all R/pR-modules are free, so we conclude that
M /pM is free of rank k. Moreover, Equation (7.11) expresses M/pM as a
direct sum of r cyclic submodules, so it follows that k& = u(M/pM) < r.
Thus, r = k, and in particular, Rz;/(pRz;) # 0 since, otherwise, M /pM
could be generated by fewer than k elements. Thus, (p) 2 Ann(z;) for all
i; if not, then (p) + Ann(z;) = R, so there are a € R and ¢ € Ann(z;) such
that ap + ¢ = 1. Then z; = apz; + cz; = apz; € pRz;, so Rz;/(pRz;) = 0,
and we just observed that Rz;/(pRz;) # 0.
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We are now ready to complete the proof. We will work by induction
on {(Ann(M)) where, if I = (a) is an ideal of R, then £(I) is the number
of elements (counted with multiplicity) in a prime factorization of a. This
number is well defined by the fundamental theorem of arithmetic for PIDs.
Suppose that £(Ann(M)) = 1. Then Ann(M) = (p) where p € R is prime.
Since Ann(M) = Ann(wy) = Ann(z;) = (p) and since (p) is a maximal
ideal, Equations (7.8) and (7.9) imply that Ann(w;) = (p) = Ann(z;) for
all i, and the theorem is proved in the case ¢(Ann(M)) = 1.

Now suppose the theorem is true for all finitely generated torsion R-
modules N with ¢(Ann(N)) < ¢(Ann(M)), and consider the isomorphisms

(7.12) pM = pRwy & - -- & pRwy, = pRws41 @ -+ - B pRwyg

and

(7.13) pM = pRz @ - ® pRzx £ pR2ziy1 @ - ® pRzy

where Ann(wy) = -+ = Ann(ws) = Ann(z1) = -+ = Ann(z;) = (p) and
Ann(wsy1) # (p), Ann(zi41) # (p) (s and t may be 0). Then Ann(pM) =
(a/p) where Ann(M) = (a), so £(Ann(pM)) = ¢(Aun(M))—1. By induction
we conclude that k —s = k — ¢, i.e., s =, and Ann(pw;) = Ann(pz;) for
s <1 < k. But Ann(pw;) = {(a;/p) where Ann(w;) = (a;). Thus Ann(w;) =
Ann(z;) for all ¢ and we are done. ]

Since Rw; = R/ Ann(w;) and since R/I and R/J are isomorphic R-
modules if and only if I = J (Exercise 10), we may rephrase our results as
follows.

(7.4) Corollary. Finitely generated modules over a PID R are in one-to-one
correspondence with finite nonincreasing chains of ideals

R#5Li 2122 Iy
Such a chain of ideals corresponds to the module
M=R/I® - & R/I,.
Note that p(M) =n and if Iy41 = -+ = I, = (0) but I, # (0), then
M=R/lL®---®R/I, ®R"*.

We will use the convention that the empty sequence of ideals (n = 0) cor-
responds to M = (0).

Proof. O

(7.5) Definition. If M is a finitely generated torsion module over a PID R
and M = Rwy @ -+ ® Rw,, with Ann(w;) 2 Ann(w;11) (1 <i<n-—1)
and Ann(w;) # R, then the chain of ideals I; = Ann(w;) is called the chain
of invariant ideals of M.
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Using this language, we can express our results as follows:

(7.6) Corollary. Two finitely generated torsion modules over a PID are iso-
morphic if and only if they have the same chain of invariant ideals.

Proof. O

(7.7) Remark. In some cases the principal ideals Ann(w;) have a preferred
generator a;. In this case the generators {a;}7_, are called the invariant
factors of M.

The common examples are R = Z, in which case we choose a; > 0 so
that a; = |Z/ Ann(w;)|, and R = F[X], where we take monic polynomials
as the preferred generators of ideals.

(7.8) Definition. Let R be a PID, and let M be a finitely generated torsion
R-module with chain of invariant ideals

(51) 2 (s2) 2 -+ 2 (sn).
We define me(M) = sy, and co(M) = s1 -+ Sy

Note that me(M) and co(M) are only defined up to multiplication by a
unit, but in some cases (R = Z or R = F[X]) we have a preferred choice of
generators of ideals. In these cases me(M) and co(M) are uniquely defined.
Concerning the invariants me(M) and co(M), there is the following trivial
but useful corollary of our structure theorems.

(7.9) Corollary. Let M be a finitely generated torsion module over a PID
R.

(1) Ifa € R with aM =0, then me(M) | a.
(2) me(M) divides co(M).
(3) Ifp € R is a prime dividing co(M), then p divides me(M).

Proof. (1) Since Ann(M) = (s,) = (me(M)) by Theorem 7.1 and the
defintion of me(M), it follows that if aM = 0, i.e., a € Ann(M), then
me(M) | a.

(2) Clearly s, divides s7 - - sp,.

(3) Suppose that p | s1---8, = co(M). Then p divides some s;, but
(si) 2 (Sn), 50 8; | sn. Hence, p | s, = me(M). O

(7.10) Remark. There are, unfortunately, no standard names for these in-
variants. The notation we have chosen reflects the common terminology in
the two cases R = Z and R = F[X]. In the case R = Z, me(M) is the
exponent and co(M) is the order of the finitely generated torsion Z-module
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(= finite abelian group) M. In the case R = F[X] of applications to lin-
ear algebra to be considered in Chapter 4, me(Vy) will be the minimal
polynomial and co(Vy) will be the characteristic polynomial of the linear
transformation T' € Homp (V') where V' is a finite-dimensional vector space
over the field F' and Vr is the F[X]-module determined by T (see Example
1.5 (12)).

There is another decomposition of a torsion R-module M into a direct
sum of cyclic submodules which takes advantage of the prime factorization
of any generator of Ann(M). To describe this decomposition we need the
following definition.

(7.11) Definition. Let M be a module over the PID R and let p € R be a
prime. Define the p-component M, of M by

M, ={z € M : Ann(z) = (p")  for some ne€Z"}.

If M = M,, then M is said to be p-primary, and M is primary if it is
p-primary for some prime p € R.

