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1 Vector Spaces

In the following, K is a field that we may initially assume to be equal to

Q, R, or C.

1.1 Generalities

Definition 1. A K-vector space is a triplet (E,+,.) where

— (E,+) is a commutative group,

— equipped with an external operation (\,e) € K x E — \e € E that
satisfies the following properties :
— for all \,u € K and for all e € E, we have (A + p).e = Ae+ p.e;
— forall e K and e, f € E, we have \.(e + f) = Xe+ A.f;
— forall \,;p € K and e € E, we have (Ap).e = A.(p.€) ;
— for all e € E, we have 1.e = e.

Remarque: These definitions also make sense in the case where K is simply
a unital ring A, in which case we talk about an A-module, see §2.5.
Ezamples :

— K and more generally K, KN, or K& ;

— My, »(K) and K[X];

— functions from X to K, where X is any set;

— the arbitrary product of a family of vector spaces is a vector space.

Definition 2. Let E be a K-vector space; a subset F' C E 1is a vector
subspace if and only if it is a subgroup stable under the external operation,
i.e., if and only if F' is non-empty and for all f1, fo € F' and for all X € K,
we have f1 + \fy € F.

Ezamples :

— K, [X] C K[X], the subset of polynomials of degree < n;

— the set of convergent sequences of KN ;

— R C C is a R-vector subspace but is not a C-vector subspace.
Remarque: as previously, a vector subspace is a vector space, and this remark
is usually used to test whether one is dealing with a vector space.
Remarque: the arbitrary intersection of a family of vector subspaces is a
vector space, which allows the definition of the vector subspace generated
by a subset A C E, denoted < A >.



Remarque: if K is an infinite field, any finite union of vector subspaces is
a vector subspace if and only if they are all contained in a single one. In
particular, a finite union of distinct hyperplanes is not a vector subspace.

Fundamental example : let (e;);cr be an arbitrary family of elements of F,
then < {e; : @ € I} > is the set of finite support linear combinations

Dier Ai€i-
Definition 3. Let F' and G be vector subspaces of a vector space E. The

sum F + G is the subspace < FFUG > generated by F and G. We say that
F and G are in direct sum and we write F & G if F NG = {0}.

Remarque: it is easily verified that F+ G ={f+g¢: f € F and g € G};
moreover, F' and G are in direct sum if and only if the expression of an
element e € F + G as f 4 g is unique.

Definition 4. We say that F' and G are complementary if E = F®G, i.e.,
if the sum F + G is the whole space and they are in direct sum.

Remarque: care should be taken not to confuse complementary with supple-
mentary ; recall that the complement of a vector subspace is never a subspace
since it does not contain the zero vector !

Ezercise : show that subspaces F1,--- , E, are in direct sum if and only if
foralli=1,---,n
&m( ijﬁ):m}
1<k#i<n

1.2 Dimension theory

Definition 5. A family {(e;)icr} of vectors in a vector space E is called
linearly independent if for every family (\;)icr € K!

Z)\ieiZO:ViEIa A = 0.

el
It is called spanning if < {e; : i € I} >= FE, i.e. if every vector in E can
be written as a finite support linear combination of the e;.

Remarque: the family (X%);eny € K[X] is linearly independent and spanning.
Remarque: the family (e;);cr is called dependent if it is not linearly in-
dependent, i.e. if there exists a non-zero family ()\;)ic; € K such that

> ier Miei = 0.
Definition 6. A family (e;);cr of vectors in E is called a basis if it is
linearly independent and spanning.

Theorem 7. Incomplete Basis Theorem.

Let {f1,---, fp} be a linearly independent family of vectors and {g1,--- ,gq}
a spanning family of E. Then there exists an integer n > p and a basis
{e1,--- ,en} of E such that e; = f; for 1 <i <p and e; € {g1,--- ,9q} for
p+1<j<n



Preuve : Consider a maximal cardinal family of the form

(fl?"' 7fp792'17"' 792})

which is linearly independent. We then show that it is also spanning by veri-
fying that for all 1 < j < g, the vector g; belongs to the vector space genera-
ted by this family. If j is one of the iy for 1 < k < r, this is clear ; otherwise,
by maximality, the family (fi, -, fp, 9, gi.,g;) is dependent, meaning
there exists a non-zero family (\;)1<i<ptr+1 such that

ALfi - Npfp + Apr1giy + o Apir i + Aprrr1gj = 0.

Since the family (f1,--- , fp, gi1» - » gi,) is linearly independent, necessarily

)\p—i-r-i-l 7& 07 andthusgj € <fla"' 7fpugi1a”' ,gir).Therefore, (f17"' 7fp7gi17"'

is both linearly independent and spanning, so it is a basis.
Remarque: thus any space containing a finite spanning family admits a basis.
In other words, any finite-dimensional vector space admits bases.

Lemme 8. In a space with a spanning family of cardinality n, any family
of non-zero vectors of cardinality > n + 1 is necessarily dependent.

Preuve : We proceed by induction on n. For n = 1 and v a basis, for f, g
two non-zero vectors, there exist non-zero A, u such that f = Av and g = pv,
so pf —Ag =0, and thus (f, g) is dependent.

Assume the result holds up to rank n — 1, and consider a family of n 41
non-zero vectors (fi,--+, fnt1) in a vector space admitting (g1, -, gn) as
a spanning family. For each ¢ = 1, -+ ,n+ 1, write

fi=Xi1g1 + -+ Ningn.

Without loss of generality, assume M\,411, # 0, and define for each i =
1,--,n i
fi = Mginfi — Nipfar1 € (91, Gn—1)-

By the induction hypothesis, the family ( fi,oe, fn) is dependent, meaning
there exists a non-zero family (u1,- - , p) such that

M1f1+"‘+ﬂnfnzoa

which provides the relation
n
1A 1 f1 + -+ A1 nfn — (Z piXin) fnr1 =0,
i=1

proving, as (L1 \n+1,m, s BnAntins — P ieq Midipn) is Dot zero, that the fa-
mily (f1, -+, fnt+1) is dependent.

) ng)



Corollory 9. Let E be a vector space with a basis of cardinality n. Then
all bases of E have cardinality n.

Prewve : Let (e1,--- ,en) and (f1,- -, fm) be two bases of E. Applying the
previous lemma to the spanning family (e, - ,ey,) (resp. (f1, -, fm)) and
the linearly independent family (fi,-- -, fim) (resp. (e1, - ,en)), we deduce
that m < n (resp. n < m), and thus finally n = m.

Definition 10. The cardinality of a basis (and therefore of any basis) of a
vector space E 1is called its dimension ; it is finite or infinite.

Corollory 11. Ewvery wvector subspace F' of E has dimension less than or
equal to that of E, with equality if and only if F = E.

Preuve : It suffices to note that a basis of F' is a linearly independent
family of F and to apply the previous corollary.

Definition 12. An hyperplane in a finite-dimensional vector space E is
any subspace of dimension n — 1.

Remarque: in infinite dimension, a hyperplane is a subspace such that E/F
has dimension 1. The dimension of the quotient space E/F is called the
codimension of F'in E.

Remarque: the dimension of E x F' is the sum of the dimensions of F and
F. The vector space of linear maps L(E, F) from E to F has dimension
dim £ - dim F.

Remarque: any linearly independent family has cardinality < n, with equa-
lity if and only if it is a basis.

Remarque: the dimension of F' + G is less than or equal to dim F' + dim G,
with equality if and only if F' and G are in direct sum. More precisely, we
have the rank formula.

Theorem 13. Let F' and G be subspaces of E, then
dim(F + G) =dim F + dim G — dim(F N G).

Preuve : Let (e1,...,e,) be a basis of F'NG, which we complete to a basis
(1, er, fi,..., fp) (resp. (e1,...,€r,91,...,9q)) of F (resp. of G). We
then easily verify that (eq,...,er, fi,..., fp,g1,...,9q) is a basis of F'+ G,
which gives us the stated formula.

Let us conclude this section with a brief note on infinite dimension.

Proposition 14. Let E be a K-vector space, and let V, W1, Wy be subspaces
such that VN W1 = {0} and V 4+ Wy = E. Then there exists a complement
W of V' contained in Wa and containing W7 .



Preuve : Consider the set £ of subspaces of E containing W7 and contained
in Wy ; £ is not empty since Wy € £. Moreover, £ is partially ordered by
inclusion and is inductive. Recall that this means every totally ordered chain
admits an upper bound : here, for such a chain, an upper bound is simply
given by the union, which is clearly a subspace.

By Zorn 7s Lemma, £ admits a maximal element, which we denote by W.
By definition, we have WNV = {0} and W; C W C Wa. It remains to prove
that V + W = E; every element x € E can be written as x = v + wy with
v €V and wy € Wo. If we € W, then we are done; otherwise, consider the
subspace generated by W and ws, denoted by X. By the maximality of W,
we must have X ¢ &£, so there exists 0 # y € XNV ; thus, y = w+ Awy € V,
and hence y € W NV, which is a contradiction.
Remarque: The reader will note the essential use of Zorn 7s Lemma, which,
let us recall, is equivalent to the Axiom of Choice. Thus, our proof is not
constructive.

Corollory 15. FEvery subspace V of E admits a complement.
Corollory 16. Every non-zero vector space admits a basis.

Preuve : Consider the set A of free families in E'; this is clearly a non-
empty set, partially ordered by inclusion and inductive. By Zorn 7s Lemma,
it possesses a maximal element, which is therefore a maximal free family,
and is thus necessarily a generating family, hence a basis.

Remarque: The reader may practice with KN by verifying that any basis is
necessarily uncountable.

Corollory 17. (Incomplete Basis Theorem)
Let (e;)icr be a generating set of E. Let J C I such that (e;)icy is linearly
independent. Then there exists J C K C I such that (e;)iex forms a basis.

Preuve : We consider the set A of linearly independent families (e;);ca for
A C I. This is a non-empty set, partially ordered by inclusion, and clearly
inductive. By Zorn’s Lemma, A has a maximal element K ; as before, (€;);cx
is linearly independent and spanning by the maximality of K.

Remarque: Finally, let us mention the case of Hilbert spaces, i.e., Hermitian
spaces, in the sense of the section on bilinear algebra, which are complete,
meaning all Cauchy sequences are convergent.

Definition 18. A set (e;);cs is called a Hilbert basis of a Hilbert space H
if and only if :
— it is an orthonormal basis, i.e., < e;,e; >=0;; ;
— the set is complete in the sense that for allx € H, there exists a family
of scalars (\i)ier such that ), ; Nie; = x, i.e., the corresponding
series in H converges to x.



Remarque: The reader can easily verify that a basis in the Hilbert sense
is not necessarily a basis in the classical sense, as seen for example in L?
spaces.

1.3 Linear maps.

Definition 19. A linear map or a morphism f from a vector space E
to a space F is a map such that for all A € K and z,y € E, we have

flz+XMy) = f(z) + Af(y).

Remarque: A linear map from E to E is called an endomorphism. In the
case where F' = K, it is called a linear form.
Remarque: Every linear map f : E — F satisfies f(0) = 0 and

n

FO - xie) =D Nif(e).
i=1 =1
Notation 1. We denote by L(E,F) (resp. L(E) = L(E,E)) the set of

morphisms from E to F (resp. the endomorphisms of E); it is a vector
space of dimension dim E.dim F.

Concerning the existence of linear maps, we have the following result.

Proposition 20. Let (e;)1<i<n be a basis of E. For any set of n vectors
{fi,+, fu} in F, there exists a unique linear map such that for all i =
1,--,n, we have f(e;) = fi.

Remarque: Thus, two linear maps are equal if and only if they coincide on
a basis.

Definition 21. For f € L(E, F), we denote by Ker f the set of e € E such
that f(e) =0; it is a subspace of E called the kernel of f.

Remarque: The image of f is also a subspace of F' denoted Im f. More
generally, the direct or reciprocal image of a subspace is a vector subspace.

Proposition 22. A linear map f is injective if and only if Ker f = {0}.

Remarque: f is surjective if and only if the image of a basis of F is a
generating set of F. Thus, f is bijective, and we say that f is an isomorphism,
if the image of a basis is a basis : this is then true for any basis.
Remarque: A linear map f : E — F where dim E' = dim F' is injective if and
only if it is surjective.

Notation 2. We denote by GL(FE) the set of isomorphisms of E, also called
automorphisms. It is a group under composition.



Remarque: For E = K", the vectors ¢, = (0,---,0,1,0,---,0) define a
basis called the canonical basis. Every vector space endowed with a basis
(ei)1<i<n of cardinality n is isomorphic to K™ where f : K" — E is defined
by f(z1, -+ ,2n) = > i xie;. In particular, two vector spaces of the same
dimension are always isomorphic.

Theorem 23. Let f € L(E,F), then
dim £ = dim Ker f + dim Im(f).
Definition 24. The dimension of Im f is called the rank of f ; it is denoted
rgf.
1.4 Review on duality

Definition 25. Given a vector space E, the set of linear forms on E is a
vector space denoted by E* and called the dual of F.

Remarque: A basis (e;)1<i<n of E being fixed, the linear map e € E* defined
by ef(e;j) = 0;; is a basis of E* called the dual basis of (e;);. One should
be cautious with this notation since e depends on the entire basis (e;); and
not just on the vector e; alone.

Proposition 26. Given a subspace F C E, the subset F+ C E* of linear
forms vanishing on F' is a subspace of dimension dim E — dim F, i.e., the
dimension of F+ is equal to the codimension of F.

Definition 27. Let f € L(E,F), then we associate to it its adjoint map
denoted by f* € L(F*, E*), defined by the formula

Yy eF = ffy)=yof
in the sense that f*(y*) is the linear form on E defined by x — y*(f(x)).
Remarque: Note in particular that f and f* have the same rank.

Proposition 28. Let E be a finite-dimensional vector space ; then the bidual
(E*)* is canonically identified with E.

Remarque: The map E — (E*)* is given by z — (f — f(z)).

2 Matrices

2.1 Generalities

Definition 29. A matrix with coefficients in K of size m X n is a table

(@i j) 1<i<m of scalars a; ; € K placed in the i-th row and the j-th column. We
1<j<n

denote by My, ,,(K) the set of these matrices, which is endowed with a vector

space structure by identifying it with K™, i.e., coefficient by coefficient.



Remarque: A row matrix (resp. column matrix) corresponds to the case
where n = 1 (resp. m = 1); we also refer to them as row vectors (resp.
column vectors). The rows (resp. columns) of a matrix are called its row
vectors (resp. column vectors).
Remarque: The matrices E; j, whose coefficients are all zero except the one
at index (7, ) equal to 1, form a basis of M, ,,(K).
Remarque: The matrix (b;; = aj;)ij € Mym(K) is called the transpose
matriz, denoted as B ='A if A = (a;;); -
Remarque: In the case where m = n, we refer to square matrices, and we
denote M, (K) for M, ,,(K). The elements a;; of A = (a;;);; are called
diagonal elements. A matrix is called :

— diagonal if all its non-diagonal coefficients are zero; it is also called

an antidiagonal matriz if a; ; = 0 except when ¢ + j = n + 1.
— upper triangular (resp. lower triangular) if all a; ; are zero for i > j
(resp. j > 7).

— tridiagonal if a; ; = 0 for all |j —i| > 1.

Matrices are not simply arrays of numbers but are introduced because
they allow :

— the study of linear systems;

— the manipulation of endomorphisms of vector spaces.
Thus, for f : F — F, an endomorphism between two vector spaces equip-
ped with respective bases (e;)i1<i<n and (fj)i<j<m, we associate the matrix

A(f) = (aij) 1<i<n such that for all 1 <1i < n, we have
1<j<m

flei) = Z ijf-
j=1

In other words, the column vectors of A are the f(e;) expressed in the basis

(f3)5-
Remarque: As mentioned above, f is determined by its matrix A(f), so we
should be able to express the image f(x) of any vector x = Y 1" | z;e;.

Definition 30. For any matriz A € M, »(K) and any column vector X €
M, 1(K), we define the column vector Y = AX € M, 1(K) by the formula :

n
yj: E angxk.
k=1

For a matrix B € M, ,, with column vectors denoted by C,---,C,, we
define the matrix M = AB € M, »(K) whose column vectors are the AC;
fori=1,---,r.

Proposition 31. Let f : E — F and A(f) be its matriz relative to bases
(€i)i<i<n and (fj)i<j<m of E and F respectively. For any x = > ' | xie;,



let X be the column vector (z;1)1<i<n. Then the coordinates of f(x) in the
basis (fj)1<j<m are the coordinates (y;1)1<j<m of the column vector A(f)X,
ie., f(x) =300 yifj.

Corollory 32. For any f : E — F and g : F — G endomorphisms,
where E, F,G are equipped with bases (€;)i<i<n, (fj)i<j<m, and (gr)i1<k<r
respectively. Let A(f), A(g), and A(g o f) be the matrices associated with
f,9, and g o f relative to these bases. Then,

A(g e f) = Alg)A(f)-

Proposition 33. If E, F' are equipped with respective bases (e;); and (f;);,
then the matriz of f* in the associated dual bases of F* and E* is the
transpose of the matriz of f in the bases (e;); and (f;);.

In particular, since L(F) is an algebra, we deduce the following corollary.

Corollory 34. The matriz multiplication defined above endows M, (K) with
an algebra structure.

Definition 35. Matrices in M, (K) that correspond to automorphisms of E
are called invertible ; the set of these invertible matrices is denoted G Ly, (K).

Remarque: A matrix is invertible if and only if its column vectors form a
basis.

Definition 36. Given a vector space E equipped with two bases (€;)1<i<n
and (€})1<i<n, the matriz that represents the change of basis from (e;); to
(€))i, denoted by P, ., is the matriz in My, (K) whose j-th column is given

by the coordinates of e; in the basis (€)s, i-e., e;- =" Dijeéi

Remarque: The matrix P, . ., can also be viewed as the matrix of the iden-
tity map E — E, where the starting space is equipped with the basis (€});
and the target space with the basis (e;);. We deduce that :
— P, is invertible, with inverse P, .. ;
— if X" is the column vector of the coordinates of a vector e of E in the
basis (€;);, then X = P, . X' represents e in the basis (e;); ;
— if A(f) is the matrix of f : E — F equipped with bases (e;); and (f;);
of £/ and F respectively, then for bases (e;); and (f});, the matrix

)

A'(f) relative to these bases is Pe__}_e,_ A(f) Py - In the particular

1

case where E = F and A(f) and A'(f) represent the matrix of f in
the bases (e;); and (e}); then A'(f) = P;}_e,.A(f)Peieeg.
Ezxamples : Given a matrix A € M, ,(K), multiplilcation on the left (resp.
on the right) by the matrix :
— T; (), whose diagonal entries are all equal to 1, with all other entries
being zero except t; j = A, corresponds to modifying the rows (resp.
columns) of A according to the rule L; — L; + AL; (resp. C; —

C; + )\Cj) ;

10



— D;(A), a diagonal matrix whose diagonal entries are all equal to 1
except d;; = A, corresponds to modifying the rows (resp. columns)
of A according to the rule L; — A\L; (resp. C; — A\C;);
— P, j=1—-FE;; — F;;+ E; j + Ej; corresponds to modifying the rows
(resp. columns) of A according to the rule L; <+ L; (resp. C; « Cj).
Remarque: For i # j, the matrices T; j(\) (resp. D;(\)) are called elementary
transvection (resp. dilation) matrices relative to the canonical basis. The
matrices P;; are special cases of permutation matrices. These three types
of matrices allow for performing elementary row and column operations on
a matrix. We will revisit this topic in the study of linear systems.

2.2 Linear Systems.

Definition 37. A linear equation in the variables x1,--- ,x, 1S an erpres-
ston of the form

L(z1, -+ ,xn) = b where L(z1,- -+ ,xp) = @121 + - -+ + QnTn,

for which we seek solutions in K™. The equation is called homogeneous when
b=0.

Remarque: We can and should interpret L(xi,---,x,) as a linear form on
K™ written in the canonical basis.

Definition 38. A linear system of m equations with n variables is a collec-
tion of m linear equations :

a1,121 + -+ a1,T, = by
a21%1 + -+ a2 pnTy = b

(5) =
Am1T1 + -+ ATy = bm

which we aim to solve simultaneously. The system is called inconsistent if it
has no solutions, and consistent otherwise.

Remarque: As suggested by the notation, we introduce the matrix Ag =
(ai ;) € My, (K) and write the system above in matrix form as AgX = B,
where X (resp. B) is the column vector of coordinates z; (resp. b;).

Definition 39. Two linear systems (S) and (S’) are said to be equivalent
if they have the same set of solutions.

Proposition 40. Two linear systems (S) and (S") are equivalent if and only
if there exists an invertible matric P € G Ly, (K) such that As = PAg and
B = PB.

11



Remarque: Using the fact that GL,(K) is generated by transvection and
dilation matrices (and for convenience, we also include permutation matrices
P; j), we should be able to manipulate system (.S) to arrive at an equivalent
system (S”). However, this process needs to be constructive, which is ensured
by Gaussian elimination.

Definition 41. Let (S) be a linear system, not necessarily homogeneous,
which we write in matriz form as AgX = B. We then introduce the matriz
Ag by appending the column B to the matriz Ag.

Definition 42. A matric M € M,, »(K) is said to be in row echelon form
if, below the first non-zero entry of each row, there are only zeros. It is called
reduced row echelon form if the first non-zero entry of each row, called the
pivot, is equal to 1, and each pivot is the only non-zero element in its column.

Proposition 43. For any matric M € M, ,(K), there exists a unique
matriz P € GLy,(K) such that PM is in reduced row echelon form.

Remarque: The practical implementation of this result is called the Gaus-
sian elimination algorithm.

Thus, given a linear system (S) with augmented matrix Ag, we apply
Gaussian elimination to obtain the associated reduced row echelon form, for
example, in the form

OO OO o oo
OO OO OO -
O O OO OO e
OO O OO = e
O OO OO e

OO OO = O e
O OO = OO e
OO O e o o o
OO = O OO e
SO Q e e o o o

— If the last column contains a pivot, then the system is inconsistent,
which in the example above corresponds to the case a # 0.

— Otherwise, the positions of the pivots provide the indices of the lea-
ding variables, while the others are called free variables. The set of
solutions is then an affine subspace of dimension equal to the number
of free variables; that is, for any values of the free variables, there
is a unique solution for the leading variables, which can be found by
solving the system from the bottom up.

Definition 44. The system (S) is called a Cramer system if it has a unique
solution.

Remarque: In other words, (5) is a Cramer system if it is consistent and has
no free variables, which allows us to prove the following proposition.

12



Proposition 45. The system (S) is a Cramer system if and only if Ag is
an tnvertible matriz, which in particular implies that m = n.

Remarque: Linear systems and their resolution via Gaussian elimination
are used, for example, to find the inverse of a matrix, or to provide linear
equations for a subspace whose generating set is known.

2.3 Decompositions

The Gaussian elimination algorithm provides the following results :

(a) SL,(K) is generated by elementary transvection matrices. In dimen-
sion three or higher, all transvections are conjugate; this implies the sim-
plicity of PSL,(K). In dimension 2, for (e1,e3) a basis, we denote by 7y
the transvection defined by 7)(z1e1 + x2e2) = (z1€1 + 22€2) + Az2€;. Every
transvection is conjugate to a 7y, and 7y and 7, are conjugate if and only if
A X2
&€ (KX)"

It follows that G L, (K) is generated by elementary transvection matrices
and dilation matrices D,,(\) = diag(1,---,1,A), where A € K*.

(b) Bruhat decomposition : T'(n, C)\GL(n,C)/T(n,C) ~ &,,, where
T'(n,C) denotes the set of upper triangular matrices. This result is interpre-
ted in terms of flags : the set of equivalence classes of pairs of complete flags
under the action of GL(n,C) is in bijection with &,,.

(¢) LU decomposition : When performing Gaussian elimination, we
ask if pivoting requires row exchanges (in general, yes, especially to minimize
rounding errors). The condition for avoiding row exchanges is that det M (k)
is invertible for all 1 < k < n, where M *) denotes the kth principal minor :
the factorization is then unique if the diagonal of L is set to 1. To solve
linear systems : we solve LY = B, then UX =Y (note that computing L is
particularly simple using matrices T; ; ; see Ciarlet, p.83). We can mention
the particularly simple case of tridiagonal matrices (Ciarlet, p.85), which
requires 8n — 6 operations, or more generally band matrices, for which the
LU decomposition is still of the same form (notion of static data structure).

(d) Let B be a matrix in M, ,(R) and ¢ € R™. We seek u such that the
Euclidean norm of Bu—c is minimized (least squares method). We introduce
the functional

2J(v) := ||Bv — c|[* — [|e]|* = ("BBv,v) — 2('Be, ),

which we seek to minimize. Since the symmetric matrix 'BB is positive,
the function J is convex, so the set of solutions coincides with that of the
equation

J'(u) ="'BBu —"Bec = 0.
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We are thus naturally led to solve equations of the form AX = B, where A
is symmetric and positive definite, and we apply the Cholesky decompo-
sition : A = B'B, where B is lower triangular (the LU decomposition gives
A = LDV, with, by uniqueness, V = ‘L, and we take the square root of D).

(e) Any matrix is algorithmically similar to a Hessenberg matrix : in
the QR method, if A is Hessenberg, then all the Ay are too, which shortens
computation times.

(f) QR factorization : @ is unitary and R is upper triangular. If the
diagonal coefficients of R are required to be positive or zero, and if A is
invertible, then the factorization A = QR is unique (on R, @ is orthogonal).
To construct them, one can use the Gram-Schmidt orthonormalization pro-
cess, but this method should be avoided as it introduces rounding errors.
The use of Householder matrices H,, = I,, — 2% is much more efficient.

(g) Given a symmetric matrix A, there exists a matrix P that is the
product of (n — 2) Householder matrices, such that ‘PAP is tridiagonal
(Ciarlet, p.120). Applying the Givens method, we obtain approximate ei-
genvalues : the characteristic polynomials of the principal minors form a
Sturm sequence, which allows the roots to be located as precisely as desired,
for example, using dichotomy (Ciarlet, p.123).

(h) QR method for eigenvalue localization : Let A be an invertible ma-
trix with distinct eigenvalues, such that there exists a basis transformation
matrix allowing for an LU decomposition. We then construct a sequence Ay
defined recursively by A = QrRr = Rp_1Qk_1. Then Ay converges to the
diagonal matrix of eigenvalues of A, ordered by decreasing magnitude.

2.4 Matrix Calculations in a Principal Ring

Let us recall that M,,(A) denotes the set of square matrices of size n with
coefficients in A. In this section, A is a principal ring (ideally Euclidean, such
as Z or K[X]).

Lemme 46. A matriz M € M, (A) is invertible if and only if det M € A*.

Preuve : If the matrix M is invertible, then by applying the determinant to
the equality M.M~! = I,,, we obtain that the inverse of det M is det(M ~1).
Conversely, let M denote the transpose of the cofactor matrix of M. From the
equality M.M = det M, we deduce that if det M € A*, then (det M)~'M
is the inverse of M.

The following lemma is the essential computational ingredient for the
matrix calculations that follow.

