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A Solving Linear Ordinary Differential Equations 74

Part 1
Monoids, Groups, Rings, Fields, and
Modules

1 Monoids and Groups

Definition 1 (Monoid). A monoid (M,o,¢e) is a set M together with an operation o: M x M — M
such that the following properties hold:

Associativity For every a,b,c € M we have (aob)oc=ao (boc).
Neutral Element There is an € € M such that eca =a and aoe = a for all a € M.

The element ¢ is called the neutral element of the monoid.
A monoid (M, ¢,¢) is called Abelian (or commutative) if additionally

Commutativity for all a,b € M we have aob="boa.
Ezample 2 (Monoids and Non-Monoids). Examples of monoids include:

(a) The natural numbers N with the usual addition. The neutral element is 0. Moreover, this
monoid is Abelian.

(b) The natural numbers with the usual multiplication. The neutral element is now 1; the monoid
is again Abelian.

(¢) The natural numbers with the maximum max as operation. The neutral element is 0; the
monoid is Abelian.

(d) The integers Z with the greatest common divisor ged as operation. The neutral element is
zero because ged(0,a) = a for all a € Z by definition (see Definition 125). Again, this is an
Abelian monoid.

(e) The square n-by-n matrices "Q" with rational entries and multiplication. The neutral element
is the identity matrix 1,,. This monoid is not Abelian for n > 2.

The following are not examples of monoids:

(a) The natural numbers with the minimum min as operation. Here, we do not have a neutral
element.

(b) The integers with subtraction. In this case, the operation is not associative since, for example,
1-(2-3)=2#-4=(1-2)-3.

(c) The natural numbers with exponentiation, that is, acb = a®. This operation is not associative
since, for example, 267 = 512 £ 64 = (23)2.



Notation 3. Often the operation of an (abstract) monoid is simply denoted by the multiplication
symbol - or by juxtaposition! and the neutral element is denoted by 1. In case of Abelian monoids,
the operation is traditionally denoted by + and the neutral element by 0. Consequently, we often
just speak about the monoid M instead of the more correct (M,-,1) (or (M, +,0) in the Abelian
case). Moreover, since because of associativity products (or sums) can be computed in any order,
we usually leave out parentheses and just write abc instead of (ab)c (or a(bc)).

Ezercise 4. Show that a monoid has only one neutral element.

Notation 5. Let M be a monoid. For ¢ € M and n € N we define

an:a.a...a
——

n times

ifn>1anda® = 1. (Note that because of a™ = aa™ ! for n > 1 we could also define the powers
recursively.) If the we use additive notation for M, then we write

no=a+a+...+a
—_——
n times
for n > 1 and 0a = 0.2
Ezercise 6. Let M be a monoid such that a2 = 1 for all @ € M. Show that M is Abelian.
Definition 7 (Group). A monoid (G, -, 1) is a group if it fulfills the additional property that

Inverses for all a € G there exists an element a~! € G such that aa™' =1 and ¢ 'a = 1.

We call a~! the inverse of a.

Notation 8. For an Abelian group G the inverse of a € G is usually denoted by —a. Moreover, we
normally write a — b for a + (—b).

Exercise 9. Show that the inverse of a group element is uniquely determined.

Ezample 10 (Groups and Non-Groups). Examples of groups are
(a) The integers Z with the usual addition. This is an Abelian group.

(b) The invertible n-by-n matrices GL,, (Q) with rational coeflicients and the usual multiplication.
This group is not Abelian for n > 2.

(¢) The permutations Syy = {f: M — M | f is bijective} of a non-empty set M together with
the composition of functions o. This group is also not Abelian.
On the other hand, none of the monoids in Example 2 is a group.

Notation 11. For a group G' we can define negative powers as a~" = (a=!)" for a € G and n € N
(or in additive notation (—n)a = n(—a)).

IThat is, writing just ab for the product a - b.
2Note that in Oa = 0 the first 0 is in N while the second 0 is the neutral element of M.



2 Rings and Fields

Definition 12 (Ring). A (unitary, commutative) ring (R,+,0,-,1) is a set R together with two
operations +: R x R — R and -: R X R — R such that

(a) (R,+,0) is an Abelian group,
(b) (R,-,1) is an Abelian monoid,
and such that
Distributivity for all a,b,c € R we have a-(b+c¢)=a-b+a-c.

Notation 13. In Definition 12 we made use of the convention that - binds more strongly than +.
That is, we always read a - b+ ¢ as (a - b) + ¢. Also, we will often just speak about a ring R and
not name the operations explicitly. If we talk about several structures at the same time, we will
sometimes write O and 1 in order to emphasise from which ring the (additive and multiplicative)
neutral elements originate.

Ezample 14 (Rings and Non-Rings). The following sets are examples of rings
(a) The integers Z with the usual addition and multiplication.

(b) The square n-by-n matrices "R™ with entries from any ring R and with the usual addition
and multiplication. This ring is not commutative (that is, ("R",-, 1,) is not Abelian).

(¢) The set of polynomials R[X] over any ring R with the usual addition and multiplication.
(d) For any set S, we can make its power set J3(.5) into a ring by setting
A+ B:=(AUB)\ (ANB) and A-B=ANB
for A,BCS.
The following sets are not examples of rings
(a) The natural numbers N with the normal addition and multiplication.

Exercise 15. Prove that item (d) of Example 14 is indeed a ring.

Exercise 16. Prove that for any ring R we have
(a) 0a =0 for all a € R;*
(b) (—a)b =a(—b) = —(ab) for all a,b € R; and
(¢) (—a)(—=b) = ab for all a,b € R.

Remark 17 (Zero Ring). If in a ring R we have 0 = 1, then with Exercise 16 we obtain that R = {0}.
Since this ring is not terribly interesting, we will from now on always assume that 0 # 1.

Definition 18 (Units). If R is a ring, then the invertible elements in the monoid (R, -, 1) are called
units. We denote the set of all units in R by R*.

3Here we mean Ora = O in contrast to the notation for exponents in additive notation introduced in Notation 5.



Remark 19. In general, we have R* # R\ {0}. For instance, in the ring of integers the only units
are 1 and —1; that is, Z* = {—1,1}.

Definition 20 (Zero Divisors, Regular, Integral Domain). Let R be a ring. A zero divisor is an
element a € R such that there exists b € R\ {0} with ab = 0.

An element a € R which is not a zero divisor is called regular.

A ring which does not have any zero divisors except for 0 is called an integral domain.

Ezercise 21 (Cancellation Rule). Let R be an integral domain and let a,b, ¢ € R such that ¢ # 0.
Show that ac = bc or ca = cb implies a = b.

Definition 22 (Field). A ring (R,+,0,-,1) is a field if
(a) 0+#1, and
(b) (R\{0},-,1) is an Abelian group.

(That is, every non-zero element has a multiplicative inverse.)

Ezample 23 (Field and Non-Fields). The following are fields:

(a) The rational, real and complex numbers Q, R and C with their usual addition and multiplic-
ation.

(b) The set Fo = {0,1} where addition and multiplication are given by the tables

)
el en] Nen)
=

0 1
0 1 and
1 0

— o|+

The following are not fields:
(a) The integers Z.

Exercise 24. Prove that every field is an integral domain.
Exercise 25. Prove that every finite integral domain is a field.

Ezample 26 (Field of Fractions). If R is an integral domain, then we can form the field of fractions
of R. The construction is exactly the same as for the rational numbers: Consider the set S =
R x (R\{0}). We introduce an equivalence relation ~ on S by setting (a,b) ~ (z,y) if ay = bx. Let
Q(R) = S/ ~ be the equivalence classes of ~. We write the equivalence class of a pair (a,b) € S as
fraction a/b. Addition and multiplication in Q(R) are now defined as

axr

x ay+axb a x
+—-=—— and - ==
Yy by by by

S e

We can show (see Exercise 27) that this yields a field. Note that we can identify the original ring R
with the subset {a/1 | a € R} C Q(R); we say that R is embedded in Q(R). The field of fractions
Q(R) of R is the smallest field which contains R.

Exercise 27. Show that the operations in Example 26 are well-defined and that they do indeed
make Q(R) a field. What are the neutral elements? What are the inverses?



3 Modules and Ideals

Definition 28 (Module). Let (R,+,0,-,1) be a ring; and let (M, +,0) be an Abelian group. We call
M a (left) R-module if there exists an action «: R x M — M such that

a) as(x +y) = (asx) + (aey) for all a € R and z,y € M;

(a)
(b) (a+b)ex = (aex)+ (box) for all a,b € R and = € M;
)

)

(c) as(bex) = (ab)ex for all a,b € R and x € M,
(d) 1oz =z for all z € M.

The action « is sometimes called the scalar multiplication of M by R.

Notation 29. Note that the + in Definition 28 is used both for the operation of the ring R and the
module M. We assume that « binds more strongly than + but weaker than -; that is, we would
interprete abex as (ab)ex and asz+bex as (aex)+ (bey). Sometimes we will omit the » and denote
the scalar multiplication by juxtaposition.

Notation 30. We use gpMod to denote the collection of all left R-modules. Thus, instead of saying
that M is a left R-module, we will sometimes just write M € gRMod. Some authors write g M to
indicate that M € gpMod; but we will not use that notation here.

Notation 31. In German, a module is called “der Modul” (with the stress on the first syllable), the
plural is “die Moduln”.

Remark 32. Analogously, we can introduce right modules where the scalar multiplication is done
from the right (that is, M x R — M) and the module laws are changed accordingly.

Ezample 33 (Vector Space). Every vector space over a field F' is an F-module.
Ezample 34 (The Free Module). Let R be a ring. We consider the set

R"=Rx...xR
—_——

n times

of all n-tuples over R. This becomes a module via

(1, Zn) + W1y yn) = (@1 + Y1,y T + Yn)

and
a-(z1,...,2,) = (axy,...,ax,)
for all (z1,...,2n),(y1,...,yn) € R" and a € R.
Exercise 35. Prove that Example 34 indeed yields a module.
Ezample 36 (Abelian Groups). Let G be an Abelian group. Then forming (additive) multiples

ZxG— G, (n,a)— na

as in Notation 5 and Notation 11 makes G into a Z-module.

Ezercise 37. Prove that Example 36 is correct.



Ezample 38 (Linear Differential Operators). Consider the polynomials R = R[z] over the real
numbers R. We let

C*®(R) ={f: R— R| f is differentiable infinitely often}

and define the action «: R[z] x C*°(R) — C*°(R) by

(S aw)- 10 = Y asfO0).
§=0 §=0

We can easily check that this turns C°°(R) into an R[z]-module. This action makes R[z] an algebraic
model for linear differential operators with constant coefficients.

Exercise 39. Verify that the definition in Example 38 indeed yields a module.

Notation 40. We will revisit the module C*°(R) in other examples where we will then usually use
the symbol 9 as the indeterminate instead of . Note that R[] is still just the regular polynomial
ring over R despite the funny symbol.

Exercise 41. Let M be an R-module. Prove that for all x € M and a € R
(a) Oex =0,"
(b) a+0 =0, and
(¢) —lex = —x.

Definition 42 (Submodule). Let M be an R-module. A non-empty subset N C M is called a
submodule of M if for all z,y € N and all a € R we have

z+yeN and asxr € N;

that is, NV is an R-module in its own right. We will usually denote the fact that N is a submodule
of M by writing N < M.

Remark 43. We want to show why in Definition 42 N is indeed an R-module: For this, we have
to show that IV is an Abelian group and that the scalar multiplication fulfills the properties of
Definition 28. Looking at Definition 7, we see that the addition is associative and commutative on
N since it is on the superset M. It remains to prove that 0 € N and —z € N for every z € N.
Both follow from Exercise 41. The scalar multiplication must again have the desired properties
since they hold for the larger set M.

Ezample 44 (Trivial Submodules). For every R-module M, both {0} and M are submodules. Non-
trivial submodules are called proper.

Ezample 45. Consider the R[0]-module C*°(R) (see Example 38). Define
N={feC®R)|(0*+1)+f =0}

Then N is a submodule of C*°(R). This follows from the module laws: Let f,g € N and a € R[0)].
Then
(O +1)e(f+9) = (O*+ 1)+ f+(0° +1)2g =0

4That is, Ogex = Op7.



and
(07 + D) s(asf) = ((0°+1)a)sf = (a(0®+ 1))+ f = as((0> + 1)+ f) = a+0=0.
Thus, N is a submodule by Definition 42. We will see that this example is just a kernel of an
R-linear map in Definition 73 and Example 68.
Definition 46 (Ideal). Let R be a ring. We can consider R as a module over itself.” The submodules
of R are called ideals.%
Exercise 47. Prove that if N, P < M are submodules of M, then so are N + P and N N P.
Definition 48 (Generated Submodule). Let M be an R-module; and let S C M be any set. The
submodule of M generated by S is the set of all linear combinations of elements in S; that is, the
set
{Zass ’ as € R and a, = 0 for almost all s € S}.
ses

We will denote it by RS (or SR in the case of right modules). If S = {z} is a singleton set, we also
just write Rx. We extend the same notation to ideals.

Remark 49. Alternatively, we could define
RS = {Zass ‘ T C S finite and a, € R for all s € T}.

seT
The submodule generated by S is the smallest submodule of M which contains S. Since the empty
sum is usually taken to be just 0, we have R@ = {0}.
Remark 50. Another way to characterise RS is by saying that

RS= (] N
N<M,SCN

that is, that RS is the intersection of all submodules of M which contain S.
Remark 51. A subset N C M is a submodule (see Definition 42) if and only if RN = N.
Definition 52 (Generating Set). Let M be an R-module; and let S C M be any set. We say that
S generates M if RS = M.
Definition 53 (Cyclic Module/Principal ideal). A (sub-) module M which is generated by a single
element x (that is, M = Rzx) is called cyclic. A cyclic ideal is usually called principal.

Ezample 54. Consider the set M = R{sin, cos} = {asin+bcos | a,b € R} which consists of all R-
linear combinations of the sine and the cosine. This is an R[d]-module under the action introduced
in Example 38. We will show that M is cyclic; in fact, we will prove the stronger claim that
M = R[]z for every non-zero element x € M. Let z = asin+bcos € M with a,b € R not both
zero; that is, a® + b?> # 0. Then ez = acos —bsin. Let now y = usin +vcos € M be any element.
We obtain

(av — bu)d + (bv + au)
a? + b2

—-b —bsi b in+b
(asin+bcos) = (av — bu)(acos 8122 j: 221) + au)(asin +b cos) _
(b%u — avb + bvaa®u) sin +(a?v — bua + b*v + aub) cos

a? + b2

= usin +v cos;

that is, y € R[0]x.

5This is a special case of Example 34 with n = 1.
SPlease note that we consider only commutative rings in this lecture. Thus, left and right ideals are the same.



Definition 55 (Linearly Independence). Let M be an R-module; and let S C M be any set. Then
the set S is called (R-) linearly dependent if there exists a family (as)scs C R such that

Zass:O

where as = 0 for almost all s € S but ags # 0 for at least one s € S. A subset 7' C M which is not
linearly dependent is called linearly independent.

Remark 56. Again, there an alternative definition: The set S C M is linearly dependent if there
exists a non-empty, finite subset 7' C S and as € R\ {0} for all s € T such that

Zass =0.

seT

Note that every set S which includes 0 is linearly dependent.

Remark 57. In a vector space V', if S C V is linearly dependent, then there is s € S such that s
can be written as a linear combination of vectors in S\ {s}. This is not true for a general module.
As an example, consider the Z-module Z2. Here S = {(2,0),(3,0)} is linearly dependent; but no
element can be written as a (Z-linear) combination of the other.

Definition 58 (Basis). Let M be an R-module. A subset B C M is called a basis of M if it is
linearly independent and generates M.

Remark 59. When dealing with finite bases, we will usually assume that the elements are ordered
in a specific way. In fact, we will often just write them as a family (by,ba,...,b,) instead of as a
set. The implicit convention here is that two (finite) bases with the same elements are considered
to be different if the order of the elements differs.

Ezample 60. For a ring R, consider the free module R™ (see Example 34). One possible basis is
given by the family (eq,...,e,) consisting of the unit vectors

er = (1,0,...,0), ey =(0,1,0,...,0), ..., en_1=1(0,...,0,1,0), e, =(0,...,0,1).

Ezample 61. The R[0]-module M = R{sin,cos} from Example 54 does not have a basis since
(0%2+1)+(asin+bcos) = 0 for all a,b € R. That is, any non-empty subset of M is linearly dependent
and can hence not be a basis. (Actually, M is just the submodule of Example 45.) A module M
where for each € M there is a regular a € R such that a«z = 0 is called a torsion module.

Ezercise 62. Show that R[z] C C*°(R) does not have a basis when considered as an R[0]-module;
but that it does have a basis if we consider it just as an R-module.

Remark 63. In a vector space V, for B C V the following statements are equivalent:
(a) B is a basis of V.
(b) B is a minimal generating set for V.
(c) B is a maximally linearly independent set in V.

However, this is generally not true for modules. As an example, consider Z? as a Z-module. The
set

{(2,0),(3,0),(0,2),(0,3)}



is a minimal generating set (that is, every element of Z? can be represented as a linear combinations
of the elements of this set and removing any one of these will destroy that property); however, it is
not a basis because the elements are linearly dependent. Similarly, the set

{(2,0),(0,2)}

is maximally linearly independent (that is, adding any other vector would make the set linearly
dependent); but it is not a basis since it does not generate Z?2.

FEzercise 64. If an R-module M has a basis B, then every element x € M has a unique representation
as a linear combination of basis elements.

4 Linear Maps

Definition 65 (Linear Map/Homomorphism/Endomorphism). Let M and N be two R-modules. A
map p: M — N is called linear over R or a homomorphism over R if

ol +y)=9¢@)+ely) and  plaz) = ap(z)

for all x,y € M and a € R. We denote the sets of all R-linear maps between M and N by
Homp(M, N).

If M = N, then the linear map ¢ is called an endomorphism. We write the set of all endo-
morphisms from M to itself as Endg(M).
Definition 66 (Isomorphism/Automorphism). An R-linear map ¢: M — N is called an isomorph-
ism if it is bijective. A bijective endomorphism is also called an automorphism. We say that two

modules M and N are isomorphic if there exists an isomorphism between M and N. This is usually
denoted by M = N.

Notation 67 (Identity). For every R-module M the identity map idp;: M — M is an isomorphism.
We will often leave out the index if it is clear to which module we are referring.

Example 68. Let M be an R-module, and let a € R. Then the map ¢ given by x — ax is linear.
Indeed, let x,y € M and b € R; then by the module laws we have

o(r+y)=alxr+y) =ax+ay = p() + ¢(y)

and
p(br) = a(bx) = (ab)x = (ba)x = b(ax) = bp(x).

(Note that we used the commutativity of R in the second computation; for a non-commutatve ring
this kind of map is in general not linear.)

Ezercise 69. Let ¢: M — N be R-linear. Show that ¢(0) = 0.

Ezercise 70. Let ¢,9: M — N and ¢: N — P be R-linear maps; and let ¢ € R. Show that also
w4+, ap, and P o p are R-linear, too. In that case that ¢ and v are isomorphisms, show that also
Yo and ¢! are isomorphisms.

Remark 71. Let M, N be R-modules. From Exercise 70 we can conclude that Homp(M, N) is also
an R-module. Moreover, Endr (M) is a non-commutative ring with composition o as multiplication
and with units Endg(M)* = Autg(M).

10



Ezercise 72. Let p: M — N be an R-linear map; and let U < M and V' < N be submodules. Then
©(U) is a submodule of N and ¢~1(V) is a submodule of M.

Definition 73 (Kernel/Image). For an R-linear map ¢: M — N the kernel is ker o = ¢~ 1({0}).
Furthermore, we call im ¢ = (M) the image of . As Exercise 72 shows, ker o < M and im¢ < N.

Theorem 74. Let M be an R-module with a finite basis B = (by,...,b,), let N be any R-module,
and let o: M — N be an R-linear map. Then ¢ is completely determined by the images of the basis
elements. Conversely, any choice of images for the basis elements of M defines a homomorphism
v: M — N.

Proof. Let ¢; = ¢(b;) for j =1,...,n. For any x € M we have the representation x = z1b1 + ... +
Tpby, with x41,...,2, € R since B is a basis. Then,

o) = p(z1by + ...+ Tpby) = 210(b1) + ... + 2pp(by) = x101 + ... + Tpep.

Thus, we can easily reconstruct ¢ from how it maps the basis elements.
Conversely, let dy,...,d, € N and define

Y(x) =P(x1by + ...+ xpbp) = 21d1 + ..+ Tpdy.
It is easy to check that this is indeed a homomorphism. O

Corollary 75 (Free Modules). Let M be an R-module with a finite basis B = (by,...,by,). Then
we have M = R™.