It is a simple exercise to check that submodules, quotient modules, and
direct sums of p-primary modules are p-primary (Exercise 54).

(7.12) Theorem. If M is a finitely generated torsion module over a PID R,
then M is a direct sum of primary submodules.

Proof. Since M is a direct sum of cyclic submodules by Theorem 7.1, it
is sufficient to assume that M is cyclic. Thus suppose that M = (z) and
suppose that

Ann(z) = (a) = (p1" - py")

where p1, ..., py are the distinct prime divisors of a. Let ¢; = a/p;*. Then
1=1(q1, ... ,qn) = gcd{qi, ... ,qn}, so there are by, ... ,b, € R such that
(7.14) 1=biqi + -+ bngn.

Let z; = b;g;x. Then Equation (7.14) implies that
rT=x1+ -+ 2Ty

so that
M = (2) = (01) ++ -+ (za).

Suppose that y € (x1) N ((x2) + -+ + (). Then
Y =C1x1 = C2T2 + -+ Cpllp
and hence, pi'y = c1bip* 1 = crbiax = 0 and

Q1Y = C2G2py’ T2 + - + CaGnpy Ty = 0,
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where g; = ql/p;j. Therefore, {p7*,¢1} C Ann(y), but (pi', ¢1) = 1 so that
Ann(y) = R. Therefore, y = 0. A similar calculation shows that

(2 0 (o) ++ (@) + -+ (@a) ) = (0),
so by Theorem 3.1, M = (z1) & - - - & (z,,). |

Combining Theorems 7.1 and 7.12, we obtain the following result:

(7.13) Theorem. Any finitely generated torsion module M over a PID R is
a direct sum of primary cyclic submodules.

Proof. Suppose M = Rw;®- - -® Rw,, as in Theorem 7.1. Then if Ann(w;) =
(si), we have s; | s;41 for 1 <i <n—1 with s; # 1 and s,, # 0 (since M
is torsion). Let p1, ... ,pr be the set of distinct nonassociate primes that
occur as a prime divisor of some invariant factor of M. Then

s =upitt - pptt
€en €n
Sn = Upp(™t o0 Pt

where the divisibility conditions imply that
0<e;<eg; <<y for 1<j<k.

Then the proof of Theorem 7.12 shows that M is the direct sum of cyclic

submodules with annihilators {p$” : ei; > 0}, and the theorem is proved.
O

J

7.14) Definition. The prime powers {p”7 : e;; > 0, 1 < j < k} are called
7 J
the elementary divisors of M.

(7.15) Theorem. If M and N are finitely generated torsion modules over a
PID R, then M = N if and only if M and N have the same elementary
divisors.

Proof. Since M is uniquely determined up to isomorphism from the invari-
ant factors, it is sufficient to show that the invariant factors of M can be
recovered from a knowledge of the elementary divisors. Thus suppose that

(s1) 2 (s2) 2 -+ 2 (sn)

is the chain of invariant ideals of the finitely generated torsion module M.
This means that s; | s;41 for 1 <i < n. Let py, ..., pr be the set of distinct
nonassociate primes that occur as a prime divisor of some invariant factor

of M. Then
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51 =upitt - pptt
(7.15)

Sp = Upp§ - pinE
where the divisibility conditions imply that
(7.16) 0<erj<ey <---<eyp, for 1<j<k.

Thus, the elementary divisors of M are

(717) {p;ij 1€ > O}
We show that the set of invariant factors (Equation (7.15)) can be recon-

structed from the set of prime powers in Equation (7.17). Indeed, if

e; = max e;; 1<5<k
J 1<i<n K SJ SR,

then the inequalities (7.16) imply that s, is an associate of p{* - - - pi*. Delete
{pT, ... pik}

from the set of prime powers in set (7.17), and repeat the process with
the set of remaining elementary divisors to obtain s,_;. Continue until all
prime powers have been used. At this point, all invariant factors have been
recovered. Notice that the number n of invariant factors is easily recovered
from the set of elementary divisors of M. Since s; divides every s;, it follows
that every prime dividing s; must also be a prime divisor of every s;.
Therefore, in the set of elementary divisors, n is the maximum number of
occurrences of p®i for a single prime p. O

(7.16) Example. Suppose that M is the Z-module
M =Zo2 X Ziox X Zig X Zizz X Zis X L7 X Zip2.

Then the elementary divisors of M are 22, 22, 3, 32, 5, 7, 72. Using the
algorithm from Theorem 7.15, we can recover the invariant factor descrip-
tion of M as follows. The largest invariant factor is the product of the
highest power of each prime occurring in the set of elementary divisors,
i.e., the least common multiple of the set of elementary divisors. That is,
sy = T%-5-32.22 = 8820. Note that the number of invariant factors of
M is 2 since powers of the primes 2, 3, and 7 occur twice in the set of ele-
mentary divisors, while no prime has three powers among this set. Deleting
72,5, 32, 22 from the set of elementary divisors, we obtain s; = 7-3-22 = 84.
This uses all the elementary divisors, so we obtain

M = Zgy X Zggao.
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We now present some useful observations concerning the invariants
me(M) and co(M) where M is a torsion R-module (R a PID). See Definition
7.9 for the definition of these invariants. The verification of the results that
we wish to prove require some preliminary results on torsion R-modules,
which are of interest in their own right. We start with the following lemmas.

(7.17) Lemma. Let M be a module over a PID R and suppose that x € M.
If Ann(z) = (r) and a € R with (a, r) = d (recall that (a, r) = ged{a, r}),
then Ann(az) = (r/d).