Lemme 47. Let z,y € A be non-zero, and let z be a greatest common
diwisor (ged) of x and y, with ux + vy = z a BA@Q)zout relation. Then the

14



u v

matrix M =
(—y/z x/

z> , with determinant 1, satisfies the equation

u(5)=(5)

We will use the following (n,n) matrix :

1 0 0
0 0
1
0 U 0 v
1
Lng(ﬂf,y):
1
—y/z 0 x/z
1
0 ... 1

with w in (4,7), v in (4, k), —y/z in (k,j), and x/z in (k, k).
Remarque: As usual, denoting by I; the row with index i of a matrix M,
the left multiplication of a matrix M € M, ,,(A) by the matrix L;(x,y)
replaces [; and [, with al; + Bl and ~yl; + dl, respectively.

Proposition 48. Let M € M, ,,(A). Then there exists a matriz L €
SL,(A) such that LM is upper triangular.

Preuve : The proof consists of applying Lemma 47 multiple times to create
zeros below the main diagonal.

a) Let M = (a;;) (1 <i<mn,1<j<m). We multiply M on the left by
the matrix L1 = Ly 2(a1,1, a2,1) so that the first column of M; = LM starts

with <g>, where d = a1 N as1.

b) Next, we multiply M; on the left by a matrix Le = L 3(d, a3 1) to create
a zero at position (3, 1) and replace d with di = a1,1 Aag 1 Aa3;1. We continue
this process until we obtain the matrix M,,_1 = L,_1--- L1 M, whose first
column is (d,—1,0,...,0), where d,,_ is the ged of the elements in the first
column of M.

¢) We proceed similarly with the second column, starting by multiplying on
the left by a matrix Lo 3 so that the first row remains unchanged and only
the rows lo, ..., [, are manipulated. In this way, we obtain a second column
of the form (a,b,0,...,0). Repeating this process for all the columns, we
obtain an upper triangular matrix.
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Definition 49. A matriz M € M,, ,,,(A) is called reduced if
a1 O . 0

with
Qi ‘ ait1i41, 1< < inf(n, m) — 1.

Remarque: The matrix M is represented with n < m. Note that the last a;;
may be zero, and all the off-diagonal elements are zero.

Theorem 50. Let M € M, ,,,(A). Then there exist L € SLy(A) and R €
SLy,(A) such that M' = LMR is reduced.

Remarque: The analogous statement for a field K is that any matrix M €
I 0

0 0/

Preuve : We have seen how manipulating rows allows us to bring the ged
of each column to the first row. We start by doing this for each column.
Then, having operated on the rows, we proceed to operate on the columns
to bring the ged of the first row, and thus the ged of all the coefficients of
the matrix, to position (1,1).

At this point, the coefficient a1 1 is the ged of all the a; ;. We then proceed

M, (K) is equivalent to a matrix of the form M’ = (

by manipulating the rows to obtain the first column equal to (a;1,0,--- ,0) :
note, in particular, that the first row is not modified. We then proceed
similarly with the columns so that the first row is equal to (a1,1,0,--- ,0).

As before, we do not modify the first row, so at this point, the matrix is block
diagonal with the first block of size 1 and the second of size (n — 1,m — 1).
The proof is then concluded by induction.

2.5 Generalities on modules
In this section A is any commutative ring.

Definition 51. - An A-module is a commutative group (M,+) equipped
with an application Ax M — M, where ax denotes the image of (a,x), such
that :

1.Vae Aandxz,y e M, a(r+vy) =ax+ay;
2. VYa,be Aandx € M, (a+b)x =ax + bx;
3. Ya,be A and x € M, 1x =1 and a(bx) = (ab)x.

- A submodule of an A-module M is a subgroup N of M stable by the action
of A.

- A morphism of A-modules M — N is a morphism of additive groups
(M,+) — (N, +) which is moreover A-linear.
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Remarque: the notion of A-module is formally identical to that of K-vector
space except that the external action is relative to a ring A rather than to
a field K.

Ezamples : the usual constructions on vector spaces are generalized to the
case of A-modules (quotient, sum, intersection, A-module generated...). We
will use the following examples more specifically in the following.

- If (G,+) is a commutative group, it is canonically equipped with a Z-

n

module structure, by defining, for n > 0, ng as g+g+---+ g, and (—1)g
as —g.

- If V is a K-vector space and u € L£(V') an endomorphism of V', we equip
V with a K[X]-module structure by setting for all P € K[X] and for all
v eV, PV = Pu) (7).

- The ring A is itself an A-module. The sub-A-modules of A are its ideals.

Definition 52. A subset S of an A-module M is said
— free if the equality ) . g ass = 0 where the family (as)scs is assumed
to have finite support, implies that for all s € S, we have as = 0.
— generator if every element m € M can be written in the form ) g ass
where the family (as)ses s finitely supported.
— a basis if S is both free and generating.
We say that M s
— free if M has a basis.
— finitely generated if it has a finite subset S that is generating.
— torsion if the set of elements A € A that cancel M i.e. such that
VYm € M we have Am = 0, is a non-zero ideal of A. This ideal is
called cancellator of M and denoted Ann(M).

Ezample : the annihilator of M = A/I is the ideal I.
Remarque: the data of a basis of a free A-module of finite type is equivalent
to the data of an isomorphism A" — M.

Proposition 53. Let M be a free A-module of finite type. Then all its bases
have the same cardinality.

Preuve : Let (e, - ,e,) be a basis of M and M € A be a maximal ideal so
that the quotient A/M is a field k. We denote MM = {7 mje; : m; €
M} so that V := M /MM is a k-vector space, i.e. a group with an external
action of A/M. Note also that (€;)i=1... n is a basis of V. It is clearly a
generating family. For freedom, 1" | \j&; = 0 is also written Y ;" | pe; =
>, mie; where fi; = A; and the m; € I. The family (€;)i=1,.. , being free,
we deduce that p; = m; and therefore A\; = p; = 0.

Thus n is the dimension of the vector space M /MM and is therefore
the cardinal of any basis of the A-module M.

Proposition 54. A submodule of a finitely generated module is finitely ge-
nerated.
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Preuve : Let f: A™ — M be defined by the data of a generating family
of cardinality n of M. For a submodule N of M, it suffices to show that
f~1(N) is finitely generated, i.e. we are reduced to the case where M = A",

We then reason by induction on n : in the case n = 1, a submodule of A
is an ideal which is therefore principal and therefore free of rank 1.
Let us then assume the result acquired up to rank n—1 and treat the case of
n. Consider then the application g : N < A™ — A where the second arrow is
given by the first projection (a1, -- ,a,) — a1. The image of g is of the form
a1 A and let n; € N be an antecedent then N = NN A" where A" ! is the
kernel of the first projection. Note that n; A N N’ = (0) since if g(Ani) =0
then A = 0. Furthermore for n € N, we can write n = Anj + (n— Any) where
f(n) = Xa1 = f(Mn1) and therefore n — An; € N’. In other words, we have
N = An; @ N’ with N’ ¢ A"~ By induction N’ is finitely generated and
therefore N too.

2.6 Adapted Basis Theorem

Theorem 55. Let N be a submodule of a free A-module L of finite type.
Then N is a free submodule of finite type and there exists a basis, called
adapted, (f1,...,fn) of L as well as elements a; € A, 1 <1i <n such that :

ai|az|---| an,
the (a; f;) such that a; # 0 form a basis of N.
Moreover, the sequence of ideals (a;) satisfying these conditions is unique.

Preuve : According to the proposition 54, N is of finite type, let us then
denote (g1,...,9m) a generating family of N and let us write the transition
matrix M of the g; for 1 < i < m in a basis (e, - ,e,) of L. According
to 50, there exist P € SL,A and Q € SL,,(A) such that M’ = PMQ is
reduced with elements a;; on the diagonal that we simply denote by a;.
The matrix P (resp. Q) is interpreted as a matrix of change of basis of L
(resp. of change of generating family of N). Let (f1,---, fn) be the new
basis of L; the matrix writing of M’ is then interpreted by saying that
(arfi,---,arfr) is a generating family of N, where we denote by a, the last
of the non-zero a;. We then note that this new generating family of N is
free, i.e. N is also free with M/N ~ A/(a1) x --- x A/(a,) x A" ". Let us
then show the uniqueness of (a;). First, note that n — r depends only on N.
To do this, let us consider an irreducible p not dividing a, so that for all
1 < < n, a; is invertible modulo p and therefore for M; = A/(a;) we have
M; /pM; is zero. We thus see that n —r is the dimension of the A/(p) vector
space (M/N)/p(M/N). Let us then consider

A A A A

- -~

(a) T a) T @) T @y
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the (a;) and the (a}) verifying the divisibility properties of the statement

K3
and are all non-zero. Then (a,) = Ann(M/N) = (a),) and therefore (;il) X
X @y X X @ By proceeding in the same way, we identify

step by step the aq—; with the a/_; until obtaining s = ¢.

Definition 56. We say that m € M is a torsion element if m # 0 and if
there exists A € A, A # 0, such that Am = 0. The set of torsion elements of
M is denoted M. If My = {0}, we say that M is torsion-free.

Remarque: M, is a submodule of M. Moreover, M is torsion if and only if
M = M;. With these notions the proof of the previous theorem is rewritten.

Theorem 57. Let M be a finitely generated A-module, M; its torsion sub-
module. Then there exists a free submodule L C M of rank r such that
M = M; ® L as well as elements ail|az|---|aq of A such that

My = Af(ar) ® Af(a2) @ -~ ® Af (a).

Definition 58. The rank of the free part of M is called the rank of M. The
non-zero ideals (a;) for 1 <i < q are the invariant factors of M.

Remarque: the field of rationals QQ is an example of a torsion-free and non-
free Z-module (if g1 = a/b and g2 = ¢/d, are two non-zero rationals, we have
the relation beq; — adga = 0). Thus Q is not a Z-module of finite type.

Proposition 59. Let M be a finitely generated A-module. The following
conditions are equivalent :

1. the module M is indecomposable ;

2. M >~ A, or there exists an irreducible element p € A, an integer a > 0
such that M ~ A/(p®).

Preuve : 1. = 2.

According to the theorem 57 we can assume M = A/(a). If the element a
has at least two irreducible factors, it follows from the Chinese lemma that
M is not indecomposable.

2. = 1

Since the ring A is integral, it is clear that the A-module A is indecompo-
sable.

If o > 0, the submodules of M = A/(p®) are generated by the images in M
of the elements p? for v < . If My and M5 are two such submodules, we
always have M1 C Ms or My C Mj ; they cannot therefore be in direct sum.

Definition 60. Let M be an A-module, p € P an irreducible element. We
denote M (p) the set of elements x € M of p-torsion, i.e. vanished by a power

of p.
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Remarque: by applying the Chinese theorem to the 57 theorem, we obtain
the canonical decomposition into indecomposable given by the following
theorem.

Theorem 61. Let M be a finitely generated A-torsion module, (a) = Ann(M)
its annihilator. Then :

1. M = EBpiEP pila M(p;) and M (p;) # (0) for each irreducible element
pi such that p;la

2. for each irreducible element p; € P, pila, there exists a sequence of
ntegers vip < v < - -+ < v unique such that :

k
M(pi) ~ [ A/ @0])).
j=1

3. the decomposition M ~ Hi’j A/(pl-yij) is the unique decomposition of
M into a product of indecomposable modules.

Ezample : let us take A =Z, M = M; = 7Z/96Z x Z) 727 x Z/10Z. We have
96 = 2° x 3, 72 = 23 x 32, hence :

M ~ 7.,/327. x 7./3Z x 787 x 7./9Z x 7.)2Z x Z./5Z.

by the Chinese theorem. We therefore have

M2) ~ Z/32Z x Z/SZ x 72T
M@3) ~ ZJ/9Z x 7/3Z (1)
M(5) ~ Z/5.

To find the decomposition into indecomposable (resp. into invariant factors),
we read the table above in rows (resp. in columns), and we find M = M (2)®
M(3) ® M(5) (resp. a3 =32 x 9 x5 = 1440, ag = 8 x 3 = 24, a; = 2, hence
the decomposition M ~ Z/27 x 7./247. x Z/14407.

Remarque: by considering an abelian group as a Z-module, we can give the
classification of finite abelian groups of given order n. We proceed as follows
next. Let G be a group of order n.

1. We write n = pi*...p% with p; primes, v; integers ;

2. we then have G ~ G(p1) @ --- ® G(ps) ;

3. for each integer ¢, 1 < ¢ < s there exists a unique sequence (v;;) of
integers > 0 such that Y, vi; = v; and G(p;) ~ @B, Z/p;" Z;

4. two groups of order n are isomorphic if and only if all p; and integers
v;; are the same.

Ezample : let us give up to isomorphism all the abelian groups of order
108 = 22 x 33, Let G = G(2) ® G(3) with G(2) of order 4 and G(3) of
order 27. Up to isomorphism there are two possibilities for G(2), Z/4Z and
7./27 x 7./2Z, and three for G(3), Z/277Z, Z./97 x 7.,/3Z and (Z/37)3. There
are therefore up to isomorphism six abelian groups of order 108.
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2.7 Exercices

Exercice 1. (Fresnel p.127) Let A be a matriz of M, (K). We introduce the
matrizc N of M2 ,, 11 (K) where for 1 <k <n+1, its k-th column vector is
made up of the elements of the matriz A*~! taken in an order prescribed once
and for all. Show that there exists a matriz P of SL,2(K) such that PN
My M,

0 Ms
of Mg q+1(K) whose "diagonal” terms are all non-zero and give a way to
compute the minimal polynomial

is of the form >, where My s an “upper triangular” element

Preuve : The existence of S follows from the Gauss pivot by row operations.
Thus the d+1-first columns of N’ = SN are linked either *(ug, - -+ ,ug_1,—1,0,---,0)
is a kernel vector of N’ and therefore also of N because S is invertible. By
noting C; the columns of N, we therefore have Cy = ugCo+ - - - + ug_1Cq_1
and therefore A% — uy_1 A% 1 — ... —yoIld = 0. Suppose that there exists a
annihilating polynomial of degree less than or equal to d — 1, so that the
first d — 1 columns of N are linked and therefore also those of N’ which is

not, so that X% —ug_1 X% ! — ... — g is indeed the minimal polynomial of
A.

Exercice 2. Let M be a matriz of M, (R) ; the letters L, L' (resp. U,U’) de-

note lower (resp. upper) triangular matrices with diagonal coefficients equal
to 1. The letter D denotes a diagonal matrix.

(1) Show that we can put M in the form LU (resp. LDU) if and only

if det M%) =1 (resp. det M¥) #£0) for all 1 < k < n where M®)
denotes the principal minor of order k.

(2) Write the matrix cosf —sinf > in the form U'LU. Find a ma-

sinf  cosf
triz of Ma(R) that cannot be written in the form LDU where D de-
notes a diagonal matriz.

(8) Let My, be the matriz obtained from M by substituting its last row
for its row of index k. Let det M,ik) #0 for all 1 < k <n. Show that
we can put, in a unique way, M in the form U'LU where U, U’ have
zero coefficients outside its diagonal and the last column.

(4) Let M € GL,(R), show that there exists U with n — 1 zero coeffi-
cients on its last column such that the first k rows of (U’M)(kﬂ) are
independent for all k < n.

(5) Show that any matriz M with determinant n can be put in the form
L'U' LU where L has its zero coefficients outside its diagonal and its
last row.

Preuve : (1) The proof is identical in the respective case, we treat the LU
decomposition. Let us suppose by induction that M (n=1) — LU. We have

(U AN L 0 U L4
“\B m ) \BU! 1 0o m

21



where m’ = m — BU 'L~ A. By passing to the determinant we have m’ = 1
hence the result. For uniqueness if LU = L'U’ then L' 'L = U'U~! which
is necessarily equal to the identity.

(2) The decomposition :

(sing 1) ( é _tanl(e/Q) >

1
10 ) cannot

is used to implement rotation of digital images. The matrix <

be written in the form LDU.
(3) We denote by (ci1,- - ,cn—1,1) the coefficients of the last column of
U'~'. By multilinearity of the determinant we have

k

det(U' ' M)®) = det M*) 4 chM](

k)

J=1

The equations det(U' ~'M)*) =1 for 1 < k < n — 1 form an invertible

triangular system because det M ,ik) # 0, so it has a unique solution and
(U'='M)*) = LU according to (1).

(4) We prove this property for all k& < r by induction on r < n using
that the matrices U’ form a group. We denote Uy, as the identity matrix
and Uy (k <1 < n) as the matrix that by left multiplication adds row [ to
row k. We extract from M the upper left matrices M) € M ;(R).

For r =1, rgM(mQ)) = 2 guarantees rgM (™12 > 1 If the first row of
M®™=12) ig zero we denote [ > 1 as the index of a non-zero row, otherwise
we set [ = 1. The matrix U’ = Uy is suitable, i.e. the first row of (UUM)(Q)
is not zero.

Assume that M satisfies the property for all k& < r—1 so that the first r—1
rows of M("=17+1) are independent. Moreover, rgM ("—17+1) > ygp(nr+1) _
1 = r. Choose U" = U,; where | = r if the r-th row of MO=1r+1) g
independent of the previous ones and [ > r is the index of an independent
row otherwise. The first 7 rows of (U’M)*+1 are then independent for all
k<r.

(5) Let Uy be the matrix obtained by applying the previous question to
M. We note that Ly = L'~1 is of the same form as L’ and therefore that Uy
and Ly commute. For any vector v independent of the (n — 1)-first rows of
M, we can choose Ly such that the left multiplication of Ly on M changes
the last row of M into v. By construction of Uy, it is possible to choose
the coefficients of v successively so that LoUyM satisfies the hypotheses of
question (3). By denoting U; the matrix U’ obtained by applying question
(3) to LoUpM we obtain UyLoM = LoUyM = U; LU. We conclude by setting
U =U, U

22



Exercice 3. Let x = (n1,...,n,) € ZP.
a) Show that the following conditions are equivalent :

1. GCD (ny,...,np) =1
2. There exists A € SL,(Z) such that Alz =' (1,0,...,0)
3. The vector x is part of a basis of ZP.
b) Let p =4 and x = (10,6,7,11). Complete x in a basis of Z*.

Preuve : (i) implies (ii) : the result is proven by induction; the first step
of the calculation is as follows :

10 . 0 -
. ni
0 J—
U v n.r (nr,mr—1)
0o - _nr/(nr) nr—l) nr—l/(nra Nyr—1 0

where © and v are the Bezout coefficients between n,_1 and n, : un,_1 +
vy = (N, Np—1).

Consider f :Z" — Z defined by f(ay,--- ,a,) = ainy +-- -+ a,n,. The
adapted basis theorem assures us the existence of a basis (e, - ,e,) of Z"
such that Ker ¢ = Zajey @ - -+ ® Zare, with a;|a;+1 in Z that we call the
invariant factors of Z"/ Ker ¢ ; we have moreover that the a; are all equal to
1for 1 <i<randa, =0 (by a dimension argument). Thus if we denote

A transposed from the passage matrix of the basis (e;,e,_1, - ,€1) in the
1
ni 0

canonical basis, we have A € SL,(Z) and A | =

1
ni 0
(ii) implies (iii) : it is obvious that the family : =A1 ],
ny O
0
1 0
A1 0 JATT 0 forms a base of Z™.
0 1
ni
(iii) implies (i) : let eg,--- , e, be a family that completes : in a
Ny

basis and we denote by A the matrix of passage of this basis in the canonical
basis; we calculate the determinant of A by developing it with respect to
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the first column so that it is divisible by the gcd of the n; which is therefore
equal to 1 because det A = +1.

Examples : the first case is simple because we have the relation 7—6 = 1
so that the following matrix is of determinant —11

10 6 7 11
0 1 1 0
1 00 O
0 0 0 1

so that the 4 column vectors of the transpose of the matrix above constitute
a basis of Z2.

In the second example we have the Bezout relation : 1 = 6.6 —2.10 — 15. We
therefore look for 6 coefficients a, b, ¢, d, e, f such that ¢cf—de = 6, af —be = 2

and ad — bc = —1. For example the following matrix is suitable
6 1 0
10 0 -1
15 6 2

Exercice 4. Let n be a positive integer and G C Z™ be a subgroup of rank
n. Let (g1, ,gn) be a basis of G ; we denote by M the passage matriz of
this basis in the canonical basis of Z".
(i) Show that the group Z™/G is finite.
(ii) Show that card((Z"™]/G)) = | det M|.
(iii) Let H be an abelian group generated by three elements hy,ha, hs3
subject to the relations

3h1+hos+hs3=0

25h1 + 8hy + 10h3 =0
46h1 + 20hy + 11h3 =0

Show that card(H) = 19 and then that H ~ Z/19Z. What generali-
zation does this suggest ¢
(iv) Triangularize the matriz

3 1 1
25 8 10
46 20 11

by multiplying on the right by a matriz of SLs(Z) that we will specify.
(v) Deduce an isomorphism ¢ : H ~ Z/19Z and specify the values of
p(h1),p(h2), p(h3).
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Preuve :

(i) The adapted basis theorem provides a basis (f1,- -+ , fn) of Z™ as well
as integers 1 < aq|- - |ay # 0 such that (a1 f1,--- ,anfn) is a basis of G. We
then obtain 2" /G ~Z/a1Z x - -- X L]anZ.

(ii) According to the above, we therefore have card(Z"/G) = [, a;
which is therefore equal to det M.

3 1 1 h1 0
(i) Let M = [ 25 8 10 | so that M | he | = | 0 | There
46 20 11 hs 0
then exist matrices L, R € GL3(Z) such that M = Ldiag(a1, a2, az)R with
R} hy
ailag|as. Furthermore if we put h’2 = R| ho |, H is also genera-
h hs
R} 0
ted by hj,hb, h% and the equation Ldiag(ai,az,as3) [ hb =1 0 | is
h 0
equivalent to
alh’l =0
agh’2 =0
aghg =0

and therefore H ~ Z/a1Z x Z/asZ x Z]asZ, with aj.az.a3 = det M. The
statement suggests us to simply calculate det M ; we easily verify that it is
equal to —19 (cf. (iv) below) as announced. We then obtain a; = az = 1
and a3z = 19.

In general, if the prime factorization of det M does not reveal any multi-
plicity (i.e. p? fdet M for any prime p), then all the a; are equal to 1 except
the last one which is equal to det M and the quotient group is then cyclic.

(iv) We calculate

1 0 O 0 -1 0 1 0 0
01 -1 1 3 0 0 -1 -2
0 0 1 0 0 1 0 0 -1
3 1 1 3 1 0 1 0 0 1 0 0
25 8 10 25 8 2 8§ -1 2 8 1 0
46 20 11 46 20 -9 20 14 -9 20 —14 -19
1 00 1 0 O 0 -1 0 0 1 2
010 01 -1 1 3 -1 1 -3 -5
0 01 0 0 1 0 0 1 0 0 -1
H 0 1 2 Iy
(v) Wehave | R, | = 1 -3 =5 ho | which is easily inverted
1l 0 0 -1 hs

(the matrix is ”triangular”) i.e. hg = h§, hg 4+ 2hg = h} i.e. ho = h} — 2R}
and hy — 3hg — bhg = hf i.e. hy = 3h) + hf, — hf. Since p(h)) = @(hh) =0
and p(h5) = 1, we obtain p(h1) = —1, p(hs) = —2 and ¢(hs3) = 1.
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3 Reduction of endomorphisms

As we saw above, to each endomorphism f, we associate matrices that

depend on the choice of bases. We then seek to find bases so that the matrix
is as simple as possible.
Remarque: we will use the language of the following section with orthogo-
nal (resp. unitary), symmetric (resp. Hermitian) endomorphisms in the real
(resp. complex) framework. We hope that the loss of logic of presentation
of objects will be compensated by the practical aspect of finding in a single
section, a set of results on reduction.

3.1 Equivalent matrices

Definition 62. Two matrices A, A" € My, (K) (resp. of M,(K)) are said
to be equivalent (resp. similar) if there exist two matrices P € GL,(K)
and Q € GL,(K) (resp. P € GL,(K)) such that A’ = PAQ (resp. A’ =
P1AP).

Remarque: A and A’ are equivalent (resp. similar) if they represent the same
morphism f : F — F (resp. f : E — E) relative to different bases at the
start and at the finish (resp. different bases but the same at the start and
at the finish).

Proposition 63. Any matriz A € M, ,,(K) is equivalent to a matriz of the
form

1 0 v cee eee e 0
0
1
0 ;
: . . 0
0 -+ -+ -+ 0 0 0

where the number of 1 is equal to the rank of f.

Remarque: thus the equivalence classes in L(E, F') are given by the rank.

Let us now consider the case K = R (resp. K = C) and where the spaces
considered are equipped with a scalar product (resp. Hermitian). We are
then allowed to consider only orthonormal bases and therefore orthogonal
(resp. unitary) change of base matrices.

Proposition 64. (Polar decomposition) Let A € M,,(R) (resp. M,,,(C)),
we can then write A in the form A = PU where P € M,,(R) (resp. P €
M,,,(C)) is positive semi-definite of the same rank as A and U € M,,(R)
(resp. M, (C) ) whose column vectors form an orthonormal family, i.e. UU =
Iy, (resp. UU* = I,,,). The matriz P is uniquely determined as the unique
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positive square root of A'A (resp. of AA*) while U is uniquely determined if
A is of rank m.

Remarque: we must see this decomposition as the generalization in the case
n =1 of the writing of a complex number in the form pe®.

Preuve : We treat the case of R, the case of C being treated in a similar
way. The matrix A’A is positive symmetric and therefore diagonalizable in
an orthonormal basis, i.e. there exists O orthogonal such that OA'A('O) =
diag(A1, -+, A\p) with the \; positive or zero. We then note

P ='Odiag(vV A1, -, VAn)O

which is therefore positive semi-definite. Suppose that P is invertible, i.e.
that A is of rank m, then U = P~ A verifies

U'U =P Y (A'A)' Pt =P H(PHP ! = I,,.

If A is not of rank m, let (4;);en be a sequence of matrices of M,,(R) of
rank m converging to A. From the above, we can write uniquely 4; = P,U; :
as (U;)ien belongs to the compact O,,(R) and therefore admits a value of
adherence U € O,(R) so that the corresponding extracted sequence of P;
converges to P := AU ™! necessarily symmetric positive semi-definite since
the set of symmetric positive semi-definite matrices is clearly closed.
Remarque: by reasoning with extracted sequences as in the proof above, it
is easy to demonstrate that the polar decomposition in the invertible case
is a homeomorphism.

Remarque: in the previous proof we construct quite naturally the positive
Hermitian matrix P while U is only given artificially by the formula P~1A.
To correct this injustice let us show the following corollary.

Corollory 65. The application M + \/ Ltr(MM*) defines a norm || — ||

on M, (C) such that ||U|| =1 for any unitary matriz. For A € GL,(C) with
polar decomposition A = SU, the unitary matriz is uniquely determined by
the following property :

|IA=Ull= min [[A-U"]],
U’€U,(C)

where U, (C) denotes the set of unitary matrices of My, (C).

Remarque: another way to state the result is to say that U is the orthogonal
projection of A onto the unit ball of matrices M such that ||M|| < 1 which
isu

Corollory 66. (singular values)
Let A € M,,(C) be of rank k, we can then write it in the form

A =VDW*,
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where V- € M, (C) and W € M,,,(C) are unitary and D = diag(dy, -+ ,dp)
with dy > dg > --- > dp, > dy, = -+ = dy, = 0. The numbers d;; are the
positive square roots of the eigenvalues of AA* and are therefore uniquely
determined : they are called the singular values of A.

Remarque: V and W are not uniquely determined, we can just say that the
columns of V' (resp. W) are eigenvectors of AA* (resp. A*A).