Proof. It is easy to check that ¢ defined by ¢(e;) = b; is an isomorphism. O

Remark 76. Modules with a basis are usually called free. Moreover, Theorem 74 also holds for
infinitely generated modules with basis B where we have to use the direct sum R(Z) = D R

5 Matrices

Remark 77. Let M and N be two free R-modules with finite bases B = (by,...,by) for M and
C = (c1,...,¢p) for N. Let ¢: M — N. Then ¢ is completely determined by the images of the
basis elements in B, and those images have a unique representation

p(bs) = > aye;
j=1

for a;; € Rwithi=1,...,mand j = 1,...,n. In particular, the image of z = 2211 x;b; under ¢
15 m n m
p(z) = insﬁ’(bi) = Z inaijcj'
i=1 j=11i=1
Under the canonical identification of M with R™ with respect to B in Corollary 75 we write x as
(row) vector (x1,...,2,). Then the vector representing ¢(x) with respect to C' is
air 0 Qip

(2111 T o g xiain) = ($1 xm)

Am1 e Amn

11



That is, the matrix A = (aij>?321,1 describes the effect of the homomorphism ¢ with respect to
to the bases B and C'. It is easy to see that conversely each matrix leads to a unique linear map.
Thus, the set of all m-by-n matrices and the homomorphisms from M to N are in one-to-one
correspondence (with respect to the two bases B and C).

Notation 78 (Matrices). We denote the set of m-by-n matrices by ™R™. If m = 1, then we simply
write R"; and if n = 1, then we write "™ R. We denote the n-by-n unit matrix by 1,,, and the
m-by-n zero matrix by 0,,x,. In both cases we will omit the indices if they are obvious from the
context. We will denote the transpose of a matrix A € ™R"™ by At. For elements a1, ...,a, € R we
use diag(ai,...,a,) € "R™ to denote a diagonal matrix with diagonal entries ay,...,a,.”

Exercise 79. Let M with basis B = (by,...,by), N with basis C = (¢1,...,¢,), and P with
basis D = (dy,...,dp) be free R-modules. We denote the map from Remark 77 which associates a
homomorphism with its matrix with respect to the bases B and C by Mp ¢: Homg(M,N) — ™R"
(and similarly M¢ p and Mg p). Show that

Mpeolp+1)=Mpclp) + Mpc(¥) and  Mpp(oop) = Mpc(p)Mcp(o)

for all p,v € Homg(M, N) and ¢ € Homg (N, P).
Definition 80 (Singular/Regular/Unimodular). Let B € ™R" be a matrix. We call B

singular if there exists v € R™ such that v # 0 and vB = 0;
regular if it is not singular; and
unimodular if m = n and there exists A € "™R™ such that AB = 1,,.
(Strictly speaking we have defined left singular, left regular and left unimodular; however, as we

will show below in Theorem 82, this does not matter.)

Notation 81. We write GL,,(R) for the set of all unimodular m-by-m matrices over R.
Theorem 82. Let R be an integral domain.

(a) A matriz in ™R™ is left singular if and only if it is right singular.

(b) A matriz in ™R™ is left regular if and only if it is right regular.

(¢c) A matriz in ™R™ is left unimodular if and only if it is right unimodular.

Proof. Since R is an integral domain, we can form the field of fractions Q(R). Assume that B € ™R"
is singular, then there is v € R™ such that vB = 0. This equation remains true if we consider B
and v to have entries in Q(R). Since Q(R) is a field, we know from linear algebra that there exists
w € "Q(R) such that Bw = 0. We can bring the entries of w to a common denominator d € R
and write w = d~11 where @ € "R. Then 0 = Bw = B(d~'w) = d~!(Bw) which implies Bw = 0.
Conversely, whenever B is right singular, a similar argument shows that B is also left singular. This
proves part (a). Part (b) is equivalent to that.

Let now U € MR™ be a left unimodular matrix. That is, there exists V' € ™R™ such that
VU = 1. Again, this relation remains true over Q(R). It follows once more from linear algebra,
that U has an inverse which must then be equal to V; that is, also UV = 1. The converse can be
proved analogously. Thus, part (c) holds, too. O

"Later on, we will also abuse this notation for matrices which are not square.
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Ezercise 83. Let R be an integral domain, and let a,b € Q(R) be fractions over R. Show that we
can write a = d~'a and b = d~'b where @,b,d € R. (That is, show that we can bring fractions to a
common denominator.)

6 Determinants

Definition 84 (Determinant). A function det: ™R™ — R from the square matrices into the base
ring is called a determinant if

(a) it is linear in each row, that is,

ai ai ai a1 a
aj—1 aj—1 aj—1 aj—1 aj—1
det | v+w | =det v +det | w and det | bv | =bdet v
Aj+1 Aj+1 Aj+1 Aj+1 Aj+1
am am am Am am
for all j and for all (rows) ai,...,a;—1,v,w,a;41,...,0a,m € R™ and b € R;

(b) det A =0 if the matrix A € ™R™ has two adjacent rows which are equal; and
(c) det1,, =1.

Remark 85. From Definition 84 we get all the usual properties of determinants. Below, let A € ™R™
with rows aq,...,a,, € R™, and let det: ™R™ — R be a determinant.

(a) If a row of A is zero, then det A = 0. This follows from rule (a) of Definition 84 by using
b=0.

(b) Adding a linear multiple of a row to an adjacent row does not change the determinant since
forbe Rand 1< j<m

4+ bas; . . .
det | BA det | Y | +bdet | Y| =det | Y
aj+1 aj+1 aj+1 Aj+1

by first rule (a) and then rule (b).

(¢) We can exchange two adjacent rows which will switch the sign of the determinant since by

13



rule (b) and rule (a)

aj + aj —det | Y| +det | Y | +det | Y| +det | YT

0 = det
aj + i1 s ajt1 aj aj4+1

a; a;
J +det | 7T
aj+1 a;

= det

for any 1 < j < m. By extension, since every permutation is a product of transpositions, we
can permute the rows of A in any way where the determinant changes by the sign of of the

permutation®. That is, if S, denotes the set of all permutations of {1,...,m} and if 7 € S,,,
then
ai Qr(1)
a2 Ar(2)
det | . | =sign(w)det
Um QAr(m)

(d) By the previous item, a determinant is zero if any two rows of A are equal. Moreover, adding
a scalar multiple of any row to any other row does not change the determinant.

(e) Let B = (b;;);; € ™R™ be another matrix. We look now at the product BA. We have by
linearity that

>t bijag, m aj,
det(BA) = det : = > by, det
e bmjaj,, ) T > i1 Dmiin @,
m m aj,
= Z b1j1 Z bmjm det
n=t Jm=1 Aj,

The matrices in the last expression contain all possible combinations of rows of A. However,
whenever in any of them a specific row appears twice, the determinant is zero by rule (b)
of Definition 84. Thus, only terms survive where all the ji,...,j, are pairwise different.
In other words, ji,...,Jjm is a permutation of {1,...,m}. Moreover, any such permutation
occurs in the sum. Thus, we obtain

(1)

det BA Z b17r(1 mTr(m) Z blﬂ' o mTr(m) Slgn( )det A

TESm e (m) TESm

8The sign is the number of transpositions needed to express the permutation.
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where we used item (c) in the last identity.

We have not used rule (c) of Definition 84 so far. Letting A = 1,, in the last identity of
item (e) and using rule (¢), we obtain the Leibniz formula for the determinant

det B = Z Sign(ﬂ')blﬂ(l) ce bm‘n’(m)~

TESm

In particular, this formular proves that there is only one determinant: As soon as we have
the properties of Definition 84, we always arrive at the above formula.

The Leibniz formula item (f) together with item (e) does also yield the formula for the product
of determinants

det(BA) = ( 3 sign(mbieq) - bm(m)) det A = (det B)(det A).

TESm

Consider a permutation 7 € S,. Then for each pair (j,7(j)), we have a corresponding pair
(7=%(4),4). Thus, we can rewrite the product bir(1) bmr(m) S br—1(1)1 " bx=1(m)m DY
reordering the factors appropriately. If 7 now runs through all permutations, then so does
71, Moreover, sign(r) = sign(r 1) since 7! is a product of the same transpositions in the
opposite order (because transpositions are their own inverses). Thus, we obtain

det B = Z sign(m)bir(1) -+ Omr(m) = Z sign(w_l)brl(l)l “+ b1 (mym = det BY

TES T—1les,
where B* = (b;;);; € ™R™ is the transpose of B.

By item (h) we see that the determinant is also linear in every column, vanishes if two columns
are the same, changes sign if we permute the columns, and remains unchanged if we add scalar
multiples of one column to another.

Remark 86. From linear algebra we remember that there is another way to define the determinant:
Let A = (a;;)ij € "R™. Let Aj; denote the matrix A with the j* row and the k*» column removed.

Then for k < m the Laplace expansion with respect to the kth column is”

det A = Z(—l)j+kajk det Az
j=1

or det A = (a11) if m = 1 where the determinants det A5 can be computed with any formula. In
order to show that this definition does indeed yield the determinant, we just have to prove that
the rules of Definition 84 hold. For this, we use induction over m. During the proof, we write det’
for the determinant defined by the formula to distinguish it from the determinant of Definition 84.
For m = 1 the rules are obviously true. Let now m > 2 and k£ < m. Pick any j < m and assume
that the j*h row of A is of the form v + w. Then for any Az with ¢ < j, the (j — 1) row will be

91t would be more precise to use a different symbol until we have proved that this is indeed a determinant.
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the sum of v and w with the kt! entry removed. Therefore, the ith term in the sum for det’ A is

(1) *a; det A = (—1)"Fay det | v +w

= (=) adet | v ]| + (=1)Fa det | w

ik T
by induction. The same holds for i > j and the j* row. If i = j, then the term is
(—1)7T* (v + wy) det Az = (—1)7*y det A+ (—=1)7*wy, det Az

Thus, the sum splits into the determinant of A with k*® row equal to v and the determinant of A
with k*h row equal to w. Similarly, we can see that multiplication by a scalar works as required.
Let us assume that for j < m the j** row and the (j + 1)t row of A are the same. Then all Az
where 7 < j or ¢ > j + 1 have two equal rows which means that their determinants vanish. On the

other hand, Ajfk and Am are the same matrix. Thus,

det’' A = (—l)jJrkajk det Aﬁ + (—1)j+1+kaj+17k det Am
= (—1)j+kajk det A]Tf - (—1)j+kajk det Ach =0.

Finally, if A = 1,, is the identity, then ATk has a zero row unless j = k in which case A7 =1,,_1.
Thus
det'1,, = (=1)***det 1,,_; =1

as required. We see that det’ is indeed a determinant in the sense of Definition 84.
Using the transpose, we obtain the Laplace expansion with respect to the £t column.

Theorem 87. Let A = (a;;);j € ™R™. Then the determinant det A is given by the

Leibniz formula
det A = Z Sign(7m)a17(1) - * G (m)

TESm

(where Sy, are the permutations of {1,...,m}), or the

Laplace expansion with respect to the k" column
m
det A = Z(—l)ﬁ'kajk det A
j=1

(where Azp is A with the J* row and k™ column removed), or the

Laplace expansion with respect to the k' row

m
det A =) (=1)"*ay; det Ag.
j=1

16



Moreover, the determinant is linear in every row and column, vanishes if any two rows or any
two columns are the same, changes sign when any two rows or any two columns are swapped, and
remains the same if a scalar multliple of any row is added to any other row or a scalar multliple
of any column is added to any other column. Furthermore we have det A = det A* and det(AB) =
(det A)(det B) for any matriz B € ™mR™.

Ezxample 88. Consider the polynomials R[xz] over R. Let A = (ai;)i; € "R™ be a constant matrix.
Then det(1,z — A) € R[z] is a polynomial of degree n of the form o™ + ria" ™t + ... + 7, 12 +7,
where 11 = —a11 — ... — apy and 7, = (—1)" det A. Formulae for the other coefficients also exist.

Definition 89 (Adjugate Matrix). Let A € ™R™. The adjugate (matriz) adj A is the m-by-m matrix
with entries o
(ad_] A)Z] = (—l)Z-H det Aﬁ
where as before Ay; is the matrix A with j** row and i*" column removed.
Theorem 90. For any matriz A € ™R™ we have

AadjA = (adjA)A =det A-1,,.

Proof. Indeed, for the first product we have

(A adj A)U = Z Qi (ad_] A)kj = Z aik(fl)kJrj det AJTC
k=1 k=1

Now, if 4 = j this is exactly the Laplace expansion for det A with respect to the it row. However,
for ¢ # j this is equal to the Laplace expansion of a copy of A where the jt! row is replaced by the
ith row. So, (Aadj A);; = 0 in that case. Similarly, we can prove (adj A)A =det A- 1. O

Theorem 91. Let R be an integral domain and A € ™R™ be a square matriz. Then
(a) A is singular if and only if det A = 0;
(b) A is regular if and only if det A # 0; and
(c) A is unimodular if and only if det A € R*. In that case (det A)~! = det A=1.

Proof. Let A € ™R™ be singular. Then A is also singular over the field of fractions Q(R) and thus
det A = 0. Conversely, if det A = 0, then A is singular over Q(R). Thus there is v € Q(R)™ with
vA = 0. Bring the entries of v to a common denominator v = d~'w with d € R and w € R™.
Then 0 = vA = d~!(wA); that is, wA = 0 and we see that A is also singular over R. This proves
part (a). Part (b) is equivalent to part (a).

Let now A € GL,,(R) be unimodular. Then A='4 = 1 and thus (det A=1)(det A) = 1 showing
that det A € R* and also that det A=* = (det A)~!. On the other hand, let det A be a unit. Then
we have (adj A)A = (det A)1 and thus we see that A has the inverse A~! = (det A)~!adj A; that
is, A is unimodular. O

Remark 92. If R is not an integral domain, then A can be singular even if det A # 0. Consider
R = Zs (that is, the integers modulo 8) and

_ (1 2 2 2
A—<3 4>€ Zg”.

Then det A =6 % 0 (mod 8); but v = (4,4) € Z2 \ {0, 0} fulfills vA = (16,24) =0 (mod 8).
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7 The Theorem of Caley-Hamilton
Ezercise 93. Let I < R be an ideal, and let M be an R-module. Show that
IM ={ayz1+ ...+ arag | k=2 0,a1,...,ar €I, and zq,...,2p € M}

is a submodule of M. If M is generated by S, then show that IM is generated by IS.

Remark 94. Since any ideal I < R is an R-submodule of R, we can apply Exercise 93 to M =1
and define the ideals I? = II, I® = IT?, and so on.

Ezercise 95. Let M be an R-module, and let ¢ € Endg(M) be an endomorphism. Show that the
action

o Rlz]x M — M, (apz™+...+a12+ag, m) = ape™(m)+ ...+ arp(m) + agm

makes M into an R[z]-module.
Remark 96. Let M be an R-module. Then we can let the matrices ™R™ act on (column) vectors
"M over M in the following way: For A = (a;;);; € ™R™ and z = (21,...,2,)" € "M we let

ail A1n X a11T1+ ...+ a1nTy

Am1  --- Qmn Tn Am1T1 + ...+ GmnTn

This yields an R-linear map Ae: "M — ™M. (In order to prove A(rz) = r(Az) for all r € R, we
need to use commutativity.) It is obvious that A — Asis a R-linear map ™R™ — Hompg("M,™M).

Ezercise 97. Show that with the action defined in Remark 96 we have A(Bz) = (AB)z for all
Ae™R" Be"RP and x € PR.

Theorem 98 (Caley-Hamilton). Let I < R be an ideal, and let M be an R-module which is
generated by n elements. Let o: M — M be an endomorphism such that o(M) C IM. Then there
exists a monic polynomial

f=a2"+az" ' +.. . +ap_1z+a, € Rz
such that a; € I for j=1,...,n and
fl@)=¢" +a10"  + .. 4 an_1p+anidy = 0.

Proof. Let y1,...,yn € M be the generators of M. Then for each i = 1,...,n we have p(y;) =
ai1y1 + ... + ainyn for some a;1,...,a;, € I. By Exercise 95, we can consider M as a R[z]-
module. We can extend the R[z]-action to "R[z]" as shown in Remark 96. Consider the matrix
A= (6;7 — aij)ij € "Rlz]" and y = (y1,...,yn)" € "M. Then the equations above give

T —ani —ai2 ce —Q1n
. n oY1) —a11y1 — ... — AinYn
—ag1 T — 22 T : . .
“On-1,n Yn @(yn) —0p1Y1 — ... — Gpn¥Yn
—Qan1l T —Qp.n—1 T — Qpn
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By Exercise 97, we have
0= (adj A)0 = (adj A)(Ay) = ((adj A)A)y = (det A)1,,y = (det A)y.

Thus, det A annihilates every entry of y; that is, (det A)y; = 0 for j = 1,...,n. Consequently, since
Y1,---,Yn generate M, we obtain (det A)z = 0 for every z = z1y1 + ... + 2,yn € M. Using the
Leibniz formula for the determinant (see Theorem 87), we obtain

detA=z"+az" '+ ...+ a,
where a; € I7 as required. O

Remark 99. In particular, we can use Theorem 98 for endormorphisms given by a matrix: Let
A € ™R™ and consider the endormorphism « A: R™ — R™ which is given by v — vA. We can use
I = R and obtain a polynomial f = 2" + bjz"~! + ...+ b, € R[X] such that

0= f(oA) = (+A)" + by (s A)" 1 ..+ bpid = (A" + by A" L 4 .+ by id) =« f(A)

by the way matrix multiplication and addition corresponds to the composition of endormorphisms
(see Exercise 79). Applying the map « f(A) to the unit vectors extracts the rows of f(A) which
must thus all be zero. Hence we see that the Theorem of Caley-Hamilton as tought in basic linear
algebra is just a special case of Theorem 98.

Corollary 100. Let M be a finitely generated R-module, and I < R be an ideal such that IM = M.
Then there exists r € I such that (1 —r)M = 0.

Proof. Consider the R-linear map id: M — M. By Theorem 98, there isn > 1 and aq,...,a, € I
such that
0=1id" 4a;id" " +... +anid = id+(a; + ...+ a,)id.

Thus, with r = —(a; + ... + ap) we obtain (1 —r)zx =2 —rz =0 for all x € M. O

Theorem 101. Let M be a finitely generated R-module. If ¢: M — M is a surjective R-linear
map, then ¢ is an isomorphism.

Proof. We regard M as an R[x] module with action zy = ¢(y) for all y € M as in Exercise 95. It
is easy to see that M is also finitely generated as an R[z]-module. Consider the ideal I = R[z]z.
Since ¢ is surjective, we have M = M and thus also IM = M. By Corollary 100 there exists
g € I with (1—g)y=0ory=gyforally e M. Since we can write g = go = zg for some § € R[z],
we have id = g(p)p = ¢g(y); that is, g(p) = ¢~ O

Theorem 102. If M = R"™ for an R-module M, then every generating set of M with n elements is
a basis of M. In particular, the number of elements of a basis of a free module is always the same.

Proof. Let y1,. ..,y be n generators of M. Define the R-linear map ¢: R" — M by ¢(e;) =y, for
j=1,...,n where ey,...,e, are the unit vectors. Obviously, ¢ is surjective. By the assumption
of the theorem, there is an isomorphism : M — R™. Then @ o: M — M is also surjective and
R-linear. Thus, from Theorem 101 we obtain that ¢ o1 is an isomorphism. Consequently, also
¢ = (pop)orp~!is an isomorphism. This implies that yi,...,y, is a basis of M.

Assume now that M had a basis B = (by,...,by,) with m and a basis C = (¢1,...,¢,) with
n elements where m < m. Then we can add elements of C' to B obtaining a generating set
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{b1,-+ -y bm,Cmt1,---,Cn}t with n elements. However, this cannot be a basis of M since, for ex-

ample, ¢, = a1by + ...+ anyb,, for some aq,...,a,, € R. This contradicts the first part of the
theorem. 0
Corollary 103. By Theorem 102, R™ = R"™ if and only if m = n. O

Remark 104. We remark that Corollary 103 does not in general hold for non-commutative rings.
See [Lam99, (1.4) Example| for an example.

Remark 105. With Theorem 101 we also obtain a different proof that left unimodular matrices
are also right unimodular. However, this version works even for rings with zero divisors. Let
A, B € ™R™ such that AB =1,,. Then -B: R™ — R™ defined as v — vB is surjective. Indeed,
for every x € R™ we have (xA)B = z. By Theorem 101, -B is an isomorphism. Thus, there exists
a matrix C' € ™R™ corresponding to (-B)~! such that CB = BC = 1,,. (Of course, C = A.)

Definition 106 (Rank). Let M be a finitely generated free R-module. The size of a (and thus any)
basis of M is called the rank of M. We denote it by rankr M (or just rank M if it is clear to which
ring we are referring).

Ezample 107. Even if a module has a finite basis, its submodules do not need to be finitely generated:
Let F be a field and X = {z1, 22, x3,...} be an infinite set of indeterminates. Then F[X] is finitely
generated as a module over itself (for instance, F[X]-1 = F[X]). However, F[X]X < F[X] is not
finitely generated.

FEzercise 108. Prove that the claim in Example 107 is correct.

Part 11
Matrix Normal Forms

8 Basic Notations for Matrices

Remark 109 (Block Matrices). Let m1,...,ms and nq,...,n; be positive integers and A;; € ™R™
be matrices for i =1,...,s and j = 1,...,t. Then the block matriz

All e Alt
. c m1+...+msRn1+...+nt

A -0 A
is defined as the matrix where the (4, )" entry is the (7,7)*® entry of Ag, where
1=i—m;—...— Mp_1 and J=7J—n1—...—ny_1
and k and ¢ are such that
mi+...+mg_1<i<my+...+my and n+...+np_1 <j<ny+...+ng.