Proof. Since (r/d)(ax) = (a/d)(rz) = 0, it follows that (r/d) C Ann(ax).
If b(ax) = 0, then r | (ba), so ba = rc for some ¢ € R. But (a, r) = d, so
there are s, t € R with rs + at = d. Then rct = bat = b(d — rs) and we see
that bd = r(ct 4 bs). Therefore, b € (r/d) and hence Ann(axz) = (r/d). O

(7.18) Lemma. Let M be a module over a PID R, and let x1, ... ,x, € M,
with Ann(z;) = (r;) for 1 < i <n. If {r1, ... ,rn} is a pairwise relatively
prime subset of R and x = 1 + -+ + Ty, then Ann(z) = (a) = (i, 7i)-
Conversely, if y € M is an element such that Ann(y) = (b) = (T}, si)
where {s1, ... ,s,} is a relatively prime subset of R, then we may write
y=uy1 + -+ yn where Ann(y;) = (s;) for all i.

Proof. Let © = 1 + --- + @,. Then a = [[\_, r; € Ann(z) so that (a) C
Ann(z). It remains to check that Ann(z) C (a). Thus, suppose that bz = 0.
By the Chinese remainder theorem (Theorem 2.2.24), there are ¢y, ... , ¢, €

R such that
_J1 (mod (r;)),
“ =10 (mod (r;)), ifj+#i.
Then, since (r;) = Ann(x;), we conclude that ¢;z; = 0 if ¢ # j, so for each
iwith1<i<n

0 =cibxr = cib(xy + -+ + x,) = bej;.

Therefore, be; € Ann(x;) = (r;), and since ¢; = 1 (mod (r;)), it follows that
ri|bfor 1 <i<n.But{r,...,r,} is pairwise relatively prime and thus
a is the least common multiple of the set {rq, ... ,r,}. We conclude that
a | b, and hence, Ann(x) = {(a).

Conversely, suppose that y € M satisfies Ann(y) = (b) = ([T\; s;)

where the set {s1,...,s,} is pairwise relatively prime. As in the above
paragraph, apply the Chinese remainder theorem to get c¢i,...,c, € R
such that

o = { 1 (mod (s;)),
“7 10 (mod (s;)), ifj#1.

Since b is the least common multiple of {s1, ..., s,}, it follows that

l=c1+--+¢, (mod (b)),
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and hence, if we set y; = ¢;y, we have

yitc e = (et o)y =y
Since (b, ¢;) = <H#i s;), Lemma 7.17 shows that Ann(y;) = Ann(c;y) =
(si). O

(7.19) Proposition. Let R be a PID and suppose that M is a torsion R-
module such that

M = Rw; @ - - Rwy,
with Ann(w;) = (t;). Then the prime power factors of the t; (1 < i < n)
are the elementary divisors of M.

Proof. Let p1, ... ,pr be the set of distinct nonassociate primes that occur
as a prime divisor of some ¢;. Then we may write

b= g
(7.18)
b = i
where g, ... ,u, are units in R and some of the exponents e;; may be 0.

The proof of Theorem 7.12 shows that
Rw; = Rz;1 @ -+ Rz

where Ann(z;;) = (p;"”). For notational convenience we are allowing z;; = 0
for those (7, 7) with e;; = 0. Therefore,

(7.19) M = P Rz,
0,j

€4 5

where Ann(z;;) = (pj”). Let S = {p;"’} where we allow multiple occur-
rences of a prime power p°, and let

Let m be the maximum number of occurrences of positive powers of a single
prime in S. If

. s .. < ; <
(7.20) Jmj 1211?2(” €ij for 1<j<k,
we define

(721) Sm = p{ml - pimk

Note that f,,,; > 0for 1 <j <k.
Delete {p1™, ... ,pim’“} from the set S and repeat the above process
with the remaining prime powers until no further positive prime powers are
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available. Since a prime power for a particular prime p is used only once at
each step, this will produce elements sq, ..., s, € R. From the inductive
description of the construction of s;, it is clear that every prime dividing s;
also divides s;+1 to at least as high a power (because of Equation (7.21)).
Thus,

Si | Si+1 for 1<i<m.

Therefore, we may write

s1=up]t - pf*
(7.22)
S = ump{ml pgmk
where
(7.23) {p;" : fij >0} = {p;“ﬂ eqp > 0}
where repetitions of prime powers are allowed and where
(7.24) 0< fi; < foj < < fmy for 1<j<k
by Equation (7.20).
For each p;-c” (1 < i < m), choose w;; € S with Ann(w;;) = (pj])

and let z; = w;; + -+ + w;. Lemma 7.18 shows that Ann(x;) = (s;) for
1 < i < m, and thus,

k k
Rei = R/(s)) = D R/ (p]") = D Ruwy;.
j=1 j=1

Equation (7.19) then shows that

where Ann(x;) = (s;). Since s; | s;41 for 1 < i < m, it follows that
{51, ... ,8m} are the invariant factors of M, and since the set of prime
power factors of {s1, ... ,$mn} (counting multiplicities) is the same as the
set of prime power factors of {¢1, ... ,t,} (see Equation (7.23)), the proof
is complete. a

(7.20) Corollary. Let R be a PID, let My, ..., My be finitely generated
torsion R-modules, and let M = @©% | M;. If {d;1, ... ,d,} is the set of
elementary divisors of M;, then
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S={dij : 1 <i<k1<j<4}

is the set of elementary divisors of M.

Proof. By Theorem 7.1,
M; = Rwj @ - - ® Rwiy,

where Ann(w;;) = (s;;) and s;; | s;;41 for 1 < j < r;. The elementary
divisors of M; are the prime power factors of {s;1, ..., Si, }. Then

k
M =P M; = P Ruwy;
i=1 i,j

where Ann(w;;) = (s;;). The result now follows from Proposition 7.19. O

(7.21) Proposition. Let R be a PID, let My, ... , My be finitely generated
torsion R-modules, and let M = @ | M;. Then
(7.25) me(M) = lem{me(M;), ... ,me(My)}
k
(7.26) co(M) =[] co(Ms).
i=1

Proof. Since Ann(M) = ﬂle Ann(M;), Equation (7.25) follows since
(me(M;)) = Ann(M;). Since co(M) is the product of all invariant factors of
M, which is also the product of all the elementary divisors of M, Equation
(7.26) follows from Corollary 7.20. O

The special case R = Z is important enough to emphasize what the
results mean in this case. Suppose that M is an abelian group, i.e., a Z-
module. Then an element x € M is torsion if and only if nz = 0 for
some n > 0. That is to say, x € M, if and only if o(z) < oo. Moreover,
Ann(z) = (n) means that o(z) = n. Thus the torsion submodule of M
consists of the set of elements of finite order. Furthermore, M is finitely
generated and torsion if and only if M is a finite abelian group. Indeed, if
M = (z1, ... ,z) then any x € M can be written © = nyxy + -+ - + npzg
where 0 < n; < o(z;) < oo for 1 < ¢ < k. Therefore, |M| < Hle o(x;).
Hence, the fundamental structure theorem for finitely generated abelian
groups takes the following form.