Preuve : We start from the polar decomposition A = PU and we diago-

nalize P = V. DV™ in orthonormal basis where D is as in the statement. We
then set W = U*V so that A = VDW™.
Remarque: singular values appear in the conditioning of a matrix in nume-
rical analysis. Let us briefly recall what this is about. Let A be an invertible
matrix and B a column matrix, we seek to solve the equation AX = B
with unknown X. From a practical point of view, B may undergo a small
perturbation dp due for example to rounding and we seek to control the
perturbation dx induced on X, i.e. A(X + dx) = B + dp, or Adx = 0p.
We choose a norm subordinate for example to the classical Euclidean norm
|| = ||2 so that |||Al]||2 is equal to the largest eigenvalue of A*A, i.e. to the
largest singular value. We then have, using

148x(l2 < [I|Alll2-10x Iz, [[AT Bll2 < [[JA7H|]2.[1 B2 (2)
A ) I35l
X112 -1 Blll12
< (11 A2 1A ]2 :
X2 1IBIll2
The conditioning of A relative to the norm || — ||2 is then the quantity

|| A]ll2.]||A=1|||2 which is therefore the quotient £z of the largest singular
value by the smallest. Using that in finite dimension, the unit sphere is
compact, the inequalities of (2) are optimal, i.e. the cases of equality exist,
so that the previous upper bound is optimal.
Let us illustrate the phenomenon :
— we take A € GLy(R) symmetric positive definite so that the singular
values are equal to the eigenvalues.
— Let e; and ey be the eigenvectors associated to Ay < Ay and assume
Ao large and A; small.
— Let B = e5 be such that X = /\%62 which is small, and
— 0 = A1e1, which is therefore small,
so that dx = e; is large.
Remarque: we can also perturb the matrix A while keeping B : again the
perturbation of X is controlled by the conditioning of A.

3.2 Eigenvectors and eigenspaces

Definition 67. A vector v € E is said to be proper by an endomorphism
f if it is non-zero and if there exists a scalar A € K such that f(v) = Av;
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the scalar X\ is then called an eigenvalue. We denote by Specf the set of
eigenvalues of f : it is the spectrum of f.

Remarque: an eigenvector defines a stable line by f; more generally a sub-
space F' of E is said to be stable by f if f(F) C F. If we take a basis of F
that we complete with a basis of E, the matrix of f in this basis will be block

triangular, i.e. of the form < 61 g ) with A € M,,, (K) and B € M, (K)

with n; +ngy = n.
Ezxamples : the kernel Ker f and the image Im f are subspaces stable by f.

Proposition 68. Let E be a vector space with a basis (€;)1<i<n. There then
exists a unique application det,), : E™ — K which is alternating multilinear
and such that det(.,),(e1, -+ ,e,) = 1.

Definition 69. For E = K" equipped with the canonical basis and M, (K)

identified via its column vectors to E™, the application of the previous pro-
position defines det : M, (K) — K and is called the determinant.

Remarque: by elementary operations on the column vectors of a matrix, we
show that det A # 0 if and only if A € GL,(K) as well as the following
corollary.

Corollory 70. For A, B € M, (K) we have det(AB) = det A. det B.

Definition 71. The characteristic polynomial of an endomorphism f €
L(E) is the determinant x 4(X) := det(A(f) — X1I,) € K[X] where A(f) is
the matriz of f in any basis of E.

Remarque: the fact that x4 is independent of the basis comes from the fact
that det(P~'AP) = det A according to the previous corollary.

Remarque: in the case where x4 is totally decomposed (for example if K =
C), the product of the eigenvalues is equal to (—1)" times the constant
coefficient of x4 and therefore to the determinant of A.

Lemme 72. On C, the norm of the product of the eigenvalues of a matriz
A € M, (C) is equal to the product of the absolute values of its singular
values.

Remarque: to the corollary 77, we will give refinements of this equality.

Preuve : It suffices to note that the determinant of a unitary matrix is
necessarily of modulus 1, since U*U = I,, implies that |det U| = 1.
Remarque: the formation of the characteristic polynomial A — x4(X) is
clearly continuous since it is polynomial. Let us recall that, cf. the corollary
7?7, the roots depend continuously on their polynomial, so that the eigenva-
lues depend continuously on the matrix. The following proposition quantifies
this property.
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Proposition 73. (Gershgorin disks) The eigenvalues of A = (a; j)1<i j<n €
M,,(C) belong to the union of the closed disks centered at a;; and of radius
Zj;éi |ai ;.

Preuve : The result follows directly from Hadamard’s lemma applied to
A—\Id. Recall that this lemma states that if for all 1 < i < n, we have |a; ;| >
> jzilaij| then A is invertible. Indeed, let X with coordinates (z;)1<i<n in
the kernel of A and let iy be such that |x;,| is maximal among the |z;|.
From the equality aiyi, iy = — >4, @io,;%; We deduce the upper bound
|@io,ioTio| < |Tig D2 j2iy |@ig,j| and therefore z;, = 0 or X = 0.

From a practical point of view, let us examine the perturbation under-
gone by the eigenvalues when the matrix is perturbed. Let us start with
the simple example given by the companion matrix of X109 — 107100 whose
eigenvalues are of modulus equal to 1. This matrix is thus a very weak per-
turbation of the Jordan block of size 100 whose eigenvalues are all zero.
In conclusion, a perturbation of order 10719 leads us to a perturbation of
order 0.1 which is enormous. Let us try to quantify this phenomenon : to

do so, we consider a matrix norm |[|.|| such that for any diagonal matrix
D = diag(\1, -+, \p), we have ||D|| = max; |\;|. For example, we can take
the norms {[[.[[[1, [[[-[[[2 or [|].[l]co-

Proposition 74. Let A be a diagonalizable matriz with SpecA = {1, -+, \p }.
Then

Spec(A+d4) C U{z €C: |z—X\| <y(A)ldall},
i=1
where
v(A) = inf{||P||.||P7Y|| : P7YAP = diag(\1,--- , \p).

Remarque: Thus the control of the eigenvalues is given by the conditioning
of the passage matrices and not by the conditioning of the starting matrix.
Preuve : Let P diagonalize A, i.e.

P71AP = D :=diag(\,--- , \p)

and let A be an eigenvalue of A+ 4. If A € {1, -+, A\, }, there is nothing
to show, otherwise (D — A1) is invertible and we can write

P Y A+64—N,)P =D -\, + P 164P
= (D — AL (I, + (D — A\L,) P~ 164 P).

The matrix (I,+(D—\I,,) "1 P14 P) is not invertible, so —1 is an eigenvalue
of (D—\I,)"*P~154P), so that according to ?7 its norm is > 1, which gives :

1< |[(D = M) PP < |I(D = ML) HIPTHIlIBall P

As by hypothesis ||[(D — AI,,) || =
¢ such that

——L __ there exists at least one index
min [A; —A|
A= AL (P[P8l

30



Remarque: In particular if A is normal, the passage matrix is orthogonal
and its conditioning is equal to 1. In other words when a normal matrix is
perturbed, its eigenvalues are perturbed in the same proportion. The most
interesting case is certainly the one where A and d4 are both symmetric, we
refer to the §4.8 for a more precise study in this situation.

Definition 75. The eigensubspace Ey (resp. characteristic E(\)) associa-
ted with an eigenvalue X\ is Ker(f — AId) (resp. Ker(f — AId)™ where n is
the dimension of E, or more simply the multiplicity of \ in the minimal
polynomial fiy).

Remarque: the dimension of the characteristic subspace is equal to the mul-
tiplicity of A in the characteristic polynomial.

Lemme 76. (kernel lemma)
If P = PP, is a polynomial that cancels f with Py AN P, = 1 then E =
Ker Pi(f) & Ker Pa(f).

Preuve : We start from a Bezout relation UP; + V P, = 1 so that for all
e € E, we have e = e; + eg with e; = UP;(f)(e) and e2 = VP(f)(e). We
then have

Py(f) = (e1) =U(f) o AAPx(f)(e1) =0 and Pi(f) =V (f) o PAP(f)(e) =

and therefore e; € Ker Po(f) and ex € Ker Pi(f) and E = Ker Pi(f) +
Ker Py(f). Furthermore if e € Ker Pi(f) N Ker Po(f) then e; = ea = 0 and
e=e1+ey=0.

Remarque: it is important to note that the projectors on each of these stable
subspaces parallel to the other, are polynomials in f.

3.3 Minimal Polynomial

The theory of the reduction of an endomorphism is totally controlled by
a series of polynomials associated with it, called its similarity invariants. We
will see that the characteristic polynomial is the product of the similarity
invariants. In general, the answer to a question about an endomorphism is
expressed using the full power of the similarity invariants. The largest of the
similarity invariants is given by the following definition where we recall that
given an endomorphism f and a polynomial P(X) = 3. a; X" € K[X], P(f)
denotes the endomorphism Y, a; f* where f* denotes fo---o f.

Definition 77. For f € L(E), the set Iy of polynomials P € K[X] such that
P(f) is the zero endomorphism, is an ideal of K[X] ; this ring being principal,
there exists a unique unitary polynomial py, called minimal polynomial of
f, such that Iy =<y >.

Remarque: since E is finite-dimensional, the family Id, f, f2,---, f”QJrl is
related so that Iy is not the zero ideal and thus p ¢ is not the zero polynomial.
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Theorem 78. (Cayley-Hamilton)
The characteristic polynomial x5 belongs to Iy, i.e. xf(f) is the zero endo-
morphism.

3.4 Trigonalization

Definition 79. An endomorphism is said to be trigonalizable if there exists
a basis in which its matrix is upper triangular.

Remarque: another way to state this property is to require that there exists
a complete flag
{O}ZF()CFlC"'CFn:E

with dim F; = i, stable by f, i.e. for all i =0,--- ,n we have f(F;) C F;.

Theorem 80. An endomorphism f is trigonalizable if and only if x ¢ is split
on K.

Remarque: thus if K is algebraically closed all endomorphisms are trigona-
lizable.

We are now interested in the question of simultaneous trigonalization,
i.e. given a subset £ of L(F), we look for flags, if possible complete, stable
by all v € £. We recall that if u is an endomorphism of a vector space E
and if F' C E is a subspace stable by « then u induces an endomorphism
of E/F.

Given a subset £ of L(E) and G C F' C E of subspaces stable by all
elements u of &, the set of quotients of £ for {G C F'} is by definition
{ue L(F/G): uec&}.

Definition 81. A property P will be said to be stable by quotients if for any
set £ C L(F) consisting of elements satisfying P then the quotient set of €
for {G C F} is also consisting of elements of L(F/G) satisfying P.

General principle : let P be a set of properties stable by quotients and
verifying the following property : for any & C L(F) consisting of elements
verifying P with dim £ > 1, £ is reducible i.e. there exists a non-trivial vector
subspace F' of E stable by all elements of £. Then £ is triangularizable.
Ezxample : for E a finite-dimensional C-vector space, any commutative sub-
set of L(FE) is triangularizable. Indeed, commutativity is clearly a property
stable by quotient. The reducibility property will then follow from the fol-
lowing facts :

— every endomorphism admits an eigenvalue and

— every eigensubspace of A is stable under any matrix B commuting

with A.

Remarque 82. using the following facts :
— the eigenvalues of a triangular matrix are its diagonal terms;
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— the diagonal terms of a product (resp. sum) of a triangular matrix
are the products tl(}i)tgi) (resp. tl(}i) + tl(-i.) ) of their diagonal terms.
we deduce that if {Ay,---, A} are simultaneously diagonalizable and if

p is a noncommutative polynomial (i.e. a linear combination of words) in

{A1,---, Ay} then

o(p(Ar, -, Ag)) Cp(o(Ar), -+ ,0(Ag))

where p(c(A1),---,0(Ax)) denotes the set of p(Ai,---, ;) where for all
i=1,--+,k A € 0(A;). In the following we will give the converse to this
result.

If A is a subalgebra of L(FE) the set Ax := {Az : A € A}, where
x € E, is a stable subspace under A. If A.x = F, we say that x is a cyclic
vector for A. The determination of the subalgebras of £(£) that have non-
trivial invariant subspaces is settled by the following theorem which deals
with the reducibility part of the general principle stated above in the case

of subalgebras of L(E).

Theorem 83. (Burnside’s)
Any proper subalgebra of L(E) is reducible.

Preuve : Let A be an irreducible subalgebra of £(FE); since every endo-
morphism is a sum of endomorphisms of rank 1, we will show that every
endomorphism of rank 1 belongs to A.

Let us first show that A contains an element of rank 1. Let ug € A be
nonzero of minimal rank ; if this rank is strictly greater than 1, then there
exist vectors x1 and xy such that (ug(z1),uo(z2)) is linearly independent.
Since {uoug(x1) : u € A} = E, there exists u; € A such that ujoug(x1) = zo
and therefore (ug o uy o ug(z1),up(x1)) is free. Then let A be such that the
restriction of uj o ug — AId to ug(FE) is not invertible; (ug o u;p — Ald)ug is
non-zero because the image of x; is non-zero, and (ug o uy — AId) o ug is of
rank strictly smaller than that of ug, hence the contradiction and therefore
ug is of rank 1.

For yo in the image of ug, we consider the linear form g defined by
uo(x) = po(x)yo. Let uw € L(E) be defined by u(z) = ¢(z)y where y € E
and ¢ € E*. Let us then show that u belongs to A. For v € A, we have
ugpov € A and ug ov(x) = po(v(z))yo. Let then F' C E*, the set of linear
forms ¢ such that = — ¢(x)yo belongs to A : F’ is clearly a subspace of E*.
If this subspace were strict, there would exist zg # 0 such that ¢(z¢) = 0 for
all ¢ € F’ (a finite-dimensional vector space is reflexive). The contradiction
then follows from the fact that pg(v(zg)) = 0 for all v € A implies that xg is
zero because {v(xp) : v € A} = E. So let v; € A be such that ¢ = ¢g o v;.

Similarly, as yo # 0, then {v(xp) : v € A} = FE and so for all y € E let
vy € A be such that va(yo) = y and so u = vy 0 ug o vy.
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Corollory 84. The only two-sided ideals of L(E) are {0} and L(E).

Preuve : Let Z be a two-sided ideal of L(E) not reduced to 0. It is then
sufficient to show that Z is irreducible. If u # 0 belongs to Z, for all 0 # = €
E, there exists v € L(E) such that uov(z) # 0. Let y € F and w € L(E)
be such that wowuowv(z) = y. We have wouov € Z so that any vector x # 0
is cyclic for Z and therefore Z is irreducible.

Corollory 85. Let E be a finite-dimensional C-vector space then every al-
gebra automorphism ¢ of L(E) is inner, i.e. there exists P € GL(E) such
that for all A € L(E), ¢(A) = PAP™L.

Preuve : Let Ay € L(F) be an idempotent of rank 1, ¢(Ap) is then an
idempotent, let us show that it is also of rank 1. The set {4gBAy : B €
L(E)} is a vector subspace of L(E) of dimension 1 : we can identify it with
L(Im Ap). Its image by ¢, {¢(Ag)Cp(Ag) : C € L(E)} is therefore also a
subspace of L(E) of dimension 1 identified with £(Im ¢(Ag)) so that ¢(Ay) is
of rank 1. Since all idempotents of rank 1 are similar to diag(1,0,--- ,0), even
if it means composing ¢ by A+ PAP~!, we can assume that ¢(Ag) = Ao.

Let z¢ be a direction vector of Im Ay and let P € L(E) be defined by
P(Bzg) = ¢(B)xg : if Bijzg = Baxg then as Agzrg = xo, we have (B —
B3)Ap = 0 and therefore (¢(B1) — ¢(B2))Ag = 0 so that ¢(B1)xg = ¢(Ba2)xg
and P is well defined and obviously linear. Suppose that ¢(B)xo = 0 so that
d(B)p(Ag) = ¢(BAy) = 0 and therefore BAy = 0 or Bxy = 0 which proves
the injectivity of P and since we are in finite dimension P € GL(E).

Let then be A € L(E), we have P(AB)zg = ¢p(AB)xog = ¢(A)p(B)zg =
¢(A)PBzxy and therefore PAy = ¢(A)Py for all y = Bxy. When B describes
L(E), y describes E and therefore PA = ¢(A)P for all A € L(E) hence the
result.

Corollory 86. Any algebra of nilpotent endomorphisms is triangularizable.

Preuve : The property of being nilpotent is stable by quotient as moreover

there exist elements of £(F) that are not nilpotent, any algebra consisting
of nilpotent endomorphisms is, by Burnside’s theorem, reducible. Triangu-
larization then follows from the general principle stated above.

Theorem 87. If A is a subalgebra of L(E) then A is triangularizable if and
only if every commutator BC — CB with B,C € A is nilpotent.

Preuve : If A is triangularizable then by the remark 82, we have o(BC —
CB) = {0} and thus BC — CB is nilpotent. Conversely the property of
having nilpotent commutators is stable by quotient and since there exist
non-nilpotent commutators in £(E), by Burnside’s theorem, A4 is reducible ;
the triangularization then follows from the general principle.

34



Remarque: we can thus see triangularizability as a generalization of commu-
tativity ; we relax the condition of being zero for a commutator, by requiring
that it be nilpotent.

Theorem 88. ((McCoy) The pair {A, B} is triangularizable if and only
if p(A, B)(AB — BA) is nilpotent for any commutative polynomial p in A
and B.

Preuve : The direct meaning follows from the remark 82. For the converse
according to the general principle it suffices to show that the algebra A
generated by A, B is reducible as soon as dim FF > 1. If AB = BA it is clear,
otherwise let z € E be such that (AB — BA)xz # 0 and C € L(FE) verifying
C(AB — BA)x = z. If A were irreducible then by Burnside’s theorem it
would be equal to £(E) and therefore C' € A and therefore of the form
p(A, B). The contradiction then follows from the fact that C(AB — BA) is
not nilpotent.

Corollory 89. A unitary subalgebra A of L(E) is triangularizable if and
only if A/RadA is commutative, where

RadA={A € A:0(AB) C {0} VB € A}

is the radical of A, i.e. the intersection of all mazimal right (or left) ideals

of A.

Preuve : If A is triangularizable and if B,C € A then for all A € A
according to the remark 82, we have a((BC - CB)A) = {0} and therefore

BC — CB € RadA i.e. A/RadA is commutative.

Conversely if A/RadA is commutative then BC' — CB € RadA for all
B,C € A so that A is triangularizable according to the corollary 86.

We will focus on vector subspaces of £(FE) stable under certain non-
associative multiplications such as for example the Lie algebras stable under
the Lie bracket [A, B] = AB — BA, or the Jordan algebras stable under
(A, B) — AB + BA. The most famous result is Engel’s theorem below.

Theorem 90. Let N be a subset of the nilpotent cone of L(E) verifying
the following property : for all A,B € N there ewists a noncommutative
polynomial p in Aand B such that AB + p(A,B)A € N. Then N is trian-
gularizable.

Preuve : We reason by induction on the dimension n of F; the case n =1
being trivial, let us therefore assume the result acquired up to rank n and
let us treat that of n + 1. Let F be the set of subspaces of E that are
intersections of kernels of elements of N, i.e. of the form Vg = Nyce Ker A
where & C N, and let K € F be of minimal non-zero dimension. Let us
then denote Ny = {A € N : Az = 0 Vx € K}; the set Ny C L(E/K)
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verifies the hypotheses of the statement so that according to the recurrence
hypothesis N is triangularizable and therefore N also because its elements
are zero on K.

It is then sufficient to show that Ay = A. Otherwise, let B € N and
x € K be such that Bx # 0. If K were a stable subspace of the nilpotent
endomorphism B, there would exist g € K such that Bxg = 0 and Ker BN
K would be a non-zero element of F of dimension strictly smaller than that
of K which is not by hypothesis. Let then be 7 € K and A; € N such that
A1Bxy # 0 and let p; be a noncommutative polynomial in A; and B such
that By = A1B + p1(A1, B)A; € N. Since Byzp # 0 as before K is not a
stable subspace of By ; let then As € Ny and 29 € K such that AsBixzo # 0.
Let po be such that By = As By +pa(Ag, B1)As € N. Continuing the process,
we construct

{A1, Ay, - Apa} C N, {B1,By,--- , By} CN
and vectors {x1, - ,xn+1} such that
An+lAn co A2A1B=Tn+1 = An—i—anJUn-i-l 7& 0.

Since N is triangularizable, any product of n + 1 of its elements is zero so
that A,41--- A1 = 0 which contradicts Ap+1 - - - A1 Bxyp41 # 0. We therefore
deduce that Ny = N which is trigonalizable.

Corollory 91. A set N of nilpotent elements of L(E) that satisfies one of
the following properties is trigonalizable :
— Jacobson’s theorem : for all A, B € N, there exists a scalar ¢ such
that AB —cBA € N ;
— Engel’s theorem : for all A,Be€ N, [A,B] = AB— BAe N ;
— forall A,BeN, AB+ BAecN.

Corollory 92. Let £ C L(E) be stable by the Lie bracket. Then & is trian-
gularizable if and only if all its commutators are nilpotent.

Preuve : The direct meaning follows from the remark 82. Conversely, as
the property is clearly stable by quotient according to the general principle,
it suffices to show that £ admits a stable subspace. Let N be the set of
commutators of £ ; if N'= {0} then £ is commutative and therefore admits
a stable subspace. Otherwise, according to the previous corollary, N is tri-
gonalizable so that K = Nyen Ker IV is a non-zero subspace stable by all
elements of £. Indeed, for v € K and B € £, for all A € N, we have Az =0
and (AB — BA)x = 0 so that ABx = 0 is Bx € K, hence the result.

Theorem 93. (Levitzki) Any semigroup S of nilpotent elements of L(E)
1s triangularizable.
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Preuve : Since nilpotence is a stable property by quotient, it suffices ac-
cording to the general principle to show the reducibility of S as soon as
dim £ > 1. The trace is a linear form that vanishes on S and therefore on
the algebra generated by S which is simply the vector space generated by
S. The result follows then from Burnside’s theorem and from the fact that
there exist elements of £(F) with non-zero traces.

Remarque: we could also have deduced this result from Jacobson’s theorem
for ¢ = 0.

Theorem 94. (Kolchin) If every element of the semigroup S is unipotent
then S is triangularizable.

Preuve : Since unipotency is a stable property by quotient it suffices ac-
cording to the general principle to show the reducibility of S as soon as
dim F > 1. If all the commutators are zero then S is abelian and therefore
reducible. Otherwise let C = AB — BA # 0 and let A be the algebra genera-
ted by S. The bilateral ideal generated by C' is then contained in the kernel
of the linear trace form : indeed XCY is written as a linear combination of
product DCE with D, E € S so that tr(DCE) = tr(DABE)—tr(DBAFE) =
n—n = 0. Since L(F) does not admit a non-zero proper ideal, we deduce that
A is not equal to £(FE) and is therefore reducible according to Burnside’s
theorem.

If £ C L(F) is triangularizable then the trace function is permutable on
E,ie. forall Ay, -+, A, € £ and for all permutation o € &,,,, we have

tr(A1A2 T Am) = tr(Aa(l)Aa(Q) T Aa(m))'
The converse is true and follows simply from theorem 87.

Proposition 95. Let £ C L(E), then & is triangularizable if and only if the
trace is permutable on &.

Preuve : For all A, B,C € £, we have tr((AB — BA)C) = 0. In particular

we deduce that for all & > 0, tr(AB — BA)* = 0 and therefore AB — BA is
nilpotent hence the result according to 87.

Corollory 96. If S is a semigroup that verifies one of the following proper-
ties, is triangularizable :

(i) Kaplansky : the trace is constant on S ;

(ii) the trace is multiplicative on S.
Furthermore, all in the first situation the diagonal terms in such a triangu-
larization depend only on S and are either equal to 0 or 1; in the second
there exists j that depends only on S such that all diagonal terms in a tri-
angularization, except the one in (4,7), are zero.
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Preuve : (i) Triangularizability follows from the previous proposition.
Then let A € S so that the trA* are constant for all & > 1 equal to c.
Let Ai,---, A\ be the non-zero eigenvalues of A; it is then sufficient to
show that for all trA = m. Indeed, according to Newton’s relations, the
set {A1, -+, A\m} is uniquely determined by the S = A¥ + ... 4+ M\ for
k=1,--- ,m;if all the Sy are equal to 1 then A\y = --- = A\, = 1 is trivially
suitable. Let us denote o; the usual symmetric functions of the A; so that
we have

Sm+1 — Smo1 + Sm—102 + -+ + (—1)m51 = 0oy,

S —018m—-1+ -+ (=1)"mo, =0

so that since o, # 0, we obtain ¢ = m.

Thus the eigenvalues of A are 0 or 1; if the diagonal terms of A, B € S
were not equal then we would have tr(ST') < trS which is not the case.

(ii) Triangularizability follows from the previous proposition. Let A € S
have eigenvalues A, -+, A,. By hypothesis we have Y, \F = (30, \)F. If
> Ai = 0 then all \; are zero hence the result. If Y. A\; = b # 0 then for
all k > 1, >",(a;/b)* = 1 so that according to the proof of (i), there exists a
unique j such that \; # 0. Trace multiplicativity implies that this j is the
same for all A € S.

Corollory 97. Let G be a subgroup of GL(E) ; the following properties are
then equivalent :

(i) G is triangularizable ;

(ii) for all g € G, the trace is constant on gD(G) ;

(#ii) the trace is constant on D(G) ;

(iv) for all A € D(G), o(A) = {1}, i.e. A is unipotent.

Preuve : (i) = (ii) : according to the previous proposition, the trace is
permutable on G so that for all ¢ € G and h € D(G), we have tr(gh) =
tr(gld) = trg.

(i) = (iii) : immediate

(iii) < (iv) : follows from the Kaplansky theorem proved above using
that the elements of G are invertible.

(iv) = (i) : since property (iv) is clearly stable by quotient, it suffices to
show that G is reducible. By Kolchin’s theorem, D(G) is triangularizable : let
{0} =FyCF, C---C F,_1 CF, = E be the corresponding complete flag.
Assume D(G) # {Id} because otherwise G is commutative and the result is
clear. Let F' be the vector subspace generated by U,ep(q(h — Id)(E). As
for all h € D(G), (h —1d)(F) C F,—_1, F is a strict subspace of E which is
also invariant under G : indeed, let g € G then for all h € D(G), we have

g(h—1d) = (ghg~" —1d)g and as ghg~! € D(G), we have g((h . Id)(E)) c
(ghg~! —1d)(E) C F, hence the result.
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Corollory 98. Let G be a subgroup of GL(E) such that for all A, B,C € G,
0(ABC) = 0(BAC) then G is triangularizable.

Remarque: since 0 (AB) = o(BA), the property of the statement amounts to
saying that the spectrum is permutable, i.e. for all {4;,---, A,,} C G, and
for any permutation o € &, we have 0(A1As -+ Ap) = 0(Ag1) -+ Aoim))-
The reader will note that this property is weaker than that of permutability
of the trace because here we just require that the sets of eigenvalues are
equal, without taking into account the multiplicities.

Preuve : The result follows directly from the implication (iv) = (i) in the
previous corollary. Indeed for all h € D(G), we have o(h) = o(Id) = {1} so
that A is unipotent.