For instance, if
1 2 5
A11=(3 4>, A12:(6>, Ap=(7 8), and  Asm=(9),
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then the block matrix would be
1 2 5
A A\
A A =13 4 6
21 22 78 9

Furthermore, assume that we have positive integers p1,...,p, and matrices B;; € ™RPi for
i=1,...,tand j=1,...,u. Then

A - Ay Byi -+ DBy 22:1 AwBrr - Zzzl A1 By

Asl e Ast Btl e Btu 22:1 Ask:Bk;l T 21}1:1 AskBk:u

In other words, when the sizes of the blocks match, then we can multiply block matrices like normal
matrices with the blocks as entries.

Finally, we are also going to use block diagonal matrices which are defined as follows: For
matrices Cy € ™R™,...,Cs € ™R"™ we let diag(Ch,...,Cs) be the block matrix (A4;;);; with
blocks Aj; = C; and A;j = 0y, %, for i # j.

FEzercise 110. Prove that the multiplication formula of Remark 109 is correct.

Ezercise 111. Let Uy € GL,, (R), ..., U, € GLy, (R) be unimodular matrices. Prove that the block
diagonal matrix diag(Uy,...,Uy) is also unimodular.

Definition 112 (Elementary Matrix). Let R be a ring and m > 1. We define three types of
elementary matrices:

Row/Column Addition Matrices For ¢ € R and j, k < m with j # k let Add;x(¢q) € ™R™ be the
identity matrix except with ¢ at the (4, k)t position; that is, let

1

Addjk(Q) = q 1 < jth row

4

kth column

(where all the other entries are 0).

Row/Column Scaling Matrices For a unit in v € R* and j < m let Mult;(u) € ™R™ be the
identity matrix except with u at the (j,j)" position; that is, Mult;(u) = diag(1;_1, u, 1,,,—;)
using block matrix notation.

Row/Column Permuting Matrices For j,k < m and j # k let Swap;, € ™R™ be like the identity
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matrix except that the j*® row and the jt! column are exchanged; that is,

1
€1

0 1 — jth row
€41
Swapjk = E =
€k—1
€j
€k41

1 0 < kth row

€m

(using block matrix notation and showing the case that j < k).
Remark 113. Let A € ™R"™ be a matrix.

(a) For g € R, Add,x(q)A equals A with ¢ times the k" row added to the jth row, and A Add;x(q)
equals A with ¢ times the j** column added to the kt® column.

(b) For u € R*, Mult;(u)A equals A with the j** row multiplied by u, and A Mult;(u) equals A
with the 7t column multiplied by u.

(c) Swap,;, A equals A with the j*h and k*h rows interchanged, and A Swap,,, equals A with the
kth and jth columns interchanged.

Remark 114. All elementary matrices are unimodular. More precisely, we have
Addjk(q)_1 = Add;i(—q), Mult; (u)_1 = Multj(u_l), and Swapj_k1 = Swapjy, .
Moreover, it is
det Add;x(q) =1, det Mult; (u) = u, and det Swap;;, = —1.

Ezercise 115. Let M be an R-module and let N, P < M be two submodules. The sum N + P of N
and P is defined as N+ P = {a+b|a € N and b € P}. Show that N + P is a submodule and that
N N+Pand PN+ P. If S generates N and T generates P, then S UT generates N + P.
Definition 116 (Row/Column Space). Let A € ™R™ be a matrix. The row space of A is the set of
all R-linear combinations of the rows of A. We denote it by R"™A. Similarly, the column space is
the R-linear combinations of all columns of A and we write A™R for that.

Remark 117. The idea of the notation in Definition 116 is that the row (or column) space is equal
the sum of the cyclic modules generated by the rows (or columns) of M. Thus, in pseudo-notation,
we have

ai
RmM:(R R) ; = Ra; + ...+ Ra, = R{ay,...,an}
Am
where a1, ...,a,, € R™ are the rows of M.
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Remark 118. Another way to think about the row space of M € ™R"™ is as the image of the linear
map -M given by v — vM. Indeed, R™M = im(-M). Analogously, M "R = im(M-).

Remark 119. We will also apply Definition 116 to row vectors v = (v1,...,v,) € R™ and column
vectors w = (wy,...,w,)" € "R regarding them as matrices with only one row or one column,
respectively. For example, R"w = Rw; + ...+ Rw, is the ideal generated by w1, ..., w,.

9 Divisibility
Definition 120 (Divisor/Associates). Let a,b € R. We say that a divides b and write a | b if there

exists ¢ € R such that ac = b. We say that a and b are associated if a divides b and b divides a.

Ezercise 121. Prove that in an integral domain a is an associate of b if and only if there exists a
unit v € R* such that au = b.

Exercise 122. Show that being associated is an equivalence relation on R.
Ezercise 123. Let a,b € R. Show that a | b if and only if Rb < Ra.

Exercise 124. Show that the associates of 1 are precisely the units of R.

Definition 125 (Greatest Common Divisor). A common divisor of as,...,a, € R is an element
h € R such that h divides a; for each j =1,...,n. An element g € R is a greatest common divisor
(or GCD for short) of ay,...,a, if g is a common divisor and every other common divisor h € R of

ai,...,a, divides g. We write g = ged(aq, ..., a,).

Ezercise 126. Despite the use of the equality sign in the notation ¢ = ged(aq,...,a,), greatest
common divisors do not need to be unique. In fact, prove that every associate of a greatest common

divisor of a1, ..., a, is also a greatest common divisor of aq, ..., a,, and that conversely all greatest
common divisors of aq,...,a, are associated.
Ezercise 127. Let R be an integral domain, let ay,...,a, € R be not all zero, and let d =

ged(ar, ..., a,). Write a; = da; for j =1,...,n. Show that ged(as,...,a,) =1.

Definition 128 (Principal Ideal Domain). A ring R is called a principal ideal domain (or PID for
short) if all its ideals are principal; that is, if all ideals I < R are of the form I = Ra for some
a € R (see Definition 53).

Ezample 129. Every field is a principal ideal domain: A field F' has only two ideals {0} = F'-0 and
F = F -1 which are both principal.

Ezxample 130. The integers Z form a principal ideal domain. In order to prove this, we use integer
long division (with remainder): If @ and b € Z with b # 0, then there are ¢ and r € Z with a = gb+r
and either 7 = 0 or |r| < |b]. Let now I < Z be any non-zero ideal. Then I\ {0} is not empty.
Choose an element b € I\ {0} with the smallest absolute value. Let a € I be any element. Then
a = gb+r where r = 0 or |r| < |b|. Let us assume that r # 0. Then a — gb = r € I was a member
of I with a strictly smaller absolute value than b contradicting the choice of b. Thus, » = 0 and
a = gb € Rb. It follows that I < Rb; but of course we also have Rb < I, that is, Rb = 1.

Ezample 131. If F is a field, then the univariate polynomials F[X] are a principal ideal domain.
The proof is exactly the same as in Example 130 using polynomial long division instead of integer
long division.
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Ezxample 132. Multivariate polynomials are not principal ideal domains. For instance, for R =
Q[z, y], the ideal R{x,y} cannot be generated by one element. Also the polynomials R = Z[x] over
the integers are also not a principal ideal domain. The ideal R{2,z} cannot be generated by one
element.

Definition 133. An integral domain R is a Fuclidean domain, if there exists a map deg: R\{0} = N
(called a degree function) such that

(a) for every a and b € R with b # 0 there exist ¢,r € R such that a = gb+ r and either » = 0 or
degr < degb; and

(b) for all non-zero a,b € R we have dega < deg(ab).

We call ¢ in item (a) a quotient of a divided by b and r a remainder.

Ezxample 134. The following rings are examples of Euclidean domains:
a) The integers with dega = |a].

(a)
(b)
)
)

Univariate polynomial rings over fields with the usual degree function.
(c) Fields F' with the degree function deg f = 0 for all f # 0.

(d) The Gaussian integers Z[i] = {a + bi | a,b € Z} C C where i = v/—1. The degree function
here is the square of the complex norm deg(a + bi) = a? + b>.

Ezercise 135. Look up the division for the Gaussian integers (part (d) of Example 134) and imple-
ment it in a programming language of your choice.

Notation 136. Let R be a Euclidean domain and a,b € R with b # 0. Then there are ¢, € R
such that a = gb+ r with 7 = 0 or degr < degb. We will write a quo b = ¢ for the quotient and
a rem b = r for the remainder. Note that quotient and remainder do not need to be unique: For
instance, considering the integers with @ =7 and b =4 we have 7=1-44+3=2-4 — 1. We will
therefore assume that whenever a quotient and remainder of the same input a and b is computed,
they will match each other. That is, we always assume a = (a quo b)b+ (a rem b) but do not bother
what the exact choices might be.

Ezercise 137. The univariate polynomials F'[x] over a field are a Euclidean domain with respect to
the degree and the usual polynomial long division. Prove that for F[z] quotient and remainder are
always uniquely determined.

Theorem 138. Fvery Fuclidean domain is a principal ideal domain.
Proof. The proof is the same as in Example 130. O

Remark 139. It is not easy to find a principal ideal domain which is not Euclidean. For an example
see [And88] where it was shown that the ring Q[x, y][(z? + y3)~!] is a principal ideal domain but
not Euclidean.

Theorem 140. Let R be a principal ideal domain, and let ay,...,a, € R. Then

Ray + Ras + ...+ Ra, = Rged(ay, ..., ay).
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Proof. Consider the ideal Rai+. ..+ Ra,. Since R is a principal ideal domain there must exist g € R
such that Ra; + ...+ Ra, = Rg. Since then Ra; < Rai + ...+ Ra,, = Rg for every j =1,...,n

we get from Exercise 123 that g is a common divisor of aq,...,a,. Assume that h | ay,...,a, for
some h. This implies Ra; < Rh for all j = 1,...,n, and thus also Rg = Ra; + ...+ Ra, < Rh.
Consequently, h | g. That means that g is a greatest common divisor of ay, ..., a,.

Let conversely g be any greatest common divisor of aq,...,a,. Then g and ¢ are associated by
Exercise 126. Thus, there exists u € R* such that § = ug and Rg = Rug = Rg = Rai + ...+ Ra,
because Ru = R. O
Corollary 141. If R is a principal ideal domain, aq,...,a, € R, and g € R is a greatest common
divisor of ay,...,an; then there are s1,...,8, € R such that g = s1a1 + ...+ Spap. O

Definition 142 (Least Common Multiple). An element m € R is called a common multiple of
ai,...,ap, € R if a; divides m for j = 1,...,n. We say that m is a least common multiple of
ai,...,a, if it is a common multiple and m divides every other common multiple of a4, ..., a,. We
write m = lem(ay, ..., an).

Ezercise 143. Prove that any two least common multiples of aq,...,a, € R are associated; and
that any associate of a least common multiple of a1, ..., a, is itself a least common multiple.

Ezercise 144. Let R be a principal ideal domain. Prove that for aq,...,a, € R we have Ra; N...N
Ra,, = Rlem(ay,...,ay).

Notation 145. If v = (vi,...,v,) € R™ or w = (wq,...,w,)" € "R, then write ged(v) =
ged(vy, ..., vp) and ged(w) = ged(wy, . .., wp).

Remark 146. Using Notation 145 for vector greatest common divisors and Definition 116 for row
spaces, we can write Theorem 140 in the more succinct form

R"a = Rgcd(a)

where a = (a1,...,a,)" € "R since R"a = {s1a1 + ...+ Span | $1,...,8, € R} = Raj; + ...+ Ray,.

10 The Euclidean Algorithm

Theorem 147. Let R be a principal ideal domain. Let v € "R and M € ™R™. Then we have
ged(v) | ged(Mw). (A similar state holds for row vectors.)

Proof. We can write the result of Theorem 140 in the form Rged(v) = R™v. Since R™M < R"
is a subspace, we must have Rged(Mv) = R™Muv < R™v = Rged(v) as ideals; and consequently
ged(v) | ged(Mw). O

Corollary 148. If in particular M € GL,(R) in Theorem 147 is unimodular, then ged(v) =
ged(Mw).

Proof. By Theorem 147, we have

ged(v) | ged(Mw) | ged(M ™' Mv) = ged(v).
Thus, ged(v) and ged(Mwv) are associated. By Exercise 126, we obtain ged(v) = ged(Mv). O
Algorithm 149 (Extended Euclidean Algorithm).
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Input A column vector v € "R where R is a Euclidean domain.

Output ged(v) and a row vector w € R™ such that wv = ged(v). Alternatively, return a unimod-
ular matrix @ € GL,(R) such that Qv = (ged(v),0,...,0)".

Procedure
(a) Initialise @ = 1,,.
(b

(c
(d
(e

If v = (g,0,...,0)!, then return g and the first row of Q.
Otherwise, choose a non-zero entry v; of v of minimal degree.

)
)
) Interchange vy and v; as well as the first and j" row of Q.

) For k =2,...,n, subtract vy quo vy times v; from vy and vy quo vy times the first row of @
from the kth,

(f) Go to step (b).
Theorem 150. Algorithm 149 is correct and terminates.

Proof. If the input vector is 0, the algorithm returns 0 (the correct greatest common divisor) and
e1. Else, there is at least one non-zero entry in the vector which will get swapped to position 1
in step (d). Therefore, the quotients in step (e) are well-defined. Similarly, when the termination
condition in step (b) does not hold, there is a non-zero entry and the quotients are well-defined.

Let v(©) denote the input vector v, and let v(*) denote the input vector v after k iterations (that
is, repetitions of steps (b) to (f)). Similarly, let Q° denote the matrix @ at the start of the algorithm
and Q®) be the same matrix after k iterations. We claim first that the invariants Qv = v(*)
and Q) € GL,(R) hold for every k > 0. Both claims are easy to see since they hold initially
and we mimick all the transformations on v which we do in steps (d) and (e) on @ and all these
transformations are elementary.

The algorithm terminates when v(¥) = (g,0,...,0) for some £ > 0. In that case we have

g = ged(w®) = ged(Qv) = ged(v)

using Corollary 148. Thus, the algorithm returns the correct greatest common divisor. Moreover,
by the first invariant we have Qgejiv = v%e) = g. The algorithm thus returns the correct result.
It remains to show that the algorithm terminates. For this we remark that the degrees of the

topmost entry vgk) form a strictly decreasing sequence for k > 1, that is,

deg v%l) > deg v£2) > deg vf” > ...

Let k£ > 1 be arbitrary such that the termination condition in step (b) does not (yet) hold and

assume that we already did the swap in step (d). Doing the reductions in step (e) will replace v§k)

by vj(»k) - (vj(-k) quo v§k))v§’“) = vyc) rem v§’“) for all j = 2,...,n. Because deg(vj(»k) rem vgk)) =0
(

or deg(vﬁk) rem vgk)) < deg vlk) for each j = 2,...,n, in the next iteration we will either have

reached the termination condition (if all the remainders are 0) or there will be at least one entry
of strictly smaller degree which gets swapped to the topmost position. Thus, the chain is indeed
strictly decreasing. Since the topmost entries (except in the case v = 0) are always non-zero, their
degrees are natural numbers and the chain can only contain finitely many members. Thus, the
algorithm must terminate after finitely many steps. O
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Ezercise 151. Implement the Extended Euclidean algorithm in a programming language of your
choice. (It is sufficient if the implementation works for integers.)

Ezxample 152. As an example for the application of Algorithm 149, we consider the ring R = Z of
integers and the input vector

15

6 | €3z

10

In step (a) of Algorithm 149 we initialise @ (and v) to be

15 1 0 0
v=| 6 and Q=10 1 0
10 0 0 1

In step (b) we see that the termination condition is not yet reached. Thus, step (c) we search for
the lowest degree entry of v. This is 6 in the second row. Thus, we swap the first two rows in
step (d). Then, in step (e) we subtract 15 quo 6 = 2 times the first row of v and @ from the second
and 10 quo 6 = 1 times the first row from the third. This yields

6 0 1 0
v=1[3 and Q=11 -2 0
4 0 -1 1

We go back to step (b). Again, the termination condition is false and thus, we choose again the
lowest degree entry (3 in the second row) and bring it to the top row. Then we subtract 6 quo 3 = 2
times the first row from the second and 4 quo 3 = 1 times the first row from the third mimicking
the transformations on @. This gives us

3 1 -2 0
v=10 and Q=1-2 5 0
1 -1 1 1

Since the termination condition does still not hold, we do one more iteration. The lowest (no-zero)
degree entry of v is 1 in the last row. Exchanging the first and last row and subtracting 3 quo 1 =3
times the first row from the last finally yields

-1 1 1
and Q=1[-2 5 0
4 -5 -3

i~
Il
S O =

Here, the termination condition is reached and the algorithm returns 1 and (—1,1,1). We can easily

check that indeed
15

(-1 1 1) 6] =-1546+10=1.
10

We can also compute det @ = —1 which is a unit. Thus, @ is indeed unimodular (by Theorem 91).
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Ezercise 153. Apply the Euclidean algorithm (Algorithm 149) to the following inputs

4+ +1 42 223+ 24+ +1
23 +1 € 3Ty [z]; 210 | €3z; and 23+ 222 + 22+ 1 € 3Qlx).
ot 2?41 105 4?2041

Ezercise 154. Let R be a Euclidean domain, and let a,b € R. Apply the extended Euclidean
algorithm (Algorithm 149) but return @ as a whole instead of only the first row. We obtain an

equation
@ <¢bz) _ (gcd%a,b)) .

=Q
Show that ua = lem(a, b) (or, equivalently, vb = lem(a, b)).
Exercise 155. Let R be an Euclidean domainand v = (vy,...,v,)" € "R. Let g = ged(v), and let
Q@ € GL,(R) be the transformation matrix with

o

Qu =
0
as computed by the Euclidean algorithm (Algorithm 149). Show that the first column of Q=1 is
v/g = (vi/g,...,v,/g)t. Use that to prove that ged(v/g) = 1.
Application 156 (Linear Diophantine Equations). Let R be a Euclidean domain. Consider the linear
diophantine equation
aix1+...+ap,x, =b
where ai,...,a,,b € R and where we are looking for solutions x1,...,x, € R. We will show how
to find all possible solutions.

Form the column vector a = (ai,...,a,)" € "R and apply the Euclidean algorithm (Al-
gorithm 149) obtaining ¢ = ged(a) and Q € GL,(R) such that Qa = (g,0,...,0)!. We claim
that the equation has a solution if and only if g | b: For any choice of z1,...,z, € R, the left hand
side of the equation is an element of Ra;+. ..+ Ra, = Rg. Thus, a solution can only exist if b € Rg;
that is, if g | b. Conversely, if b = cg for some ¢ € R, then cQa = (cg,0,...,0)" = (b,0,...,0)". In
other words, the entries of the first row of ¢() are a possible solution.

It is obvious that adding linear combinations of the other rows of ) to w will also yield a solution
to the equation: Write the rows of @ as Q1,«,...,Qn,«. Then Q;.a =0 for j # 1 and therefore for
all so,...,8, € R

(CQL* + 32Q2,* +...+ ann,*)a = CQl,*a + 32@2,*a +...+ ann,*a =b.

Thus, cQ1,« + RQ2,. + ...+ RQp « is contained in the set of all solutions.
Let conversely « = (x1,...,2,) € R"™ be any solution. Then

o

b=za=(2Q ") (Qa) = (2Q7")
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Write Q=% = (y1,¥2,...,Yn) € R". Then the equation implies that the first entry is b = y;g; that
is, y1 = c¢. Moreover,

z=(c y2  Y2)Q=cQis+y2Qou+ ...+ YnQn € Q1+ RQ2s + ...+ RQy ..

Thus, we see that cQ1,. + RQ2« + ...+ RQy . is indeed equal to the solution set.
Ezample 157. Consider the equation

2r+3y+72=5

over the integers Z. Computing the greatest common divisor of 2,3, 7 with Algorithm 149 yields

-1 1 0\ /2 1 -1 10
-3 2 0| ([3]=1o0 where Q=[-3 2 0] eGL3(2)
-5 1 1) \7 0 -5 1 1

is unimodular. Since 1 |5, we find that the solutions are
(z y 2)=5(-1 1 0)+Z(-3 2 0)+Z(-5 1 1);
or, using s,t as arbitrary integers, we can write this as
r = —b—3s— bt, y=>5+2s+1, and z=t.

It is easy to check that this indeed solves the equation.

Remark 158 (Syzygy Module). Let R be a Euclidean domain, and let a = (a4, ...,a,)" € "R. The
module of syzygies of a is

Syz(a) = {w = (w1, ...,wy,) € R" | wa =wia1 + ...+ wpa, = 0}.

We can see that this is actually just a special case of Application 156 with the right hand side b = 0.
Thus, we obtain that
Syz(a) = RQ2« + ...+ RQp «

where @ € GL,,(R) is the transformation matrix computed by Algorithm 149 and Q1 ., ..., Qn, . are
its rows. Since @ is unimodular, its rows must be linearly independent (because the determinant
is non-zero). Hence, Q2 «, ..., Qn « is actually a basis of Syz(a).