(7.22) Theorem. Any finitely generated abelian group M is isomorphic to
Z" ® My where |M;| < co. The integer r is an invariant of M. Any finite
abelian group is a direct sum of cyclic groups of prime power order and
these prime power orders, counted with multiplicity, completely characterize
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the finite abelian group up to isomorpism. Also any finite abelian group is
uniquely isomorphic to a group

Z,, x---X1Z

sk
where s; | s;41 for alli.

Proof. a

Given a natural number n it is possible to give a complete list of all
abelian groups of order n, up to isomorphism, by writing n = pi* - pi*
where p1, ..., pg are the distinct prime divisors of n. Let M be an abelian
group of order n. Then we may write M as a direct sum of its primary
components

MgMPl @"'@Mpk

where |M,,| = p.*. Then each primary component M,, can be written as a
direct sum
M, = prn DD Zp:ie

where
1<en <~ <ep<r

and
€1+ ey =1y

Furthermore, the main structure theorems state that M is determined up
to isomorphism by the primes p1, ... ,pr and the partitions e;1, ... ,e;p of
the exponents r;. This is simply the statement that M is determined up to
isomorphism by its elementary divisors. Therefore, to identify all abelian
groups of order n, it is sufficient to identify all partitions of r;, i.e., all ways
to write r; = e;1 + - + €;¢ as a sum of natural numbers.

(7.23) Example. We will carry out the above procedure for n = 600 =
23 .3 .52, There are three primes, namely, 2, 3, and 5. The exponent of 2
is 3 and we can write 3=1+1+1,3 =1+ 2, and 3 = 3. Thus there are
three partitions of 3. The exponent of 3 is 1, so there is only one partition,
while the exponent of 5 is 2, which has two partitions, namely, 2 = 1+ 1
and 2 = 2. Thus there are 3-1-2 = 6 distinct, abelian groups of order 600.
They are

Z2XZ2XZQXZgXZ5XZ5%Z2XZ10XZ30
ZQXZQXZQXZ;;XZQ5§Z2XZQXZ150

ZQXZ4XZgXZ5XngZ10><ZGO
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Z2><Z4><Z3XZ25§Z2XZ300
ZgXZgXZ5XZ5gZ5X212O

Zg X Z3 X Z25 = ZGOO

where the groups on the right are expressed in invariant factor form and
those on the left are decomposed following the elementary divisors.

We will conclude this section with the following result concerning the
structure of finite subgroups of the multiplicative group of a field. This
is an important result, which combines the structure theorem for finite
abelian groups with a bound on the number of roots of a polynomial with
coefficients in a field.

(7.24) Theorem. Let F' be a field and let G C F* = F \ {0} be a finite
subgroup of the multiplicative group F*. Then G is a cyclic group.

Proof. According to Theorem 7.1, G is isomorphic to a direct sum
G=(21)® - @ (zn)

where, if we let k; = o(z;) = order of z;, then k; | kjyq for 1 <i<mn-—1
and
Ann(G) = Ann(z,,) = (kn)Z.

In the language of Definition 7.8, me(G) = k,,. This means that zF» = 1
for all z € G. Now consider the polynomial

(7.27) P(X) = X" —1.

Since F is a field, the polynomial P(X) has at most k,, roots, because degree
P(X) = ky (Corollary 2.4.7). But, as we have observed, every element of
G is a root of P(X), and

G| = kiks - Ky

Thus, we must have n = 1 and G = (z) is cyclic. O

(7.25) Corollary. Suppose that F' is a finite field with q elements. Then F*
is a cyclic group with ¢ — 1 elements, and every element of F' is a root of
the polynomial X1 — X.

Proof. Exercise. a
(7.26) Corollary. Let

G, ={e¥ /M 0 <k <n-1}CC"
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Then Gy, is the only subgroup of C* of order n.

Proof. Let H be a finite subgroup of C* with |H| = n. Then every element
z of H has the property that z™ = 1. In other words, z is a root of the
equation X" = 1. Since this equation has at most n roots in C and since
every element of G, is a root of this equation, we have z € G,,. Thus, we
conclude that H C G,, and hence H = G,, because n = |H| = |G,,|. o

3.8 Complemented Submodules

We will now consider the problem of extending a linearly independent sub-
set of a free R-module to a basis. The example {2} C Z shows that some
restrictions on the basis are needed, while Theorem 6.16 shows that any
primitive element of a finitely generated free R-module (R a PID) can be
extended to a basis.

(8.1) Definition. Let M be an R-module and S C M a submodule. Then
S is said to be complemented if there exists a submodule T C M with
M=SeT.

Let M be a finitely generated free R-module with basis {vy, ... ,v,}
and let S = (v, ... ,vs). Then S is complemented by T = (Vs11, ... , V).
This example shows that if W = {wy, ... ,w} is a linearly independent

subset of M, then a necessary condition for W to extend to a basis of M is
that the submodule (W) be complemented. If R is a PID, then the converse
is also true. Indeed, let T be a complement of (W) in M. Since R is a PID,
T is free, so let {x1, ... ,z.} be a basis of T. Then it is easy to check that
{wi, ... ,wg, x1, ..., 2.} is a basis of M.

(8.2) Proposition. Let R be a PID, let M be a free R-module, and let S be
a submodule. Consider the following conditions on S.

(1) S is complemented.
(2) M/S is free.
(3) Ifx €S and x = ay for somey € M, a#0€ R, theny € S.

Then (1) = (2) and (2) = (3), while if M is finitely generated, then
(3) = (1).