3.5 Iterated kernels

Let E be a K-vector space of finite dimension n and v € £(E). For all
A€ K and r > 1, we note

K,(\) :=Ker(u—AId)" and I, (\) :=Im(u— \d)",

and we note dK, () := dimg K,()\) and dI,(\) := dimg I,,(A). We also set
dKo(A) =0 and dIp(N) = n.

Proposition 99. The sequence dK,(\) (resp. dI.()\)) is first strictly in-
creasing (resp. decreasing) then stationary from an index o (resp . the same
index ro). Moreover the sequence

0r(AN) = dK,(\) — dK,_1()\)
for r > 1 is decreasing up to rank ro then stationary equal to 0.

Preuve : If we consider u — Ald, we assume A = 0 and we simply note
K, for K,(0). Then let r be such that K, = K,1; C K,49. For z € K, o
we have u(z) € K,41 = K, and therefore v"*!(z) = 0, i.e. 2 € K,41 and
therefore K,;2 = K,11, which shows the first part of the statement since
with the rank theorem dK,(\) + dI.(A) = n.

As for §,, consider the endomorphism K, — K,_;/K,_o which sends
x to the image of u(z) € K,_1/K,_. Its kernel is clearly K,_1 so that we
have an injection
Kr/Krfl — Krfl/Ker

and therefore §, > d,._1, hence the result.

Proposition 100. Let u € L(E) whose characteristic polynomial is split.
We denote



the decomposition of E into characteristic subspaces. For each A € Specu,
there exists a basis of E(X) in which the matriz of u is block diagonal of the

type

A1 o --- 0
0 . . .o
JkN) =1+ . . 0
: A |
0 -+ -+ 0 A\

where the block sizes are given by the lengths of the rows of the array of
Young, cf. the figure 77, associated with w and A\ whose columns are of size
9r(A).

One way to construct this Young tableau is as follows : we take a vector
e1 of K, — K,._1 and we denote for i = 1,---,7 — 1, ;31 = u'(er). If
dim K, /K,_1 > 1, we choose a vector e,41 € K, such that the images
of e1,e,41 in K, /K,_1 are free and we set for i = 1,--- ,r — 1, e,y14; =
ui(er+1). We continue the process until we obtain a basis e1, e,41,- - , €grr1
of K, /K,_1. We then choose a vector €(k41)r+1 of K,_1 such that the images
of u(er), -+, u(rry1), €(k+1)r+1 form a free family of K, _1/K,_2 and we set
for all i = 1,7 — 2, eq1)rq14i = W(€(kt1)r+1). We continue this process
until we exhaust all K;. In parallel, we fill the Young table as in figure 77 in
which the image of e; is a basis of Ker u%/ Ker u’, the images of u(e1), e7, €12
form a basis of Ker u®/ Ker u*, the images of u(e1), u?(er), u3(e12), e17 form
a basis of Keru?/Keru and

u’(e1),u'(e7), u'(e12), ulerr), er
form a basis of Ker u.

Definition 101. The house of u is the set of Young tableaux of u for X €
Spec(u).

Remarque: over an algebraically closed field, the conjugacy class of an en-
domorphism corresponds to its house in the sense of the previous definition.
An interesting application of this result is the following Brauer theorem.

Theorem 102. (Brauer) Let K be any field and for o € &,,, we denote
by M (o) the associated permutation matriz, i.e. defined by M(o)(ei) = eq ;)
foralli=1,--- ,n. Then o and o' are conjugate in &, if and only if M (o)
and M(o') are similar in GL,(K).

Preuve : The direct meaning is obvious since if 0/ = 707! then M(0') =
PM(o)P~! with P = M(7).

Conversely, suppose that M (o) and M (o’) are similar. Let V7 = Ker(M (c)—
Id) denote the space of invariants under M (o), i.e. the set of v = 1 | A\je;
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such that \; depends only on the orbit of i under the action of o. Thus
dim V7 is equal to the number of orbits under o. Let then 0 = ¢ --- ¢, be
the decomposition into cycles with disjoint supports of ¢ and let us denote,
for k=1,---,n, ng(o) the number of cycles ¢; of lengths k. We then have

dim V7 = Z ng(o) = an(al) =dim V7.
k=1 k=1

Similarly, as M(c") = M (o)™, we also have dim V" = dim V(°)" and since,
if ¢ is a cycle of length k then " is written as the product of k A r- cycles
with disjoint supports all of the same length £, we deduce that for all r,

kAT
we have
n n

> (kAr)ng(o) = (k Ar)ng(o’),

k=1 k=1
which is written as a matrix SX = SX’ where S := (i A J)i<ij<n is the
matrix of ged and X (resp. X') is the column matrix of ng (o) (resp. ng(o’)).
Let A = (aij)i1<ij<n be the matrix defined by a;; = 1 if j divides ¢ and
0 otherwise. The relation }_;,, ¢(d) = m is then written matrixally in the
form

Adiag(p(1),-- ,¢(n))'A=S

so that the matrix S is invertible and therefore X = X', i.e. ¢ and o’
have < the same > decomposition into cycles with disjoint supports and are
therefore conjugate.

3.6 Cyclic Endomorphisms

Let F be a finite-dimensional K-vector space.

Definition 103. An endomorphism f € L(FE) is said to be cyclic if and
only if there exists v € E such that E = {P(f)(v) : P € K[X]}.

Remarque: if n is the dimension of E then E = {P(f)(v) : P € K,_1[X]}
and since (1, X, - -+, X" 1) is a basis of K,,—1[X], we deduce that (v, f(v), -+, f""1(v))
is a basis of V. In this basis the matrix of f is of the form

0 -+ -~ 0 a
1 0 Cowm
0 :
: 1 0 ap—2
0 - - 1 apq
We easily check that the characteristic polynomial of this matrix is P(X) =
X" —ap_1 X" 1 —... — gy and we say that the previous matrix is the com-
panion matriz of P(X) = X" —ap, 1 X"t — - — ap.
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Lemme 104. The minimal polynomial of a cyclic endomorphism is equal
to its characteristic polynomial.

Preuve : Since v, f(v),---, f* 1(v) is a free family, any polynomial @ of
degree < n — 1 then verifies Q(f)(v) # 0, so that the minimal polynomial
is of degree > n. Since moreover it divides the characteristic polynomial,
which is of degree n, we deduce that it is equal to it.

Proposition 105. Let g € L(FE) be such that gf = fg; there then exists
P € K[X] such that g = P(f).

Remarque: in other words the commutant of a cyclic endomorphism is
{P(): PeKIX)/(mp)}

Preuve : We write g(v) = agv + -+ + ap—1 " 1(v) and we set Q(X) =
g+ -+ ap_1 X" L. To verify the equality g = Q(f) it suffices to verify it
on the basis (v, f(v),---, f* 1 (v)), i.e.

g(f'(v)) = fg(v)) = F(QU(@)) = QUAH(F(v)),

hence the result.

3.7 Similarity invariants

Let V be a finite-dimensional K-vector space and f € L(E). The new
idea is then to consider V' equipped with the endomorphism f, as a K[X]-
module as follows, and to use the structure theorem of finitely generated
modules over a principal ring, cf. the §77.

Definition 106. We equip V with a K[X]-module structure by setting
X = f(v) and by linearity for all P € K[X], we have Pv = P(f)(v).
We will denote Vi the V' space equipped with this K[X]-module structure.

Proposition 107. Two endomorphisms f and g are similar if and only if
the two structures of K[X]-module induced on V are isomorphic, i.e. Vi~
Vy.

Prewve : Let h € L(E) be such that g = hfh™! then for v € V;, we
have h(X.v) = hf(v) = g(h(v) = X.h(v), i.e. h induces an isomorphism of
K[X]-modules : Vy ~ V.

Conversely if h : Vy ~ V, then h(X.v) = X.h(v), i.e. h(f(v) = g(h(v))
and therefore hf = gh let g = hfh~! and therefore f and g are similar.

On the general theory of modules over a principal ring, cf. the theo-
rem 57, we deduce the following theorem which must be understood as a
decomposition of the space into a direct sum of cyclic subspaces.

Theorem 108. There exists a unique sequence of non-constant polynomials

P (X)|---|P(X) such that
Vi~ K[X]/(P1) x -+ x K[X]/(Fy). (3)
In particular we have P. = my and Py --- P = 5.
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Example : if V; ~ K[X]/(X™) then the matrix of f in the basis of image
(1,X,---, X" 1) is the Jordan matrix .J,,(0). Thus if P, is totally decompo-
sed, by applying the Chinese lemma, we pass from the decomposition (3) to
that of Jordan.

Proposition 109. (Dunford decomposition) Let f € L(E) such that
its characteristic polynomial is separable. Then f is written uniquely in the
form d +n where

— n s nilpotent and d is semi-simple,

— d and n commute.
Furthermore d and n are polynomials in f.

Remarque: a polynomial is separable if all its irreducible factors are. Mo-
reover, an irreducible polynomial is separable if and only if its roots are
simple in its decomposition field which is then a Galois extension of the
starting field. Finally, let us recall that in characteristic zero any polynomial
is separable.

Remarque: since the characteristic polynomial and the minimal polynomial
of f have the same irreducible factors, they are either both separable or not.
Preuve : Let us start with the existence : using (3) and the Chinese lemma,
it suffices to treat the case where f is cyclic with xy = 7" for 7 an irreducible
polynomial of K[X]. Let L = Decg (m) be a decomposition field of m over K
so that the extension L/K is Galois. We write

LIX]/(7") = LIX]/(X = A1) > x LIXT /(X = M),

where the \; are the roots of 7 in L, i.e. m(X) = [[I,(X — A;). On each
component L[X]/(X — \;)", we set d; = NId and n; = f — \; which is
nilpotent of order . We then note, according to the Chinese lemma, P the
monic polynomial of degree < nr such that P(X) = A; mod (X —\;)" for all
i=1,---,n.Let then be 0 € Gal(L/K) which permutes the \; : in particular
we note that o(P) verifies the same congruences so that o(P) = P and
therefore finally P(X) € K[X] and therefore the decomposition f =d +n
is well defined on K where d, and therefore also n, is a polynomial in f.
Finally, consider the uniqueness problem : let d' + n' = d + n with
d'n’ = n'd’ and where d, n is defined as before, i.e. d and n are polynomials in
f. Thus d’ commutes with d and therefore d, d’, and therefore also d—d', are
simultaneously diagonalizable in a finite extension. Similarly n’ commutes
with n and therefore n—n/ is nilpotent and semi-simple, since equal to d’' —d
which imposes that d —d = 0 =n —n/, i.e. d = d and n = n’/, hence the
result.
Counterexample : consider K = F,((T)) and the K-vector space E =
K[X]/(XP —T) equipped with the endomorphism f defined by the multi-
plication by X. Note that X? — T being irreducible F is a field such that for
all Q € K[X], the endomorphism Q(f) thus equal to the multiplication by
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Q(X) is either zero or an isomorphism. Thus if the previous statement were
valid, the nilpotent endomorphism n = Q(f) is necessarily zero and there-
fore f would be semi-simple, i.e. diagonalizable in E' := K'[X]|/(XP —T)
where K’ = F,((T7)). But in K’ we have X? — T = (X — T%)? and the-
refore f seen as an endomorphism of E’ admits a unique eigenvalue : if it
were diagonalizable it would therefore be a homothety, which is clearly not
the case.

A flaw in the previous proof is that it requires knowledge of the roots of
the minimal polynomial 7y of f and is therefore not constructive, i.e. one
cannot program a computer to compute the Dunford decomposition based
on the previous proof. We now propose, by adapting the classical Newton
method, an algorithmic construction of d by noting that it must cancel the
polynomial P(X) defined, in zero characteristic, by

T (X)

PO = 2R nah (%)

We thus introduce the sequence (fy,)nen defined by recurrence

fo=1F  fari=fa— P(f)P (f2) 7"

— Let us first verify that this sequence is well defined, i.e. that P'(f,)
is an invertible matrix. To do this, we reason by recurrence and add
the following property to the recurrence hypothesis :

P(fa) = P(/)*Qu(f), Qn € K[X],

so that P(f,) is nilpotent since by P(f) is : indeed for r greater than

the greatest multiplicity of a root of ¢, the polynomial P" is divisible

by m¢ and therefore P(f)" is zero.

— At rank n = 0, by setting Qo = 1 we have P(f) = P(f)QOQO(f).
We then write a Bezout relation between P and P’ which by
hypothesis are coprime which gives U(f)P(f) 4+ V(f)P'(f) = Id.
Since P(f) is nilpotent, we deduce that Id—U (f)P(f) is invertible
and therefore also P'(f).

— Let us therefore assume the result acquired up to rank n, so that
fr+1 is well defined : we will note in passing that since P'(f,) is a
polynomial in f,, we have P(f,)P'(fn)"! = P'(fn) ' P(fn). We
then calculate P(f,+1) using Taylor’s formula :

P(fnJrl) = P(fn) + (fn+1 - fn)P,(fn) + (fn+1 - fn)QQ(fn)
= (fn+1 - fn>Q(fn>
= P(fn)2(Pl(fn)_2Q(fn)
antl

which is therefore of the form P(f) Qn+1(f), according to the
induction hypothesis and using that f,, is a polynomial in f.
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— So for n large enough, P(f,) is zero and the sequence f, becomes
stationary equal to d which by construction is a polynomial in f and
verifies P(d) = 0. Thus d is semi-simple. Moreover we have

d—f=(fan—fo-1)+(fn-1— fo2)+---+(fr = fo)

where each of the f; 11— f; = —P(f;)P'(f;)~! is a polynomial in f and
nilpotent. Thus these nilpotent endomorphisms commute between
them two by two and their sum is therefore nilpotent, hence the
result.

3.8 Stable subspaces

A subspace W C V is stable by f if and only if W is a sub-K[X]-module
of V.

Lemme 110. Let f be a cyclic endomorphism. The subspaces stable by f
are the SP(f) = Ker X (f) where P describes the divisors of X .

Remarque: in particular a cyclic endomorphism admits only a finite number
of stable subspaces. We refer to the exercise 77 for the converse.

Preuve : Any stable subspace of Vy ~ K[X]/(xy) are its submodules and
therefore to the ideals (P(X)) for P a divisor of x, hence the result.

Definition 111. An endomorphism is said to be indecomposable if the space
cannot be decomposed into a direct sum of two strict stable subspaces. It is
said to be semi-simple if any stable subspace admits a stable supplementary.

Proposition 112. An endomorphism f is indecomposable if and only if it
s cyclic and its characteristic polynomial is the power of an irreducible.

Preuve : According to the decomposition (3) into cyclic subspaces, the en-
domorphism must necessarily be cyclic. Moreover, according to the Chinese
lemma, the characteristic polynomial must be the power of an irreducible.

Conversely, suppose that f is cyclic with x s the power of an irreducible.
If we had V' =V @ V; then for Wy ~ K[X]/(FPy) (resp. W1 ~ K[X]/(P))
a cyclic subspace of Vj, we should have, according to the Chinese theorem
Py NPy =1 and PyPy which divide x s which is not.

Proposition 113. An endomorphism f is semi-simple if and only if it is
square-factorless.

Preuve : Suppose that f is semi-simple and, by contradiction, that 7y =
P2(Q. The subspace W = Ker P(u) is stable and therefore admits a stable
supplementary W’. Let us then show that PQ(f) is zero on W and W' and is
therefore divisible by 7 which will be contradictory. Clearly QP(f) vanishes
on W and for w' € W/, we have P(f) o (PQ(f))(w') = 0 and therefore

45



PQ(f)(w") € W : but since W is stable by f, we also have PQ(f)(w') € W’
and therefore since W N W' = {0}, PQ(f)(w') = 0.

Now suppose that 7 is irreducible so that V' is an E-vector space where
E = K[X]/(7y) is a field. A stable subspace of V' is then an E-vector space
which therefore admits a supplementary E which is a K-vector space stable
by f and therefore f is indeed semi-simple.

Finally, let f be such that 7y = []; P is square-factorless. The decom-
position (3) is also written in the form V = @, V; where V; = Ker Pi(f) is
an E;-vector space where F; = K[X|/(F;) is a finite extension of K. Let W
be a stable subspace of V' and let W; = W N V; = Ker P;(f);w so that by

the kernel lemma
W =Pw;.

Since fjy; is semisimple, we denote by W! a stable supplementary of W; in
Vi so that W' := @, W/ is a stable supplementary of W.

Remarque: over an algebraically closed field, semisimple is equivalent to the
more classical notion of diagonalizable endomorphism in the sense of the
following definition.

Definition 114. An endomorphism is said to be diagonalizable if there
exists a basis of eigenvectors, i.e. if there exists a basis in which its matrix
1s diagonal.

Remarque: on R a semi-simple endomorphism is similar to a block diagonal
matrix whose blocks are either of dimension 1 or of dimension 2 of the form

a —b
b a

Theorem 115. The endomorphism f is diagonalizable if and only if its
minimal polynomial is split with simple roots.

Remarque: for example if the characteristic polynomial is split with simple
roots then 7; also; more generally if P is a annihilating polynomial of f
split with simple roots then p ¢ will be too, since p s divides any annihilating
polynomial.

We have seen that in the case of a cyclic endomorphism f, the commutant
of fis {Q(f): Q € K[X]}. Consider the case Vy ~ K[X|/(P)® K[X]/(PQ)
and the endomorphism g = A1 (f1)® Aa(f2) where fi (resp. f2) is the restric-
tion of f to the first factor K[X]/(P) (resp. K[X]/(PQ)). We then choose
Ay such that Ay # A1 mod P. If there exists B € K[X] such that g = B(f)
then B = A; mod P and B = Ay mod P(Q which is not since Ay #Z A;
mod P. We have thus constructed an endomorphism g commuting with f
but which is not a polynomial in f. In particular we deduce that if f is such
that its commutant is {Q(f) : @ € K[X]} then f is a cyclic endomorphism.
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Proposition 116. With the previous notations, we assume g commutes
with f and that any stable subspace F' by f is also stable by g. Then g is of

the form Q(f) for Q € K[X].

Preuve : Consider the decomposition of
Vi =K[X]/(P) & K[X]/(P2) & - & K[X]/(P)

into a cyclic subspace. From the cyclic case, since the restriction g; of g to
each of the factors V; := K[X]/(P;) commutes to that f; of f, we deduce
that there exist polynomials @1, --,Q, such that g; = Q;(f;) and it is a
question of showing that @, = @); mod P; for all i = 1,--- ,r. Let v; be a
vector generating the cyclic space V; and let w; = v; + %( f)(vy) so that the
cyclic space generated by w; is isomorphic to K[X]/(P;). As by hypothesis
g stabilizes this cyclic space, its restriction is of the form Q(f), i.e.

g(wi) = Q(f)(wi) = Q(f)(vi) + Qf) (F () (vr))
= Qz(f)(vz) + Qr(f) (%(f)(vr))a

and therefore, in V; @& V.,
Q=Q; mod P, and Q =Q, mod P,

hence the result.

3.9 Exercises

Exercice 1. Show that if an open set of M,,(C) contains the diagonal ma-
trices and is stable by similarity, then it is equal to M,,(C) as an integer.

Preuve : Let F be the complementary closed set; if it were nonempty
it would contain a matrix M = S + N, its Dunford decomposition, and
would also contain its semi-simple part S, which is in the adherence of the
similarity class of M, hence the contradiction.

Exercice 2. Show that over an algebraically closed field, two matrices A
and B are similar if and only if, for all A € K and for oll k > 0, we have
rg(A — A)* = 1g(B — M)k,

Prewve : From the Jordan form, we recall that for k& > 1, dig(A) =
dim Ker(A — MXI)¥ — dim Ker(A — \)*~! is equal to the number of Jordan
blocks for the eigenvalue A that are of size larger than k. By the rank theo-
rem, for all £ > 1, we have d(A) = di(B) so that A and B have the same
Jordan reductions and are therefore similar.

Exercice 3. Show that the eigenvalues of A = (a; j)1<ij<n are in the union
of the closed disks centered at a;; and of radius Z#i la; ;| (these are the
Gershgorin disks).
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Preuve : The result follows directly from Hadamard’s lemma applied to
A — MId. Recall that this lemma says that if for all 1 < ¢ < n, we have
laiil > >,z lai;| then A is invertible. Indeed, let X be of coordinates
(xi)1<i<n in the kernel of A and let ig be such that |z;,| is maximal among
the |x;|. From the equality aj, joxi, = — > tio @io,jTj We deduce the upper
bound |aigigTio| < [@ig D44, [@io,j| and so z;, =0 or X = 0.

Exercice 4. Let A be a matriz verifying (A — I)?(A — 2I) = 0. Calculate
exp(A) in the form of a polynomial in A.

Preuve : The kernel lemma allows us to decompose the space E = Ker(A —

I)? ® Ker(A — 2I). We consider the projector ¢ (resp. p) on Ker(A4 — I)?
(resp. Ker(A — 21)) parallel to Ker(A — 2I) (resp. Ker(A — I)?). From the
equality p+¢q = Id, we obtain exp(A) = exp(A)p+exp(A)q. Now exp(A)p =
e?exp(A—2I) =% <, (A_n%])n op = e?p because (A—2I)op = 0. Similarly
we have exp(A4)q = eAq. From Bezout’s identity 1 = (X —1)? — X (X — 2),
we deduce that p = —A(A — 2I) and q = (A — I)? and therefore

exp(A) = —e?A(A —2I) + eA(A — I)?

Exercice 5. Show that the set of diagonalizable matrices of M, (C) is connec-
ted and dense. What is its interior ¢ Is the latter still connected ?

Preuve : Connectivity : we have a surjective application GL,,(C) x (C*)" on
the set of diagonalizable matrices : we send (P, (a1, - - , a,)) on Pdiag(ay,--- ,a,)P~ 1.
The set GL,,(C) x (C*)™ being connected, the same is true of the set of dia-
gonalizable matrices.
We recall that GL,,(C) is connected : let P;, Py be two invertible matrices.
We consider the polynomial det(P;z + (1 — z)P»). The complement of the
(finite) set of zeros of this polynomial is connected ; we then consider a path
that connects 0 to 1 in this complement, which provides a path from P; to
P, in GL,(C).
Density : let A be a complex matrix that we trigonalize PAP~! = T.

Let then €1, ---,€, be small such that the ¢;; + ¢ are all distinct. The
matrix T + diag(ey, - - , €,) is then diagonalizable because it has n distinct
eigenvalues.

Interior : given a diagonalizable matrix A with a multiple eigenvalue;
P71AP = diag(ai,as, - ,a,) with a; = ag, then A—f—PELgP*l is no longer
diagonalizable.

Conversely, if A is diagonalizable with distinct eigenvalues, given that the
characteristic polynomial depends continuously on A, and that the roots of
a polynomial depend continuously on its coefficients, we deduce that if A’
is close to A, it will also have n distinct eigenvalues and will therefore be
diagonalizable.
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Moreover, the set of matrices with distinct eigenvalues is still connected.
Indeed, it is the complement of the zeros of the polynomial in n? variable
defined as the discriminant of the characteristic polynomial.

Exercice 6. Characterize matrices that are squares : treat the case of C
then of R.

Preuve : Let us already note that the problem comes down to treating the
nilpotent case and the invertible case. Indeed M can be written in the form

P ( 61 g > P! with A nilpotent and B invertible. If we have X? = M

then M and X commute so that X = P ( §411 )X(z P! with AX3 = X3B
and AX, = X4B; we then deduce that x4(A)X3 = X3xa(B) =0. Now x4
and y p are coprime and therefore x 4(B) is invertible and therefore X3 = 0.
Similarly we have X4 = 0.

The nilpotent case is treated in the questions on the lesson Nilpotent
Endomorphisms. Let us then treat the invertible case.

Complex case : we reduce as before to the case A = A+ N with N nilpotent.
We write A = A(I + &) which has as square root VA(I + &)1/2 where
I+ %)1/ 2 is defined by the series which is finite because N is nilpotent.
Real case : A = X? with A and X real. The case of strictly positive eigenva-
lues is treated as above. As for negative eigenvalues, they can only come from
the pure imaginary eigenvalues of X ; the latter being real the Jordan blocks
associated with A\ € C are the same as those associated with . Moreover
for N nilpotent kernel of dimension 1, we have (AId + N)? = A\?Id + N’ with
N’ = 2AN + N2 nilpotent kernel of dimension 1 (write N in Jordan form)
so that N’ is similar to N. Thus J,,(\)? is similar to J,,(A?) and we therefore
note that the Jordan blocks of A relative to the negative eigenvalues are, for
each dimension, even in number.

Then all that remains is to treat the real matrices A without real eigen-
value : A is then similar to a direct sum of matrices of the form J,, (\)®J, ().
We then write J,(\) = X?2. The block diagonal matrix diag(X, X) is similar
to a real matrix : thus A is similar to the square of a matrix itself similar
to a real matrix so that A is similar to the square of a real matrix; it is
then classical that we can take the real passage matrix and therefore A is a
square.

Exercice 7. Show that any matriz is effectively similar to a Hessenberg
matriz, i.e. such that all the terms below its subdiagonal are zero.

Preuve : The method is that of the Gauss pivot : we operate, on the left,
on the rows without touching the first one so as to obtain a first column
whose terms are all zero except possibly the first two. We then apply the
same transformation on the right : as on the left we had not modified the
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first row, on the right we do not modify the first column. We then reason
by recurrence.

Exercice 8. Show that the application A — Aexp(A) is surjective on C.

Preuve :

— The most difficult is the case n = 1 : it turns out that apart from
z # 0 which has only one antecedent, all the other complexes each
have an infinity of them by f(z) = zexp z.

— For a nilpotent matrix : according to Jordan, we reduce to a single
full Jordan block J,. We reason by analysis and synthesis. We then
notice that if J, = Aexp A then A is nilpotent with dimKer A = 1
which imposes that A is similar to J,, : A = PJ,P~!. In summary,
we simply note that, according to Jordan, J,, + J2 + JT% 4+ %
and .J, are similar.

— All that remains is to treat the invertible case where we reduce to
M = M\, + J,, and where we write A\ = pexp(u) with g # 0 and even
p # —1. We then have f(ul,+N) = f(u)L,+f' (1) N+N?p(N) where
p(N) is a polynomial in N. Since f’(u) # 0, we can then proceed as
in the nilpotent case.

Exercice 9. Let V be a C finite-dimensional vector space n > 1 and u €
Endc (V). We then equip V' with its C[X|-module structure associated with
u.
(a) We assume that V' has no non-trivial submodules. Show that n = 1.
We now replace C by R. Is the statement still true ¢
(b) We denote by P, = P.P§--- P! the characteristic polynomial of
u, where the P; are pairwise coprime, without square and unitary
factors. Verify that such a writing is possible and is unique.
(c) With the notations of b), we further assume that V is a direct sum
of sub-C[X]-modules of dimension 1 (as C-vector spaces). Compute
the similarity invariants of u.
(d) Under the hypothesis of c¢), we are further given an element v €
Endc(V) such that vou = wowv. Show that there exists a basis of V
where u and v are simultaneously diagonalizable.