Remark 159. The approach of Application 156 can be employed in more general situations: Let R
be a Euclidean domain and let M be an R-module. Consider the linear equation

ar*ry1+ ... +ap*T, =0b

where ai,...,a, € R, b € M and we look for solutions zi,...,z, € M. Using the notation
from Remark 96, we can rewrite the problem as aex = b where a = (ay,...,a,) € R™ and
x = (21,...,2,)" € "M. As before we apply Algorithm 149 to a' obtaining g = ged(a) and
Q! € GL,(R) such that Qa® = (g,0,...,0). Thus, by Exercise 97 we can rewrite the equation as

b:am:aQQflxz(g o --- O)Qfla:.

Setting ¥ = (y1,...,9n)! = Q 'z, we obtain that b = gey;; and there are no conditions on
Y2, ..., Yn- Assume that we can solve the single variable equation gey; = b; that is, that we find
(one or all) ¢ € M such that gec = b, then we can extend that to solutions of the original equation
by just leaving ys, ..., y, as variables and setting x = Q(c, y2, - .., yn )t
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Ezxample 160. We solve the differential system
y/,/*yle/+2/:$

for y,z € C*°(R) (where x means the function f(x) = ). Modelling this as operator equation as
in Example 38 and using the matrix notation from Remark 96, we obtain

(0 -1 —32+a)-<Z) =z

We apply the Euclidean algorithm to a = (0% — 1, —0? + 9)* € 2R[J] obtaining

3 _ _
Q= (ely ol 1) € GLy(R[9) with @ (_882 +1a> - (a ) 1) .

Thus, the original equation becomes

(- (e )01 ().

Let us denote (Q~1)!(y, 2)! = (¢, 2). Then the equation reads now
j-g=u

while there is no restriction on z. We solve for § by first computing an integrating factor u such

that p/ = —p which implies p = e~®. Thus the equation becomes ez = e %' — e™%g = (e~ *g)’

which leads to
e %) = /xe*x de = —ze * + /e*z de = —ze ™ —e * 4+ C

(using partial integration with u = z and dv = e~ dx) where C' € R is an arbitrary constant.
Thus, § = —x — 1 4+ Ce” (while Z = f could be just any function in C*°(R)). We can now compute
the solution in terms of the original variables obtaining

Y\ ot (YN 1 ) —x—14+Ce®\ —r—1+Ce” + f
) =9 e) " lo+1 2ro41) f “\ovocer —wrpripas

as the set of all solutions.

11 The Hermite Normal Form

Definition 161 (Hermite Normal Form). Let R be a Euclidean domain. A matrix A = (a;;);; € "R"
is in (row) Hermite normal form (HNF) if there exist column indices 1 < j1 < jo < ... < jm <N
such that for alli=1,...,m

(a) aij, #0,

(b) ai, =0 for k < j; (that is, A is in row echelon form), and
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(c) arj, =0 or degaj;, > degay;, for k < i (entries above the pivots have smaller degree).

The entries aij,, ..., amj,, are called the pivots of A and ji,...,Jm are the pivot indices.

Remark 162. By Exercise 122 being associated is an equivalence relation. We can therefore pick a
set of representatives for each equivalence class. For instance, for integers Z one usually chooses the
absolute value, while for polynomials F[z] over a field one usually chooses the monic polynomials'".
Let |a| denote the representative of a € R. Then Definition 161 is usually extended by

(d) a;j, = |asj,| (that is, the pivots are the representatives of their class).

Moreover, assume that we can make the remainders with respect to to Euclidean division in R
unique. For example, with the integers Z one can always choose the positive remainder!'!; while for
polynomials F[z] over a field the remainder is unique anyways by Exercise 137. In that case, we
replace property (c) by

(¢) akj, = akj, rem a;;, for k < i (entries above a pivot are reduced with respect to the pivot).

Remark 163. Some authors define the Hermite normal form to be a lower row echelon form; that
is, with the pivot indices fulfilling j; > ... > j,,. Moreover, some authors use row indices instead
of column indices obtaining a column echelon form. Since R is commutative, we can always switch
between row and column Hermite normal form by simply transposing all the matrices.

FExercise 164. Prove that for a field F' the Hermite normal form is the same as the reduced row
echelon form.

Definition 165 (Row Equivalence). Two matrices A and B € ™R™ are said to be row equivalent if
there exists a unimodular matrix U € GL,,(R) such that A = UB.

Ezercise 166. Show that row equivalence is indeed an equivalence relation.
Theorem 167. Let A € ™R"™ be in Hermite normal form.
(a) The rows of A are linearly independent.

(b) Assume that we have fixed representatives of associate classes and unique remainders as in
Remark 162. If there is a matriz B € ™R™ in Hermite normal form which is row equivalent
to A, then A = B (that is, a Hermite normal form is a unique representative for its class of
row equivalent matrices).

Proof. Let A = (a;;j)i; with pivot indices ji,...,Jm. Denote the rows of A by Aq.,..., Am .

Part (a) follows essentially because A is in row echelon form: If there are s1,...,s, such that
$1A14 + ... + SmAm .« = 0, then at the j;'h position we have s;,a1;, = 0 since ay;, = 0 for
k > 1 which follows from j; < jj and property (b) of Definition 161. Since a1j, # 0 because of
property (a), we obtain s; = 0. Inductively, we can now show s; = ... =s,, = 0.

In order to prove part (b), write B as B = (b;x )i with pivot indices k1, ..., k,, and with rows
Bis,...,Bm; and let U = (Uj;);; € GLy,(R) be such that A = UB. We are first going to prove
that j;1 = k1,...,Jm = km. Assume that this was not the case. Then there exists a minimal row

10That is, polynomials with leading coefficient being 1.
1 Some authors prefer to use the remainder with minimal absolute value instead.
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index ¢ such that j; = ky,...,j5¢—1 = k¢_1 but j, # ky. Assume without loss of generality that
Je < k¢ (otherwise, we switch the roles of A and B). We have

Ag,* = Ug7*B = ungL* +...+ ’Ll,gr,nBr,m*.

Since ag; = 0 for ¢ < j,;, none of the rows By .,...,By_1 . can contribute to that sum: If, for
example, v < ¢ was minimal such that wus, # 0, then the k,*" entry of U . B is ugbyg, # 0 (by
property (a) of Definition 161 since B is in Hermite normal form). However, because k, = j, < j¢
and thus agr, = 0 this cannot happen. On the other hand, by;, = 0 for A > ¢ since ky = k¢ > jo.
This implies a¢j, = 0 which contradicts the assumption. Thus, the pivot indices of A and B must
be the same.

Next, we show that the pivots are the same. For i = 1,...,m it is easly seen that a;;, = by,
by an argument similar to the one above (rows with smaller pivot index cannot contribute and rows
with larger pivot index will not affect the j;*® entry). Thus b;;, divides a;j,. Switching the roles
of A and B (using B = U~'A) we obtain that also a;;, divides b;;,. Thus, the pivots of A are
associated to their respective counterparts in B. Since we chose a unique representative, it follows
that a;j, = b;j,. This shows also that u;; =1 and u,; = 0 for v < i.

Now we prove that A; . = B; , for i =1,...,m. Since u;; = 1 and u,; =0 for v < i, we have

Ajw = Biw + i1 Bipie + .o F Ui, By«

Consider the j;11*® entry of this row. It must be a;j,., = b; j,,, +ui i+1bit1,5,., since the other rows
Biyo,..., B« of B have 0 in that position. Since degb; j,., < degb;y1j,,, by property (c) of
Definition 161, we see that b; j,, is the remainder of a; ;,,, of division by b; 11 j,,, (or we simply use

property (¢’)); that is, b; = a; rem b;yq = a; = a;,j,., since the pivots

WJit1 JJit1 Jit1 Jigr TOM @it 1 5,44
are equal and by property (¢’) again. This implies further u; j41bi11 5., = 0 and thus u; ;41 =0
by property (a). Inductively, we can now prove that w; ;40 = ... = w;, = 0. Thus, 4; . = B; . as
required. O

Ezercise 168. Let R be a Euclidean domain; and let a,b € R with b # 0. Show that if b | a, then
arem b=0.

Algorithm 169 (Hermite Division).

Input A matrix H = (h;j);; € ™R" in Hermite normal form with pivot indices j; < ... < jm; a
row vector w = (wy,...,w,) € R".

Output A row vector matrix ¢ € R™ and a row vector r € R"™ such that w = ¢H + r and such
that r;, = 0 or degr;, < degh;;, foralli=1,...,m.

Procedure
(a) Initialise ¢ <— 0 and r < w.
(b) Fori=1,...,m do

(1) Let g; < 7j, quo hj,.
(2) Update r < r — q;H; . (where H; , is the i*h row of H).

(¢) Return ¢ and 7.
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Theorem 170. (a) Algorithm 169 is correct and terminates.

(b) A wvector w € R™ is in the row space of a Hermite normal form H € ™R™ if and only if
Algorithm 169 returns r = 0.

Proof. For part (a), please note first that the loop in step (b) of Algorithm 169 is over a finite range
of numbers. Thus, the procedure always terminates. Following the loop, it is easy to see that

r=w-—qH «—qHy—...—gnHp.=w—qH;
that is, indeed w = ¢H + r. Similarly, after the first iteration of the loop we have
Tj = W5, — (wjl quo hljl)h’lh = wj, rem hljl'

Thus, rj, = 0 or degrj, < deghyj,. This does not change during the following iteration since
hij, = 0 for k > 2 by Definition 161. Similarly, in the next iteration we establish the required
property for r;,. Going through all of the loop, it is easy to see that this works for all ;, where
1=1,...,m.

For part (b), if w = gH, then obviously w € R™H. Assume now that r # 0. We want to
show that there is no v € R™ such that w = vH. Since in this case we had (v — ¢)H = r, it is
sufficient to show that » ¢ R"H. Let k = 1,...,n be minimal such that r; # 0. If k£ < j1, then
all entries of the k' column of H are zero by Definition 161; and we see that r ¢ R™. Otherwise,
let £ =1,...,m be maximal such that j, < k. If £ = k, then first note that we cannot not use
any rows H; . with ¢ < £ to generate r since all 7;, = 0 for such 7. Similarly, rows H, , with v > ¢
cannot contribute to 7, = r;,. Thus, only Hy , could be used to generate r, = r;,. However, since
0 # 1, = rj, = w;, rem hyj,, Exercise 168 implies that hgj, does not divide 7. Thus, also Hy .
cannot be used and we see that » ¢ R"H. Finally, if k& ¢ {j1,...,7m}, then the rows R, , with
Jji < k cannot be used to generate r since the entries r;, = 0; and the rows H, , with j, > k cannot
be used to generate ri. Thus, also here r ¢ R™H. O

Example 171. Consider the matrix

H= e 3zt

O O =
[enl N
o = O
N O W

which is in Hermite normal form. Let the two row vectors
(1 6 2 -2) ad (2 0 -1 13)eZ
be given. Carrying out the division in Algorithm 169 for (1, 6,2, —2) we obtain
(16 2 -2)—1-H,.=(0 5 2 -5)
since 1 quo 1 = 1. Now, 5 quo 2 = 2 and have
05 2 =5)—2-Hy,=(0 1 0 —5).
Finally, —5 quo 7 = —1 (using our convention to choose the positive remainders) and we obtain

(001 0 =5)+1H3,=(0 1 0 2).
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In total, we have computed that

(1 6 2 —2)=(1 2 -1)H+(0 1 0 2).

Thus, by Theorem 170 (1,6,2, —2) ¢ Z3H.
Applying Algorithm 169 to (2,0,—1,13) yields

Thus, (2,0,

(2 0 -1 13)=(2 -1 1)H.

—1,13) € Z3H.

Algorithm 172 (Hermite Normal Form).

Input A matrix A € ™R™ where R is a Euclidean domain.

Output A unimodular matrix @ € GL,,(R) and a matrix H € "R™ in Hermite normal form such
that r < m and

- (3)

Procedure

(a) If m = 0 or n = 0 then stop and return the identity matrix @ = 1,, and an empty matrix
H € R

(b) If the first column of A is zero, that is, if A = (0, A) where A € ™R"'; then apply the
Hermite normal form algorithm recursively to A obtainig @) € GL,,(R) and a Hermite normal
form H € "R"~!, Return Q and H = (0, H) € "R".

(¢) Otherwise:

(1)

(3)
(4)
(5)

Apply the Euclidean algorithm (Algorithm 149) to the first column A, ; of A computing
g = gcd(Ax 1) and a unimodular matrix U € GL,,(R) such that UA, ; = (g,0,...,0)".
If we have unique representatives (see Remark 162), then choose g such that it is the
unique representative of its associate class (if necessary multiply ¢g and the first row of
U by a unit).

Partition UA as
_ (9 w
UA = (0 A)
where A € m"1R"1 and w € R* 1.

Apply the Hermite normal form procedure recursively to A obtainig a unimodular Qe

GL;,—-1(R) and a Hermite normal form H= (hij)ij € "R L.

Apply Hermite division (Algorithm 169) in order to compute w = GH + v with § € R”
and v € R" 1. Let ¢ = (4,0) € R™ L.

Return

H= (g 2) e™R"  and Q= (1 _QQ) U.
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Remark 173. Some authors refer to
H
(6)
with H computed by Algorithm 172 as the Hermite normal form of A. We will sometimes adopt this
terminology as a convenient short hand for the more precise formulation chosen in the algorithm.

Remark 174. In Algorithm 172, instead of constructing the transformation matrix @ € GL,,(R)
explicitly as a matrix product, we might also just mimick the elementary row transformations (and
partitions) we apply to A on an identity matrix. In fact, if we apply the Hermite normal form
algorithm (without explicitly computing @) to the matrix (A, 1,,), then we will obtain a matrix

(Ig Q) such that QA= <IS')

and where H is in Hermite normal form and Q € GL,,(R) is unimodular. (Note that ) computed
in this way is not necessarily exactly the same as @ computed by Algorithm 172; but it has the
same properties.)

Remark 175. In step (a) of Algorithm 172 we use empty matrices for convenience. However, if one
wishes to avoid that, one might replace this step by the following steps

(') If A= 0,,xn, then return @ = 1,,, and and no H.

(a”) If n = 1 (that is, if A is a single column), then apply the Euclidean Algorithm 149 to A
obtaining a matrix U € GL,,(R) and g = gcd(A). Let w € R* be such that ug is the

unique representative of g (see Remark 162) and return the Hermite form H = (g) € 'R! and
Q = diag(u, 1,,—1)U € GL,(R).

(a”") If m = 1 (that is, A is a single row), then let k be the minimal column index such that Ay, # 0.
Let u € R* be such that uA;, is the unique representative of its class (see Remark 162) and
return @ = (¢) € GL1(R) and H = ¢A.

It is easy to see that in each of the three steps the matrices which are returned fulfil the output
conditions of Algorithm 172.

Theorem 176. Algorithm 172 is correct and terminates.

Proof. 1t is easy to see that the algorithm terminates because in every recursive call the number of
rows or the number of columns of the argument decreases. This can only happen finitely often.

There are three cases in which the algorithm returns a value. We will go through all of them
and prove that they are correct. In step (a) of Algorithm 172 the base case of the reduction is
handled. An empty matrix is obviously in Hermite form because all the conditions are trivially
fulfilled. Moreover, @ = 1,, is obviously unimodular and QA (which is again empty) fulfils the
output conditions. (See also Remark 175 for an approach without empty matrices.)

In step (b) We have (by the rules for multiplying block matrices)

ea=0 i) = () 1)
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where H is in Hermite normal form by the recursion. Thus, we only have to show that also
H = (0, H) is in Hermite normal form. If j, ..., j, are the pivot indices of H, then we claim that
Jr. = Jjr+1for k =1,...,r are the pivot indices of H: We can easily see that the properties (a),
(b), and (c) hold for H since they hold for H and the added first column contains only zeroes.
Moreover, the properties of Remark 162 do also hold for H because they hold for H.

Finally, in step (c¢), we first note that the matrix @ given in substep (c¢.5) is the product of

unimodular matrices: U in step (c.1) is unimodular, @ in step (c.3) is unimodular, too, and we can

write the left factor of () as 3
I —qQ\ _ (1 —q¢\ (1 0
0o Q) \0o 1 0 @

where both matrices are obviously unimodular by Exercise 111. Moreover, with

o=

which we get from the recursion in step (c.3), we indeed obtain that

o= (s o= ) (6 9= (0 ) - (2)

Here, we used that v = w — GH = w — (q, O)Qfl = w — ¢gQA. Thus, the matrix Q fulfils the output

condition.
u v
H = (hij)ij = <0 g)

It remains to check that
is indeed in Hermite normal form. By the recursive nature of the algorithm, we can assume that
H = (ﬁ”)” is in Hermite normal form (recalling that we have already shown that this is true in
the base case in step (a)). The pivot of the first row of H is obviously g at position (1,1). Since
H starts at the second column of H, the pivots which it contributes must be to the right of g.
More precisely, if j1 < ... < j, are the pivot indices of H; then 1 < 1+1<...<j.+1 are
the pivot indices of H; we denote them by j; = 1 and jy.1 = ji + 1 for k = 1,...,r. Moreover,
by the properties of Algorithm 169, we see that v5, is a remainder of division by Bkj,; Thus, for

o O

¢=1,...,r we obtain hyj,,, = v;, is indeed a remainder of division by hei1,5,,, = hy;,- In total,
all properties of Definition 161 are fulfilled. Moreover, by taking the unique representative of the
greatest common divisor in step (c.1), we also fulfil property (d) (in Remark 162). O

Example 177. We use Algorithm 172 in order to compute the Hermite normal form of

3 9 1 4

I B T I A 8 R

A=1_1 ¢ 3 1|€Z%
7 9 18 —11
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We will use superscripts in order to distinguish the matrices in the different recursive calls. Let
A = A for the original input. The first column of AM) is

-3
3
—10
—4

which is non-zero. Thus, we are in case item (c) of Algorithm 172. Applying the Euclidean algorithm
(Algorithm 149) yields the greatest common divisor ¢M) =1 with the transformation matrix

-7 0 2 0
UY = 10 0 —3 0 6GL4(Z).
1 0 -1 1
‘We obtain
1‘—51 -1 =30
_ (1) (1)
a0 6 8 =3 _ (97 w
vA 0| 72 1 43 0o AN )
0| 12 16 -6

We now call the algorithm recursively with A®) = AWM Since the first column is not zero, we have
again to apply the Euclidean algorithm (Algorithm 149) which yields the greatest common divisor

g® =6, the transformation
ZCRTC
Lo A®)-

We continue recursively with A®) = A®), Although we can see that matrix is already in Hermite
normal form (except for the sign), we follow the algorithm. The first column of A®) is non-zero
and computing the greatest common divisor with the Euclidean algorithm (Algorithm 149) gives
95 with transformation

-1 0 95 | =79 @) w®
v = < 0 1) and ( 0] 0 ) - <go A<3>.)
We continue recursively with A% = A®). Since the first (and only) column of A is zero, we
are in case (b) of Algorithm 172. Thus, we skip the first column and continue recursively with the
empty 1-by-0 matrix A®). Now we are in case (a) of Algorithm 172; and we return the empty 0-by-0
matrix H®) and the identity Q) = (1). Going up the recursive calls, we have now H®W = H©®)
and H® = (0, ﬁ(4)) (which is the empty 0-by-1 matrix) and Q) = Q). Up one level, we obtain
H® = H® and Q®) = Q®. We now have to divide w® by H® using Algorithm 169. As H®)

is still the empty matrix, this step yields an empty row vector ¢ and v® = w® = (=79). We
otbain the row vector ¢©® = (¢(*,0) = (0),

( ORC) (1 —a®0® 10
3 _ (9 v _ _ 3) _ 7 Q 3) _
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One further level up, we have now H® = H® and Q® = Q®). Dividing w® by H® using
Algorithm 169 gives us ¢® = 0 and v® = (8, —3). Thus, ¢ = (0,0),

g _ g 13(2) (6|8 -3
“\o H®) " \o0]9 -1 )’

as well as
~ 110 0 1 0 0
—¢@0®
Q<2>:<(1) q~(§)? )U<2>: 0[-1 0 |U?P=]12 -1 0
Q 0| 0 1 -2 0 1

Finally, we are back in the uppermost level where H® = H® and QM = Q@ . We apply Hermite
division (Algorithm 169) to w(® and H™) which gives ¢ = (—9,0) and v*) = (3,71, —57). Then
¢ = (g™,0) = (-9,0,0),

13 71 —57
(CONEY
H<1>:(90 Ig(l)>: 06 8 -3 |,
00 95 —79
and

119 0 0 2 9 2 0
o0 — (1 DMWY ) _ 0‘ 10 0| m_f1 1 00
0 QW “lol12 -1 0 2 12 3 o0
0|-2 0 1 -1 -2 -1 1

Having reached the top-most level of the recursive calls, the algorithm now returns H" and Q.

Remark 178 (Iterative Hermite Normal Form Computation). While the recursive Algorithm 172
for computing the Hermite normal form is easy to understand and easy to be proved correct, in
practical implementations one would usually prefer the following iterative version.

Input A matrix A = (a;;);; € ™R"™ where R is a Euclidean domain.
Output The Hermite normal form H € "R™ of A where r < m.
Procedure
(a) Initialise 7 < 1 and ¢ + 1.
(b) While r < m and ¢ < n do
(1) Let P={i|r <i<mand a; # 0}.
(2) If P =@, then set ¢ < ¢+ 1 and continue the loop in step (b).
(3) Else, if P = {i}, then:
(i) Swap the r** and the i*? row of A.
(ii) Multiply the 7** row of A by a unit such that a,. = |a,|.