Proof. (1) = (2). If S is complemented, then there exists 7' C M such that
Se&T =M. Thus, M/S =2 T. But T is a submodule of a free module over
a PID R, so T is free (Theorem 6.2).

(2) = (3). Suppose M/S is free. If x € S satisfies x = ay for some
y € M,a+#0¢€ R, then a(ly+ S) = S in M/S. Since free modules are
torsion-free, it follows that y +.5 = 5, i.e., y € S.
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(3) = (1). Let M be a finite rank free R-module and let S C M be a
submodule satisfying condition (3). Then there is a short exact sequence

(8.1) 0—S—M-"M/S—0

where 7 is the projection map. Condition (3) is equivalent to the statement
that M/S is torsion-free, so M/S is free by Theorem 6.6. But free modules
are projective, so sequence (8.1) has a splitting « : M /S — M and Theorem
3.9 shows that M = S @ Im(«), i.e., S is complemented. O

(8.3) Remarks.

(1) A submodule S of M that satisfies condition (3) of Proposition 8.2
is called a pure submodule of M. Thus, a submodule of a finitely
generated module over a PID is pure if and only if it is complemented.

(2) If Ris afield, then everysubspace S C M satisfies condition (3) so that
every subspace of a finite-dimensional vector space is complemented.
Actually, this is true without the finite dimensionality assumption, but
our argument has only been presented in the more restricted case. The
fact that arbitrary subspaces of vector spaces are complemented follows
from Corollary 4.21.

(3) The implication (3) = (1) is false without the hypothesis that M be
finitely generated. As an example, consider a free presentation of the
Z-module Q:

0—S—M-—Q—0.

Since M/S = Q and Q is torsion-free, it follows that S satisfies con-
dition (3) of Proposition 8.1. However, if S is complemented, then a
complement 7' = Q; so Q is a submodule of a free Z-module M, and
hence Q would be free, but Q is not a free Z-module.

(8.4) Corollary. If S is a complemented submodule of a finitely generated
R-module (R a PID), then any basis for S extends to a basis for M.

Proof. This was observed prior to Proposition 8.2. g

(8.5) Corollary. If S is a complemented submodule of M, then rank S =
rank M if and only if S = M.

Proof. A basis {v1, ... ,u,} of S extends to a basis {v, ... ,v,} of M. But
n=m,s0S = (v, ...,v,) =M. O

If M =Z and S = (2), then rank S = rank M but M # S. Of course,
S is not complemented.

(8.6) Corollary. If S is a complemented submodule of M, then
rank M = rank S + rank(M/S).
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Proof. Let S = (v1, ... ,v,) where m = rankS. Extend this to a basis
{v1, ... ,vn} of M. Then T = (Uyp41, ... ,Vp) is a complement of S in M
and T'= M/S. Thus,

rank M = n =m+ (n —m) = rank S + rank(M/S).

a

(8.7) Proposition. Let R be a PID and let f : M — N be an R-module
homomorphism of finite rank free R-modules. Then

(1) Ker(f) is a pure submodule, but
(2) Im(f) need not be pure.

Proof. (1) Suppose x € Ker(f), a #0 € R, and y € M with = ay. Then
0= f(z) = f(ay) = af(y). But N is free and, hence, torsion-free so that
f(y) = 0. Hence, condition (3) of Proposition 8.2 is satisfied, so Ker(f) is
complemented.

(2) If f : Z — Z is defined by f(z) = 2z, then Im(f) = 2Z is not a
complemented submodule of Z. a

(8.8) Proposition. Let R be a PID and let f : M — N be an R-module
homomorphism of finite rank free R-modules. Then

rank M = rank(Ker(f)) + rank(Im(f)).

Proof. By the first isomorphism theorem, Im(f) = M/ Ker(f). But Ker(f)
is a complemented submodule of M, so the result follows from Corollary
8.6. a

(8.9) Corollary. Let R be a PID and let M and N be finite rank free R-
modules with rank(M) = rank(N). Let f € Homg(M, N).

(1) If f is a surjection, then f is an isomorphism.
(2) If f is an injection and Im(f) is complemented, then f is an isomor-
phism.

Proof. (1) By Proposition 8.8, rank(Ker(f)) =0, i.e., Ker(f) = (0), so f is
an injection.

(2) By Proposition 8.8, rank N = rank M = rank(Im(f)). Since Im(f)
is complemented by hypothesis, f is a surjection by Corollary 8.5. a

(8.10) Proposition. Let R be a field and let M and N be R-modules with
rank(M) = rank(N) finite. Let f € Homp(M, N). Then the following are
equivalent.

(1) f is an isomorphism.



174 Chapter 3. Modules and Vector Spaces

(2) f is an injection.
(3) f is a surjection.

Proof. Since R is a field, Im(f) is complemented (by Remark 8.3 (2)), so
this is an immediate consequence of Corollary 8.9. O

(8.11) Proposition. Let M be a finite rank free R-module (R o PID). If S
and T are pure submodules, then

rank(S + T') + rank(S NT) = rank S + rank 7.

Proof. Note that if S and T are pure submodules of M, then SN T is also
pure. Indeed, if ay € SNT with a # 0 € R, then y € S and y € T since
these submodules are pure. Thus, y € SNT, so SNT is complemented by
Proposition 8.2. Then

(S+T)/T=8/(SNT).
By Corollary 8.6, we conclude
rank(S + 7T') — rank(7T") = rank(S) — rank(S N T).

O

(8.12) Remark. It need not be true that S + T is pure, even if S and T are
both pure. For example, let S = ((1, 1)) C Z2 and let T' = ((1, —1)) C Z2.
Then S and T are both pure, but S+ T # Z?2, so it cannot be pure. In fact,
2:(1,00)=(2,00=(L, )+ (1, -1)e S+ T,but (1,0) ¢ S+ T.