Preuve : 'We first note that u has a unique eigenvalue because otherwise, for
A1 and )y distinct eigenvalues, W = Ker(u — A1 1d) and W’ = Ker(u — A2 1d)
would have an intersection reduced to the zero vector. Let then A be the
unique eigenvalue of u (on C, an endomorphism always has at least one
eigenvalue). We then note that Ker(u — A d) is of dimension 1, because
otherwise for x1 and x5 non-collinear eigenvectors, W = Czy and W/ = Cx»
would have an intersection reduced to the zero vector. We therefore deduce
that v admits a unique invariant factor equal to its minimal polynomial and
its characteristic polynomial, namely (X — \)™.
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Exercice 10. Let E be a vector space over R of dimension n, u an endo-

morphism of minimal polynomial P. We assume that P = Pi Py, Py and P

being non-constant unitary polynomials coprime. We denote by F,, the space

E equipped with the R[X]-module structure defined by the endomorphism u.
(a) Show that for i =1,2,

Ei={x € B[ F(u)(x)) =0}

are submodules of E,.
(b) Show that E,, = Ey @ Es.
(c) Show that Py is the minimal polynomial of u|g, .

Preuve : (a) On C every endomorphism has an eigenvalue and therefore an
eigenvector v so that Cuv is a stable subspace not reduced to the zero vector
so that by hypothesis it is equal to the entire space which is therefore of
dimension 1.

On R, the statement is false, it suffices to consider in R?, a rotation
matrix of angle 0 < 6 < .

(b) We decompose P,, which by convention is unitary, into products of
irreducible factors Q7" - - - Q%" and we note that P; is defined as the product
of the @; such that a; = .

(c) As a C[X]-module, V is of the form (C[X]/(X — M) @ - - D
(CIX]/(X = Ap))r, where the \; are the eigenvalues of u and «; their multi-
plicity in the characteristic polynomial. With the notations of (b), we have
P, = Hj/a]:i(X — ;). The invariant factors are of the form fuq|ua] - - |
where each of the p; is of the form [, I (X — ;) where I; is a certain subset
of {1,---,r} such that I; C Ijy1. Thus the elements of I; are repeated [
times, those of I are repeated (I — 1) times and generally those of I; are
repeated (I+1— j) times. We therefore deduce that [ = max;{c;} then that
I; is the set of ¢ such that a; > [ + 1 — j so that the invariant factors are
b,BP_1,BP_1P_3,--- B - P1.

Exercice 11. For n > 1, we denote J, € M,(C) the nilpotent matriz
whose coefficients are all zero, except those of the first superdiagonal j; ;11
for 1 <@ < n which are equal to 1. Consider the following matrices, written
in blocks :

(a) A1 = diag(alg, bIQ, CIl) ;s

(b) Ay = diag(Ig, Lo+ Jo, Is+ Jo, I3+ J3, I3+ J3, 215,213+ J3,312, 315 +

JQ) ;
0 0 -+ 0 a
0 1 as
(C) A3: :
0 0 1 Ap—1
0 0 0 ap



Determine in each case :
(i) the similarity invariants ;
(ii) the minimal and characteristic polynomials ;
(iii) the sequence of dimensions of the kernels Ker(A; — a)* where o is
an eigenvalue.

Preuve : We denote V' = C" the vector space in question, which we
equip with the structure of A = C[X]|-module defined by the matrix to be
studied ; we denote a,(X)|---|a1(X), its similarity invariants. The minimal

polynomial is then aq(X) and the characteristic polynomial is the product
of the similarity invariants. For any eigenvalue o € C, we denote K =
Ker(u — ald)® where u is the endomorphism associated with the matrix in
question in the canonical basis; we also denote r, the index 7 such that
Ki=! +£ K! = K}, for all j > i; K" is called the characteristic subspace
associated with a. The integer 7, is the multiplicity of « in a1(X) while
its dimension is the multiplicity of « in the product of the a;. We denote
8!, = dim K — dim K'!; starting from the Jordan form it is easy to see
that &, is equal to the number of a;, divisible by (X — a)’. We thus note
that the number r of similarity invariants is equal to the maximum of the
dimensions of the eigensubspaces.

(a) The A-module V is clearly isomorphic to (A/(X — a))® x (4/(X —
b))? x A/(X —c); we then calculate the similarity invariants via the Chinese
theorem as in the previous sheet which gives : (X —a), (X —a)(X —b) and
(X —a)(X —b)(X —c¢). The matrix being diagonalizable, the eigensubspaces
are the characteristic subspaces, i.e. all the &, are zero.

(b) Similarly we have

Ve (A/(X = 1)) x (A/(X = 1)%)7 x (A/(X = 1)%)°x
(A/(X —2))* x A/(X —2)? x (A/(X = 3))* x A/(X - 3)°

the similarity invariants given as usual by application of the Chinese theorem
are then

(X-1)*(X-2%(X-3)%, (X-1)*(X-2)(X-3), (X-1)*(X-2)(X-3),
(X -1)?2, (X-1), (X-1), (X-1).

With the notations introduced above, we have §1 = 7 (resp. §3 = 3,
resp. 01 = 3), then 62 = 4 (resp. 05 = 1, resp. 65 = 1), and §3 = 2 (resp.
63 =1, resp. 03 = 0) all §¥ being zero for k > 3. We then obtain dim K =7
(resp. dim K3 = 3, resp. dim K1 = 3), dim K? = 11 (resp. dim K3 = 4, resp.
dim K2 = 4) and dim K} = 13 (resp. dim Kj = 5, resp. dim K3 = 4) with
r1 = 3 (resp. ro = 3, resp. r3 = 2).

(c) The eigensubspace associated with the eigenvalue 0 (resp. 1) is of
dimension greater than or equal to 1 (resp. n —2); in C, the last eigenvalue
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is determined via the trace of the matrix which we know is equal to the sum
of the eigenvalues counted with multiplicity (indeed any complex matrix
is trigonalizable) ; thus we have 1.0 + (n — 2).1 + z = n — 2 + a, so that
the last eigenvalue is a,. If a, # 0,1 then the sum of the dimensions of
the eigensubspaces associated with the eigenvalues 0,1, a, is n so that the
matrix is diagonalizable and therefore

VeeA/(X)x AN(X —ap) X (A)(X — 1))”’2
and the similarity invariants are
a(X)=(X-1DX(X —ayp), aX)=X-1, - aoX)=X-1.

If a, = a1 = 0, we are in the same situation, because the kernel of
the matrix is then of dimension 2 because its rank is obviously n — 2; the
similarity invariants are then

a(X) = X(X—1), a(X)=X(X-1), ag(X)=-=ano(X)=X-1.

In the case where a,, = 0 and a; non-zero, we then have ryo = 2 with
dim K} = 1 so that

Vo~ A/(X?) x (A/(X —1))"2

or

a(X)=X3(X-1), aX)=-=a,2X)=(X-1).

Exercice 12. Let u be an endomorphism of C", whose eigenvalues are 0
and 1; we denote by K (resp. Ki) the kernel of u' (resp. (u —1d)*) and
let di (resp. di) its dimension. We assume that the sequence (di) (resp.
(d})) is equal to (4,7,9,10,10,---) (resp. (3,4,5,5,---)). Then determine
the similarity invariants of u.

Preuve : According to the reminders given in the previous exercise, the
number of similarity invariants is equal to the maximum dimension of the
proper subspaces, i.e. here 4 similarity invariants ai, as, a3, a4. The minimal
polynomial is written in the form X1 (X —1)# with oy = 79 and By = 7,
where we recall that ro (resp. r1) is the index 7 such that Ké_l £ K = K8+k
(resp. Ki™! # Ki = Kit%) for all k > 0, so here a;(X) = X*(X — 1)
Similarly, we write the a;(X) in the form a;(X) = X (X —1)% for2 <i < 4
with a; > a1 (resp. B; > Biy1) and Z?Zl a; = 10 (resp. Z?:l Bi = 5).

As in the previous exercise, we introduce 63 = dim K} — dim Ké_l (resp.
8 = dim K} — dim Ki™'); we recall that &} (resp. &}) is the number of
similarity invariants divisible by X* (resp. (X — 1)) (to see it, it suffices to
reason on the Jordan form). As for the eigenvalue 0 : we have 6§ = 1 so that
ag < 3, furthermore 63 = 2 imposes aa > 3 or ag = 3 and a3 < 2. Finally
62 = 3 gives a3 = 2 and ay = 1.
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As for the eigenvalue 1, we find in the same way, 82 = 83 = 84 = 1 which
gives finally

a1(X) = XHX-1)3, ax(X)=X3(X~-1),a3(X) = X}(X-1), a(X)=

Exercice 13. Write in Jordan form and give the sequence of dimensions of
the kernels Ker(u—\Id)? of the endomorphisms u whose similarity invariants
are :

(a) P(X)=X;

(b) Pi(X)=X(X —1);

(c) Py(X)=X and Py(X) = X?;

(d) Py(X) =X and P3(X) = X(X —1);

(¢) Pi(X) = X2(X 1), P(X) = X2(X — 1)(X —2), P3(X) = X*(X —
1)2(X —2) and Py(X) = X*(X —1)3(X — 2)*;

Preuve : We use the notations from the previous exercises. We recall that
the dimension n of the vector space in question is the sum of the degrees of
the similarity invariants.

(a) Here n = 1 and the endomorphism in question is the identity.

(b) We have n = 2 and a cyclic space with two distinct eigenvalues; u
is therefore diagonalizable and its matrix in a diagonalization basis is the
diagonal matrix diag(0,1).

(c) n = 3 and 0 is the only eigenvalue with 6§ = 2 and 62 = 1 or
dim K} = 2 and dim K2 = 3 and the associated Jordan matrix is diag(0, Jo).

(d) n = 3 and 0,1 are the eigenvalues of u with 6§ = 2 (resp. 6§ = 1)
and 0] = 65 = 0 for i > 1. We then obtain dim K} = 2 and dim K| = 1, the
endomorphism is therefore diagonalizable.

(e) n = 24, the eigenvalues being 0,1,2; the sequence &} (resp. ¢, resp.
68)is (4,4,2,1,0,---) (resp. (4,2,1,0,---), resp. (3,1,1,1,0, - - - )) so that the
sequence of dimensions of K} (resp K}, resp. K3) is (4,8,10,11,---) (reps.
(4,6,7,---), resp. (3,4,5,6,---)). The Jordan form is the block diagonal
matrix

diag(Jg, Jo, I3, Iy, I, I, Is, I3, 215, 214 + J4)

Exercice 14. In this problem, we propose to give an algorithm to compute
the Dunford decomposition without computing the eigenvalues (which algo-
rithmically can generally only be done approximately).

Letn > 1 and A € My, (K) be a square matriz with coefficients in the
field K C C. We denote by xa the characteristic polynomial of A. In C,
xa(X) is decomposed in the form [[,(X — X\;)™ with >, n; = m. We then
introduce the polynomial P(X) = [[;(X — \).

(a) Show that P(X) = )\#%, where x A(X) AX',(X) denotes the
gcd of xa with its derived polynomial and A € K. Deduce then that P(X) is
a polynomial with coefficients in K.
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(b) Let U and N be matrices of M, (K) respectively invertible and nil-
potent, which commute with each other. Show that U — N is invertible. Show
then that P'(A) is an invertible matriz of M., (K) whose inverse commutes
with A.

(c) We then consider the following sequence : Ay := A and A1 = Ap—
P(A,).(P'(Ay))~t. We want to show by induction on n that the sequence is
well-defined, i.e. that P'(A,,) is an invertible matrix.

(i) Show that for any polynomial @ € K[X], there exists Q e K[X,Y]

such that Q(X +Y) = Q(X) + YQ'(X) + Y2Q(X,Y).

(ii) Assuming the sequence A, defined up to rankn, show that P(A;,) can
be written in the form P(A)*".B, where B, is a matriz of M,(K)
that is a polynomial in A.

(111) Using a Taylor formula for the polynomial P, write P'(Ap4+1) as
the sum of an invertible matriz P'(Ay) and a nilpotent matriz that
commute between them.

(d) Show that for any polynomial Q € K[X], there exists Q € K[X,Y]
such that Q(X+Y) = Q(X)—l—YQ'(X)—i—YQQ(X, Y). Then show by induction
onn that P(A,) can be written in the form P(A)?".B,, where B, is a matriz
of My (K).

(e) Deduce that the sequence Ay, is stationary with limit D with D dia-
gonalizable on C and N := A — D nilpotent verifying DN = ND.

Preuve : (a) We note that the multiplicity of \; in P’ is equal to n; — 1
so that \; is a root of order 1 of #ﬁi(?{)
the only roots from which the result comes. We will note in particular that
knowledge of the \; is not necessary to calculate P which can be calculated
via the Euclid algorithm.

(b) - The idea is to use the formal relation (1—z)(1+z+2%4---42%) =
1 — 2! with 2 = U™'N and k such that N**1 = 0 or (1 - U7'N)(1 +
U™'N + -+ (UIN)F) = I, because (U7 N)*1 = U=F=I Nk+1 bhecause
U and N commute with each other; or by multiplying on the left by U and
on the right by U™!, (U = NY(U '+ U 2N +---+ U FIN¥) = [,.

- The eigenvalues of A are not roots of P’ and P A P/ = 1. We then
consider a Bezout relation RP'+ SP = 1 for P and P’ which, when applied
to A, gives R(A)P'(A) = 1— N with N = S(A)P(A). However, according to
the Cayley-Hamilton theorem, we have P"(A) = 0 for r > max;(n;) so that
N is nilpotent and therefore, by application of the above, P'(A) is invertible
whose inverse commutes with A as a polynomial in A.

(¢) This is Newton’s method applied to matrices, the goal being to
construct a root of P, i.e. to find the diagonalizable part of A in its Dunford
decomposition. Note that for n = 0, P'(A4y) is invertible according to the
previous question.

and that moreover these are
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(i) For example, it suffices to verify this on the monomials X i.e.

m
(X +Y)" = X" +my X" +Y?Y (2) yh-2xm—k,
k=2

(ii) It is clear from (a) that for all 0 < k < n, Aj is a polynomial in
A. We reason by induction on n. For n = 0, we have P(Ay) = P(A). Let
us therefore assume the result acquired up to rank k. According to (i), we
write P(Agy1) = P(Ap +Y) = P(Ap) + YP'(A) + Y2Q(Ag,Y) with Y
such that P(Ag) + YP'(Ag) = 0. According to (a) Y = P(Ax)Q(Ag) and
therefore P(Apy1) is of the form P(A)2""" By, y for a matrix Bjy; which as
a polynomial in A; commutes with A.

(iii) Taylor’s formula gives P'(A,41) — P'(An) = (Any1 — 4n)Q(AR)
where Q € K[X]. Now A, 1— A, is of the form P(A,)Q(A,) and is therefore
nilpotent and commutes with A,, which is a polynomial in A. We then deduce
that P'(A,+1) is invertible according to (a).

(e) We recall that P"(A) = 0 for 7 = max;{n;} so that the subsequence
(Ag)k>n is constant as soon as 2" > r. The limit D is a polynomial in A such
that P(D) = 0 so that D is diagonalizable because it has a split annihilating
polynomial with simple roots (in C). Moreover, for n such that 2™ > r, we
have A — D = Ay — A,, = Z?;&(Ai — Aj4+1) with A; — A;41 nilpotent and
which is a polynomial in A. Thus the A; — A;;1 commute in themselves so
that their sum is nilpotent hence the result.

Exercice 15. Let u be an endomorphism of V.~ K" for which we denote
Xu ond m, respectively the characteristic and minimal polynomials :
(1) xu s irreducible if and only if V has no stable subspace under u ;
(2) w is cyclic with m, a power of an irreducible polynomial if and only
if V is indecomposable under u ;
(3) propose an algorithm to test whether u is semi-simple.

Preuve : (1) If V has a stable subspace W by u, by completing a basis of
W in a basis of V, the matrix of u is block diagonal and its characteristic
polynomial is divisible by that of uy,. Conversely, if x, is of the form PQ
with P and @Q coprime, the kernel lemma decomposes the space into a direct
sum of Ker P(u) and Ker Q(u). If x,, = P" with P irreducible, we then have
E = Ker Pi.e. m, = P. If we take any non-zero x, the vector space generated
by z,u(x),u?(x),-- - is therefore at most of dimension deg P (in fact we have
equality), and by hypothesis is therefore equal to the entire space, i.e. 7 = 1.

(2) In the direct sense, using the structure of K[X]-module on V induced
by u, we have V ~ K[X]/(m,). If V were decomposable it would be as a
K[X]-module isomorphic to a direct product K[X]|/P; x K[X]/P,, which
imposes P, = P" and P, = P® with P irreducible and 7, = P"%. Now the
minimal polynomial of this direct product is clearly P™#(™s) o min(r, s) =
0.
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Conversely, if V is indecomposable, then w is cyclic. Moreover, if its
minimal polynomial were not a power of an irreducible polynomial, then the
kernel lemma would contradict the indecomposability of V.

(3) w is semisimple if and only if 7, is without multiplicity, i.e. is prime
with 7} . We can test whether u is semisimple algorithmically : we calculate

Xu

the characteristic polynomial y, and we test whether oA cancels u.

Exercice 16. What are the complex endomorphisms u that have only a
finite number of stable subspaces ¢

Preuve : We obviously place ourselves on an infinite field. It is already
necessary that the proper subspaces be of dimension 1 otherwise, there would
be an infinity of lines in one of these proper subspaces, which are obviously
stable.

Since the proper subspaces are of dimension 1, we deduce that the en-
domorphism is cyclic (this is true on each characteristic subspace, we then
apply the Chinese theorem). The space equipped with the structure of K[X]-
module induced by u, is then isomorphic to K[X]/(P(X)) and the stable
subspaces are in bijection with the divisors of P.

Exercice 17. What are the endomorphisms u such that any stable subspace
is of the form Ker P(u) or Im P(u) for P a polynomial.

Preuve : We can already notice that the Ker P(u) and Im P(u) describe a
finite set of subspaces : indeed if P is prime with the minimal polynomial of
u then Ker P(u) = (0) and Im P(u) = E. As in the previous question, the
proper subspaces must be of dimension 1, and then the space being cyclic,

the stable subspaces will be the Ker Q(X) = Im %.

Exercice 18. Given a flag and the associated parabolic, show that the stable
subspaces by all elements of the parabolic subgroup are those of the flag.

Preuve : Let E be a stable subspace and let ¢ be such that V; C E g Vig1.

Suppose that E # V; and let z € (V;;1\Vi) N E and let y € V;11\(V; U E).
There then exists g € Py such that gy, = Id and g(z) = y. Now since E is
stable, we have y € F hence the contradiction.

Exercice 19. Give the ”list” of all stable subspaces of a vector isometry of
R3.

Preuve : The identity, the reversals and the reflections are diagonalizable ;

we then know the ”list” of their stable subspaces. In particular, we cannot
distinguish reversals from reflections. As for a generic rotation, it is semi-
simple and has only one proper line and therefore also one proper plane
(as it is semi-simple, a proper plane has a supplementary stable which is
therefore the unique proper line and which is also orthogonal to the stable
plane).
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Exercice 20. (1) Let E be a K-vector space and F' be a subspace. Show

that the set of supplements of F' in E is an affine space of direction
Homg (E/F, F).

(2) Let u be an endomorphism of E and let F' be a subspace stable under
u. Show that the set of supplements of F stable under w is, when
it is nonempty, an affine space of direction the vector subspace of
Homg (E/F, F) of the s such that so @ —ujpos=0.

(8) Let F be a subspace stable under M ; we assume that there exists a
supplementary G stabke E = F & G. Give a CNS so that G is the
unique stable supplementary of F.

Preuve : (1) We identify the supplementaries of F' in E with the sections s of

the canonical surjection 7 : E — E/F'. The affine space of supplementaries
of F'in F is then the set of solutions of the linear equation with right-hand
side mo s = Idg,p. The direction of this affine space is therefore the set of
s such that mo s =0, i.e. the set of s’ : E/F — F.

(2) Such a supplementary will then be stable if and only if sou—uos = 0.
The direction is then the intersection of the two vector spaces : mos =0
and sou —wuos =0, that is, the subspace of Homg (E/F, F) of the s such
that sou —ujpos=0.

(3) According to the previous question, the direction of the affine space
of stable supplements of F' is that of the vector space of rectangular matrices
X € M, ,—p(K) such that AX — X B = 0 with p = dim F'. We will show that
a necessary and sufficient condition is that the characteristic polynomials of
A and B are relatively prime.

Let pa and pup be the respective minimal polynomials of A and B and
let @ be an irreducible factor of their ged. According to reduction theory,
we can decompose F' (resp. G) into a stable subspace by A (resp. B) in the
form Fy @ F'y (resp. Gp @ G'3), such that F4 (resp. Gp) is cyclic relative
to A (resp. B) with characteristic polynomial Q.

Let X : G — F be defined as follows : it induces an isomorphism of
Gp onto F4 and is zero on G'5. We then have AX = X B.

Suppose that p4 and pp are coprime, which is equivalent to the fact
that their characteristic polynomials are. By linearity, we have uq(A)X =
Xpa(B) =0 according to Cayley-Hamilton. Now, since p4 is coprime with
1B, & BA@zout relation Paug + Ppup = 1 gives that p4(B) is invertible
with inverse P4(B) so that X is zero.

Exercice 21. Give the commutative subgroups of exponent r of GL,(C).
Deduce that GLy(C) ~ GL,,(C) if and only if n =m.

Preuve : Let G be a commutative subgroup of GL,(C) with exponent r.
For all g € G, we have ¢" = Id i.e. X" — 1 is a split annihilating polynomial
with simple roots of g so that g is diagonalizable in a basis (e, - , e, ). For
all ¢ € G, g and ¢’ commute and are diagonalizable, so we deduce that they
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are simultaneously diagonalizable. Thus the matrix of any g € G in the basis
(e1,-+ ,en), is diagonal of the form diag(&y,--- ,&,) where & is an r-th root
of unity. We therefore deduce that G ~ (Z/rZ)".

If the two groups GL,(C) and GL,,(C) are isomorphic, their commuta-
tive subgroups of exponent 7 correspond to (Z/rZ)"™ ~ (Z/rZ)™ and there-
fore n = m by cardinality.

Exercice 22. Show that A of GL,(C) is diagonalizable if and only if there
exists k such that AF is.

Preuve : The direct meaning is obvious. In the other direction, we reason

in each of the characteristic spaces so that we reduce to a unique eigenvalue
A. We write A in the form A(I, + N) with N nilpotent. We then have
(I, + N)* = I, + kN + - --. Now we notice that kN + --- is nilpotent and
similar to NV (use Jordan), hence the result.

Exercice 23. Propose an effective test to know if a complexr matriz is dia-
gonalizable with distinct eigenvalues. Then treat the case of real matrices.

Preuve : A matrix of M, (K) is diagonalizable with distinct eigenvalues if
and only if its minimal polynomial is of degree n and is split with simple
roots. On C, it is then sufficient to test whether the characteristic polynomial
x has simple roots. To do this, it is sufficient to check that a ged of x and
X' is equal to 1.

On R, it is also necessary to test whether y is split. To do this, we have
the Sturm sequences which give us the number of real roots of x.

Exercice 24. Let A and B be two simultaneously diagonalizable matrices. Is
there a polynomial P such that B = P(A) ¢ Show that there exists a matriz
C' as well as polynomials Pa, Pg such that A = PA(C) and B = Pg(C).

Preuve : If we take A = I,, then P(A) = P(1)I, so that if B is diagonali-
zable without being scalar, there cannot exist such a P.

The problem in the previous question came from multiple roots. Let P
be the transition matrix from the canonical basis to the common diago-
nalization basis of A and B : PAP~! = diag(a1,--- ,a,) and PBP~! =
diag(by,--- ,by). Let us then take C such that PCP~! = diag(cy, -+, cp)
with the ¢; distinct two by two, for example ¢; = 7. We then choose Pg
(resp. Pg) such that for all i, Ps(c;) = a; (resp. Pp(c¢;) = b;) : this is
possible by using for example the Lagrange interpolation polynomials. We
therefore have A = P4(C') and B = Pg(C).

Exercice 25. Let a be a non-diagonalizable endomorphism, find the poly-
nomials P such that P(a) is diagonalizable (treat the case of C then of R).

Preuve : On C : we denote by 14(X) = [[,(X — A)™ the minimal po-
lynomial of a. For any eigenvalue A, we place ourselves on the associated
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characteristic subspace Ey). If P(a) is diagonalizable then its restriction
to E(y) is P(A)Id. Now we have P(a) — P(A\)Id = (a — Ald)Qx(a); for the
latter to be zero it is necessary that Qx(a)(En) C Ex where E) is the
eigensubspace. Thus it is necessary that (X — \)™~! divides Q,(X) which
is equivalent, for r) > 1 to

PN =P\ =---=P" D) =0

Conversely if this last condition is verified for any eigenvalue A then P(a) is
diagonalizable.

On R : we place ourselves in C so that the previous condition must be
verified for any eigenvalue A. In addition it is necessary to ensure that the
eigenvalues P(\) are real. Conversely if these two conditions are verified
then the matrix of ¢ in the canonical basis is similar on C to a real diagonal
matrix. It is well known that it is similar to it on R.

Exercice 26. Give the similarity invariants of a diagonalizable endomor-
phism.

Preuve : 'We write the characteristic polynomial of a, x(X) = [, (X —=X)".
Since this is supposed to be diagonalizable, its minimal polynomial is u(X) =
[1,(X —X). We recall that the similarity invariants are polynomials

palpe] -

with g = p, and x = [[; i We thus deduce that all similarity invariants
are multiplicity-free, that r = max,(r)) and that

wx)= I x-»

A/ ra>r—itl
11 11
10 0 1
Exercice 27. Is the matric A = | : i o | diagonalizable ? Give
10 0 1
11 11

its eigenvalues.

Preuve : The matrix A is real symmetric and therefore diagonalizable.
Moreover, its rank is clearly equal to 2 so that 0 is an eigenvalue of order
n — 2; it then remains to find two other eigenvalues A\; and Ao. The trace
gives us A\; + A2 = 2 while the trace of A? gives A2 + A3 = 2n + n — 2 which
gives A1 and Aso.

Exercice 28. Are the following matrices squares in Ma(R) : ( -0 ),

0 —4
-1 1
0o -1 )
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-1 0

0 -4
A = B2 The polynomial (X2 +1)(X2+4) is then a polynomial annihilating
B so that its minimal polynomial, which is of degree 1 or 2, must be X2 +1
or X2+ 4 (which are irreducible on R). But then we would have A +1d = 0
or A+ 4Id = 0 which is not the case.

Let A = ( _01 1 > Suppose that there exists B such that A = B?.

The polynomial (X2 + 1)? is then a annihilating polynomial of B so that its
minimal polynomial of B is X2 + 1 and therefore A + Id = 0 which is not.

Preuve : Let A = ( > Suppose that there exists B real such that

Exercice 29. Show that if an open set of M, (C) contains the diagonal
matrices and is stable by similarity, then it is equal to M, (C) as an entire
set.

Preuve : Let F' be the complementary closed set ; if it were nonempty it
would contain a matrix M = S + N, its Dunford decomposition, and would
also contain its semisimple part S, which is in the adherence of the similarity
class of M, hence the contradiction.

Exercice 30. (1) On R or C, show that
(i) the interior of the set D of diagonalizable matrices is the set D of
matrices with n distinct eigenvalues ;

(ii) the closure of D is the set T of trigonalizable matrices.
(2) On C, show the connectedness of D and D*.

Preuve : (1) (i) Let A be a matrix with n distinct eigenvalues such that
its characteristic polynomial is split with simple roots. From the continuity
of the characteristic polynomial and that of the roots of a polynomial, we
deduce that for any A’ close to A, the characteristic polynomial of A" has,
on C, n distinct roots. If A and A’ are real, then their roots are also real :
for A it is true by hypothesis, for A’, its roots are complex conjugate and
close to those of x4, we conclude by noting that the latter are simple.