)
(i) For k=1,...,r — 1 subtract (ag. quo a,.) times the 7** row of A from the k" row.
(iv) Set r < r+ 1 and ¢ < ¢+ 1, and continue the loop in step (b).
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(4) Else:
(i) Let ¢ € P be such that dega;. is minimal.
(i) Swap the rt* and the it" row of A.
(iii) For k =r+1,...,m subtract (ag. quo a,.) times the rt" row of A from the k*" row.
(iv) Continue the loop in step (b).

(¢) Remove all rows which are zero from A and return A.

(We have left out computation of the transformation matrix; it can be obtained as explained in
Remark 174.)

FEzercise 179. Prove that the algorithm explained in Remark 178 does indeed compute the Hermite
normal form of A.

Exercise 180. Apply the algorithm in Remark 178 to the matrix

0 z? T 0

2+ 22 +1 1 1 0 4 4
0 23+ 0 0| € Felzl
1 1 24+zx+1 =z

Ezercise 181. Implement the algorithm in Remark 178 in a programming language of your choice.
(It is sufficient if it works for integer matrices.)

Remark 182. The Hermite normal form is implemented in several computer algebra systems. FEx-
amples include:

MAPLE The command is called HermiteForm and is located in the LinearAlgebra package. It
works for both integer and polynomial matrices. We do an example for integer matrices:

with (LinearAlgebra):
A := RandomMatrix (4,3, generator=-—9..9);

6 2 4
12 o -7
A=14 0o 7
9 -1 -8

U, H := HermiteForm (A, output=["U’, 'H’]);

3 =13 9 5 1 10
UH = g :;é 187 140 ’ 8 (2) é
7 —36 24 14 [0 0 O
Equal(U.A, H);
true

MATHEMATICA Here, we have the command HermiteDecomposition. This seems to work only
for integer matrices. An example would be:
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A = RandomlInteger[{—9,9}, {4.,3}];
A // MatrixForm

4 -2 2
5 -8 1
-8 5 -9
0 -6 2

{U,H} = HermiteDecomposition[A];
MatrixForm /@ {U,H}

§ -3 2 3 1 01

{ 20 -8 5 8 01 3 }
9 —4 2 41’10 0 4
7 =28 20 29 0 0 0

UA—H
True

SAGE Here the method is called hermite form. It works for integer and polynomial matrices.
We do an example for integers:

A = random matrix(ZZ, 4, 3)

A
-1 1 =3
8 0 -1
-2 0 1
-2 -1 0

H, U = A.hermite form(transformation=True)
H, U

)

1 01 1 2 6 1
(011 00171>
0 0 317|101 4 0
0 0 O 2 39 2

For polynomial matrices, we have to declare the ring first. Then we can define the matrix
and compute the Hermite normal form.

R. <x>=QQ][]
A = matrix (3,3, [1, x-1, x, x, x+1, =1, =1, 0, x+1])
A

1 xz-—1 T
r x+1 -1
-1 0 Tz +1
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A hermite form ()

1 -1 1
1 3
0 0 — 23+ 22 +5x+1

Note, however, that SAGE does not reduce the entries above the pivots here.

Remark 183. We can use the Hermite normal form implementations in the various computer algebra
systems to simulate the Euclidean algorithm (Algorithm 149): Simply apply the Hermite normal
form to a matrix consisting of a single column. For instance, in Example 160 we could have used
MaPrLE for the computations

with (LinearAlgebra):
v o= <d"3 — 1, —d°2 + d>;

G
YT+ d
HermiteForm (v, output=['U’, 'H’]);
1 d+1 d—1
d d*+d+1|"] 0
Theorem 184. The (non-zero) rows of the Hermite normal form H € "R™ of A € ™R™ are a basis

for the row space R™A. In particular, the row space of A is free with rank r.

Proof. By Theorem 167 (part (a)), the rows of H are linearly independent. Further, if u = vA €
R™A for some v € R™, then u = vQ~!(QA). Since zero-rows in

or-()

do not contribute to u, we see that u € R"H is in the row space of H. Conversely, if x = yH is in
the row space of H for some y € R", then

c=yH=(y 0) (Ig):(y 0) QA

is also in the row space of A. Thus, the rows of H generate R™A. In total, we see that they form
a basis. O

Corollary 185. For a Fuclidean domain R, finitely generated submodules of R"™ have a rank which
1s less than or equal to n.

Proof. Let x4, ...,z be the generators of a submodule NV of R"™. We form the matrix
ol
A=1 : | €™R".
T
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Then R™A = N, and by Theorem 184 the Hermite normal form of A will be a basis of N. The
Hermite normal form has at most as many rows as A, which implies rank N < m. Moreover,
the Hermite normal form cannot have more rows than columns since it is in upper echelon form.

(By Definition 161 we can have at most as many pivots as columns.) Thus, n > m > rank N as
desired. O

Definition 186 (Rank of a Matrix). Let R be a Euclidean domain, and let A € ™R™. We define the
(row) rank of A as the rank of the row space R™A of A (or, equivalently, as the number of non-zero
rows in the Hermite normal form of A). We denote it by rank A.

Definition 187 (Rank-Revealing Transformation). Let A € ™R"™ be a matrix over the Euclidean
domain R. A transformation @ € GL,,(R) is called rank-revealing it

-9

Remark 188. The Hermite normal form computation Algorithm 172 yields a rank-revealing trans-
formation.

for some regular B € "R"™ (where r < m).

Theorem 189. In the situation of Definition 187 we have r = rank A.

Proof. Since B is regular, its rows are linearly independent. At the same time, they generate the
row space of B. Thus, they must be a basis of R”B. Since

B

R'"B=R (O

) = R™QA = R™A,

we see that they are also a basis for R™A. Thus, r = rank A. O

12 Applications of the Hermite Normal Form
Definition 190 (Left/Right Kernel). Let A € ™R™. The left kernel of A is
ker-A={v € R™ | vA =0} = ker (v +— vA)
while the right kernel is
ker A- = {w € "R | Aw = 0} = ker (w — Aw).

Theorem 191. Let R be a Euclidean domain, let A € ™R™, and let Q € GL,,(R) be a rank-
revealing transformation for A. If rank A = r, then the last m —r rows of Q are a basis for the left
kernel of A.

Proof. Partition @ into

Q= (;{;) where V €"™R™ and W €™ "R™.
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Since @ is rank-revealing, there exist a regular B € "R"™ such that

o= ()4~ )

that is, VA= B and WA = 0. Thus, R "W C ker-A.
Let conversely u € ker-A. Then

0=ud=uQ 'QA=(uQ™?) (ﬁ) .

Let uQ~! = (z,y) with z € R” and y € R™~". Then the equation above implies 0 = 2B +y0 = xB.
Since the rows of B are linearly independent, we must have * = 0. Thus, we conclude that
u=(z,9)Q = (0,y)Q = yW € R™ "W, that is, ker-A C R™"W. O

Application 192. Let R be a Euclidean domain, and let A € ™R™ and b € ™R. We want to solve
the diophantine linear system
Ax=b

for € "R. Compute the Hermite normal form of the transpose A* of A (or, equivalently, compute
the column Hermite normal form of A). With Algorithm 172 we find Q' € GL,,(R) such that Q" A"
is in Hermite normal form. Let ® € GL,,(R) be a column permutation such that the pivot indices
of QTA'®! are 1,2,...,min{m,n}. Thus, after transposing everything we can write

w5 )

where L € "R" is a lower triangular matrix with a non-zero diagonal, M € ™ "R" is an arbitrary
matrix and r = rank A. We can rewrite the original equation as

Bb = PAQQ 'z = (AZ 8) O la

multiplying by ® from the left and inserting 1 = QQ~!. We partition ®b = (c,d)! and Q 'z =
(y, 2)* to match the partition of ®AQ. The equation becomes

Ly=c and My=d

with no conditions on z. Since L is lower triangular, we can inductively compute a solution for
Ly = ¢: Let L = (¢;5)i5, ¢ = (c1,...,¢r), and y = (y1,...,y,)". Then the first entry of the
equation is ¢11y1 = c¢;. This has a solution if and only if ¢1; | ¢;. Assuming that this is the
case, the unique solution is y; = ¢1/¢11. The next entry of the equation is la1y; + la2y2 = co or
looys = o — la1(c1/€11). If £oo divides the right hand side, then we can also find a unique solution
for yo. We proceed in this way until we find solutions for all the yi,...,y, or until we fail to find
a solution for one of the rows. If we fail to find a solution, then the original equation Az = b can
likewise not have a solution: Assume that this was not the case and that x was a solution, then the
first r entries of Q~'x would be a solution of Ly = ¢; contradicting the fact that we did not find one.
Let us assume that we found a solution Ly = c¢. As stated above, it must be unique since in each
row there is only one new variable. The equation My = d provides us wih further conditions on y;
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we sometimes call these the compatibility conditions. As above we find that My = d if and only if
Az = b has a solution. Assuming that also the compatibility conditions hold, we find all solutions
to the original system by setting = Q(y, 2)* where y is the partial solution and z = (2,41, ..., 2n)
are some variables.

Example 193. Consider R = Z and the linear diophantine system
—bx1 4+ 310 — 223+ Qx4 =7
—47x1 + 31xs — 1823 + 87x4 = 65
—73x1 + 5lxe — 28x3 + 138z4 = 101 °
—47x1 + 32x9 — 18x3 + 88x4 = 65

In matrix form this becomes

5 3 -2 9 7
—47 31 —18 87| | 65
73 51 —28 138|* 7 | 101
47 32 —18 88 65

=Ac474 =bc4Z

Computing the Hermite normal form of A? yields

5 -3 3 2
-1 -1 0 =2
-10 6 -3 1

1 0 1 2

where @ = € GL4(Z).

We do not need any permutations in this example; and we have already indicated the block structure
of AQ. We try to solve

1 0 0\ [wn 7
1 2 0| [w]|=165
2 0 3/ \ys 101

From the first row, we see that y; = 7. In the second row we thus obtain 65 = y; + 2y> = 7 + 2y»
or, equivalently, 58 = 2y,. This equation has the solution y» = 29. Finally, in the last row we get
101 = 2y + 3ys = 14 + 3ys or 87 = 3ys. This has the solution y3 = 29. We now have to check the
compatibility condition y; + y2 + y3 = 65 which holds true for our solution (y1,y2,y3) = (7,29, 29).
Thus, the original system has the solution set

5 -3 3 2 7 35+ 2z

=0 v\ _ -1 -1 0 =2 29 _ —36 — 2z
z -10 6 -3 1 29 17+ 2

1 0 1 2 z 36 + 2z

where z € Z is arbitrary.

Ezercise 194. Solve the linear diophantine system
39:61 — 27582 — 3£E3 — 71£E4 =98
6921 — 47z — Hxsz — 12524 = 172
13021 — 89z9 — 10z3 — 2364 = 325
68$1 — 46$2 — 5373 — 123374 =169

over the integers.
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Ezercise 195. Implement the method described in Application 192 in a programming language of
your choice.

Example 196. We can use a similar strategy as in Application 192 in order to solve operator
equations. Let R = R[9] and M = C*°(R) as in Example 38. We consider the system

26"~ —f  — g'+d - 2W W 4h =0
2f"+ f +4f + g"—g —29 + 20" —N —4h=0
—2f' +5f + g =39 + 20 -5h =0

in the unknown functions f, g, h € C*°(R). In matrix notation (see Remark 96) this system becomes
Aey =0 where

202 -0—-1 =040 —202+0+1 f
A=|-2024+0+4 02-0-2 20°-0-4 and y=1g
—20+5 J—-3 20 —5 h

The column Hermite normal form of A is

-1 0 0 -0+1 -0 1
H= 2 042|0 | =AQ  where Q=|-20+1 —-20—-1 0] € GL3(R[9])
2 3 |0 0 0 1

and where we partitioned H into the lower triangular part and the compatibility conditions. Letting
(u,v,w)t = Q™ 1y, we thus have to solve the system

u —u =0
2u 4+ v +20=0
2u + v =0

with no condition on h. The first equation yields u = Cie® with C; € R arbitrary. Substituting
this into the second equation'? we have to solve

v+ 20 = —2C€".

This is a first order linear equation with integrating factor u = e/ 29% = €27 We obtain —2C, e3* =
e2*(v' + 2v) = (e?*v)’, and thus
—2x 3z —2x 1 3z 2 T —2x
v=—-2Ce e?dxr = —2Ce <fe + C2> = ——(C1e* —2C1Cye "
3 3 ——
=C5

with Cy € R arbitrary. We still have to check the compatibility condition 2u+3v = 0. Substituting
our solutions for u and v this equation becomes

0=2Ce" — 207€% — 6Cye 2% = —6Cqhe 27,

12For this specific system, using the third equation next would have been easier. However, we want to follow the
general method as closely as possible.
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Since e 2% is not zero, we see that Cy must be zero in order to make the compatibility condition

work. Thus, we obtain conditions on the constants. This is different to Application 192 where we
simply have to check whether the compatibility conditions hold or not. In total, we have

n Cre” f n %C’le”” +w
v | = —%C’l e’ and gl =Q|v | = Cie”
w w h w w

where w € C*®°(R) and C; € R are arbitrary.

Exercise 197. Solve the system of linear differential equations

—2f" +2f — 29" +2g — W+h =0
—of —f'—5f — 20" —g'—Bg — K —K —3h=0
=2f"+3f —2f — 29" +3¢9—29 — h'+H =0

for f,g,h € C*(R).

Application 198. Using the Hermite normal form, we can design a method for computing the inverse
of a matrix A € "R"™ over an Euclidean domain R if it exists, or prove that A is not unimodular:
Compute first the Hermite normal form H with transformation matrix @ € GL,,(R) and the rank of
A. If the rank is not n, then A cannot be unimodular as the determinant is zero (see Theorem 91).
If the rank is n, then

h11 *
QA=H = .
0 Ron
is an upper triangular matrix with pivots Ri1,...,Ann. Since A = Q7 'H and therefore det A =

(det Q)" det H = (det Q)"thyy - - hyp we see that A is unimodular if and only if hy1, ..., Ay, are
units; again by Theorem 91. Assuming that this is the case, by property (c¢) of Definition 161 that
implies that all entries above the hq,. .., h, are zero. Thus, QA = diag(hi1, ..., hy,) which implies
A~ = diag(hii, ..., b D)Q.
Ezample 199. Consider R = Q[x] and let

r 224+r—-1 22-1

A=|-1 —x—2 —1-2z

-1 —1—=x o
Then the Hermite normal form of A is H = 1 and the transformation matrix is

2?2 4+1 2242 -2 -22-1

Al =Q= x 11—z 224z+1
-1 1 —1—=z

(In this case the diagonal entries of H are all already 1.)

Ezercise 200. Compute the inverses of

222 +3x—1 —223+422—-3z+1 22 —a22+22—-1
—dz+4 422 4 61— 3 22—z +3 | e’Q)®
—5+ 62 622 —8x +4 322 +2-5
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and
-2 -7 -6 =5
-3 —-11 -—-10 -8
—4 —-17 -15 -—12
-5 =20 -—-18 -—-14

c 424

or show that they do not exist.

Corollary 201. Let R be a Fuclidean domain. Then every unimodular matriz is the product of
elementary matrices.

Proof. Following Algorithm 172, it is easy to check that all transformations are elementary. Thus,
the inverse of A € GL,(R) as computed by Application 198 is a product of elementary matrices.
But then also A itself must be a product of elementary matrices since the inverses of elementary
matrices are again elementary matrices by Remark 114. O

Application 202. Let U € ™R™ where R is a Euclidean domain. We want to determine whether U
can be completed to a unimodular matrix. That is, in the case m > n we want know whether there
is A € ™R™~" such that (U, A) € GL,,(R); and in the case m < n we want to know whether there

exists B € ""™R"™ such that
U
( B) € GL,(R).

Without loss of generality, we concentrate on the case that m > n (for the other case simply use
the transposed matrices). Compute the Hermite normal form H of U with transformation matrix
Q@ € GL,,(R). Then

I *
H -
w-()-|
Tn
0
for some x1,...,2, € R. (We do not require H to have rank n; some of the z’s could be part of
the zero block below H.) First assume that x1,...,z, are all units. Then as in Application 198, it
follows that the entries above the diagonal must be zero. That is, after dividing by z1,...,z, we
have
. -1 —1 1 . —1 . 1
diag(zy ", ..., 2, ,1)QU = 0) or, equivalently, U= (Q diag(x1,. .., zn, 1)) o)
Thus, U equals the first n columns of the unimodular matrix Q! diag(z1, ..., 7n, 1).
Assume now that at least one of x1,..., 2, is not a unit. (This includes the case that H does

have a rank strictly less than n.) Assume there was a unimodular completion (U, A) € GL,(R) for
some A € "R™™". We have

Xr1 *

QU A4)=
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for some matrix W € ™~ "R™~"_ Thus,

z1 - 2y (det W) = (det Q)(det (U A)) € R*

since @ and (U, A) are unimodular. However, this contradicts our assumption about the z1, ...

Thus, there cannot be a unimodular completion if any of the x1,...,z, is not a unit.

FEzxample 203. We want to complete the vectors

5 3
41,12 €z
7 4

to a basis of 3Z. This is the same task as finding a unimodular completion of the matrix

5
U= |4 e 372
7

N W

Following Application 202, we compute the Hermite normal form obtaining

1 0 -2 1 1
QU=10 1 where Q=11 -3 1
0 0 -2 -1 2

Since the diagonal entries of the Hermite normal form are units, the completion is

5 3| -4
Q=4 2|-3
7 4| -5

7xn-

(Note that since the diagonal entries are just 1 in this example, we do not have the diagonal matrix

of Application 202 here.)

Application 204. Let A, B € "R" where R is a Euclidean domain. We are looking for a right greatest
common divisor of A and Bj; that is, a matrix G' € "R" such that A = AG and B = BG for some
A, B € "R™ and such that whenever A = AH and B = BH for some H € "R"™ and A, B € "R"

then G = GH for some G € "R"™. Form the block matrix

()
o(3)-(9

where G € "R"™ and @ € GL,(R). Decompose
(M N (U V
o=(v 7)oy
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into n-by-n blocks. Then

A_Q_lG_UVG_UG

B) 0/ \X Y/\0) \XG/)"

That is, G is a right divisor of A and B. Let now H € "R" be another right divisor, say, A = AH
and B = BH for some A, B € "R"™. We have

(6)=e(s)=(5 7)(5)-(5iies)

Thus, G = MA+ NB = (MA+ NB)H; that is, H is a right factor of G.

Remark 205. By transposing everything, we can use the approach of Application 204 to compute
also left greatest common divisors of two matrices.

Remark 206. In Application 204 (and Remark 205), instead of using the Hermite normal form we
could employ any rank-revealing transformation U € GL, (R): The important part is that the lower

n rows of 4
7 ()

(5)

is at most n, this must be the case for the rank-revealing transformation U.

are zero. However, since the rank of

Ezxample 207. Consider the matrices

—-12 80 19 -82 39 15
A=125 53 31 and B=|[-24 23 925 | €373
68 8 12 0 17 -23

Computing the Hermite normal form yields

—44 263 —-342 -—-197 0 O —-12 80 19 1 0 258
-12 38 -39 -19 0 O 25 53 31 0 1 197
=37 204 -260 —-148 0 O 68 8 12| |0 0 281
—44 332 —-453 =268 0 O -8 39 15| [0 0 o0
-30 230 -315 —-187 1 O —24 23 25 0 0 O
-20 142 -192 -—-113 0 1 0 17 =23 0 0 O

That means, a right greatest common divisor of A and B is
1 0 258

G=10 1 197

0 0 281
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13 The Smith—Jacobson Normal Form

Definition 208 (Equivalence). Two matrices A and B € ™R™ are said to be equivalent if there exist
unimodular matrices P € GL,,(R) and @ € GL,(R) such that PAQ = B.
Ezxercise 209. Proof that equivalence is indeed an equivalence relation.

Definition 210 (Smith—Jacobson Normal Form). A matrix A € ™R"™ is in Smith—Jacobson normal
Jorm if A = diag(ay,as,...,ar) where k = min{m,n}, a1,...,ax € R, and a1 | a2 | ... | ag. The
non-zero elements among ay, ..., ay are called the invariant factors of A.

Remark 211. The Smith—Jacobson normal form was first described by Henry J.S. Smith in 1861
for the integers. Consequently, it is also often called the Smith normal form in that context. Later
it was generalised to other domains with the most general version being given by Nathan Jacobson.
(His normal form works in non-commutative principal ideal domains.)

Algorithm 212.  Input A matrix A = (a;;);; € ™R"™ where R is a Euclidean domain.
Output A matrix N € ™R"™ in Smith—Jacobson normal form which is equivalent to A.
Procedure
(a) If A is empty (that is, m =0 or n =0) or A =0, then return N = A.

(b) Choose a non-zero entry in A and swap it to position (1,1).

(c) Apply the Euclidean algorithm (Algorithm 149) to the first column of A obtaining a matrix

of the form
fox
0 =

(d) Apply the Euclidean algorithm (Algorithm 149) to the first row of A obtaining a matrix of

the form
g 0
w ok

where f is non-zero.

where g is non-zero.
(e) If gt w,"? then go to step (c).