3.9 Exercises

1. If M is an abelian group, then Endz (M), the set of abelian group endomor-
phisms of M, is a ring under addition and composition of functions.
(a) If M is a left R-module, show that the function ¢ : R — Endz(M)
defined by ¢(r)(m) = rm is a ring homomorphism. Conversely, show
that any ring homomorphism ¢ : R — Endz(M) determines a left R-
module structure on M.
(b) Show that giving a right R-module structure on M is the same as giving
a ring homomorphism ¢ : R°® — Endz(M).
2. Show that an abelian group G admits the structure of a Z,-module if and
only if nG = (0).
3. Show that the subring Z[2] of Q is not finitely generated as a Z-module if
P
E ¢ Z.
4. Let M be an S-module and suppose that R C S is a subring. Then M is also

an R-module by Example 1.5 (10). Suppose that N C M is an R-submodule.
Show that the S-submodule of M generated by N is the set



10.

11.
12.
13.

14.
15.

16.
17.

3.9 Exercises 175

SN ={sn:s€S, ne N}

Let M be an R-module and let A, B, and C be submodules. If C C A, prove
that
AN(B+C)=(ANnB)+C.

This equality is known as the modular law. Show, by example, that this
formula need not hold if C' is not contained in A.

Let R be a commutative ring and let S C R be a multiplicatively closed
subset of R containing no zero divisors. Let M be an R-module. Mimicking
the construction of Rg (Theorem 2.3.5), we define Mg as follows. Define a
relation ~ on M x S by setting (x, s) ~ (y, t) if and only if tx = sy. This is
easily seen to be an equivalence relation (as in the proof of Theorem 2.3.5),
ar/ld we will denote the equivalence class of (z, s) by the suggestive symbol
x/s.

a) Prove that Mg is an Rs-module via the operation (a/s)(z/t) = (az)/(st).
b) If f: M — N is an R-module homomorhism, show that

fs: Ms — Ng

defined by fs(xz/s) = f(z)/s is an Rs-module homomorphism.
Let R C F[X] be the subring

R={f(X)e FIX]: f(X)=ao+ axX*+-- +a, X"}

Thus, f(X) € R if and only if the coefficient of X is 0. Show that F[X] is a

finitely generated R-module that is torsion-free but not free.

Show that Q is a torsion-free Z-module that is not free.

(a) Let R be an integral domain, let M be a torsion R-module, and let N
be a torsion-free R-module. Show that Homg (M, N) = (0).

(b) According to part (a), Homz(Z, Z) = (0). If n = km, then Z,, is a
Z,-module. Show that

Homz,, (Zm, Zn) =2 Zp,.

Let R be a commutative ring with 1 and let I and J be ideals of R. Prove
that R/I = R/J as R-modules if and only if I = J. Suppose we only ask
that R/I and R/J be isomorphic rings. Is the same conclusion valid? (Hint:
Consider F[X]/(X — a) where a € I’ and show that F[X]/(X —a) = F as
rings.)

Prove Theorem 2.7.

Prove Lemma 2.9.

Let M be an R-module and let f € Endgr(M) be an idempotent endomor-
phism of M, i.e., fo f = f. (That is, f is an idempotent element of the ring
Endgr(M).) Show that

M = (Ker(f)) @ (Im(f)).

Prove the remaining cases in Theorem 3.10.

Let R be a PID and let a and b € R be nonzero elements. Then show
that Homg(R/Ra, R/Rb) = R/Rd where d = (a, b) is the greatest common
divisor of a and b.

Compute Homz(Q, Z).
Give examples of short exact sequences of R-modules

0— My -2 M 2 My — 0
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and
0— N, 2NNy, — 0

such that

a) M1 = Ny, M = N, My % No;
b) ]\4121\]17]\4%]\]7 MQ%NQ;
C) Ml'\;éNl,MgN, MngQ.

Show that there is a split exact sequence
0 — mZmn — Zpmn — Nlpn — 0

of Z,n-modules if and only if (m, n) = 1.

Let N1 and N2 be submodules of an R-module M. Show that there is an
exact sequence

0—>N1QNQLN1@NQLN1+N2—>O

where ¥(z) = (z, z) and ¢(z, y) =z —y.
Let R be an integral domain and let a and b be nonzero elements of R. Let
M = R/R(ab) and let N = Ra/R(ab). Then M is an R-module and N is a
submodule. Show that N is a complemented submodule in M if and only if
there are u, v € R such that ua + vb = 1.

Let R be a ring, M a finitely generated R-module, and ¢ : M — R"™ a
surjective R-module homomorphism. Show that Ker(¢) is finitely generated.
(Note that this is valid even when M has submodules that are not finitely
generated.) (Hint: Consider the short exact sequence:

OHKHMLR"—»&)

Suppose that

0 — My > M 2 My — 0

I

O — N — N — N» — 0

is a commutative diagram of R-modules and R-module homomorphisms.
Assume that the rows are exact and that f and h are isomorphisms. Then
prove that g is an isomorphism.

Let R be a commutative ring and S a multiplicatively closed subset of R
containing no zero divisors. If M is an R-module, then Mg was defined in
Exercise 6. Prove that the operation of forming quotients with elements of
S is exact. Precisely:

(a) Suppose that M’ LML M s a sequence of R-modules and homo-
morphisms which is exact at M. Show that the sequence

M L5 M 25 MY

is an exact sequence of Rg-modules and homomorphisms.

(b) As a consequence of part (a), show that if M’ is a submodule of M, then
MY can be identified with an Rg-submodule of M.

(¢) If N and P are R-submodules of M, show (under the identification
of part (b)) that (N + P)s = Ns + Ps and (N N P)s = Ns N Ps.
(That is, formation of fractions commutes with finite sums and finite
intersections.)

(d) If N is a submodule of M show that
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(M/N)s = (Ms)/(Ns).

(That is, formation of fractions commutes with quotients.)

Let F be a field and let {f;(X)};2y be any subset of F[X] such that
deg fi(X) = ¢ for each i. Show that {f;(X)}2, is a basis of F[X] as an
F-module.

Let R be a commutative ring and consider M = R[X] as an R-module. Then

N = R[X?] is an R-submodule. Show that M/N is isomorphic to R[X] as
an R-module.