Thus D! is open, moreover any diagonalizable matrix is a limit of ma-
trices of D! : indeed for all aq, - - - , a,, and for all € > 0, there exists €1, - - , €,
such that 0 < ¢; < € and the a; + ¢; are distinct two by two. Thus for
A = Pdiag(ay,--- ,a,)P~!, the ball with center A and radius e contains
A’ = Pdiag(aj + €1, ,an + €,) € DL

We then deduce that the closure of D! contains D and therefore that D
is the interior of D.

(ii) Let (Ag)ren be a sequence of elements of D that converges to A.
According to the continuity of the characteristic polynomial, y; converges
to x. The x; being split, we deduce as above that y is split : its complex
roots are limits of the roots of y, if these are all real, their limits too. We
then recall that A is trigonalizable.

61



Conversely, if A is trigonalizable PAP~! = T, then €, - - , €, are small
such that the ¢;; + ¢; are all distinct. The matrix T 4 diag(ei, - ,€,) is
then diagonalizable because it has n distinct eigenvalues. Thus A is in the
adherence of D.

(2) For D : we have a surjective application GL,(C) x (C*)" on the set of
diagonalizable matrices : we send (P, (a1, ,a,)) on Pdiag(a1,--- ,a,) P~ .
The set GL,(C) x (C*)" being connected, the same is true for the set of
diagonalizable matrices.

We recall that GL,,(C) is connected : let P, P» be two invertible matrices.
We consider the polynomial det(P;z + (1 — z)P»2). The complement of the
(finite) set of zeros of this polynomial is connected ; we then consider a path
that connects 0 to 1 in this complement, which provides a path from P; to
P2 in GLn<(C)

For D! : we note that D! is the complement of the zeros of the polynomial
in n? variable defined as the discriminant of the characteristic polynomial.

Exercice 31. Describe the closure of the orbit of a Jordan block

o= O O

Preuve : We will show that this closure is the set of nilpotent matrices.
Recall that according to the Jordan decomposition, any nilpotent matrix is
similar to a block diagonal matrix, with on the diagonal Jordan blocks of
distinct sizes J(ni,---,n,) := diag(Jn,, -, Jn,) with Y. n; = n. We then
notice that J, is similar to

Iy €Eny ns 0 ‘e 0
0 Jn2 EEnzma .

EETLT‘— 1,17

0 0 Jn.

where F; ; is the matrix of size ¢ x j whose coefficients are all zero except that
of the corner at bottom left which is worth 1, and where € > 0. By making
e tend towards zero we deduce that J(ni,---,n,) is in the adherence of the
orbit of J,,.

Exercice 32. (a) Show that if Ker A2 = Ker A, then there exists a pseudo-
inverse X, i.e. such that AX = XA, A XA=A and XAX = X.

(b) Under what condition on the similarity invariants of A do we have
dim Ker A2 = 2dim Ker A4 ?
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Preuve : (a) We decompose the space into a characteristic subspace for
A. On the characteristic spaces associated with the non-zero eigenvalues, we
set X = A~'. On the characteristic space associated with the eigenvalue 0,
the hypothesis implies that A is zero there, so we take any X.

(b) This corresponds to saying that the first two columns of the Young
tableau associated with A are of the same length, which is equivalent to
asking that there is no Jordan block of size 1.

Exercice 33. Consider the sequence of dimensions of nested kernels. Des-
cribe the set of sequences obtained.

Preuve : Let us denote for k > 0, aj, := dimKer a*. This is an increasing
sequence bounded above by the dimension of the space n. We have ag = 0
and if a; = 0 then for all k, a = 0. More generally, let r be the first index
such that a, = a,;1. Let then be z € Kera™? so that a(z) € Kera™' =
Kera” and therefore a"*(z) = 0 or € Kera"*! and therefore a, 1 = a,
and by recurrence a, = a,j for all k£ > 0.

We introduce the sequence dj := ap — ap—_1 for all & > 1. Note that
this sequence is decreasing : indeed a induces an injective endomorphism of
Ker a*/ Ker a*~! into Ker a*~1/ Ker a*~2.

Conversely, let (ax)r>0 be an increasing sequence bounded above by n
such that the sequence of differences dj, is decreasing. We then consider the
nilpotent matrix A in Jordan form whose number of Jordan blocks of size r
is equal to d, — d,1. We then easily verify that aj = dim Ker A*.

Moreover, a graphical way to represent the similarity classes of nilpotent
matrices is to introduce the Young diagram whose columns are the d; for
i=1,---,r. The Jordan blocks are then read on the lines.

Exercice 34. Show that a sub-R-vector space of the nilpotent cone is of

dimension less than @ and that this mazimum s reached.

Preuve : Consider the quadratic form ¢ defined on the space of matrices that

associates trX? to X. Obviously the isotropic cone is made up of isotropic

vectors so that the vector space in question will be totally isotropic.
Moreover, if X # 0 is symmetric (resp. antisymmetric) then ¢(X) > 0

(resp. ¢(X) < 0) so that the signature of ¢ is (%, ”("T_l)) Thus a totally

isotropic subspace has a dimension less than or equal to w

The equality is clearly reached for strictly upper triangular matrices.

Exercice 35. Let u be a nilpotent endomorphism ; for all i > 0, we denote
K as the kernel of u' and df) as its dimension. We assume that the sequence
(db) is equal to (4,7,9,10,10,---). Then determine the similarity invariants

of u.

Preuve : We denote by V = K™ the vector space in question, which we
equip with the structure of A = K[X]-module defined by the matrix to
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be studied; we denote by a,(X)|---|a1(X), its similarity invariants. The
minimal polynomial is then a;(X) and the characteristic polynomial is the
product of the similarity invariants. We denote by r the index 4 such that
Kt # K} = Kj for all j > i. The integer r is the multiplicity of 0 in a1 (X)
while its dimension is the multiplicity of 0 in the product of the a;. We note
§¢ = dim K} — dim Ké_l; starting from the Jordan form it is easy to see
that 66 is equal to the number of aj, divisible by X?. We thus note that the
number 7 of similarity invariants is equal to the maximum of the dimensions
of the eigensubspaces.

Thus the number of similarity invariants is equal to the dimension of
the kernel, i.e. 4 similarity invariants a1, as, as, a4. The minimal polynomial
is written in the form X* with oy = rg where rqg is the index 7 such that
Ké_l # K{ = Ké+k for all k& > 0, so here a;(X) = X*. Similarly, we write
the a;(X) in the form a;(X) = X% for 2 < i < 4 with o; > ;41 and
S o = 10.

We introduce as before 58 = dim K(i) — dim Kéfl; 6 is the number of
similarity invariants divisible by X?. From §3 = 1 we deduce ag < 3; fur-
thermore §3 = 2 imposes s > 3 or ag = 3 and a3 < 2. Finally 62 = 3 gives
ag =2 and ag = 1.

Exercice 36. Under what conditions on the similarity invariants of nil-
potent A does the equation X2 = A have solutions ?

Preuve : We reason by analysis and synthesis. Let X be nilpotent and
written in Jordan form : x; is the number of Jordan blocks of size k. The
Jordan decomposition of J,? includes two blocks J 5] and J B3k

2 2

We then deduce that the Young tableau associated with X? satisfies one
of the following equivalent conditions :

— it does not contain two consecutive columns of the same odd length ;

— if we group the rows two by two starting from the top (starting from
the convention that we have a last row of zero length in the case
where the kernel is of odd dimension), then the rows of the same pair
differ by at most one cell.

The synthesis is then obvious.

Exercice 37. Give, as a function of the similarity invariants, the dimension
of the commutant of a nilpotent endomorphism.

Preuve : This involves determining the number of degrees of freedom in the
choice of an operator M that commutes with A. We reason in a Jordanization
basis of A. We recall that we have

Ker A ¢ Ker A2 ¢ --- ¢ Ker A" = Ker A"

We consider a basis ey, - ,e,—q,+1 of Ker A" — Ker A™1 of cardinality
the length d, of the last column of the Young tableau associated with A.
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The image of this basis is totally free which gives d,n degrees of freedom ; in
return the image of the u* of these vectors are fixed. Let then r; be maximal
such that d,, # d, ; we then obtain d,, dim Ker A™ new degrees of freedom.
We proceed in this way until exhausting all the space.

We then easily verify that we obtain a number of degrees of freedom
equal to the sum of the squares of the lengths of the columns of the Young
tableau.

Exercice 38. (a) Show that the vector subspace generated by the nilpotent
cone s the hyperplane of the trace-zero matrices.

(b) Show that the vector subspace generated by the nilpotent matrices of
rank 1 is the same hyperplane.

(¢) Deduce that the vector subspace generated by the matrices of any
stmilarity class of nilpotent matrices is the hyperplane of the trace-zero ma-
trices.

Preuwve : In all three cases, inclusion is immediate. We will show (b) di-
rectly. As usual this relies on a small calculation in dimension 2, namely :

( (1) _01 ) is similar to ( ? (1) > by considering the new basis e; 4+ e2 and

€1 — €.
Let A then be a zero trace matrix; by adding a linear combination of
nilpotent matrices of rank 1, we reduce to A diagonal diag(ay,--- ,ap) with

>, a; = 0 which we write in the form
diag(a, —a1,0,---,0) + diag(0, a2 + a1, a3, -, an).

According to the previous calculation the first matrix is similar to a linear
combination of nilpotent matrices of rank 1; the second also by induction
hypothesis.

(¢) The orbit of any similarity class contains in its adherence the simila-
rity class of nilpotent matrices of rank 1. We then conclude from (b).

Exercice 39. Show that any hyperplane H of M(n,C) contains at least

n? —n — 1 linearly independent nilpotent matrices.

Preuve : We reduce to the case where H has equation tr(7X) = 0 with
triangular T" and we consider the intersections of H with the subspaces of
the upper or lower triangular nilpotent matrices.

Exercice 40. Let M = S + N be the Dunford decomposition of M into
a semisimple plus nilpotent. Show that S is in the closure of the similarity
class of M.

Preuve : This simply follows from the fact that 0 is in the closure of the
similarity class of N.
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4 Bilinear Algebra

4.1 Sesquilinear Forms : Generalities

Recall that given an automorphism o of the field K, for example the
complex conjugation of C, a semi-linear application is an application 6 such
that for all z,y € £ and A € K we have

O(x+ Ay) = 6(x) + \76(y)
where by convention we denote A for o(\).

Definition 117. We call o-sesquilinear form any application ¢ : ExE — K
verifying the following conditions :

— for all x € E, the application ¢, :y € E — ¢(x,y) is linear;

— for all y € E the application ¢y : x € E — ¢(z,y) is o-linear.

Remarque: the notations ¢, and ¢, are not exemplary, we will be careful
not to mix them.

Proposition 118. Let E be a vector space with a basis (e;)1<i<n. We denote
by Ay = (¢(eire;)) € My(K) the matriz associated with the sesquilinear
form ¢, relative to the basis (e;);. For all vectors x,y € E with column
vector coordinates X and Y, we then have

b(z,y) = 'XTAY.

Remarque: if P,y (o is the matrix of change of basis from (e;); to (e});
then the matrix Aés relative to this new basis is such that

/

¢ = tpéi)%(e;)iAd)P(ei)(—(e;)i‘

In particular the determinant of Ay, which we call the discriminant of ¢, is
defined only as an element of K/N(K) where N(K) = {A\?, A € K}.

Definition 119. For M a subset of E, we denote
M*={ycE, ¢(Myy)=0}, *M={zcE, ¢(z,M)=0}.

We say that M+ (resp. *M ) is the right orthogonal (resp. left orthogonal)
of M.

Remarque: M=+ and -M are clearly subspaces of E.

Lemme 120. If M is a subspace of E then

dim M + dim M+ = dim E 4 dim(M N *E).
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Preuve : Let f: E — E* be the semi-linear map which to = associates
y +— ¢(z,y). By definition M+ is orthogonal in the usual sense, cf. the
proposition 7?7, of f(M) so that

dim M+ = dim F — dim f(M) = dim E — (dim M — dim(M N 1E))

since +E = Ker f.
Remarque: if we apply the formula to M = E, we obtain dim E+ = dim +FE.

Definition 121. We say that ¢ is nondegenerate if E- = {0} (resp. *E =
{0}. The rank of Ay is called the rank of ¢, it is equal to the codimension
of E+ and ‘E.

Remarque: when ¢ is nondegenerate, the application x — ¢, induces a semi-
linear canonical isomorphism from E to its dual E*.

Lemme 122. We have ~(M*) = M + 1E.

Remarque: In particular if ¢ is non-degenerate, we find the usual property
of biduality +(M*) = M.

Preuve : We clearly have M +1E C +(M™) so that it suffices to show the
equality of dimensions. Reasoning as in the previous lemma, we have

dim N + dim *N = dim F + dim(N N E1).

We apply the formula to N = M so that by noting that E+ c M*, we
obtain

dim +(M*1) = dim E—dim M+ +dim E+ = dim M +dim *E—dim(MN+E)

because dim E+ = dim *E according to the above, and we recognize Grass-
man’s formula which gives the dimension of M + 1E.

Definition 123. A o-sesquilinear form is called reflexive if for all x,y €
E, ¢(z,y) = 0 is equivalent to ¢(y,x) = 0.. It is called Hermitian (resp.

antiHermitian) if ¢(x,y) = e(qﬁ(y,x))g with e =1 (resp. e = —1).

Remarque: for a Hermitian or antiHermitian form, ¢ is necessarily an invo-
lution ; in the antihermitian case in characteristic different from 2, we even
have o = Id and we simply say that ¢ is anti-symmetric.

Proposition 124. We assume that ¢ is a non-degenerate hermitian or
antihermitian form. For all w € L(F), there exists a unique endomorphism
u* € L(E), called adjoint of u, such that for all x,y € E :

P(u(z),y) = oz, u"(y)).

Furthermore we also have ¢(x,u(y)) = ¢(u*(x),y).
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Remarque: the data of a non-degenerate o-sesquilinear form, induces a cano-
nical semi-linear isomorphism between E and E* so that the usual adjoint of
an endomorphism seen in L(E*) is seen as an endomorphism of E. The equa-
lity ¢p(u(x),y) = ¢(z,u*(y)) of the proposition is then a simple translation
of the isomorphism between £(E*) and £(E) induced by ¢.

Preuve : Consider for y fixed, the linear form x — ¢(y,u(x)); since ¢
is nondegenerate, there exists a vector depending on y that we denote by
u*(y) such that for all z we have ¢(u*(y), z) = ¢(y, u(z)) and therefore also,
using the Hermitian nature of ¢, phi(u(z),y) = ¢(z,u*(y)). Finally we easily
verify that y — u*(y) is linear.

We now assume that ¢ is a Hermitian or anti-Hermitian form, in which
case the characteristic is also assumed to be different from 2.

Definitions 125. — A wvector x of E is said to be isotropic if ¢(x,x) =
0.
— A subspace F of E is said to be isotropic if F N F+ # {0}.
— A subspace I' of E is said to be totally isotropic and we write SETI,
if F c L.
— A seti is said to be mazimal and we write SETIM, if for any SETI
G containing F then G = F.

Remarque: since we are in finite dimension, any SETI is contained in a
SETIM.
Remarque: if F is non-isotropic then E = F @ F*.

Proposition 126. All SETIMs have the same dimension called index of ¢.

Preuve : Let U and V be two SETIMs and introduce M and N which
are respectively supplements of U NV in U and V. We assume by absurdity
dimU > dimV so that r :=dim M > s :=dim N. For fy,---, fs a basis of
N, consider the application M — K* defined by

m (¢(f17m)) T ,¢(f3,m)).
Its kernel is M N N+ so that by the rank theorem

dim(M N N+) =dimM — dimS > r — s > 0.

Let us then consider a nonzero vector x € M N N+ C U. Let us show that
x € V=+ :solet v € V be decomposed by v = u +n. We then have ¢(z,v) =
¢(z,u) + ¢(z,n) with ¢(x,u) = 0 because U is a SETI and ¢(z,n) = 0
because € N1. Let us then consider W =V + Kz : for all w = v + Az we
have
d(w,w) = ¢(v,v) + N2o(x, ) + Ap(v, ) + Ap(z,v),

where ¢(v,v) = 0 (resp. ¢(x,x) = 0) because V (resp. U) is a SETIM, and
é(v,x) = ¢(x,v) = 0 because x € V+. Thus W is a SETI strictly containing
V' while the latter was assumed to be maximal, hence the contradiction.
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Proposition 127. If ¢ is non-degenerate, then there exists a so-called Witt
decomposition of the space E = F ® F' & G with F, F’ setims and G a non-
1sotropic subspace such that the matriz of ¢ in an adapted basis is of the
form

0 I, O
el, 0 O
0 0 B

Remarque: we will give a proof of this result later in the case where o = Id,
i.e. for quadratic forms.
4.2 Remarkable endomorphisms

We now assume that E is equipped with a non-degenerate Hermitian
form in characteristic different from 2.

Definition 128. An automorphism u of E is called unitary if for all x,y €
E
P(u(z),u(y)) = o(z,y).

The set of unitary automorphisms is a subgroup of GL(E) denoted Uy and
called the unitary group of ¢. The kernel of the determinant morphism with
image H = {\ € K : A\ = 1}, is denoted SUy and is called the special

unitary group of ¢.

Remarque: u is unitary if and only if u~! = w*. Matrixically, the matrix U
of w is unitary if and only if ‘U AU = A,.
In the case where Ay = I,,, we find the usual condition tU°U = I,.

Definition 129. A similarity of ratio A € K* is an automorphism such
that for all x,y € E :

o (u(z), uly)) = A(z,y).
The group of similarities is denoted by GUy.

Remarque: a classical definition of a similarity consists in asking :

d(z,y) = 0= ¢(u(z),u(y)) = 0.

Definition 130. An endomorphism u is said to be self-adjoint if it verifies
u=u".

Remarque: in the real (resp. complex) case we also say symmetric (resp.
Hermitian).

Definition 131. An endomorphism u of a Hermitian space is said to be
normal if uou* = u*ou.
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Theorem 132. A normal endomorphism is semi-simple.

Preuve : We will show more precisely that if F' is stable by «w normal then
F is also u-stable. Consider an orthonormal basis of F that we complete

into an orthonormal basis of F-. The matrix of u in this basis is of the form
A B

0 C

. (A B A0 ([ AA* 4+ BB* BC*
e =5 ¢ ) (i o) (M oo )

s [ A0 A B\ [ AA  AB
wst =5 o) (0 ¢) =(54 porec)

which provides the equalities

and we calculate

AA*+ BB*=A*A BC*=A*B
{ CC*=B*B+ C*C.

Since tr(AA*) = tr(A*A) we deduce that tr(BB*) = 0 and therefore B = 0
hence the result

Remarque: for normal f, we have ||f(z)|| = ||f*(z)|| for all  and therefore
Ker f = Ker f*. More generally if ) is an eigenvalue of f, using that f — Ald
is also normal, we deduce that the eigensubspace Ker(f — AId) is equal
to the eigensubspace Ker(f* — AId). Their common orthogonal is therefore
stabilized by both f and f*. So in the case where the field is algebraically
closed, we can use these arguments to prove that f and f* are simultaneously
diagonalizable.

4.3 Quadratic forms

We take the definitions of the previous paragraph in the case where
o = Id, we then speak of symmetric bilinear form ¢ and ¢(z) := ¢(z,x) is a
quadratic form. In characteristic different from two, the polarization formula

1

o) = 7 (al@ +y) —a(z —y))

allows us to identify symmetric bilinear forms and quadratic forms. We keep
the vocabulary of the previous paragraph with the notions of isotropy, of
non-degenerate form allowing us to canonically identify the space F with its
dual E*. The matrix translation of ¢(x,y) is X AY and the change of basis
is expressed as A’ = {PAP.

Definition 133. Given two symmetric bilinear forms (V,$) and (V',¢'),
the orthogonal sum (V,¢) L (V' ¢') is the symmetric bilinear form ¢ L ¢’
defined on' V@ V' by the formula

(0 L) x+a"y+y) =oxy +¢'y), VeyeV, Vo' y eV,
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Remarque: if V' is equipped with a symmetric bilinear form ¢ and two sub-
spaces U, W such that V. =U@®W and ¢(u,w) =0 forallu € U and w € W,
then

(V. ¢) ~ (U, o) L (W, o).
In particular we have (V, ¢) ~ (V+,0) L (V/V+,¢') with ¢/ non degenerate.

Lemme 134. Let (V,$) be a symmetric bilinear form and W be a subspace
of V' such that by is non-degenerate. We then have

(V,¢) = (W, dpw) L (W, byra).

Preuve : Let us start by showing that V' = W @ W, Since ¢y is non-
degenerate, we have WNW+ = {0}. Let then v € V and f, € W* be defined
by

forweW = ¢(w,v).

Since ¢y is non-degenerate, the application w € W — f, € W* is an
isomorphism and there therefore exists w € W such that f, = f, and
therefore v—w € W hence the assertion. The isomorphism of the statement
then follows from the previous remark.

Notation 3. Foray,--- ,a, € K*, we denote by (a1, -+ ,ay) the symmetric
bilinear form on K™ defined by

n
(z,y) € K" — Zaixiyi € K.
i=1

Remarque: the matrix of (aj, - ,ay) in the canonical basis is the diagonal
matrix diag(a,--- ,ay). Since the a; are non-zero, this matrix is invertible
and (a,- - ,ap) is non-degenerate.

Theorem 135. Any symmetric bilinear form is equivalent to a form (ay,- - , ar)
for some a; € K* and where r is the rank of the form.

Preuve : We reason by induction on the dimension of the space; the
case of a line being obvious. The bilinear form ¢ being non-zero, from the
polarization formula, we deduce the existence of a vector v such that g(v) # 0
so that the restriction of ¢ to W = K.v is non-degenerate. According to the
previous lemma, we have (V,¢) = (W, ¢j) L (W, ¢y2) and we conclude
by induction.

Remarque: the statement means that there exists a basis (e1,--- ,ey) such
that g(e;) = a; where for i > r we have set a; = 0. Let l1,--- 1, be the
associated dual basis, we then have

q(z) = arli (2)* + - + a,l. ()
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The Gauss decomposition algorithm allows us to directly find the inde-
pendent linear forms Iy, - - - ,l.. Note further that changing e; to Ae; modifies
a; by A%a;, so that the a; are a priori well-defined only in K /K*2. Howe-
ver, they are not necessarily invariants in the sense that (a1, -- ,a,) can be
isomorphic to {(a},- - ,al) even, modulo permutations, the a;a; ¢ K*2. For

— K = C, since any non-zero element is a square, ¢ ~ (1,---,1) where
the number of 1 is equal to the rank of ¢, which is indeed an invariant.

— For K = R, we have ¢ ~ (1,---,1,—1,---,—1). We denote by r
(resp. s) the number 1 (resp. of —1); the pair (r,s) is called the si-
gnature of ¢. To show that these are invariants, it suffices for example
to note that r (resp. s) is the maximum dimension of a subspace on
which the restriction of ¢ is positive definite (resp. negative).

— Over a finite field K = Fy, in dimension n we have two classes
of non-degenerate symmetric bilinear forms, namely (1,---,1) and
(1,---,1,a) where a is not a square of Fy. To demonstrate this
we reason by induction on n, the case n = 1 being obvious. Let
then be n > 2; for all a,8 € Fy, the sets {az? : 2z € F,} and
{1-p8y?: y € F,} are of cardinality q;r—l and cannot be disjoint.
Thus the equation ax? + By? = 1 admits a solution, i.e. there exists
v such that g(v) = 1. We then apply the induction hypothesis to
(Kv)*.

Definition 136. Given a vector v such that q(v) # 0, the reflection T, with
respect to (K.v)* is defined by

To(z) =2 — 2(;5(1",1))0'
q(v)
Forr = z, +2' € (Kv) ® (Kv)*, we have 7,(z) = —x, + 2’ and 7, is an

isometry with respect to q, i.e. ¢(x,y) = ¢(1o(), Tu(y)).

Lemme 137. Let ¢ be a symmetric bilinear form on a K-vector space V
and let x,y € V be such that q(x) = q(y) # 0. Then there exists an isometry
T of V for ¢ such that T(x) = y.

Prewve : Let u = “5¥ and v = %% with thus = u+v and y = u — v.

Since q(z) = q(y), we calculate ¢(u,v) = 0 and 0 # q(z) = q(u) + q(v) so
that, even if we exchange the roles of x and y, we can assume that ¢(v) # 0.
The reflection 7, of the previous definition then verifies 7,(x) = y hence the
result.

Theorem 138. (de Witt) Let (Vi,¢1), (Va,d2) and (V, $) be three spaces

equipped with a symmetric bilinear form with non-degenerate ¢. Then

(Vi,01) L (Vi9) = (Va,¢2) L (V,9) & (Vi,¢1) = (Va, ¢2).
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Preuve : Since ¢ is non-degenerate, it is diagonalizable and it is therefore
sufficient to treat the case where (V,¢) = (Kwv, (a)). For i = 1,2, we denote
v; = (0,v) € V; L V and v, = f(v1) where f : (Vi,¢1) L (Kv,{a))) ~
(Va, ¢2) L (Kv,(a))). We then apply the previous lemma to ve and v} with
7(v)) = ve so that 7o f sends v; to vy and thus induces an isomorphism
between their orthogonals i.e. between (V1, ¢1) and (Va, ¢2) hence the result.

Proposition 139. Let V be a K-vector space of dimension 2 equipped with
a nondegenerate ¢ symmetric bilinear form. The following properties are
equivalent :

(i) ¢ is isotropic;

(ii) detp = —1 € K*/K*?;

(iii) ¢~ (1,—1) ;

(iv) there exists a basis in which the matriz of ¢ is < (1) (1) >
Preuve : We will follow the chain of implications (iii) = (ii) = (i) = (iv)
= (iii). The only ones that are not obvious are (ii) = (i) = (iv).

- Let us show (ii) = (i) : we have ¢{(a, f) with o, 8 € K* and aff =
—1 € KX/K*2. We therefore have ¢ ~ (a, —a) which is indeed isotropic
since g(e; + e2) = 0.

- Let us show (i) = (iv) : let « # 0 be such that g(z) = 0. Since ¢ is non-
degenerate, there exists y such that ¢(x,y) # 0 and ¢(z, z + \y) = Ao(z, y).
We can therefore choose y such that ¢(z,y) = 1 with therefore necessarily
y non-collinear to x. We denote a@ = ¢(y) and we set z = y — S so that

2
q(2) =0 and ¢(x, z) = 1. In the basis (z, z), the matrix of ¢ is that of (iv).

Definition 140. A form that satisfies one of the equivalent properties of
the previous proposition is called hyperbolic plane : we denote it by H. A
basis such that the matriz of ¢ is as in (iv) is called hyperbolic. Finally, we
call hyperbolic form an orthogonal sum of hyperbolic planes.

Lemme 141. Let ¢ be a nondegenerate symmetric bilinear form on a K-
vector space V.
The following assertions are equivalent :
(i) the form ¢ is hyperbolic ;
(ii) there exists a subspace W of V with 2dim W = dim V' with ¢;yy = 0 ;
(iii) there exists a subspace W of V' such that W-W .

Prewve : - (i) = (ii) : let (e1,--- ,e2,) be the basis of V' in which ¢ ~
(1,—1,---,1,—1). The vector subspace W generated by es;_1 + eg; for i =
1,---,n then verifies (ii).