(f) Else, use g to eliminate each entry of w. Now, the matrix A is of the form
g O
0 A

(1) If there is any entry & in A (in the ith column of A) such that g does not divide @, then
add the " column of A to the first column and go to step (c).

with g # 0.

(2) Else, apply the algorithm recursively to A obtaining N and return N = diag(g, N).

13That is, g does not divide (every entry of) w.
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Example 213. We are going to compute the'* Smith—Jacobson normal form of the matrix

0 0 12 10
6 -3 12 9 | 3z
2 -5 10 7

Since the top-left entry is zero, we swap the first and the third column of A which gives us

12 0 0 10
12 -3 6 9
10 -5 2 7

Now, we apply the Euclidean algorithm (Algorithm 149) to the first column of A. This yields

2 —40 40 -10
0 —48 48 -—-14
0 —45 42 -13

Next, we apply the Euclidean algorithm to the first row of A obtaining

2 0 0 0
0 —48 48 -—-14
0 —45 42 -13

At this point, we have achieved a block diagonalisation. We see that the lower-right block contains
entries which are not divisible by the top-left entry 2. We choose the —13 in the last column and
add this column to the first which yields

2 0 0 0
—14 —48 48 -—-14
—13 —45 42 -13

Now, we once more apply the Euclidean algorithm to the first column and get

1 =93 90 -—-27
0 —186 180 —54
0 —138 132 —40

With another application of the Euclidean algorithm on the first row we reach again a block diag-

onalisation
1 0 0 0

0 —186 180 —54
0 —138 132 —40

This time, it is clear that the top-left entry divides every other entry. Thus, we continue now
recursively with to lower-right block

—186 180 —54

—138 132 —40/°

14We will show in Corollary 231 later that the Smith—Jacobson normal form of a matrix is in fact unique.
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We do not need to do any row or column swaps, but can immediately apply the Euclidean algorithm
to the first column. We get
6 —12 2
(0 —48 2> '

Now, we apply the Euclidean algorithm to the first row, which gives us

2 0 0
—46 -—-138 —-90)°

In this situation we have to once more apply the Euclidean algorithm to the first column. This
yields another block diagonalisation

2 0 0

0 —138 —-90/°

Here, all entries are divisible by the top-left entry 2. Thus, we continue recursively on the lower-right
block
(—138 —90) .

Also here, we do not need to swap any columns or rows. Moreover, since we only have one row, we
can skip the application of the Euclidean algorithm on the first column. Using it instead on the
first row yields the matrix

(6 0).

This is a block diagonalisation with an empty lower-right block. Thus, the matrix is now in Smith—

Jacobson normal form. Putting everything back together, the Smith—Jacobson normal form of A
is

10 00

diag(1, diag(2, (6 0))) =10 2 0 O

0 0 6 0

Remark 214. We can easily modify Algorithm 212 to compute also the transformation matrices
P € GL,,(R) and Q € GL,(R) with PAQ = N. Simply initialise P = 1,, and Q = 1,,, and then
mirror every row transformation done during the algorithm on P and every column transformation

on Q.

Lemma 215. Let R be a principal ideal domain. Then every ascending chain of ideals Ra; € Rag C
Ras C ... must become stationary. That is, there exists an n > 1 such that Ra, = Rap4+1 = ....

FExercise 216. Prove that the union I = Ui>1 Ra; of all the ideals Ra, Rao, ... is an ideal.

Proof. By Exercise 216, the union I = Ui>1 Ra; of all the ideals Raj, Ras, ... is an ideal. Since
R is a principal ideal domain there must thus exist a b € R such that I = Rb. However, we must
have b € Ra,, for some n > 1. It follows that Rb C Ra,, C Ra,r C I = Rb for all £k > 1; hence
Ra, = Ray41 = ... as desired. O

Theorem 217. Algorithm 212 is correct and terminates.
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Proof. We prove the correctness first. We note first, that the algorithm applies only elementary
row and column operations—some of them hidden in the application of the Euclidean algorithm
(Algorithm 149)—to A. Thus, whatever matrix N is returned in the end will be equivalent to
A. (This also holds through the recursive calls which we can simply imagine to operate on all of
A instead of just a block.) Thus, we just need to proof that the returned matrix N is indeed in
Smith—Jacobson normal form. This is obvious, if we return already in step (a) of Algorithm 212.
Assume that we have reach step (f.2). We only arrive there if we have turned A into a block
diagonal matrix A = diag(g,fl) where ¢ divides every entry of A. In other words A = gA for
some A € ™ 1R""1 Now, the recursive call will yields a matrix N in Smith-Jacobson normal
form which is equlvalent to A. That is, N = diag(asg, as, . ..,ax) for some as,...,ar € R with
as | ... | ar and 15121@ N for some unimodular matrices ]5 € GL;,—1(R) and Q € GL,,_1(R).
Since N PAQ = PgAQ = gPAQ, we see that g also divides every entry in N. Consequently,
g|as|...| a and the matrix N = diag(g, N) = diag(g, as,...,a;) which we return is indeed in
Smith-J acobson normal form.

It remains to prove that the algorithm does indeed terminate. For this it is sufficient to prove
that we can reach step (c¢) of Algorithm 212 only a finite number of times. First look at the
loop between the steps (c) and (e). When we apply the Euclidean algorithm (Algorithm 149)
alternatingly to the first column and the first row, the top-left entry of A is always involved. This
implies that the greatest common divisor which is computed is always a divisor of the top-left entry.
Thus, in the top-left entry we obtain a chain of elements g1, g2, g3, . . . such that g | g; for j > 1.
This corresponds to a chain of ideals Rg; C Rgs C ... in R. By Lemma 215 the chain must become
stationary, that is, there is an n > 1 such that Rg, = Rgp4+1 = .... Assume now that in step (e) g
was not a divisor of w. Then, we go back to step (¢) and do another Euclidean algorithm on the
first column ending up with a greatest common divisor g,,4+1 of g and the entries of w. However,
since g, and g,4+1 are associated, also g,, is a greatest common divisor of g,, and the entries of w;
in particular g, | w contradicting our assumption. Hence, we must eventually get out of the inner
loop.

Similarly, the loop between the steps (¢) and (f.1) of Algorithm 212 can only be run finitely
often. Whatever entry a we bring to the first column of A by doing the addition, after returning to
step (c¢) we will still have a greatest common divisor of the (previous) top-left entry in the top-left
position. This implies that also here we obtain an ascending chain of ideals which again must
become stationary. If that happens, the top-left entry g must divide everything in A; for otherwise,
if there was a a which was not divisible by g then step (¢) would replace g by a common divisor
of @ and ¢. Since the chain of ideals is stationary, this common divisor would be associated to g,
contradicting the assumption that g does not divide a. O

Ezxercise 218. Compute the Smith—Jacobson normal form of the following matrices

0

Y sl =5 1 =6
s 2 0 s|€ /s and -6 -2 1 e 3Qa]®.
9 3 1 8 -3 -9 z+7

Ezxercise 219. Implement the Smith—Jacobson normal form in a programming language of your
choice. (It is sufficient if the implementation works for the integers.)

Remark 220. The Smith—Jacobson normal form is implemented in most major computer algebra
systems. For instance,
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MAPLE The command is called SmithForm and its contained in the LinearAlgebra package.
It works with both integer and polynomial matrices. Optionally, also the transformation
matrices can be computed.

with (LinearAlgebra):
A= <1,91,1; 4,3,4,1; 4,-9,4,1; —3,6,-3,0>:

1 9 1 1
4 3 4 1
A= 4 -9 4 1
-3 6 -3 0

U, S, V := SmithForm (A, output=['U’, ’S’, 'V’]);

13 —-12 9 0 1 0 0 O 1 -10 —-10 -1
UsV=1ly ot [oozol fo o o 1
-1 1 0 1 00 0 O 0 1 1 0
Equal(U . A . V, S);
true

MATHEMATICA Here the command is called SmithDecomposition. It only works with integer
matrices and will always return the transformation matrices.

A= {{1,9,1,1}, {4,3,4,1}, {4,-9,4,1}, {-3,6,-3,0}}
A // MatrixForm

1 9 1 1
4 3 4 1
4 -9 4 1
-3 6 -3 0

({U,R,V} = SmithDecomposition[A]) // MatrixForm

0O 0 O 1 1 0 0 O 1 0 0 O
1 1 1 -1 03 0 O 0 1 0 0
9 8 11 0 |’ 0 0 12 0]’ -10 -3 0 1
13 12 16 -1 00 0 O -1 0 1 0
U A V=R
True

There is also the Smith Normal Forms package which has commands to deal with polynomial
matrices, too.

SAGE Here the command is called smith form. It works for integer and for polynomial matrices.
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A = matrix([[1,9,1,1],[4,3,4,1],[4,-9,4,1],[-3,6,—3,0]])
A

1 9 1 1
4 3 4 1
4 -9 4 1
-3 6 -3 0
S,U,V = A.smith form ()
S,U,V
1 0 0 O 0 1 0 1 0 -3 -2 -1
(0 3 0 0 0 0 0 1 0 -1 -1 o0 )
0 0 12 o}’ 0 -1 1 -4’ 0 0 0 1
0 0 0 O 1 -1 0 -1 1 12 11 0
Ux*x A*xV—=—S
True

For polynomial matrices we have to define the proper ring first. Then we can define the
matrix and compute the Smith—Jacobson normal form.

R. <x>=QQ[]
A = matrix (3,3, [x-1,2,3, 4,x-5,6, 7,8,x—9])
A.smith form ()

1 0 0
( 0 1 0 ,
0 0 2°—152%— 18z + 360
0 % 0
49 8 7 25
— 382 — o1 3537+ 353 |
—Tr+67 —8x+22 z°—6x—3
1 5 7 73 259 156
1 —32+] g2’ - —1%28581; 7612 T 101
0 0 1

Notation 221 (Submatrix). Let A = (a;;);; € ™R", andlet 1 < i3 < ... < i <mand 1 < j; <
.<js<nwherel<r<mand1<s<n Let I ={éy,...,4.}and J = {j1,...,Js}. Then with
Ay we denote the submatrix

iy oo Gigg
A= . | €'R.
Qi oo Qg g

If I = {i} we also write A;;, and if I = {1,...,m} we write A,;. Similarly for J = {;j} we write
Apj and for J = {1,...,n} we write A;.. ¥ I ={1,...,m}\ K and J = {1,...,n}\ L, we also
write Ay = Aﬁ
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Definition 222 (Minor). Let A € ™R™. Then for k = 1,...,min{m,n} a k-by-k minor of A is
det Ayy where I C{1,...,m} and J C{1,...,n} fulfil |I| = |J| = k.

Definition 223 (Determinantal Divisor). Let A € ™R"™. For k = 1,...,min{m,n} the k™ deter-
minantal divisor of A is the greatest common divisor of all k-by-k minors of A. We will denote it
Ezxample 224. Consider

1 2 3
A=14 5 6| €37
7 8 9

Then the 1-by-1 submatrices are

1, @), B @), (6, 6), (1), (8, and (9).

The 1-by-1 minors are thus 1,2, 3,4,5,6, 7, 8,9 and their greatest common divisor is 1. Consequently,
the first determinantal divisor is d;(A) = 1. The 2-by-2 submatrices are

1 2 1 2 4 5
Aoy = (4 5) ) Apsyoe = (7 8) ’ Aparoz = (7 8) ’
1 3 1 3 4 6
Anoy 1,3y = (4 6) . Apsysy = (7 9) ’ A ey = (7 9) ’
2 3 2 3 5 6
Af12y,42,3) = (5 6) ) Af13),(23) = (8 9) ) Af23).42,8) = (8 9) ;
and their determinants and thus the 2-by-2 minors are
det A{1,2}7{172} =-3 det A{173},{172} =—6 det A{273}7{172} =-3
det A{1,2}7{1,3} = —6 det A{173},{173} =—12 det A{2,3}7{1,3} = —6
det A{LQ}’{Q,:;} =-3 det A{173},{273} = —6 det A{Q}g}’{2’3} = 3.

The greatest common divisor of the 2-by-2 minors and therefore the second determinantal divisor
is d2(A) = 3. There is only one 3-by-3 submatrix which is A itself. The third determinantal divisor
is hence d3(A) = det A = 0.

Lemma 225. Let A € "R™ and P € "R™, then di(A) | dg(PA) for allk=1,...,min{m,n}.

Proof. Let I C {1,...,m} and J = {1,...,n} with |I| = |J| = k. Write I = {iy,...,i} with
i1 < ...<1i and let P = (pys)rs- Then

P Ay St 1 Pty Ay
det(PA);; = det(Pr.Asy) = det = det :
P Ay St Pig i Ay
m m Ay, Ay
= Z Z Piy byt Pige det | = Z Coy,otyPir 0y Pig e det [
=1 =1 Ags 1<0 <<l <m Ay g
= Z prdet Ar s
LC{L,....m}
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where Cy, . . is a constant which arises from adding all the determinants of the same matrix
with the correct signs obtained from sorting the rows, and where p;, = Cl, .. ¢, Dis.00 =+ Dig.e,, fOr
L = {l,..., 0} with 1 < ¢ < ... < £ < m. Here, we used the linearity in each row of
the determinant in the fourth equality; while for the fifth we reordered the rows of the matrices
(possibly changing the signs of the determinants) and removed matrices with identical rows (as
their determinants would be zero). The equation shows that the k-by-k minors of PA are linear
combinations of the k-by-k minors of A. Thus, every common divisor of the k-by-k minors of A
must also be a common divisor of the k-by-k minors of PA. In particular, this is true for the
greatest common divisor. We thus obtain di(A) | di(PA) as desired. O

FEzercise 226. Let A € ™R"™. Show that di(A) = di(A?) for all k =1,..., min{m,n}.
Ezercise 227. Let A € ™R™ and @ € "R™. Show that di(A4) | dp(AQ) for all k = 1,...,min{m, n}.

Ezercise 228. Let A € ™R", P € GL,,,(R) and @ € GL,(R). Prove that di(A) = dx(PAQ) for
k=1,...,min{m,n}.

Theorem 229. Let A € ™R" have the Smith—Jacobson normal form N = diag(z1,...,2,,0,...,0)
where x1,...,2, # 0. Then r =rank A and z1 = d1(A) and z; = d;(A)/dj_1(A) forj=2,...,7.

Proof. Let N = PAQ for some P € GL,,(R) and Q € GL,(R). Since R™P = R™ and therefore
R™(PAQ) = R™(AQ), we know that rank(AQ) = rank(PAQ). The map v — vQ is a (left) R-
module automorphism of R™. Thus, for any submodule M of R™ we have rank M = rank M Q. In
particular; rank A = rank R™A = rank R™AQ = rank(AQ). In total, we have rank A = rank N,
and it is easy to see that rank N = r.

By Exercise 228, we have di(A) = di(N) for k = 1,...,min{m,n}. We will now show that
di(N) = z129 - -y, for k=1,...,r. This will then imply xy = di(N)/dk—1(N) = di(A)/d—1(A)
for k > 2. The only k-by-k minors of N which are non-zero are those which do not include any zero
rows or zero columns. Thus, they are the determinants of submatrices of the form diag(z;,, ..., z;,)
where 1 < 43 < ... < i < r. Thus, the k-by-k minors are products z;, ---z;,. Recall that
1| 22| ... | .. This implies that z; divides every k-by-k minor, zo divides every k-by-k minor
and so. Since z1x5 - -z is one of the k-by-k minors as well, we thus obtain d(N) = z129 - -z,
as claimed. O

Ezercise 230. For n > 1, compute the Smith—Jacobson normal form of

z—1 0 0

a=| " T | e
: s - 0
0 0 x—n

Corollary 231. The Smith—Jacobson normal form of a matrix over a principal ideal domain is
unique (except for the multiplication of its rows by units).

Proof. Let M = diag(xy,...,2,,0,...,0) and N = diag(y1,...,¥s,0,...,0) be two matrices in
Smith—Jacobson normal form with z1,..., 2., y1,...,ys # 0; and assume that M and N are equi-
valent. Then r = s since both matrices must have the same rank by Theorem 229. Moreover,
Theorem 229 implies that 1 - 2, = dp(M) = dp(N) = y1---yg for &k = 1,...,r. Inductively,
one can now prove that x; and y; are associated, x5 and y- are associated, and so on. Thus, the
diagonal entries of M and N differ only by multiplication with units. O
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Remark 232. In light of Corollary 231, we can make the Smith—Jacobson normal form of a matrix
unique by picking unique representatives for each class of associates.

Corollary 233. Let A € ™R"™ where R is a Fuclidean domain. Then rank R™A = rank A"R. In
particular, we could have defined rank A equivalently as the column rank of A.

Proof. Similar to the proof of Theorem 229 one shows that equivalent matrices have the same

column rank. Now consider the Smith—Jacobson normal form N = diag(z1,...,2,,0,...,0) of A
where x1,...,2, # 0. It has the same row rank and the same column rank as A. However, we can
easily see that rank RN = r = rank N "R. O

Application 234. We can use the Smith—Jacobson normal form to solve diophantine systems. Con-
sider the system

Ax =10
where A € ™R"™ and b € ™R. We want to solve for z € "R. Let N = diag(ay,...,a,,0,...,0) be the
Smith—Jacobson normal form of A4, and let P € GL,,,(R) and @ € GL,(R) be the transformation
matrices; that is, PAQ = N. We abbreviate the non-zero part of N by A = diag(ay,...,a,). Then
we can transform the orginal equation into the equivalent equation

Pb= PAQQ 'z = N(Q 'z).

We write y = Q 'z and ¢ = Pb. Then Ny = c has a solution if and only if Az = b has a solution.
Write now y = (u,v)! and ¢ = (f, g)* where the upper blocks have r entries. Then Ny = ¢ has the

3 9()-0)

which is equivalent to saying that Au = f (with no conditions on v) and g = 0. Thus, if the

compatibility conditions ¢ = 0 are fulfilled, we have to solve a;u; = f; for ¢ = 1,...,r. This
is possible if and only if a; | f; for each ¢ in which case the (unique) solution is u; = f;/a; for
i = 1,...,r. Since there are no conditions of v, its entries provide free variables. If the process

succeds, the original system has the solution z = Qy.
Ezxample 235. Consider the system
Ty + 20 — 3+ wT4=-—4
2x1 + 69 + 623 + 1224 = 18

x1 + 4xo + Txg + 11z = 22
2x1 + 8xg + 4dx3z + 1224 = 14

over the integers. The coefficient matrix and the right hand side are

1 2 -1 1 —4
_ 2 6 6 12 Arpd _ 18 4
A= 14 7 11 IS/ and b= 99 | € Z.
2 8 4 12 14

The Smith—Jacobson normal form of A is
1 0 O

_ (diag(a1,az,a3) O
o 0 0

2
0
0
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with the transformation matrices

1 1 0 -1 1 -1 -1 0
-2 1 0 0 0 -3 —4 -1
P=1s 30 -1 and - Q=1, | | | €CG@)
1 -1 1 0 0o 0 0 1
We have
0
I O
p—| % (g)
0

Thus, the compatibility conditions g = 0 are fulfilled. Moreover, a; | f; for i = 1,2,3. Thus, we
find the solution

0/1 0
| o262 | | 13
Y= -100/10| = | =10
v v

for the transformed system where v € Z is arbitrary. This yields the solution

r=Qy=

of the original system.

Remark 236. An approach similar to Application 234 works for more general equations over mod-
ules. Let R be a Euclidean domain and let M be a left R module. Moreover, let A € ™R™ and
b€ ™M. Then we can find solutions x € "M of

Aex=0b

by computing the Smith—Jacobson normal form N = PAQ of A with transformation matrices
P € GL,,(R) and Q € GL,(R). As in Application 234 let us decompose N = diag(A, 0) where
A = diag(ai, ..., a,) as well as y = Qo = (u,v)? and ¢ = Pb = (f, g)t. Then the original system
has a solution if and only if Aeu = f has a solution and the compatibility condition g = 0 holds.
The difference to Application 234 is that determining whether there exists ui,...,u, € M with
a;su; = f; for all i =1,...,r can be much more difficult.

Ezxample 237. Consider the following system of linear ordinary differential equations
2f" +3f +2¢" + g+ 40" +4h = T2 — 2z + 11

f"+f +9"+g +20" +2n=322+5
fr+2f +4" +2n" +2h = 42? — 22 + 6

We want to solve for f, g, h € C°(R). We rewrite the equation in the language of rings and modules
using Example 38. Define the matrix

202 +3 20%+1 40% +4
A=|[d>+1 9?+1 20°+2]| €’R[9)
0?42 02 202 + 2
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and the vectors z = (f, g, h)! and

Tz — 2z + 11
b= 322 +5 € 3C*(R).
422 — 22+ 6

Then the system can be written as Aex = b. The Smith—Jacobson normal form of A is

1 0 0
N=PAQ=| 0 02+1]0
0 0 0
where the transformation matrices are
1 -2 0 1 1 -1
P=|-10>-1 0*+2 1 and  Q=|[0 1 —1] € GL3(R[9]).
—2 2 2 0 0 1

Applying P to the right hand side b yields

Hence, the compatibility conditions are fulfilled. Let now y = (u,v,w)* = Q~'x. Then the original
system is equivalent to

u=a%—-2x+1 and Vidv=a4x+1

with no conditions on w. The first equation is already solved. For the second, we note that the
general solution of 2" 4+2z = 0 is z = C cos £+ Cs sin z. Thus, a fundamental system for the equation
is z1 = cosx and z9 = sinz. The Wronskian matrix is

cosx sinx 1 - _ cosx —sinz
7 = . with inverse Z7 =", .
—sinx cosx sinx  cosw

Using variation of constants (see Remark 286), we obtain
v= —cosx/(:c2 +x+1)sinz dx +sin:c/(x2 +ax+1)coszx dx.
With integration by parts, the integrals evaluate to
/(302 + 2+ 1)sine dr = (22 + 1)sinz — (2 + 2 — 1) cosx

and
/(m2 +az+1)coszdr = (2> +x—1)sinz + (22 + 1) cos .