Let G be a group and H a subgroup. If F is a field, then we may form the
group ring F(G) (Example 2.1.9 (15)). Since F(G) is a ring and F(H) is
a subring, we may consider F(G) as either a left F(H)-module or a right
F(H)-module. As either a left or right F(H)-module, show that F(G) is free
of ran)k [G : H]. (Use a complete set {g;} of coset representatives of H as a
basis.

Let R and S be integral domains and let ¢1, ..., ¢ be n distinct ring
homomorphisms from R to S. Show that ¢1, ..., ¢, are S-linearly indepen-
dent in the S-module F(R, S) of all functions from R to S. (Hint: Argue by
induction on n, using the property ¢;(ax) = ¢i(a)¢i(z), to reduce from a
dependence relation with n entries to one with n — 1 entries.)

Let G be a group, let F' be a field, and let ¢; : G — F* for 1 < i < n
be n distinct group homomorphisms from G into the multiplicative group
F* of F. Show that ¢1, ..., ¢» are linearly independent over F (viewed as
elements of the F-module of all functions from G to F). (Hint: Argue by
induction on n, as in Exercise 27.)

Let R = Z3 and let A € M>,3(R) be the matrix

11 -1
A*[o 2 3}'

Show that the two rows of A are linearly independent over R, but that any
two of the three columns are linearly dependent over R.

Let V' be a finite-dimensional complex vector space. Then V is also a vector
space over R. Show that dimg V = 2dimc V. (Hint: If

B = {U1, ,’Un}
is a basis of V' over C, show that
B ={vi,...,0n, 01, ... ,ivs}

is a basis of V over R.)

Extend Exercise 30 as follows. Let L be a field and let K be a subfield of L.
If V' is a vector space over L, then it is also a vector space over K. Prove
that

dimg V =[L: K]dim, V
where [L : K] = dimg L is the dimension of L as a vector space over K.
(Note that we are not assuming that dimg L < 00.)
Let K C L be fields and let V be a vector space over L. Suppose that
B = {ua }aer is a basis of V as an L-module, and let W be the K-submodule
of V generated by B. Let U C W be any K-submodule. Then, by Exercise
2,

LU={tu:te L,uecU}

is the L-submodule of V generated by U. Prove that
LUNnw =U.
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That is, taking L-linear combinations of elements of U does not produce any
new elements of W.

Let K C L be fields and let A € M, (K), b € M, 1(K). Show that the matrix
equation AX = b has a solution X € M, 1(K) if and only if it has a solution
X S Mn,l(L)

Prove that the Lagrange interpolation polynomials (Proposition 2.4.10) and
the Newton interpolation polynomials (Remark 2.4.11) each form a basis of
the vector space Py (F) of polynomials of degree < n with coefficients from
F.

Let F denote the set of all functions from Z* to Z*, and let M be the
free Q-module with basis F. Define a multiplication on M by the formula
(fg)(n) = f(n) + g(n) for all f, g € F and extend this multiplication by
linearity to all of M. Let f be the function fm,(n) = dm,n» for all m, n > 0.
Show that each fy, is irreducible (in fact, prime) as an element of the ring
R. Now consider the function f(n) =1 for all n > 0. Show that f does not
have a factorization into irreducible elements in M. (Hint: It may help to
think of f as the “infinite monomial”

Xg(O)X{(l).,.an(m)....)

(Compare this exercise with Example 5.13 (4).)
Let F be a field, and let

Z = {pa(X) : pa(X) is an irreducible monic polynomial in F[X]}.

We will say that a rational function h(X) = f(X)/g(X) € F(X) is proper
if deg(f(X)) < deg(g(X)). Let F/(X)pr denote the set of all proper rational
functions in F[X].

(a) Prove that F(X) = F[X]| ® F(X)pr as F-modules.

(b) Prove that

X7 .
B = {W pa(X)€T;1< < k‘deg(pa(X))}

is a basis of F'(X) as an F-module. The expansion of a rational function
with respect to the basis B is known as the partial fraction expansion; it
should be familiar from elementary calculus.

Prove that Q is not a projective Z-module.

Let
R={f:[0,1] —R: [ is continuous and f(0) = f(1)}

and let
M={f:[0,1] = R: fis continuous and f(0) = —f(1)}.

Then R is a ring under addition and multiplication of functions, and M is
an R-module. Show that M is a projective R-module that is not free. (Hint:
Show that M & M = R& R.)

Show that submodules of projective modules need not be projective. (Hint:
Consider pZ,> C Z,> as Z,2-modules.) Over a PID, show that submodules
of projective modules are projective.

a) If R is a Dedekind domain, prove that R is Noetherian.

b) If R is an integral domain that is a local ring (i.e., R has a unique
maximal ideal), show that any invertible ideal I of R is principal.

(¢) Let R be an integral domain and S C R\ {0} a multiplicatively closed
subset. If I is an invertible ideal of R, show that s is an invertible ideal
of Rs.
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(d) Show that in a Dedekind domain R, every nonzero prime ideal is maxi-
mal. (Hint: Let M be a maximal ideal of R containing a prime ideal P,
and let S = R\ M. Apply parts (b) and (c).)

Show that Z[v/—3] is not a Dedekind domain.

Show that Z[X] is not a Dedekind domain. More generally, let R be any
integral domain that is not a field. Show that R[X] is not a Dedekind domain.
Suppose R is a PID and M = R(z) is a cyclic R-module with Ann M = (a) #
(0). Show that if N is a submodule of M, then N is cyclic with Ann N = (b)
where b is a divisor of a. Conversely, show that M has a unique submodule
N with annihilator (b) for each divisor b of a.

Let R be a PID, M an R-module, x € M with Ann(z) = (a) # (0). Factor
a = upyt---py* with u a unit and p1, ..., pr distinct primes. Let y € M
with Ann(y) = (b) # (0), where b = u'p{"* --- p** with 0 < m; < n; for
1 <¢ < k. Show that Ann(z + y) = (a).

Let R be a PID, let M be a free R-module of finite rank, and let N C M be a
submodule. If M/N is a torsion R-module, prove that rank(M) = rank(N).
Let R be a PID and let M and N be free R-modules of the same finite rank.