- Implication (ii) = (iii) let us verify (iii) = (i). Let (e1,- - - , e,) be a basis
of W. For all i = 2,--- ,n, the subspace (Kej)' is of dimension 2n — 1 and
contains W : according to the rank theorem there then exists y orthogonal to
ea, -+ ,en and not belonging to W. According to the previous proposition,
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the plane H generated by e; and y is then hyperbolic and W N Ht verifies
(iii) relatively to H+. We then conclude by induction on the dimension.
Remarque: in particular (V,¢) L (V,—¢) is a hyperbolic form since the
subspace W = {(v,v) : v € V} verifies point (ii) of the previous lemma.

Lemme 142. Let ¢ be a hyperbolic form and v a non-degenerate form.
Then ¢ ® 1 is hyperbolic.

Preuve : By hypothesis ¢ = (1, —1) L --- L (1,—1) so that

PR~ L—yp) L. LWL
and the result follows from the previous remark.

Proposition 143. (Witt decomposition) Let ¢ be an isotropic nondege-
nerate form. There then exists an anisotropic nondegenerate form (Vg, dq)
and a hyperbolic form (Vy,, ¢n) such that

(V7 (b) = (th(bh) 1 (Vav(ba)'

Such a decomposition is also unique up to isomorphism.

Remarque: in other words, to study a nondegenerate symmetric bilinear
form, we reduce to anisotropic forms.

Preuve : If ¢ is anisotropic, there is nothing to do. Otherwise let « # 0
such that g(x) = 0 then, cf. the proof of the previous proposition, y such
that ¢(x,y) = 1. Since (z,y) is necessarily free, they generate a hyperbolic
plane W and the restriction ¢’ of ¢ to W+ is non-degenerate which allows
to iterate the construction until an anisotropic form is obtained.

The fact that the decomposition is unique up to isomorphism follows
from Witt’s theorem 138 and from the fact that a hyperbolic form is of the
foom H 1 --- 1 H.

Definition 144. The number of factors H in
(Vaybp) ~H L--- L H
1s called the Witt index of ¢.

Notation 4. Let ¢ ~ (ay, -+ ,a,) and ¢’ ~ (a},--- ,al,) be nondegenerate

symmetric bilinear forms. We denote ¢ @ ¢’ the non-degenerate symmetric
bilinear form isomorphic to

/ / !/ /
(aray, - ,a1a,,,a2a7, -+, ana,,).

Remarque: the above notation is an artifice to avoid having to canonically
define the tensor product of two vector spaces.
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Definition 145. We denote Mg the set of isomorphism classes of non-
degenerate symmetric bilinear forms on K and we equip it with the equiva-
lence relation

¢~ ¢/ & Qo (bfz
We denote W (K) the quotient set.

Remarque: we easily verify that W (K) equipped with the orthogonal direct
sum | and the tensor product ® is a commutative ring.
Ezxamples :
— in C, —1 is a square and therefore (1,---,1) ~ (1, —1,1---) which is
a hyperbolic form if and only if the dimension of the space is even.
Thus W(Z) ~ 7 /27 where the arrow is given by the dimension of
the space modulo 2.
— The same reasoning in the case K = R, shows that W(R) ~ Z where
the arrow is given by r — s where (7, s) is the signature.
— For K = F, where p =1 mod 4 as —1 is a square, we reduce our-
selves as before to the following forms

(1), (@), (L), H

where o € FX —Fp 2 These four forms are distinct in W(F,) and we
easily verify that they are all of order 2

1) L{1)=H~0, {(a)L{a)~0, (La)L(l,a)=(11)L {a,a)~0.

Thus W (F,) ~ (Z/27)2.
— Let us finish with the K = F, with p =3 mod 4, we then obtain the
forms

<1>’ <_1>7 <171>7 H = <1 - 1>

which are distinct in W (F,). Now (1) L (1) = (1,1) o4 H and there-
fore W(F)) ~ Z/4Z.

4.4 The real case

In this case we necessarily have ¢ = Id and we therefore return to the
quadratic forms of the previous paragraph with the notions of positivity.

Definition 146. A symmetric bilinear form is said to be :
— positive (resp. negative) if for all v € E, we have ¢(x,z) > 0 (resp.
¢z, x) <0);
— positive definite (resp. negative definite) if it is positive (resp. nega-
tive) and that ¢(xz,x) = 0 if and only if = is the zero vector.

Theorem 147. (Sylvester’s law of inertia)
Let ¢ be a symmetric bilinear form.
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(i) There then exists a decomposition
E=EtoET0E"

such that the restriction of ¢ to Et (resp. E~) is positive definite
(resp. negative definite). Such a decomposition is not unique but the
dimensions v of ET and s of E~ are the same for any such decompo-
sition and are respectively equal to the mazrimum of the dimensions of
the subspaces F' of E such that the restriction of ¢ is positive definite
(resp. negative). We say that the pair (r,s) is the signature of ¢.

(i) The rank of ¢ is equal to s+ 1 and its index is equal to (n —rge) +
min{s, r}.

Preuve : (i) The existence of the decomposition was seen above in a general
framework, it then remains to verify the characterization of r and s. Let us
therefore consider a space F' on which ¢ is positive definite and suppose by
the absurd that its dimension is > r. According to the rank theorem, it
then intersects non-trivially £+ @ E~ space on which is ¢(z) < 0 hence the
contradiction. Thus 7 is indeed equal to the maximum dimension of a space
on which ¢ is positive definite.

(ii) The rank of ¢ is clearly equal to r + s. Recall that its index is the

dimension of a SETIM. Let (e],---,e}) (resp. (e[, - ,e5)) be a basis of
E* (resp. E7) as well as (ef,--- ,¢e?) be a basis of E+. Let us then consider
- - 0 0
F = Vect(e] +ey, - ,eiﬁn(ns) + Conin(rs) €10 L €1).

We easily verify that F' is totally isotropic of dimension (n—rg¢)+min(r, s).
Let us then suppose by absurdity that there exists a SETT F' of dimension
> (n —rg$) + min(r, s). According to the rank theorem it then intersects
non-trivially E* if » > s and E~ otherwise while for any non-zero z of E
(resp. E~) we have ¢(z) > 0 (resp. ¢(x) < 0), hence the contradiction.
Application : any sub-R-vector space of the nilpotent cone, i.e. of the set of
nilpotent matrices of M, (R), has a dimension less than % Indeed, we
consider the quadratic form ¢ defined on the space of matrices that to X
associates trX 2. Obviously, the isotropic cone is made up of isotropic vectors
so that the vector space in question will be totally isotropic. Moreover, if
X # 0is symmetric (resp. antisymmetric) then ¢(X) > 0 (resp. ¢(X) < 0) so
(n+1) n(n-1)

that the signature of ¢ is (HT, ———). Thus a totally isotropic subspace

is of dimension less than or equal to nn-1)

5— - The equality is clearly reached
for strictly upper triangular matrices.

Definition 148. Let F' be a non-isotropic subspace of E ; the unique unitary
involution u such that F = Im(u + Id) is called the orthogonal symmetry
with respect to the non-isotropic subspace F'. If F' is a hyperplane, we say
that u is a reflection ; if F' is of codimension 2 we say that u is a reversal
or a reversal.
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Remarque: if v is a normed vector orthogonal to a non-isotropic hyperplane
H, then the reflection with respect to H is the application z — x—2¢(x, v)v.

Theorem 149. (Cartan-DieudonnA (@))
Let q be a non-degenerate quadratic form on E.
(i) Any element u of O(q) can be written as a product of p := dim I (u —
Id) reflections ; moreover any writing of w as a composite of reflec-
tions requires at least p different reflections.
(ii) In dimension > 3, any element of SO(q) is can be written as a
product of q reversals with ¢ < dim E.

Remarque: In dimension 2, we have a group isomorphism R/277Z — SO(2)
which to 6 associates the matrix

R(6) == ( cosf —sin >

sinf cos@

We then notice that it is not possible to exhibit a particular generating
subfamily.

Preuve : (i) First note that if rz denotes the orthogonal reflection relative
to the hyperplane H, then u = rg, o- - - rg, verifies HiN---NH, C Ker(u—Id)
so that dim $(u — Id) = n — dim Ker(u — Id) < r and therefore any writing
of u as a composite of reflections requires at least dim (u — Id) factors.

Let us then show by induction on p = dim §(u — Id), that there exists
a writing u = 71 0 ---ry with ¢ < p. For p = 0 it is clear since then u = Id.
Let us assume the result acquired up to p — 1. Let us then consider x €
Ker(u — Id)* such that u(x) # z and let 7o be the orthogonal reflection
relative to the hyperplane H orthogonal to u(z) — x. Since u € O(q), we
have u(z) € Ker(u — Id)* and therefore Ker(u — Id) ¢ H and therefore
Ker(u — Id) 4+ Vect(z) C Ker(rg o u — Id). Thus dim(rpou —Id) < p —1
and according to the induction hypothesis, there exists a writing rg o u =
ryo---org with ¢ < p —1 and the result is deduced by composing on the
left by rg.

(ii) It suffices to note that for r an orthogonal reflection relative to a
hyperplane H, then —r is a reversal. Thus for u = (r1org)o---o(rog_1079),
where we will note that the number of factors is necessarily even for u €
SO(q), by writing 79;_1 0 19; = (—ro;—1) o (—r2;), we make u appear as a
composite of reversals.

In dimension 3 any matrix of SO(3) is similar to a matrix of the form

1 0 0
0 cosf —sind
0 sinf cosé@

We also have a group isomorphism between SO(3) and the group of quater-
nions of norm 1 quotiented by {£1}. This description is particularly useful
when it comes to composing rotations of space.
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Proposition 150. An endomorphism w is normal if and only if in an or-
thonormal basis it admits a block diagonal matriz of size 1 or 2 of the form

(52)

Preuve : Since on R an irreducible polynomial is of degree at most 2, it
follows from (3) and using that the submodules of R[X]/(P) correspond
to the divisors of P, that u admits either a line or a stable plane. If we
have a stable line and since according to 132 a normal endomorphism is
semi-simple, we conclude by induction on the dimension. If we have a stable
design and since the restriction of u to a stable subspace is still normal, for

M = ( Z Z ), the equality MM* = M*M gives

b = c?
{ ac+ bd = ab + dc

and therefore
— let ¢ = b in which case the matrix is symmetric with a split charac-
teristic polynomial, i.e. © admits a stable line;
— let ¢ = —d and a = d and we find the matrix of the statement.
We conclude again by induction on the dimension using the semi-simplicity
of u.

. . b\ .
Conversely, it suffices to check that the matrix ( —ab a > is normal,

which has already been done above.

Corollory 151. An endomorphism u of E is
— symmetric if and only if it is diagonalizable in an orthonormal basis.
— anti-symmetric if and only if, in an orthonormal basis, its matriz is

diagonal by zero blocks or of the form < _Ob 8 >

— orthogonal if and only if, in an orthonormal basis, its matriz is block-

diagonal where the blocks are either 1 or rotation matrices < sin 0

Remarque: we can use this reduction theorem to show, for example, that
the special orthogonal group is arc-connected, by relating every positive
orthogonal matrix O to the identity matrix. To do this, we transform any
rotation matrix of O and angle 6, into a rotation matrix of angle ¢t for
t € [0,1], and by grouping the blocks of —1 two by two to identify them
with a rotation matrix of angle 7, which we transform into a matrix of angle
tm.

Proposition 152. Any compact subgroup G of GLy,(R) is contained in a
conjugate of the orthogonal group.
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Preuve : It is therefore a question of showing that G stabilizes a po-
sitive definite quadratic form. Indeed if A is the matrix of such a form,
it is diagonalizable in orthonormal basis ‘PAP = D with ‘P = P~ and
D = diag(A1, -+, An) where the \; are strictly positive. We can then write
D = D? where D; is a diagonal matrix with strictly positive eigenvalues so
that A = B? with B = ‘PDP. Thus for all M € G, we have 'BB = ‘M B?>M
or

YBMB ) (BMB™1) =1

i.e. BMB~! is orthogonal.

Let us then consider the action of G on the set &} of positive definite
quadratic forms according to the formula ‘BB +— ‘M'BBM = Y(BM)BM.
The idea is to use a fixed point theorem which requires restricting our-
selves to a compact convex. To have a compact we simply need to consider
{!BB: B € G} and for the convexity to take the convex envelope of this
compact which therefore remains compact according to CarathA@odory’s
theorem. We thus have the action of a compact group on a compact convex
and the lemma 77 below ensures the existence of a fixed point. It only re-
mains to verify that the fixed point corresponds to a positive definite form,
which follows from the following lemma.

Lemme 153. The set St of positive definite quadratic forms is convez.

Preuve : The idea is to make simultaneous congruence. Let A and B be
two symmetric positive definite matrices : A then defines a scalar product
¢4. The matrix U = A™'B defines a symmetric endomorphism relatively
to ¢4 since AU = 'UA and therefore there exists an orthonormal basis
for ¢4 diagonalizing U, i.e. ‘PAP = I, and P~"'UP = D and therefore
(P~1A1tP~1){PBP = D or tPBP = D. Thus for 0 <t < 1, we have

tA+(1—t)B="tP Y (tI,+ (1 —t)D)P~!

which is positive definite.
We now conclude with the fixed point lemma needed to finish proving
the previous proposition.

Lemme 154. Let G C GL(E) be a compact group acting on a conver com-
pact K of a Fuclidean vector space E. There then exists a point of K fixed
by all the elements of G.

Preuve : We introduce the application

x € E— Ng(x) =sup||g(x)]],
geG

where the sup is in fact a maximum, i.e. is reached, because G is compact.
We easily verify that Ng is a norm that is also strictly convex since

Ne(x +y) = [lgo(z) + go(W)I] < llgo(z) + go(y)|| < Na(x) + Ny(y)
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and to have equality it is necessary in particular that the first inequality is
an equality and therefore that there exists A > 0 such that go(z) = Ago(y)
and since g is linear and invertible, x = Ay, hence the assertion.

Thus there exists a unique zg € K minimizing Ng and as trivially for
all z we have Ng(g(z)) = Ng(x), from the uniqueness of the minimum we
have g(zo) = x0, hence the result.

4.5 The Hermitian case

In this paragraph for K = C, in order not to repeat the framework of
quadratic forms, we consider the case where o is the complex conjugation.
For A € GL,(C), we denote A* for *A. Note in particular that any Hermitian
form ¢ verifies ¢(x,z) € R. We then say that it is positive (resp. negative)
if ¢(z,z) > 0 (resp. < 0) for all z € E and we say that it is also defined if
¢(z,x) =0=2=0.

Remarque: if E is equipped with a positive definite Hermitian form we say
that E is a Hermitian space.

Proposition 155. If ¢ is positive then
o(z,y)o(z,y) < q(x)q(y).

Theorem 156. As in the real case,

— there exists a decomposition E = E+ @& ET @ E~ such that the res-
triction of ¢ to ET (resp. E~) is positive definite (resp. negative).
Moreover the dimension s of ET and t of E~ are independent of this
decomposition and the pair (s,t) is called the signature of ¢.

— There exists a basis (€;)1<i<n such that

n n s s+t
oS hew Yo mes) = SN 3 i
=1 7j=1 =1 i=s+1

— The rank of ¢ is s+t and its index n — (s +t) + min{s,t}.

Let us finish these algebraic reminders with a fundamental example of a
Hermitian matrix.

Definition 157. Let (21, -+ ,xm) be a family of vectors of a Hermitian
space E. The Gram matrix defined by

Gram(zy, -+ ,Tm) = <¢($iaxj)>

1<i,j<m
is a Hermitian matriz whose determinant is denoted by G(x1,- -+ , Tm).
Proposition 158. For all (x1,--- ,xy), the Gram determinant G(z1,- -+ , Tm)

belongs to the positive real numbers; it is nonzero if and only if the family
(z1,--+ ,xm) is free.
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Corollory 159. Let z € E and F be a subspace of E ; if (1, ,Tm) 1S a
basis of F' then the distance d(x, F') from x to F is given by

2 _ G(:E?xl?"' 7$m)

G(.’El, e 7$m)
Proposition 160. An endomorphism is normal if and only if it is diago-
nalizable in an orthonormal basis.

d(z, F)

Preuve : If u is normal, then it is semi-simple according to 132 : for x an
eigenvector of u, we have E = (z) @ (x)* and we conclude by induction on
the dimension.

The converse is obvious and follows from the fact that a diagonal matrix
commutes with its diagonal adjoint.

Corollory 161. An endomorphism of a Hermitian space is
— Hermitian (resp. anti-Hermitian) if and only if, in an orthonormal
basis, its matriz is real diagonal (resp. pure imaginary).
— unitary if and only if, in an orthonormal basis, its matrix is diagonal
with coefficients of modulus 1.

4.6 Congruence classes

Definition 162. Two square matrices A and B of M,,(C) are said to be
congruent, if there exists an invertible matriz P such that B = P*AP.

The congruence relation is clearly an equivalence relation. This relation
is really only used for Hermitian matrices and corresponds to the effect of a
change of basis on the matrix associated with a Hermitian product, cf. the
proposition ?7. In this context, we will see that the classes are paramete-
rized by the signature, cf. the theorem 147 in the real case and 156 in the
Hermitian case. On the other hand unlike the case of similarity classes, we
have a statement of simultaneous congruence as follows.

Proposition 163. Let two Hermitian matrices A and B with B positive
definite. There then exists an invertible matriz P verifying

P*AP =D and P*BP = 1I,,
where D is a diagonal matriz.

Remarque: we will note that the matrix P is not unitary so that A and B
are not, simultaneously diagonalizable !

Preuve : Let @ denote a matrix whose column vectors form an orthonormal
basis for the Hermitian product defined by B, i.e. (X,Y) — X*BY. We thus
have Q*BQ = I,. Since Q*AQ is visibly Hermitian, we diagonalize it into
an orthonormal basis for the canonical Hermitian product, i.e. there exists a
unitary matrix R such that R*(Q*AQ)R = D. We then have R*(Q*BQ)R =
R*R = I, so that the matrix P = QR is suitable.
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4.7 Unitary similarity classes

We are interested here in unitary similarity classes. Let us first note that
if A and B are in the same unitary similarity class then

n n
>l =Y laigl®

ij=1 ij=1

Indeed this follows from the equality » 7., lai j|* = tr(A*A). More gene-
rally given a word M (s,t) = s™t"s™2¢"2 ... g"k¢™ in two variables s,t
with my,ny, -+ ,mg,nk > 0 : the degree of M(s,t) is by definition equal to
my +ny + -+ mg + ng. For A € M,,(C), we set

M(A, A*) — Aml(A*)nl .. _Amk(A*)TLk

We then note that for all M(s,t), trM (A, A*) is constant on the unitary
similarity class.

Theorem 164. (Specht) Two matrices A, B are unitarily similar if and
only if trM (A, A*) = trM (B, B*) for all words M (s,t).

The obvious drawback of Specht’s theorem is that an infinite number
of conditions must be verified. The following Pearcy theorem allows us to
reduce to a finite number.

Theorem 165. (Pearcy [?7]) Two matrices A, B are unitarily similar if and
only if ttM (A, A*) = trM (B, B*) for any word M(s,t) of degree at most
2n2.

Remarque: a quick calculation shows that there are at most 4" distinct
words of degree at most 2n2. For n = 2, it is easy to show that it is in fact
sufficient to consider the words s, s?> and ts. For n = 3, we can show that it is
sufficient to consider the 9 words, s, s2, ts, ts?, t2s2, tsts, ts’ts, ts’t®s instead
of all the words of degree at most 18.

4.8 Eigenvalues of Hermitian matrices

For a general complex matrix, the eigenvalues are the roots of the cha-
racteristic polynomial. If the matrix is Hermitian, the eigenvalues are also
the solutions of several optimization problems : this paragraph is devoted
to the presentation of some of these, the interested reader can consult [?]
§4.2. In the following A denotes a complex Hermitian matrix whose real
eigenvalues are ranked in ascending order :

AL <A << Ay
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Theorem 166. (Courant-Fisher) For all 1 < k < n, we have

. ¥ Ax ¥ Ax
Ar = min max
Fe&, 0#zcF x*x

= max min
Fng,k+1 0;£.Z’€F :L’*l‘

where & denotes the set of k-dimensional subspaces of C™.

Remarque: the case of A\; and A, is known as the Rayleight-Ritz theorem.
Let us denote for all 1 < k < n, x; a unitary eigenvector for the

Preuve :
eigenvalue \;. Then let F' € & be such that
F nvect(zg, g1, ,Tn)
is of dimension greater than 1. For z = " | a;x; # 0 a unit vector of this

intersection, we have

n n
x*Ax = Z)‘i|ai|2 > Ak Z |2 = .
i=k i=k

We then deduce the inequality
x*AX

AL > min max
Fe&, 0#£2€F x*x

Moreover for F' = vect(zy,--- ,xy), we have
r*AX
max

A = ”
0#£zeF IT*X

hence the equality. The other case is treated in a strictly identical manner
Let us cite some applications of the previous theorem, cf. [?] §4.3.

Theorem 167. (Weyl) Let A, B be Hermitian matrices with eigenvalues
Ai(A), \i(B) ranked in ascending order. By similarly classifying the eigen-

)

(b) if B has rank at most r :
— )\k(A+B) < )\k+T(A) < )\k+2r(A+B) fork=1,--- n—2r;
— )\k(A) < )\kJrT(A + B) < Ak+27’<‘4)7 fO?" k=1,---,n—=2r;

(¢) Njtk—n(A+ B) < XNj(A) + \e(B), for all 1 < j,k < n such that

values of A+ B, we obtain :
(a) Mg(A) + M (B) < M(A+ B) < MNe(A)+ Mo(B), forallk=1,--- ,n

Jtkzn+1;
(d) Nj(A) + Ap(B) < Njpi—1(A + B), for all 1 < j,k < n such s that

j+k<n+1.
—; the result then follows

z* Az z*Bx .
*x*x +
% < \n(B) and the theorem 166.

) *(A+B)
Preuve : (a) We have “=—%

simply from the framework \;(B) <
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(b) We write B in the form aquju} + - - - + a,u,u’ where the vectors u;
of C™ are not necessarily independent. We then have

. z*(A+B)x

Ak+2r (A + B) = MINPegy 5, MAXQEreF %

> mi z*(A+B)x
Z MINFeg o, maXO;ﬁzeFﬂvect(uh--- wr)t T R

Noting E,’H_T the set of subspaces of vect(u,--- ,u,)" of dimension k + 7,
the last term above is equal to
x*Ax ¥ Az

min max > min max
Feg 0#z€F x*x Fe& i, 0£xcF x*x

= /\k+r(A)'

According to the same scheme, we have

z*(A+B)z

r*x

Me(A+B) = Maxpeg, .., MigLycr

< . z*(A+B)z
S MaXFpeg, i1 man#xEFﬂvec‘c(ul,m )t T* T
*

— 3 x x
= MaXpen—k+1—r MINOLzeF ~ 5

: Az
< MaXFeg, 1, MNOLzeF iy

= >\k+r(A)

These two families of inequalities then provide those of the statement.

(c) We diagonalize A = UD;U* and B = VDyV* and we denote u;
(resp. v;) the column vectors of the unitary matrix U (resp. V). For a pair
(4, k) verifying the conditions of the statement, we note for 5 large enough
such that for all j+1 <i<mnandforall k+1 <7 <n, \j(A) — 5 < \;(A)
and \y(B) — 8 < A\(B) :!

Aj = Bunuy, + -+ + uj+1“;+1) By, = p(v, +-- + Uk+1UZ+1)-

---,n, and is equal to

Noting that (A — Aj)u; = (A — B)u, for i = j +1,
= A;(A). Similarly we have

Aiug for i = 1,---, j, we note that A\, (4 — A;)
An(B — Bg) = \g(B).

Moreover, since A; (resp. By) is of rank n — j (resp. n — k), A; + By, is
of rank at most 2n — j — k and therefore according to (b)

)\(A—Aj—i—B—Bk) :)\n(A—FB— (AJ—FBk))
> M- (2n—j—k)(A + B)
= Xjtk—n(A+ B)

According to (a) for k = n, we also have

/\n(A — Aj + B — Bk) < )\n(A — AJ) + )\n(B — Bk)

1. We will note that in [?] theorem 4.3.6 (c), the author forgets that \;(A) can be
strictly negative, so that A\, (A — B) would be zero and not equal to A,—r(A).

84



so that

)\k(A) + Me(B) =AA- Aj) + A\(B — Bk) > (A — Aj + B — By)
— (A +B)— (A; + Bi) > Agspn(A+ B)

(d) The result follows directly from (c) considering —A and —B and noting
that )\Z(—A) = _)\n—i—l—l(A)-
Remarque: in (b) for the case r = 1, the eigenvalues are interleaved, i.e.

A(A+ B) < Me(A) S Ap2(A+ B) - Ae(A) < M1 (A + B) < Agga(A)
The same phenomenon occurs in the following situation.

Theorem 168. Let A € M,,11(C) be a hermitian eigenvalue with Ay <
- < Apt1. Then the eigenvalues Ny < --- < X of a principal extracted
matriz® of A verifies the following inequalities :

MSAN S A <A< <A <A <AL < A

Preuve : For the sake of simplicity, let us assume that ¢ = n + 1, we then
have

: z* Az
Akl = MINpeg,  MaAXoLzeF ny
: z* Ax
> MIMFpeg; Ina“XO;«rEaﬁGFﬁvect(en_;_1)L Tr T
. . (z')* A’
= IIIIHF/E‘(/']/c maxo?gx/eF, @

=\

where we wrote for x € C"*1, 2/ € C" is the vector obtained by removing
the last coordinate : we adopted similar notations for F' and & denotes the
k-dimensional subspaces of C". The upper bound \; < A} is proved in the
same way by considering maxpeg,_, ., Ming£zcp-

Remarque: obviously the demonstration simply adapts to the case where we
consider a principal extracted matrix A, of A, where we have deleted r-rows
and the corresponding r-columns. The result is then :

Ak(A) < Ae(Ar) < Apgn—r(A).
The previous theorem also admits a reciprocal :
Theorem 169. Let for an integer n > 1, be real numbers such as :
A <A< lambdag <N, < <N <A SN, < A

Let A’ = diag(\}, -+, L), then there exists a real a and a vector y € R™
such that {A1,- -+, At1} is the set of eigenvalues of the symmetric matriz :

/
A:(f y).
Yy a

2. i.e. for an index 1 < i < n 4+ 1, we remove from A its i-th column and its i-th row
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Preuve : Computing the trace gives a = E?jll Xi — > N For all ¢
distinct from );, we have the following equality :

Car- e 1) (57 20) (570

- ( HBA/ (t—a)- ty?tI—A’)‘ly )

Taking the determinants, we then obtain the following equality between the
characteristic polynomials :

xa(t) = xa(t [t—a Zylt }

with therefore xa/(t) = [[;_,(t — A\;). It is then a question of proving the
existence of n real y; such that x4(Ag) =0 forallk=1,--- ,n+1. We then
consider the Euclidean division 4 (t) := H?:”Lll (t—X) =Q(t)xar(t) + R(t)
with therefore Q(t) =t—a and for all 1 < k < n, R(\,) = £a()},), which de-
termines only the polynomial R of degree lower or than n using for example
the Lagrange interpolating polynomials. Let us assume for simplification
that all \; are distinct, we then have

n

R(t) = Za@;%“’%

2 AN
so that , . w1
St 0N 2 e
It is then sufficient to show that for all i = 1,--- ,n, £4(X))x'y (X)) < 0 s0

that by setting y? = —)f,"(()‘/\/",)), we will have x4 (t) = £a(t).
AT\

This involves using the hypothesis of interlacing of eigenvalues : we thus
note that

n+1 n
) =002 ) = ) T
j=1

i

[N
S0

are effectively of opposite signs.