This yields

2

v=2a%cos’x + 2% sin? x + z cos® z + x sin>

2

z—cos?’r —sinlz=2%>+x—1.
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Thus, we have the solution

U 2?2 —2x+1
y=|v]|=|224+2—-14+Cicosxz+ Cysinx
w w

where w € C*°(R) is arbitrary. This leads to the solution

f 222 —x + Cicosx + Cosinz — w
r=|g|=Qewy=[22+2—1+Cicosz+ Cysinz —w
h w

of the original system.

Remark 238. For solving diophantine systems as in Application 234 (and also in Remark 236)
diagonalising the system matrix is sufficient. That is, we only need to transform A using elementary
row and column transformations into a matrix of the form diag(ay,...,a,,0,...,0); but it is not
necessary that aj | ... | a,.. We can compute such a diagonalisation with Algorithm 212 where we
simply omit step (f.1) and immediately go into the recursive call in step (f.2) instead. Of course,
this diagonal form will no longer be unique.

Remark 239. If we do compute a full Smith—Jacobson normal form; then in Remark 236 we can make
use of the fact that the invariant factors divide each other: If we are solving differential equations
and we compute fundamental systems for the homogenous equations given by the invariant factors
using Remark 284, finding the factorisations will become easier if we do it iteratively. In this way,
instead of factoring a; from scratch, we only have to factor a;/a;_1.

Ezercise 240. Solve the system of linear ordinary differential equations

f"=3f+2f—-¢"+29g—-W+h= 3x-5
—f+f=-9"+29-N+h= 22-2
f'—f+ ¢ —g+h —h=-2c+2

for f,g,h € C*(R).

FEzercise 241. Let a,b € R where R is a Euclidean domain. Show that the matrices
a 0 ged(a, b) 0
(0 b) and ( 0 lem(a, b)

Ezercise 242. Use Exercise 241 to derive a method to compute the Smith—Jacobson normal form
of a diagonal matrix.

are equivalent.

14 The Popov Normal Form

Notation 243. In this whole section K be a field and let R = K|[z] be the univariate polynomial
ring over K in the indeterminate x.

Remark 244. In this section we will present the Popov normal form as a normal form with respect
to row equivalence and we introduce related topics such as row reduction. Some authors prefer to
do the Popov normal form as a normal form with respect to column equivalence. In this case, we
can simply work on the transpose.
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Notation 245. Let A = (a;;);; € ™R"™ be a matrix. We define
deg A =max{dega;; |i=1,...,mand j=1,...,n}.

Further, for k > 0 we use coeffy(p) to denote the coefficient of z* in p € R; and we extend this to

matrices by

coeff(A) = (coeﬁk(aij))ij.
In order to avoid exceptions later, we also define the special case coeff o, (p) = 0. We will use
the same notations for (row and column) vectors regarding them as (single row or single column)

matrices.

Definition 246 (Row Degrees). Consider the matrix

ay
A=| : [ e™R"
A
with rows ay,...,a, € R*. For k =1,...,m we define the k** row degree of A to be rdeg,(A4) =
degay.
Definition 247 (Order). The order of A € ™R" is defined as

m

ord A = Z rdeg;(A);
A]J;i;o

that is, as the sum of the degrees of all non-zero rows of A.
Definition 248 (Leading Coefficient Matrix). Let

a1
A= : | €™R"
G
be a matrix with rows ay,...,a, € R"™ Denote the row degrees by 1 = rdeg;(4),...,vm =

rdeg,, (A). We define the leading coefficient matriz of A as

coeff,, (a1)
LCM(4) = = (coeﬂdegai (a,-j)> e K",

ij
coeff,, (am)

Ezample 249. Consider K = R, and let
x? r—1 x4+2
A=|z—-1 0 3 | e’Rlx)’.
x? 22—z 2241
Then the row degrees of A are

rdeg, (A) = 2, rdeg,(A) =1, and rdegs(A) = 2;

62



and the order of A is ord A = 5. The leading coefficient matrix of A is

1
LCM(A) = |1
1

= O O

0
0| €3R3.
1

Definition 250 (Row Reduced). A matrix A € ™R" is called row reduced if LCM(A) has full row

rank.

Ezxample 251. The matrix A from Example 249 is not row reduced. On the other hand, the matrix

T r—1 —2zx+2 ‘ 1 1 -2
B=|z-1 0 3 €’R[z]> with LCM(B)=[1 0 o0
x? 22—z x?+1 1 1 1

is row reduced. Note that B is row equivalent to A.
Algorithm 252 (Row Reduction).  Input A matrix A € ™R™.

Output A row reduced matrix B € "R™ with < m and a unimodular matrix @ € GL,,(R) such

that B
=)

Procedure
(a) Initialise Q + 1,,.

(b) Swap all non-zero rows of A to the top and mimick the transformations on ). Then delete
all zero rows from A.

(¢) Compute L = LCM(A).
(d) If L has full row rank, then stop and return B = A and Q.
(e) Else,

(1) Find a vector v € K™ \ {0} such that vL = 0.
(2) Let ¢ be such that v; # 0 and rdeg;(A) is maximal.
(3) Let

rdeg; (A)—rdeg; (A)

U=|wvz v; vpardegi(A)—rdeg, (A) | ¢ GL,,(R).

(4) Update A <+ UA and Q + diag(U,1)Q.
(5) Go to step (b).
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Theorem 253. Algorithm 252 is correct and terminates.

Proof. When the algorithm terminates, the resulting matrix B = A will have a regular leading
coefficient matrix and hence be row reduced. Moreover, since we always transform A and @ in the
same way (and since @ starts out as an identity matrix), we will have

- (3)

It remains to show that the transformations are unimodular. We change A in two ways: Swapping
and deleting rows in step (b) and multiplication by U in step (e.4). Deleting rows basically amounts
to simply ignoring them; so we can view this as elementary row operation. The matrix U defined
in step (e.3) is a polynomial matrix since rdeg;(A) — rdeg;,(A) > 0 for k = 1,...,m by the choice
of 7 in step (e.2). Also, U has determinant detU = v; € K \ {0} = R*, again by the choice of 1.
Thus U is indeed unimodular.

Now we prove that Algorithm 252 terminates. Consider the order ord A of A. In each iteration
of the algorithm, we (potentially) delete zero rows from A which does not change the order and we
multiply A by U defined in step (e.3). Multiplication by U replaces the i" row of A by

lerdegi(A)frdegl (14)141 R UiAi I vmxrdegi(A)frdegm (A)Am ..

We first note that every row vector zrdegi(A)=rdegr(4) A, in that sum has degree rdeg;(A): Since
Ay« has degree rdeg;,(A) there must be at least one entry of degree rdeg;(A). Multiplication
by ardesi(A)=rdegi(4) rajses that degree to rdeg;(A). Obviously, also the term v;A; « has degree
rdeg;(A). We now consider the coefficients of z'4°#:(4) in the sum. Since multiplication by
xrdegi(A)—rdegi(4) does not change the leading coefficients, we have that

Coeﬁ‘rdegi(A) (xrdcgi(A)—rdcgk(A)Ak,*) = Coeffrdeg]C (A) (Ak,*)

Thus the coefficient of 2'9¢8:(4) of the sum is

ka coeffgeg, (4)(Ak,x) = vLCM(A) =0
k=1

by the choice of v in step (e.1). It follows that multiplication with U replaces the it row of A with a
row of strictly lower degree. Thus, the order ord A of A strictly decreases in each iteration. However,
since the order is a non-negative integer, this can only happen finitely often. Consequently, the
algorithm terminates. O

Ezample 254. Consider K = QQ and the matrix

12+ 12z 62 + 18 —12 — 6z
A= 6z—24 3z —6 9— 3z € 3Q[a]®.
—2022 +20 —1022 — 20z —20 1022 + 10z — 20

We follow Algorithm 252 to compute the row reduced form of A. None of the rows of A are zero,
and thus we do not delete any of them. The leading coefficient matrix is

12 6 —6
L=LCM(A)=| 6 3 -3
—20 —10 10
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An entry in the left kernel of L is for example v = (1,8,3) € Q*. The row degrees of A are 1, 1,
and 2. Thus, for the third entry vs = 3 we have v3 # 0 and rdegs(A) is maximal. This leads to the
matrix
0 0
U= 1 0] € GL3(Qlx]).
3

8 O+

8z
Next, we update A and obtain

12 + 12z 6x +18 —12 —6x
A+ UA= 6x — 24 3r—6 9 —3x
—180z +60 —90z — 60 90z — 60

Note that the degree of the last row decreased. There are no zero rows and the new leading
coefficient matrix is

12 6 —6
L=LCM(A)=| 6 3 -3
—180 —90 90

Computing the kernel of L, we find that for instance v = (0,30,1) is an entry of the kernel. Here,
vg,v3 # 0 and the second and third row degree of A are the same. We choose to reduce the third
row. This leads to

1 0 O 12+ 122 62+ 18 —12—6x
U=(|0 1 0 and A+~ UA=|6z—-24 3z-6 9 -3z
0 30 1 —660 —240 201

The leading coefficient matrix of the new A is

12 6 -6
L=LCM(A)=| 6 3 -3
—660 —240 210

and the left kernel of L is spanned by v = (1,—2,0). The first two entries are non-zero and the
first two row degrees of A are the same. We choose to reduce the first row of A leading to the
transformations matrix

1 -2 0 60 30 -30
U=(0 1 O and A+~ UA=|6z—-24 32—-6 9—-3z
0 0 1 —660 —240 201

‘We obtain
60 30 -30

L=LCM(4) = 6 3 -3
—660 —240 210
and the left kernel of L contains v = (1, —10,0). Here, the first two entries of v are non-zero, but

the second row degree of A is higher than the first row degree. Thus, we have to reduce the second
row. This leads to

1 0 0 60 30 =30
U=z -10 0 and A—UA= | 240 60 —90
0 0 1 —660 —240 201
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At this point, we have L = LCM(A) = A and det L = 270000 # 0. Thus, the algorithm terminates
with
60 30 -30
B=A=1{ 240 60 —-90
—660 —240 201

as its result. Multiplying all the matrices U together, we obtain the transformation matrix

1 -2 0
Q=|z —-2z-10 0
r 8xr+30 3
which fulfils QA = B (for the original input A).
Exercise 255. Apply Algorithm 252 to the matrix

2 —2x 2¢2 —x+1 -1 1— 2z
222 +2x +2 14z —2—z 23 + 22— 1 4 4
Cor3 141 -2 -1 2% —20-2 22—x—2 | € QI
2+ 2x —223 -2 2 222 4+ 2

Ezercise 256. Implement Algorithm 252 in a computer algebra system of your choice.

Definition 257 (Leading Coefficient). Let p € R\ {0}. Then lc(p) = coeffyesp(p) is the leading
coefficient of p. Similarly, for a matrix (or vector) A € ™R"™ we let lc(A) = coeffqeq 4 (A).

Remark 258. An equivalent way of defining the leading coefficient is to write p € R as p = pgz® +
pa_12% 1 + ...+ prx 4 po with coefficients py,...,pq € K. If pg # 0, then lc(p) = pg. Similarly,
we can write a matrix A € ™R™ as A = Agz? + Ag 12 + ... + Az + Ay with coefficients
Ag,y ..., Ag € K™, Again, if Ay # 0, then lc(A) = Ay.

Remark 259. With the leading coefficient we have

IC(AL*)
LCM(A) = :
le(Ap «)

)

for all A € ™R™.
Ezercise 260. Let p € R and v € R™. Show that lc(pv) = le(p) le(v).

Theorem 261. Let G € ™R™ be a matrixz where all rows are non-zero. Then the following state-
ments are equivalent:

(a) G is row reduced.
(b) G has full row rank and ord G is minimal among all row equivalent matrices.
(c) The K-dimension of Vg ={v € R"G | degv < d} is

m

dimg Vg = Z (d —rdeg;(@))

i=1
rdeg; (G)<d

for alld > 0.
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(d) If v € R™ and w = v@G, then degw = max{degv; +rdeg;(G) |i=1,...,m}.

Proof. We show first that property (b) implies (a). Assume that ord G is minimal. Then LCM(G)
must have full rank because else we could construct a transformation matrix as in Algorithm 252
(in step (e.3)) which when multiplied to G yielded a matrix of smaller order.

We prove now that (a) implies (d). We denote the maximum by p = max{degv; + rdeg,(G) |
i = 1,...,m}. We first note that w = v1G1+« + ... + v, Gy« and thus degw < deg(v;Gi ) =
degv; + rdeg,;(G) for all i = 1,...,m. That is, degw < p. Assume now that degw was strictly
less than the maximum p. Let 1 < i3 < ... < ig < m be the row indices for which (2 # 0 and
deg(vi; Gy, «) = p. Since degw < p we must have deg(v;, Gy, « + ... +v;,Gy, «) < p; and thus

coeff , (v;, Gy« + ... +v;,Gy, 5) = 0.
Using Exercise 260, we obtain
le(vi, ) 1e(Giy 5) + ..o+ le(v;,) 1e(Gy, ) = 0.

However, this yields a non-trivial relation of the rows of LCM(G) (using Remark 259). Thus, G
cannot be row reduced. The claim follows by contraposition.

Next, we show that (d) implies (c¢). By property (d), if w = vG € V4, then max{degv; +
rdeg;(G) | i =1,...,m} < d or, equivalently, degv; < d —rdeg;(G) for all i = 1,...,m. The vector
space of polynomials of degree less than d — rdeg,(G) is either empty and has thus dimension 0 if
d < rdeg;(G), or it has dimension equal to d — rdeg;(G). This implies (c).

Finally, we demonstrate that (¢) implies (b). We can without loss of generality reorder the rows
of G such that rdeg, (G) < ... < rdeg,,(G). By the assumption (c), the subspace V; consists of the
vectors vG with v € R™ and degv; < d —rdeg,;(G) for i = 1,...,m. Consequently, there are fewer
than i linearly independent (over R) vectors in R™G of degree less than ¢. Thus, by induction on 7,
any 4 linearly independent vectors in R™G must have a sum of degrees at least 22:1 rdeg;(G). O

Remark 262. Because of property (b) of Theorem 261 (the rows of) row reduced matrices are
referred to as minimal basis by some authors.

Remark 263. Property (d) of Theorem 261 is also known as the predictable degree property.

Remark 264. As part (b) of Theorem 261 shows, the rows of any row reduced matrix are linearly
independent over R. Thus, computing a row reduced matrix via Algorithm 252 is a rank-revealing
transformation. Consequently, we can use row reduction to compute kernels as in Theorem 191 or
matrix greatest common divisors as in Remark 206.

Application 265. We can use the row reduction in Algorithm 252 in order to invert polynomial
matrices. Let A € GL,,(R). Apply row reduction to obtain

QA=B

where B € "R" is row reduced and Q € GL,(R) is unimodular. We cannot have any zero rows in
B since A has full rank. Moreover, we have R"B = R"A = R" since A is unimodular. Therefore
the identity matrix forms another possible basis for the row space of B. We have ord1,, = 0. By
Theorem 261 this implies ord B = 0 as well. Thus, B € "K™ and B = QA is invertible; that is,
B € GL,(K). In total, we obtain A~! = B~1Q.
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Ezxample 266. Example 251 provides an example for Application 265: We had

122 4+ 12 6x + 18 —6x — 12
A= 6x—24 3z —6 ~32+9 € 3Q[z)®
—2022+20 —102%2 — 202z —20 1022 + 10z — 20

and we computed

60 30 =30 1 -2 0
QA=B= 240 60 —90 where Q= |z —2x—-10 0] € GL3(Q[z]).
—660 —240 210 z 30+8z+3

The matrix B € 3Q?3 is invertible and we obtain

L (-1 -1\ /1 -2 0
A‘lzB‘lQ:% 10 -8 —2| |z —2z-10 0
20 —6 —4) \z 30+8z 3
1 —-10 —20 — 10z —3
=— | 10-10 0 —6
300 -

—20—10x —20—20x -—12
Exercise 267. Compute the inverse of

—z—1 —z—-1 1
2 1 0 | € GL3(Q[x])
2—-2x 2x—-1 -6
using the method from Application 265.

Ezercise 268. Prove that a matrix A € "R"™ is invertible if and only if row reduction (Algorithm 252)
yields a matrix B € GL, (K). That is, prove that Application 265 can be used to decide whether a
matrix is invertible or not.

Definition 269 (Popov Normal Form). A matrix A = (a;;);; € ™R™ is in Popov normal form' if
(a) rdeg;(A) <rdeg;, (A) foralli=1,...,m—1;
(b) there exist column indices j1, ..., jm (the pivot indices) such that
(1) a;j, is monic and rdeg;(A) = dega; j, for alli=1,...,m,
(2) dega;i < rdeg;(A) if k < j;,
(3) degay,;, <rdeg;(A)if k # 4, and
(4) if rdeg;(M) = rdeg, (M) and i < k, then j; < jg.

If A is in Popov normal form with pivot indices ji, ..., jm, then we call ay j,, ..., am ;, the pivots
of A.

Theorem 270. If A € ™R" is in Popov normal form, then up to permutation of rows the leading
coefficient matric LCM(A) of A is in row echelon form. In particular, A is row reduced.

15 Also called “polynomial-echelon form” by some authors.
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Proof. We remark first, that the pivot indices must be pairwise different: If i # k and j; = jg, then
by properties (b.1) and (b.3) of Definition 269 we had

degay ;, < rdeg;(A) = dega; j, = dega; j, < rdeg(A)

and similarly rdeg;(A) < rdeg;(A) which cannot both be true at the same time.

Since permutations are allowed, we permute the rows of A in such a way that that j; < ... < j,.
This will potentially violate property (a) of Definition 269; however, we do not need that property
for the proof. By property (b.1), the entries at position (i, 7;) of LCM(A) will be simply 1 for all
i=1,...,m. By property (b.2), everything to the left in the same row of such an entry will be 0.
Since the pivots are in different columns, this concludes the proof. O

Remark 271. Theorem 270 explains the choice of the names “pivot” and “pivot indices” in Defini-
tion 269.

Exercise 272. The converse of Theorem 270 is not true. Find a counter example.

Theorem 273. Let A,B € ™R"™ be both in Popov normal form and assume that there exists
Q € GL,,(R) such that QA = B. Then A = B.

Proof. We denote the pivot indices of A by j1, ..., jm and those of B by ki, ..., k. By property (a)
of Definition 269 we have

rdeg;(A) < ... < rdeg,,(A) and rdeg,(B) < ... < rdeg,,(B).

Decompose A and B into blocks where the row of each block have the same degree

A1 Bl
A= : and B=]:
As Bt
Let A; consist of u; rows for i = 1,...,s and let By have vy rows for £ = 1,...,t. Also, decompose
Q = (gir)i¢ into the same blocks as B and Q! into the same blocks as A.
Q@1 Wi
Q=1 : and  Q '=| :
Qt Ws

We first claim that deg A; = deg B;. Assume that was not the case and deg A; > deg B;. Then,
since Q1 +A = Bj » we had a non-zero R-linear combination of rows of A with a smaller degree than
any of the rows of A. Since A is row reduced by Theorem 270, this violates the predictable degree
property (property (d) of Theorem 261). Similarly, by reversing the roles of A and B, we see that
deg By > deg A; is not possible. Invoking again the predictable degree property, we see that the
rows of By must be linear combinations of the rows of A; and vice versa (none of the other rows
of A or B respectively can contribute since their degrees are too high). Thus, the rows of A; and
Bj span the same space. Since they are linearly independent, both sets of rows are bases for this
space. That implies, that A; and B; have the same number of rows; that is, 41 = v1. Thus, we
can write

A1 = Al,dlxdl + ...+ ALle + Al,O and B1 = BLdll‘dl 4+ ...+ 81711‘ + BI,O
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where d; =deg A; =degB; and A, ,...,A41,4,,B1,0,...,B1,4, € "'K". Moreover, the predictable
degree property actually implies that the rows of By are K-linear combinations of the rows of A;
and vice versa (again since otherwise the degrees would not match). Thus,

Q1= (Qu 0)

Qu 0
(% W)

for some W € m~H#1R™~H1 Then using the Leibniz formula we obtain det Q = det Q11 det W € R*
which implies that det ()11 is a unit. Consequently, (11 is invertible. From Q11 A; = B; we conclude
that Q11A41,4, = B1,4, since Q11 is a constant matrix. In other words, A; 4, and B 4, are row
equivalent. Since all rows of A; have the same degrees, we find that LCM(A;) = A; 4,. Moreover,
the rows of A; are still in Popov normal form since it is a submatrix of A. By Theorem 270 this
means that Aj g4, is in row echelon form. Looking closer at the proof, we see that property (b.3)
of Definition 269 implies that A; 4, is actually in reduced row echelon form. Similarly B 4, is
in reduced row echelon form. By the uniqueness of the reduced row echelon form, we must have
Aq,q, = By,q, and Q11 =1,,. But this also implies A, = B.

where Q11 € #1K*1, Write now

Consider now Bs. First assume that deg Bo < deg A;. By the predictable degree property (d)
of Theorem 261 and by QA = B, this implies that the rows of By are in the row space of Aj.
However, since we already know that A; = B; and since the rows of B are linearly independent by
part (b) of Theorem 261, this is impossible. Similarly, by switching the roles of A and B, we find
that deg By > deg As is also not possible. Thus, we must have deg As = deg Bs. Moreover, the
rows of By are generated by the rows of Ay and Ay since the other blocks of A cannot contribute.
Thus, for some matrices Q21 and Q22 we have

By = Q2141 + Q2242; that is, Q2= (Qau Q2 0).