Then an R-module homomorphism f : M — N is an injection if and only if
N/Im(f) is a torsion R-module.

Let u = (a,b) € Z°.

(a) Show that there is a basis of Z? containing u if and only if @ and b are
relatively prime.

(b) Suppose that u = (5,12). Find a v € Z? such that {u,v} is a basis of
VA

Let M be a torsion module over a PID R and assume Ann(M) = (a) # (0).

If a = pi' - - p* where p1, ..., pi are the distinct prime factors of a, then

show that M,, = ¢;M where ¢; = a/p;'. Recall that if p € R is a prime,

then M, denotes the p-primary component of M.

Let M be a torsion-free R-module over a PID R, and assume that € M is

a primitive element. If pxr = gz’ show that ¢ | p.

Find a basis and the invariant factors for the submodule of Z* generated by
z1 = (1,0,-1), z2 = (4,3,—-1), z3 = (0,9, 3), and z4 = (3,12, 3).

Find a basis for the submodule of Q[X]* generated by
f1:(2X_17X7X2+3)7 f2:(X7X7X2)7 f3:(X+1,2X72X2_3)

Determine the structure of Z*/K where K is generated by z; = (2,1, —3)
and zo = (1,-1,2).

Let R = R[X] and suppose that M is a direct sum of cyclic R-modules with
annihilators (X — 1)%, (X2 4+ 1)%, (X — 1)(X? 4+ 1)*, and (X 4+ 2)(X% +1)2
Determine the elementary divisors and invariant factors of M.

Let R be a PID and let p € R be a prime. Show that submodules, quotient
modules, and direct sums of p-primary modules are p-primary.

An R-module M is said to be irreducible if (0) and M are the only sub-
modules of M. Show that a torsion module M over a PID R is irreducible
if and only if M = R(z) where Ann(z) = (p) where p is prime. Show that
if M is finitely generated, then M is indecomposable in the sense that M is
not a direct sum of two nonzero submodules if and only if M = R(x) where
Ann(z) = (0) or Ann(z) = (p°) where p is a prime.

Let M be an R-module where R is a PID. We say that M is divisible if for
each nonzero a € R, aM = M.

(a) Show that Q is a divisible Z-module.
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(b) Show that any quotient of a divisible R-module is divisible. It follows
for example that Q/Z is a divisible Z-module.

(c) If R is not a field, show that no finitely generated R-module is divisible.

Determine all nonisomorphic abelian groups of order 360.

Use elementary divisors to describe all abelian groups of order 144 and 168.

Use invariant factors to describe all abelian groups of orders 144 and 168.

If p and ¢ are distinct primes, use invariant factors to describe all abelian

groups of order

(a) P20,

(b) g,

(c) p°.

If p and ¢ are distinct primes, use elementary divisors to describe all abelian

groups of order p®¢?.

Let G, H, and K be finitely generated abelian groups. If G x K =2 H X K,

show that G = H. Show by example that this need not be true if we do not

assume that the groups are finitely generated.

Determine all integers for which there exists a unique abelian group of order
n.

Show that two finite abelian groups are isomorphic if and only if they have
the same number of elements of each order.

An abelian group G has exactly 3 elements of order 2. Determine the iso-
morphism class of G.

Find a generator for the cyclic group F* where F' is each of the following
fields (see Example 2.5.15 (3)):

(a) Fo[X]/(X?+X +1).
(b) F3[X]/(X? +1).

Let
fn

0— M 5 M, 2 0 I v 0

be an exact sequence of finite rank free modules and homomorphisms over a
PID R. That is, f1 is injective, f, is surjective, and Im(f;) = Ker(fi+1) for
1 <¢<n-—1. Show that

n+1

D (=1)"* rank(M;) = 0.

i=1

If f(X4,...,Xn) € R[X1,...,X,], the degree of f is the highest degree of
a monomial in f with nonzero coefficient, where

deg(X{' - XM ) =1+ +in

Let F be a field. Given any five points {vy, ... ,vs} C F?, show that there
is a quadratic polynomial f(X1, X2) € F[X1, X2] such that f(v;) = 0 for
1<i<5.

Let M and N be finite rank R-modules over a PID R and let f €
Hompg(M, N). If S C N is a complemented submodule of N, show that
f71(S) is a complemented submodule of M.

Let R be a PID, and let f : M — N be an R-module homomorphism of
finite rank free R-modules. If S C N is a submodule, prove that

rank(f ™" (S)) = rank(S N Im(f)) + rank(Ker(f)).
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Let M, L ML M> be a sequence of finite rank R-modules and R-module
homomorphisms, where R is a PID.
(a) Show that

rank(Im(g o f)) = rank(Im(f)) — rank(Im(f) N Ker(g)).
(b) If Im(f) is a complemented submodule of M, show that
rank(Im(g o f)) = rank(Im(f) + Ker(g)) — rank(Ker(g)).

If R is a field, then all submodules of R-modules are complemented,
so this formlula is always valid in the case of vector spaces and linear
transformations. Show, by example, that this formula need not be valid
if Im(f) is not complemented.

Let R be a PID, and let M, N, and P be finite rank free R-modules. Let f :
M — N and g : M — P be homomorphisms. Suppose that Ker(f) C Ker(g)
and Im(f) is a complemented submodule of N. Then show that there is a
homomorphism h : N — P such that g =ho f.

Let F be a field and let V' be a vector space over F. Suppose that f, g €
V* = Homp(V, F) such that Ker(f) C Ker(g). Show that there is a € F
such that g = af. Is this same result true if F' is replaced by a PID?

Let R be a PID and let M be a finite rank free R-module. Let C (M) denote

the set of complemented submodules of M of rank k. Let G be the group of

units of the ring Endr(M).

(a) Show that (¢, N) — ¢(IN) determines an action of the group G on the
set Cp(M).

(b) Show that the action defined in part (a) is transitive, i.e., given Ny,
Ny € C(M) there is ¢ € G that sends N1 to Na.