Remarque in the case where some of the A, are equal, for example \] = X, =
N, < Ny < -+, we then notice that (t — A\))*~! divides £4(t) and we

resume the previous reasoning by dividing £4(¢) and x4/ (t) by (t — \)*~L.

Corollory 170. Let A € M,,(C) be Hermitian ; for 1 <r <n, U denotes a
matriz of M, (C) such that its column vectors form an orthonormal family,
i.e. U'U =1 € M,(C). We then have the following properties :
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(Z) Jorallk=1,2,---r, )‘k(A) < )\k‘(U*AU) < )\k-i-n—?"(A) ’
(i4) M (A) + -+ X\ (A) = ming«y—rem, ) tr(U*AU) and
An—r+1(A) + -+ A (4) = U*Ugllg}l\(&(c) tr(U*AU).

Remarque: (i) is known as the PoincarA(C) separation theorem and is used
in quantum mechanics where we have access to the calculations of u; Au;
for an orthonormal family (u;)1<i<,.
Preuve : (i) if r < n, we complete the column vectors of U in an orthonormal
basis ; the matrix U’ is then unitary and (U’)* AU’ has the same eigenvalues
as A and U*AU is a principal extracted matrix, the result then follows from
168, or rather from the remark that follows.

(ii) the upper bounds follow directly from (i), the equalities are then
obtained if the columns of U correspond to the eigenvectors of the r smallest
eigenvalues.

We have the same kind of result for singular values.

Theorem 171. Let A € M, ,(C) and o1 > 09 > -+ > g4 be its singular
values for ¢ = min{m,n}. For 1 <k < ¢, we have

o Azlla _ . || Az]l2
O = 1Iin max = X
Fe&, 0#zeF ||z|la Fe€n_jir 0£zeF ||x||2

Remarque: following the same scheme as before, we can obtain similar results
on the entanglement of singular values. For example for A € M, ,(C) with
m >mn, forl <i<n, A denotes the matrix extracted from A by removing
its i-th column and row. We denote by o; (resp. ;) the singular values of A
(resp. A'), so that we have

0120120920522 0, 120,20
We then deduce cf. [?] 3.1.3, that if A, denotes a submatrix of A obtained
by removing r rows and/or columns then o1 (A) > ox(A,) > ogyr(A).

Corollory 172. Let A € M,,(C) have singular values o1 > - -+ > o, and let
H(A) = (A + A*) be its Hermitian part with eigenvalues Ay > -+ \,. For
all k=1,--- ,n, we have A\ < op,.

Preuve : For x € C" unitary, we have 2 H(A)z = Re (2" Axz) < 2" Az| <
||z]|2.||Az||2 = ||Az||2. So we have

A = min max z*H(A)z < min max ||Az||2 = oy

Feé&, 0£zeF T Fe&y 0#zeF
llz][2=1 [lz]]2=1
Corollory 173. (cf. [?] 3.3.2) Let A € M,,(C) have singular values o1 >
-+ > oy, and eigenvalues {1, -+ , A} ordered so that |A\1| > -+ > |A\,|. We
then have
A M| <opeerop VE=1,---,n

with equality for k =n.

87



Preuve : Let U be unitary such that U*AU = T is upper triangular
and where the diagonal of T"is (A1, -+, A,). Let Uy € M, 1 (C) be the ma-
trix extracted from U consisting of its first & columns such that U*AU =
( Uy ka : ) . The matrix T}, = U} AU}, is therefore upper triangular with
diagonal equal to A1, - -+, Ax such that | det T| = | A1 -+ - A\g| is equal to the
product o1(T}) - - - ox(T)) of the singular values of Tj. The result then fol-
lows from the remark that follows the theorem 171, i.e. o1 (1)) - - - ox(T}) <

01Ok

4.9 Exercises

Exercice 1. Show that two unitarily similar real matrices are orthogonally
similar.

Preuve : We have A = UBU~! and 'A = U'BU~!. We recall that two
real matrices that are similar on C are similar on C. There therefore exists
P € GL,(R) such that A = PBP~! and ‘A = P'BP~!. Let P = OS be the
polar decomposition of P and A = OSB~'B~'o~!. The result then follows
from the fact that B and S commute : indeed we have PBP~! = A =
{(tA) = 'P=!B'P. Thus B commutes with !PP and therefore also with S
which is a polynomial in {PP.

Remarque: As an application, we can deduce the reduction of isometries,
from the diagonalization of unitary endomorphisms.

Exercice 2. Show that the only real symmetric Bourdaud matrices (i.e. the
eigenvalues are read on the diagonal) are the diagonal matrices.

Preuve : Let Ay be the largest of the eigenvalues, we have Ay =), - (A(z), x)
and where the sup is reached, we are in the presence of an eigenvector asso-
ciated with A; : indeed the differential vanishes at zy on the tangent space
to the sphere at z( (related extrema), i.e. (A(zp),y) = 0 for all y such that
(z0,y) = 0 so that A(xg) is collinear with xo.

We then note that there exists k such that A\ = axr = (A(ex), ex) and
we reason by induction on the orthogonal to ey.

We could also have used the quadratic form A — tr(*tAA4) = > )\?’j
which is clearly invariant under the action by conjugation of the orthogonal
group so that tr(*AA4) =Y, A2,, hence the result.

Exercice 3. Let G be a subgroup of O(n) then G is finite if and only if G

has finite exponent if and only if the set of traces of the elements of G is
finite.

Preuwve : If G is finite it is clearly of finite exponent. If G is of finite
exponent then any element of G is similar to a block diagonal matrix with
on the diagonal I,., —I; and matrices of size 2, of rotations whose angles are
then of the form fo, which gives therefore a finite set of possible traces.
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If the set of traces is finite, consider vectG the vector subspace of £, (R)
generated by the elements of G whose basis is fixed g1, - - - , g. We also consi-
der the scalar product (A, B) := tr(*AB). We denote a;(g) as the component
of g on g;, i.e. g =), ai(g)gi. We compose on the right with gj_1 and take

the trace. Since g; * = *g;, we have tr(gigjl) = (9, g;) and therefore

tr(gg; ") Z ai(9)(9i, 95)

and since the g; are linearly independent, the matrix M whose elements are
the (g;, g;) is invertible therefore

ai(g) = (M )tr(gg; ")
J
so that we obtain a finite number of a;(g) and therefore of g.

Exercice 4. A rotation of SO(3) will be denoted by r = (k,0) where k is
the unit vector of the axis of the rotation and 0 its angle.

Let r = (OA,2a) and s = (OB, 23) be two rotations such that < and g
are irrational. Show that if we except a countable infinity of values for the

measure ¢ of the angle between the ares OA and OB, the group generated
by r and s is dense in SO(3).

Preuve : If Py is the plane OAB and P, = (OA, —«a)(Ps) then r is written as
the product of the reflections with respect to the planes P> and Ps. Similarly
s is the product of P; and P, where P, = (OB, 3)(FPs).

In order to approximate a rotation (k,26), we approximate its axis then
its angle. To approximate R.k, we approximate the planes it determines
with OA, and OB. By the Jacobi-Kronecker theorem, they are respectively
approximated by Py = (OA, —pa)(P3) and P = (OB, ¢f)(Ps) if p and ¢ are
adequate integers. Thus Rk’ = P N P} approaches Rk.

Since 1P = (OA,2pa)) = (P3)(Py) and s? = (OB, 2q8) = (P})(Ps), we
have sir? = (P{)(P;) whose angle measure 27/ is given by the fundamental
formula of spherical trigonometry

cosvy’ = sin(pa) sin(gB) cos ¢ — cos(pa) cos(qf3)

We are looking for an irrational 7/ ; the previous formula shows that if p and

q describe the integers and if L= descrlbes the rationals, cosc takes only a
countable infinity of values. We then choose ¢ so that cos ¢ does not belong
to this set of values. It then follows that % is irrational for all p,q. The
Jacobi-Kronecker theorem then shows that we can choose n so that 2ny’
approaches 26 so that (s?rP)™ approaches (k, 20).

Exercice 5. (Tauvel p.417) Show that u is diagonalizable with real spectrum
if and only if u is the product of two Hermitian endomorphisms, at least one
of them being positive definite
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Preuve : Suppose that u is diagonalizable with real spectrum : let (e, -+ , ey)

be an orthonormal basis and let (z1,--- ,x,) be a basis formed by eigenvec-
tors of u with real eigenvalues A1, -, \,. We define f and g by f(z;) =e;
and g(e;) = Ae; so that u = f—1ogo f. Let f = gr be the polar de-
composition of f with ¢ unitary and r Hermitian positive definite. We thus
obtain by setting | = rolor~! = ¢* o g o ¢ which is Hermitian, then
u=rtolor = (r"tolor)or? with therefore r~! ol or~! and 2
Hermitian.

Conversely if u = v o w with w (resp. v) Hermitian (resp. Hermitian
positive definite). Let us note [ = vY/2 which is Hermitian positive definite,
we have u = [o (lowol)ol~!. Since lowol is Hermitian, it is diagonalizable
with real spectrum and so is w which is similar to it.

Exercice 6. (Tauvel p.418) For n > 2 and A non-zero Hermitian of size n,
show that A is positive definite or negative if and only if for any Hermitian
matriz B, AB is diagonalizable.

Preuve : The direct meaning follows from the previous exercise. Let us
therefore assume that for any Hermitian matrix B, AB is diagonalizable.
Let P be unitary such that A = PDP* with D real diagonal. Since AB =
P(DP*BP)P~!, we see that AB is diagonalizable if and only if DP*BP is.
Moreover, since P*BP is Hermitian, we can assume A = D.

We easily reduce to dimension 2 with A = diag(x?, —y?) with z,y real.
2
Let then B = < zy f}g > and B’ = <(1] é).lfy#O,wehaveAB;éO
and (AB)? = 0. If y = 0 then AB’ # 0 and (AB’)? = 0. Thus AB (resp.
AB'’) is non-zero nilpotent and therefore not diagonalizable.

Exercice 7. (M-T p.219 or M p.92) Let \,--- , A, be the eigenvalues of a
complex matriz A = (a; ;). Show that A is normal if and only if 3, ; la; ;| =

> IAl?.

Preuve : Recall that tr(AA*) = 3, |la; j|* is U(n)-invariant so that if
A is normal it is then unitarily similar to the diagonal matrix of A; hence
the direct sense. Conversely any complex matrix is unitarily similar to a
triangular matrix 7" with diagonal formed by the ;. The equality then
implies that the terms that are not on the diagonal are zero, i.e. that T is
diagonal.

Exercice 8. Show that A is normal if and only if tr(AA*)? = trA2A*2.

Preuve : According to the previous exercise, the Hermitian matrix H =
AA* — A* A is zero if and only if trH? = 0. Thus A is normal if and only if the
trace of (AA*)? — A(A*)2A — A*A%A* + (A* A)? is zero. Or let us recall that
trAB = trBA so that tr(A*A)? = tr(AA*)? and trA*A2A* = trA(A*)2A =
trA2A*2, hence the result.
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Exercice 9. Show that two matrices are unitarily equivalent if and only if
they have the same singular values

Preuve : The direct meaning follows from PAP* = B, PA*P* = B* or
PAA*P* = BB*. Conversely, the polar decomposition gives A = HaUy,
B = HgUpg with Ha, Hg Hermitian positive definite, and U4, Up unitary.
We therefore have AA* = HyH) and BB* = HgHF,. The matrices Hu, Hp
are diagonalizable so that if AA* and BB* have the same eigenvalues then
the eigenvalues of H4 are equal to those of Hp up to the sign, i.e. H4 =
P4DP} and Hg = PgDD'P}, with D' = diag(ei, - - ,€,) where the ¢; are
equal to £1 so that D’ is unitary. We therefore have D = P5Uf,BPpD’ and
A = UaPsPjU;;BPgD' P} hence the result.

Exercice 10. Give the center Z of O(q) (resp. Z+ of OT(q)) and show that
O(q) 1is a semi-direct product of O"(q) by Z/27 ; under what condition can
this semi-direct product be taken direct ¢

Preuve : 1t is clear that {Id,—Id} C Z; conversely, let z € Z and 7p be a
reflection of line D. We have zrpz~! = 7p = T.(p) o that z leaves all the
lines of the space stable; it is therefore a homothety (classical result) and
therefore z = +1d.

Concerning Z T let us note that —Id belongs to O (q) if and only if n is
even. For n > 3 let 7p be a reversal of plane P ; we have z7pz ' = 7p = T2(P)
so that z leaves all planes of the space stable. Since any line is the intersection
of two planes, we deduce that z leaves all lines of the space stable, i.e.
Z* = {Id} for n odd and otherwise Z* = Z for n even. For n = 2, it is well
known that O is commutative.

It is clear that the exact sequence 1 — O (q) — O(q) — Z/27Z — 0
is split, a lift being given for example by any reflection. To obtain a direct
product, it is necessary to find an element of order 2 which is not in O" and
which commutes to all the elements of O™ ; the only possibility is then —Id
in odd dimension.

O

Exercice 11. Let u € O(q) and F,, = {x € E / u(x) = 2} and we denote
Py = n — dim Fy,. Show by induction on p,, that u is the product of at most
Py reflections. Then show that u is the product of at least p, reflections.

Preuve : We reason by induction on p,, the case p, = 0 corresponding to
u = Id. Let us therefore suppose p, > 0 and let € F;* be non-zero and let
y = u(z) # x because © ¢ F, ; we have y € F- because F, being stable by
u, FuL is also stable. Moreover, since  and y have the same norm, we deduce
that (x —y,z +y) = 0 (isosceles triangle). We then consider the reflection 7
defined by = — y so that 7(z —y) =y —x and 7(z + y) = x + y is therefore
7(y) = = with 71, = Id. Thus we have F,, C Fro, the latter containing = so
that pron < pu and we conclude by recurrence.
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Furthermore if u is the product of r reflections then F, is clearly of
dimension greater than or equal to n — r (the intersection of r hyperplanes)
is therefore p, < r.

O

Exercice 12. Show that for n > 3, any element of O (q) is a product of at
most n invVersions.

Preuve : The case n = 3 is obvious by noting that if 7 is a reflection, then —7
is a inversion so that the product of two reflections (and hence any product
of an even number) is a product of two inversions 73 0 79 = (—71) o (—72).
For n > 3, let 7 and ™ be reflections with respect to the hyperplanes H;
and Hy and u = 71 o 79. Then let V' C Hy N Hs be a subspace of dimension
n—3:uy = Idand V= is stable under u. According to the case n = 3, we
have w1 = o1 0 02 where o1, 09 are reversals of VL. We obtain the result
by extending the o; by the identity on V.
O

Exercice 13. Let u; and us be two orthogonal symmetries of the same
nature (i.e. such that dim Ker(uy — Id) = dim Ker(ug — Id)). Show that uq
and ug are conjugate by OF(q). Deduce then that D(O(q)) = D(O"(q)) =
0% (q).

Preuve : We decompose the space F = E; @ Ef =Fy P E2L where F; =
Ker(u; — Id). We then choose orthonormal bases (e}) and (e?) of E adapted
to these decompositions. Let then u such that u(e}) = €?; u is an isometry
and if we change €¢; to —e;, we can assume that u is positive. We then
immediately verify that wou; ou™! = us.

The inclusion D(O(q)) € O (q) is obvious; conversely, let 71 and 75 be
two reflections and let u be such that uor ou™! = 7 so that 7 o = [11, u].
Since any element of O (q) is the product of an even number of reflections,
we obtain the reciprocal inclusion.

Similarly, to show that O*(q) € D(O*(q)) for n > 3, it suffices to show
that any inversion is a commutator. Let V be a subspace of dimension 3
and (ej, e, e3) an orthonormal basis. Let 01,092, 03 be the reversals defined
by (0i)jyr = Id and o;(e;) = e;) and therefore o;(e;) = —e; for i # j.
We then have o3 = 01 o 9. Furthermore there exists u € O7(q) such that
oy =uo oy ou~! and therefore o3 = |01, u).

O

Exercice 14. Show that for all u € O(q), there exists an orthogonal decom-
position
E=XKer(u—Id)®Ker(u+Id)®P & - -®P,

where the P; are stable planes by u, such that the restriction of u there is a
rotation.
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Preuve : We proceed by induction on the dimension, the cases n = 1 and
n = 2 being well known. If u admits a real eigenvalue (necessarily +1), it is
over (in particular if n is odd). Otherwise let A € C be an eigenvalue of the
complexified of uc, so that X is also an eigenvalue. Let then z € E @ C be
an eigenvector of the complexified relative to A and let T be its conjugate
which is then eigen for X relative to uc. The complex plane P = Cx + CZ is
then invariant by uc. We then note that the vectors # and ‘”Q;f are real
and form a basis of P so that the real plane they generate is stable under w.

O

Exercice 15. - We want to prove the simplicity of O (3,R). Let N be a
distinguished subgroup not reduced to the identity ; explain why it is sufficient
to show that N contains a reversal.

- Let w € N be a rotation of axis D and let P be the plane orthogonal to
D at the origin so that the restriction of u to P is a rotation of angle 0 that
we assume 0 < 0 < w. Let then x and y = u(x) be points of the unit sphere
of E ; let d be the distance between x and y. Show that for all 0 < d' < d,
there exist x1,xo points of the unit sphere at a distance d' from each other
and such that xo = u(xy).

- Deduce from the above that given yi,ys points of the unit sphere at
a distance of d' with 0 < d' < d, there exist v € N such that u/'(y1) =
ya2. Considering the rotation of axis z and angle w/m for m large enough,
construct a reversal of N and conclude.

Preuve : - Since the inversions generate O (3,R) and are conjugate under
O™ (3,R), it suffices to show that N contains one.

- A classical calculation gives d®> = 2(1 — cosf)). Let a be one of the
points of D N S?; the result follows from the observation that u sends the
meridian containing a and x, onto the one containing a and y and that when
x1 varies from z to a, the distance ||z1 — u(z1)|| varies continuously from
d to 0. Precisely, we consider = 4+ Aa with a squared norm equal to 1 + A2

A 2 d :
so that x1 = \%:_7;2 € S°. We then have ||u(z1) — z1]| = Tz 50 that it
suffices to take A = Y&—m=,

- Let x3 (resp. y3) bén a vector of norm 1 orthogonal to the plane generated
by z1 and z2 (resp. y1 and y2) and let u be such that s(x;) = y; fori =1,2,3.
It is clear that s preserves the scalar product and therefore u € O(3,R);
even if we change ys to —ys, we can assume that s is positive. We set
W = sowuos ! € N and v'(y1) = y2. Then let 7, be the rotation of
angle m/n and of axis a. Since R is Archimedean, the ratio 7/n tends to 0

when n tends to +00 and therefore for n large enough ||z — r,(z)|| < d. We

then set z9 = = and x;4; = r,(x;) with therefore z,, = —z. Since we have
||xit1 — zi|| < d there then exists u; € N such that u(z;) = x;41 so that
v=upo---ou; € N and v(z) = —z and v is therefore a reversal, hence the
result.
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O

Exercice 16. Let H denote the field of quaternions and let G be those of
norm1 :G={a+bi+cj+dk | a®+b*+c?+d?>=1}. We then consider
the action of G on H by interior automorphisms. By restricting this action

to the set P of pure quaternions, show that we then obtain an isomorphism
G/{£1} ~ O(3,R)". Is the associated exact sequence split ?

Preuve : We have P ~ R3 and we easily check that the conjugation action
of G is R-linear and preserves the norm so that it defines a group morphism
G — O(3,R). We also note that G ~ S2 is connected and that the pre-
vious morphism is continuous so that the image of G — O(3,R) — {£1}
is connected and therefore equal to {1}. We therefore obtain a group mor-
phism ¢ : G — O7(3,R). Let us show surjectivity : let p € PN G, we have
¢p(p) = p which proves that ¢, fixes p (and is non-trivial), so it is a rotation
of axis p. In addition we have p? = —1 or ¢p of order 2; it is therefore a
reversal. We therefore obtain all the reversals, but these generate O" (3, R),
hence surjectivity. For the kernel, we have ¢4(p) = p for all p € P if and
only if g commutes to all elements of P and therefore to all elements of H,
so g € RNG = {£1}.

If the exact sequence
1= {+1} — G —?0%(3,R) = 1

were split, we would have a subgroup H of G such that ¢,z is an isomorphism
of H on O"(3,R). But then for g € G, we would have g or —g which would
belong to H. Taking o € P N G, we have p?> = (—p)? = —1 or therefore
—1 € H, contradiction.

O

Exercice 17. We consider the action of G X G on H defined by (q1,q2).q :=
q19G2. Show that we thus define an isomorphism G x G/{(1,1),(-1,—1)} ~
O(4,R)" and deduce that PO(4,R)" ~ O(3,R)" x O(3,R)*.

Preuve : The application ¢g, 4, is clearly R-linear and preserves the norm.
By continuity, we conclude as before that its image is contained in the po-
sitive isometries, i.e.

¢:GxG— OT(4,R)
Let (q1,q2) € Ker ¢, i.e. qiqga = q for all ¢ € H. For ¢ = 1, we find ¢1 = ¢2
so that then ¢ is central and therefore Ker ¢ = {(1,1), (=1, —1)}.

For surjectivity, let u € O (4,R), if we have u(1) = 1, as P = 1+, we
have u(P) = P with ujp € O*(3,R) and from what there exists ¢ € G such
that ¢44 = u. If we have u(1) = g, we have then ¢51 o u(l) = 1 and we
conclude thanks to the previous case. Finally we obtain

G xG/{(1,1),(~1,-1)} ~ O4,R)*"
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By passing to the projective group, we look for the pairs (q1,¢q2) such
that ¢q, 4, = —1Id, i.e. q1qq2 = —q for all ¢ € H. By making ¢ = 1, we obtain
q1 = —qo, then we see that g; is central, i.e.

G x G/V ~ PO(4,R)"

where V' = {(1,1),(1,-1),(-1,1),(—1,—1)}. Furthermore the canonical
projection G — G/{+£1} induces an isomorphism

(G x G))V ~ G/{£1} x G/{£1}

and therefore according to the above

PO(4,R)T ~O(3,R)" x O(3,R)™.
0

Exercice 18. (Tauvel p.417) Show that u is diagonalizable with real spec-
trum if and only if u is the product of two Hermitian endomorphisms, at
least one of them being positive definite

Preuve : Suppose that u is diagonalizable with real spectrum : let (e1, - - , ey,)

be an orthonormal basis and let (z1,--- ,z,) be a basis formed by eigenvec-
tors of u with real eigenvalues A1, -, \,. We define f and g by f(z;) =e;
and g(e;) = Me; so that u = f—1ogo f. Let f = gr be the polar de-
composition of f with ¢ unitary and r Hermitian positive definite. We thus
obtain by setting | = rolor™' = ¢* o g o ¢ which is Hermitian, then
u=rlolor = (rtolor™)or? with therefore 7! ol or~! and r?
Hermitian.

Conversely if © = v o w with w (resp. v) Hermitian (resp. Hermitian
positive definite). Let us note | = vY/2 which is Hermitian positive definite,
we have u = [o (lowol)ol~!. Since low ol is Hermitian, it is diagonalizable
with real spectrum and so is u which is similar to it.

Exercice 19. (Tauvel p.418) Forn > 2 and A non-zero Hermitian of size n,
show that A is positive definite or negative if and only if for any Hermitian
matriz B, AB is diagonalizable.

Preuve : The direct meaning follows from the previous exercise. Let us
therefore assume that for any Hermitian matrix B, AB is diagonalizable.
Let P be unitary such that A = PDP* with D real diagonal. Since AB =
P(DP*BP)P~!, we see that AB is diagonalizable if and only if DP*BP is.
Moreover, since P*BP is Hermitian, we can assume A = D.

We easily reduce to dimension 2 with A = diag(z?, —y?) with x,y real.
2
Let then B = ( gy ig > and B’ = <(1] é).lfy#O,wehaveAB;éO
and (AB)? = 0. If y = 0 then AB’ # 0 and (AB’)? = 0. Thus AB (resp.
AB'’) is non-zero nilpotent and therefore not diagonalizable.
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Exercice 20. A is normal if and only if A* is a polynomial in A

Preuve : The converse being obvious, let us show the direct sense. Let
(e1, -+ ,en) be an orthonormal basis of eigenvectors for A : Ae; = \e;.
Similarly, we have A*e; = A\;e;. We then construct a Lagrange interpolating
polynomial P such that P(\;) = \; so that A* = P(A).

Exercice 21. If A is normal, show that the orbit of A under the action of
the unitary group is homeomorphic to U(n)/U (k1) X -+ x U(k,).

Preuve : It suffices to note that the centralizer of A is isomorphic to
U(ky) x - -+ x U(k,) where the k; are the dimensions of the eigensubspaces.

Exercice 22. Show that two matrices are unitarily equivalent if and only if
they have the same singular values

Preuve : The direct sense follows from PAP* = B, PA*P* = B* or
PAA*P* = BB*. Conversely, the polar decomposition gives A = HaUy,
B = HgUpg with H 4, Hp positive-definite Hermitian and U4, Up unitary.
We therefore have AA* = HyH) and BB* = HpHF,. The matrices H,, Hp
are diagonalizable so that if AA* and BB* have the same eigenvalues then
the eigenvalues of H 4 are equal to those of Hp up to the sign, i.e. Hy4 =
P4DP; and Hg = PgDD'P}, with D' = diag(ei, - - ,€,) where the ¢; are
equal to £1 so that D’ is unitary. We therefore have D = P5Uf,BPpD’ and
A = UpPsPjU;;BPgD' P} hence the result.

Exercice 23. (M-T p.187) The Householder matrices are exactly the ma-
trices of U(n) that are Hermitian of signature (n —1,1).

Preuve : Recall that a Householder matrix associated with the column
vector v € C" — {0} is H(v) = I — 2. The matrix vv* is Hermitian of
rank 1; its eigenvalues are 0 at order n — 1 and tr(vv*) = v*v. Thus the
eigenvalues of H(v) which is clearly Hermitian and unitary are 1 at order
n —1 and —1 at order 1.

Conversely, if H is a unitary Hermitian matrix, its eigenvalues are real
with modulus 1 ; given the hypothesis on the signature and the fact that H is
diagonalizable in an orthonormal basis H = UDU* with D = diag(—1,1,---,1),
ie. H=UH(e1)U ' = H(U(e1)).

96



5 List of possible projects

1.

Infinite dimension with notably Hilbert, Banach and FrA@chet spaces

2. Uses of matrix conditioning

Fadaev’s algorithm for computing the minimal polynomial : case of
other similarity invariants.

Perron-Frobenius theorem, Markov chains and Google pagerank

5. Matrix exponential

PSLy(Z) : generators and relations; free groups and Banach Tarski
paradox

7. Character theory

8. Compact subgroups of GL,(R)
9. Simplicity of PSL,, and SOs.

10.
11.
12.

Endoscopy
Bistochastic matrices

Hadamard matrices
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