We counsider the leading coefficient matrix of By. By the predictable degree property, LCM(Bz) is
generated by the rows of LCM(A3) and LCM(A;). Since A; = By and thus LCM(A;) = LCM(B,),
the pivots of A; and By cannot be in the same columns. Moreover, since deg A; < deg Bs and
by property (b.3), every column of LCM(By) where A; has a pivot must be zero. In other words,
LCM(A;) cannot contribute to LCM(Bz). That means that the rows of LCM(Az) generate those
of LCM(Bz). Conversely, switching the roles of A and B, we see that also the rows of LCM(B3)
generate those of LCM(Az). Since both matrices are in reduced row echelon form they must thus
be equal. That means, Q29 = 1. This in turn implies By = As + Q21 4.
Assume now that Q21 # 0. Then at least one row of By which we will call b is partly generated

from the rows of Ay; that is,

M1

b=a+ Z CiTi
i=1

where a is the corresponding row of As, ci,...,c,, € R are polynomials, and rq,...,7,, are the
rows of A;. Choose the smallest index 1 < ¢ < p1 such that ¢y is of maximal degree. Then the
left-most entry of highest degree of ¢ir1 + ... + ¢y, 1y, originates from the pivot of r¢; that is, it
will be at position j, and have a degree of degc, + rdeg,(A;) > rdeg,(A4;). Since the entry of a at
position j, has a degree strictly smaller than rdeg,(A;) by property (b.3) of Definition 269, this
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implies that the entry of b at position j, has degree larger or equal to rdeg,(A4;). However, since
we have j; = k¢ and rdeg,(A4;) = rdeg,(B1) because of A; = By, this violates property (b.3) of
Definition 269 for B. Thus, this is impossible and we must have Q21 = 0. Consequently, Ao = Bs.

We can now apply the same argument to B3 and then to By and so on. This will show that
Bs = Az, By = A4 and so forth. In total this leads to A = B. O

Algorithm 274 (Popov Normal Form).  Input A matrix A € ™R".
Output A matrix P € ™R™ in Popov normal form and a matrix @ € GL,,(R) such that QA = P.
Procedure

(a) Use Algorithm 252 in order to row reduce the matrix A. Call the result A; and call the
transformation matrix Q.

(b) Sort the rows of A; with respect to their degrees in order to obtain

By
Ay = ‘
By
0m0><n
where the blocks By € "™R"™ ..., By € ™R" consist of non-zero rows of equal degree

and where deg By < ... < deg By. Mimick the same transformation of ()1 obtaining Q5.
(c) For each j=1,...,¢
(1) Compute L; = LCM(B,) € ™K".
(2) Compute a matrix W € GLy,; (K) such that W;L; is in reduced row echelon form.
(3) Let
D; = diag(1m1+...+mj,1 Wi, 1mj+1+...+me+m0)
and set Ay < D; A (updating the blocks By, ..., By accordingly) and Q2 < D;Qs.
(4) Let vj1,...,Vjm, be the pivot indices of L.
(6) Fort=mi+...+mjp1+1,...,mand for k=1,...,m;:
(i) Subtract
le((A2)iu;) prdeg; (Az)—deg B,
le((Bj)k,vyi)

times the (my + ...+ m; + k — 1)*h row of Ay from the i*" row. Do the same
for Q-.
(This eliminates the highest degree term in the i*" row and ;™ column of A,.)

(d) Return P = As and Q = Q.
Theorem 275. Algorithm 27/ terminates and is correct.

Proof. The termination of the algorithm is obvious. Moreover, since the matrix @ just records all
the row transformations, we obviously have @ € GL,,(R) and QA = P. Thus, we only have to
show that P is in Popov normal form.
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For this, we check the conditions of Definition 269. We start with property (a) of the definition.
At the same time, we will prove that the matrix A; remains row reduced during the transformations
in step (c) of Algorithm 274. Both statements are true when we enter the loop in step (c) since the
matrix As is just a row permutation of the row reduced matrix A; where the rows are sorted with
respect to their degree.

We claim that the properties continue to be true during step (c) of the algorithm. Since A; is row
reduced, also all the submatrices By, ..., B; must be row reduced. For a given j, step (c.3) replaces
Bj with Wij. Write Bj = Bj7djl‘dj +.. .+Bj,0 where d]‘ = deg Bj and where Bj70, ey Bj,dj cmiK"m
are constant matrices. Obviously, we have L; = B, 4, since every row of B; has dgeree d;. Then
W;B; = (W;Lj)a% + (W;Bj4,—1)z% " ...+ (W;Bj). Consequently, the new leading coefficient
matrix is LCM(W; B;) = W, L; because L; has full rank (as B; is row reduced) and W is invertible
and thus no row of W;L; is zero. In particular, the degree of all rows of W;B; is still d; such that
the rows of the modified matrix A, are still sorted with respect to to their degrees. Moreover, the
(non-zero) rows of the leading coefficient matrix of As are still independent meaning that As is still
row reduced.

In step (c.5) of Algorithm 274. We subtract a multiple of the k" row of B; from a row of
a block Bj, where h > j. Denote the k*" row of B; by v and the modified row of Bj, by w;
also denote the degree of By by dp, = deg Bj,. The multiplier p = lc(w,,jk)/lc(v,,jk)ajdh_df is
chosen in such a way that the highest degree term in the ;" position of w is eliminated. Since
deg(pwv) = d; + (dp — d;j) = degw, the degree of w — pv is at most dj,. However, since A, is
row reduced, the transformation cannot lower the order of A, which is minimal by Theorem 261.
Thus, the degree of w — pv must be equal to that of w. In particular, are the row of As after the
elimination still sorted with respect to their degrees. In addition, the transformation changes the
leading coefficient matrix of A; by adding a multiple of one row to another. Since LCM(A3) had
full rank initially, the same is true after the transformation. Consequently, A, remains row reduced
during the entire loop.

We turn now to property (b) of Definition 269. We will show that within step (c) of Al-
gorithm 274 each block of the matrix As is transformed in such a way that for each block B; with
j=1,...,¢ (a) the leading coefficient matrix is in reduced row echelon form, and (b) the entries in
the other blocks By, with j < k in columns corresponding to the pivots of LCM(B;) have a degree
less than deg By. The latter point implies immediately property (b.3) of Definition 269; while the
former point implies the properties (b.1), (b.2), and (b.4).

We proceed by induction on the index j of the block. For j = 1, the first claim is easy to
verify since in step (c.3) of Algorithm 274 we convert the leading matrix of block B; to reduced
row echelon form. In step (c.5), for k > j we eliminate the terms of degree deg By, in the columns
corresponding to the pivots of B; from the block By. Since for each higher degree block we always
start with the leftmost pivot, the later eliminations cannot undo the first eliminations. Thus, we
will indeed have that all entries in the other blocks By in those columns corresponding to pivots of
B; have a degree lower than deg Bj,.

Let now j > 2. Again, after step (c.3) of Algorithm 274 the leading coefficient matrix of B;
will be in reduced row echelon form. Moreover, its columns corresponding to pivots of lower degree
block will be zero because they have been zero before step (c.3). During the reduction step (c.5) for
each k > j we remove the terms of degree deg By, from the block By in the columns corresponding
to the pivots of B;. This cannot introduce entries of degree deg By, in the columns corresponding
to the pivots of lower degree blocks since the corresponding entries in B; have a degree strictly less
than deg B; by the induction hypothesis. Thus, the second claim also holds in this case. O
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Example 276. Consider the matrix

x? T 2?4z 0
224z 24+r+1 —z2 x2+m+2\| 4 4
B T 2% + 22 222 >+ 241 € Q]
k 0 208 + 22+ 20 +1 23+ 22 T+ 2 }

The rows of A are already sorted with respect to their degree and we have two blocks, one of degree
2 and one of degree 3. Moreover since the leading coefficient matrix

has full rank (the determinant is —1), A is also already row reduced. Thus, we are in the situation
after step (b) of Algorithm 274 with A, = A.
We enter the loop in step (c). First we consider the block of the degree 2 rows. Its leading

coefficient matrix is
1 0 1 0O
1 1 -1 1

10 1 0
01 -2 1
1 0
-1 1/

We apply the same transformation to the degree 2 block of the matrix As. This is the same as
doing the multiplication

with reduced row echelon form

and transformation matrix

1 0 0 O x? T 22+ 0

-1 1 0 0 A, — x 22 +1 —2z2 — ¢ x2+x+2\
0 01 0 [|#+2z 227 + 12 222 B2 +1|
0 00 1 k 0  22%+a2?+20+1 2% +2? z+2 )

Now, we need to eliminate the degree 3 entries in the lower block for those columns corresponding
to the pivots of the upper block, that is, for the first and second column. For this, we subtract x
the first row of Ay from the third and then we subtract 2z times the second row from the third.
This yields the new matrix

x? T 2?4z 0

T 22 +1 222 — ¢ 22 +r+2
—22% + 2z —2x 323 +322 28—z —dz+1]|°
k 0 208 + 22 +20+1 23+ a2 T+ 2 }

Similarly, we eliminate the degree 3 entries in the first two columns of the the last row obtaining
x2 x 2+ 0
x 22 +1 —22%2 -2 2?2+ +2
—222+2x -2z 323+327 —2¥—z2—-4dx+1 |-
—222 2%+ 1 52%+4322 —22%—22% -3z +2
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The leading coefficient matrix of the lower block is now

0 0 3 -1
0 0 5 -2

which transforms into the reduced row echelon form

2 -1\ (0 0 3 -1}y (0 O 1 O
5 =3J\0 0 5 =2/ \0 0 0 1/

Applying this to the lower block of As yields the Popov normal form

22 T 22+ 0
x 22 +1 2% -z 24+ x+2 \|
—222 + 4z —x? —4r—1 23 + 322 —bx '
\—41}2 +10z —322—-10z—3 622 3+ 2?2 — 11z — 1)

We can check that indeed the properties of Definition 269 hold for this matrix.

Exercise 277. Use Algorithm 274 in order to compute the Popov normal form of

223 4+ 2822 + 162 102° + 2522 + 38z 4+ 23 423 — 622 +8x 2% + 1922 + 27z + 45

23—z —x —z3 — 2% -3z -2 223 —x? -z x3 —4
—223 + 32% + 3w 223 +32%2 + Tx + 5 4a3 + 22 + 22 223 + 22+ 2+ 10
—423 — 1822 — 7w —8z3 — 162% — 242 — 12 222 — bz —32% — 1222 — 207 — 23
with R = Q[z].

Ezercise 278. Implement Algorithm 274 in a computer algebra system of your choice.

Remark 279. We can use computer algebra systems to compute the Popov normal form:

MAaPLE The command is called PopovForm and it resides in the LinearAlgebra package. It
computes the column Popov normal form instead of the row Popov normal form from Defin-
ition 269.

SAGE In SAGE we have the weak popov_form method.

A Solving Linear Ordinary Differential Equations

In this chapter we do not worry about the analytical implications of differential equations
but rather present some simplified solution methods. For more details, please see a
textbook on differential equations.

Notation 280. In this section, we will denote the derivative of f with respect to x by f' = df /dz.
Higher derivatives are denoted by f” = d*f/dxz?, f" = d®f/dz®, and f») = d" f /dz" for n > 0.

Remark 281 (Integrating Factor). Consider the inhomogeneous first order equation
f'+pf=q
where p, ¢ are C*°(R) functions. Consider

,u:efpdz.
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(We only need one particular solution here, it is not necessary to introduce the constant.) Note
that

p' = pp
by the chain rule. Multiplying the original equation by u yields
pg=pf' +puf=pf + ' f=(uf)
using the product rule. Thus,
M=/wﬁ

and consequently

f=ut / pq d.
Ezxample 282. Consider the equation

zf = f+23sinm.

We rewrite the function into the form which we have in Remark 281 obtaining

f— = f=2a%sinz.
x

2

Here, p = —1/x and ¢ = 2 sinx. Thus, the integrating factor is

1 1
= 7[7: 71[111: = —,
p=e e = =

This implies that the solution is

f:,u_l/,uqdm:x/xsinx dxza:(—xcosx—F/COSJJ da:)

= x(—xcosx—l—sinw—i—C) = xsinz — 22 cosz + Cx

where C is an arbitrary constant. Note that we used integration by parts (with «w = z and dv =
sinz dz) in order to do the integral.

Definition 283 (Fundamental System). Let ag,...,a,—1 be functions. A fundamental system for
the equation
F a1 f" o taf +agf =0

of order n is a family yi, ..., ¥y, of n functions which are linearly independent over the constants.

Remark 284. Consider the homogenous nt" order linear ordinary differential equation
(n) (n—1) ! —
cn " Feno1f +...+af +ef=0

where the coefficients c¢g,...,c, € R are real constants. We write the left hand side as operator
X = 0™ + ... 4+ 10 + co; that is, the equation is x«f = 0 using the action of R[J] on C*°(R)
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as defined in Example 38. (This x is also called the characteristic polynomial of the equation.)
Assume that we have a factorisation

x=c(0—a1)...(0—ag)*

where ¢ € R, ay,...,a; € C are the distinct roots and their multiplicities are ey,...,ex > 1.
Consider a single factor (x —a;)% where we assume for the moment that a; € R is real. Obviously,
if f fulfills (x — a;)+f = 0, then f also fulfills x+f = 0. We claim that (9 — a;)% sz¥e®® = 0 for
k=0,...,e; — 1. For this, note that

(0 — aj)ex¥e®™ = ajabe™ + kot T1e” — a;xke®” = katlew®

and that (0 — a;)+e®® = 0. From this, the claim follows by induction. Assume now that a; =
u 4 iv € C was a complex root. The same computation as above applies; that is, zFe(#T?)% for
k=0,...,e; —1 are solutions. However, these are complex valued functions, while we are searching
for real valued solutions. Recall that since x is a real polynomial, also the conjugate @; = u—¢v must
be a root of x of the same multliplicity. That is, also zFe(*=™)* for k =0, ... ,€; — 1 are solutions.
We know combine two solutions with the same power of = using Euler’s formula €’ = cos z +i sin x.
Let ¢4+, c_ € C be complex numbers. Then

CoaheHT 4 o gholitie — g guagion) 4 o curei(—ve))
= zF (cre"®(cosvz + isinvz) + c_e"*(cosva + isin(—vz)))
=k (cpe™(cosvx + isinvz) 4 c_e"*(cosva — isinvz))
= zF (c1€"" cosvz + icy e sinvx + c_e"’ cos v — ic_e"" sinvz))
= 2% ((cs + c_)e"" cosvz +i(cy — c_)e" sinvz)

where used the fact that sin(—xz) = —sinz for all = in the third equation. Now, we set ¢, = c_ =

1/2. Then the expression becomes

2" e cosvx

which is a real valued function. Similarly, setting ¢y = i/2 and ¢_ = —i/2 leads to another real
valued function
—z*e"® sin vz,

In total, we have found n different real solutions to the equation. It is possible to show that they are
all linearly independent over the real numbers. That means, we have found a fundamental system.

Ezxample 285. Consider the equation
FO 4 f" 4 36f +52f = 0.
The characteristic polynomial is
X=0"+8>4+360+52=(0—-2—3i)(0—2+3i)(0+2)°

Thus, we have the real root —2 with multliplicity 2 and the conjugate complex roots 2 — 37 and
2 + 3i. According to Remark 284, this means that a fundamental system is
e 22, re” 2%, e® cos 3z, and e?® sin 3z.
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Remark 286 (Variation of Constants). Consider the equation
F™ tap fOV 4 baf faof =b

with coefficients ag, . .., a,—1 and right hand side b. In order to find a solution, we first rewrite the
equation as a first order linear system. Let

0 1
0 1
A= ,
0 1
—ap —ap --- —ap—2 —0ap—1

This is the companion matrix of the characteristic polynomial y = 0" +a,_10" "' +... 4+ a10 + ao.
Then ye«f = b if and only if

f 0
on—a).| =]
( ) : 0

fn=1 b

using the matrix on vector action described in Remark 96. Assume now that we have a fundamental

system z1, ..., z, of the corresponding homogenous equation x e+ f = 0. Then we can define the so-

called Wronskian matriz Z = (z](i))ij of z1,...,z,. It is well-known that Z is invertible. Moreover,

(0 — A)+Z = 0; that is, Z/ = AZ. Consider now the operator
GY) = Z/Z‘lY dz
where the integration is applied to every component of Z~'Y. Let Y be any vector, then
(O—A)+G(Y)= (0~ A).Z/Z*Y dv =(Z0+ 7' — AZ)-/Z*Y dz
i
= Z@-/Z*Y dz = Z(/ Z7Y de) =227V =Y

where the second identity comes from the product rule (M N) = MOeN + (0s M)N = (MO +
M')+N for matrices and the fifth identity it the fundamental theorem of analysis ([ ¢ dz) = g
applied to every entry of Z~1Y. So, as operators (0 — A)G = id. In particular,

0 0
@-2-c([:)=|:
0 0
b b
That means, G((0,...,0,b)) is a solution of the inhomogeneous system. Hence, G maps right hand

sides to solutions; that is, G is the Green’s operator for the system. For our right hand side we
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obtain the solution

f 0
! .

f = Z/Z—1 “ dx
(1) 0
fin b

or, in other words,

n

f=G - z) /(Z*l)*,nbdxzsz/(z*)jnbdx

j=1

is a particular solution of the original equation.

Ezample 287. Consider the equation
f’”*gf//+3f/7f:ez-

Using Remark 284, we find that a fundamental system of the corresponding homogenous equation
(0 —1)3«f =01is e®, ze”, x%e®. Thus, as in Remark 286 we form the fundamental matrix

e ze® z2e”

Z =1 (x+1)e" (22 + 2x)e”
e (r+2)e* (2% +4x+2)e”

€T

The last column of Z~ 1 is

1 3726_1
—xe "
Thus, we obtain
/Z*_lee“7 dz :/ —z | de=| -1z
’ 1 £
2 2
which yields the solution
%x?’e“ — %x%e‘” + %mee‘” = ém?’e“.

Ezxercise 288. Let p = 2™ + a,_12™" 1 + ...+ a1z + ap € R[x]; and let

0 1
0 1
A= .
0 1
—ay —ar o —Ap-2 —Gp—1

be the companion matrix of p. Show that the Smith-Jacobson normal form of 21 — A € "R[z]" is
diag(1,...,1,p).

Remark 289. Exercise 288 gives us another way to see that the nth order equation pe f = b and the
first order system (91 — A)ey = be,, are equivalent.
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Symbols

adj A adjugate matrix of A, 17

Autr(M) set of bijective R-linear maps from M to M; automorphisms, 10
coeff;,(A) coefficient of ¥ in A, 62

coeffy(p) coefficient of z* in p, 62

™R column vectors of length m over R, 12

det A determinant of A, 13

diag(a,...,a,) diagonal matrix with the entries aq,...,a,, 12
Endg(M) set of R-linear maps from M to M; endormorphisms, 10
ged(aq, ..., a,) greatest common divisor of ay, ..., a,, 23
Hompg(M, N) set of R-linear maps from M to N, 10

1, m-by-m identity matrix, 12

idys  identity map on M, 10

ime  image of ¢, 11

ker-A left kernel of the matrix A, 42

ker A- right kernel of the matrix A, 42

ker o  kernel of the map ¢, 11

lem(aq,...,a,) least common multiple of aq,...,a,, 25

lc(A) leading coefficient of the matrix A, 66

le(p) leading coefficient of the polynomial p, 66

MR™  m-by-n matrices over R, 12

ord A the order of A, 62

rank A rank of the matrix A, 42
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rank M rank of the free module M, 20

R™A row space of A, 22

R" row vectors of length n over R, 12

0.nxn  M-by-n zero matrix, 12

A™R  column space of A, 22

a quo b quotient of a divided by b, 24

a|b adivides b, 23

a rem b remainder of a divided by b, 24

At transpose of A, 12

Ar;  submatrix of A with rows in I and columns in J, 55
M = N M and N are isomorphic, 10

N < M N is a submodule of M, 7

Q(R) field of fractions over R, 5

RS set of all R-linear combinations of elements of S, 8

R* set of (multiplicative) units in R, 4
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