Document downloaded from:

http://hdl.handle.net/10251/125132
This paper must be cited as:

Mingueza, D.; Montoro, ME.; Roca Martinez, A. (2018). The lattice of characteristic
subspaces of an endomorphism with Jordan-Chevalley decomposition. Linear Algebra and
its Applications. 558:63-73. https://doi.org/10.1016/j.1aa.2018.08.005

The final publication is available at

http://doi.org/10.1016/j.1aa.2018.08.005

Copyright E|sevier

Additional Information



The lattice of characteristic subspaces of an
endomorphism with Jordan-Chevalley
decomposition

David Mingueza
Accenture, 08022 Barcelona, Spain *

M. Eulalia Montoro
Departamento de Mateméticas e Informéatica. Universitat de Barcelona f

Alicia Roca
Departamento de Matematica Aplicada, IMM,
Universitat Politecnica de Valencia ¥

Abstract

Given an endomorphism A over a finite dimensional vector space hav-
ing Jordan-Chevalley decomposition, the lattices of invariant and hyper-
invariant subspaces of A can be obtained from the nilpotent part of this
decomposition. We extend this result for lattices of characteristic sub-
spaces. We also obtain a generalization of Shoda’s Theorem about the
characterization of the existence of characteristic non hyperinvariant sub-
spaces.
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1 Introduction

The lattice of characteristic subspaces of an endomorphism over a finite di-
mensional space has been studied in [1, 2, 7, 8], where structural properties of
the lattice have been given when the minimal polynomial of the endomorphism
splits over the underlying field F. It was proved in ([1]) that only if F = GF(2),
the lattices of characteristic and hyperinvariant subspaces may not coincide.
When the minimal polynomial of the endomorphism does not split over F, the
lattice of characteristic subspaces has not been described. The aim of this paper
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is to analyze this case when the minimal polynomial of the endomorphism is
separable.

The results are based on the Jordan-Chevalley decomposition of an endomor-
phism which exists if the minimal polynomial of the endomorphism is separable
(see [5, 9]). In particular, on perfect fields every irreducible polynomial is sepa-
rable, therefore the Jordan-Chevalley decomposition holds.

The paper is organized as follows: in Section 2 we introduce some definitions
and previous results. We present some lemmas showing that the study the
lattices of the invariant and hyperinvariant subspaces of an endomorphism can
be reduced to the case of an endomorphism where the minimal polynomial is a
power of an irreducible polynomial p.

In Section 3, out of the Jordan-Chevalley decomposition of an endomorphism
into its commuting semisimple and nilpotent parts, we reduce the problem to
the study of the lattice of characteristic subspaces of the associated nilpotent
part. Finally, we conclude that characteristic non hyperinvariant subspaces
can only appear when the irreducible factor of the minimal polynomial is of
degree 1, in other words, if p splits over F. This result extends Shoda’s theorem
(Theorema 2.9) for the separable case.

2 Preliminaries

We introduce some definitions and previous results which will be used through-
out the paper.

Let F be a field. Let V be an n-dimensional vector space over F and f :
V — V an endomorphism. We denote by A € M, (IF) its associated matrix with
respect to given basis and by m 4 the minimal polynomial of A. In what follows
we will identify f with A. The degree of a polynomial p is written as deg(p),
and | - | is the “cardinality of”.

The lattice of the vector subspaces of V' will be denoted by Lp(V) .

A subspace Y C V is invariant with respect to A if AY CY. We denote by
Invp(A) the lattice of invariant subspaces.

The centralizer of A over F is the algebra Zy(A) = {B € M,(F) : AB =
BA}. If we only take those endomorphisms B that are automorphisms we write
Z#(A) = {B € M, (F) : AB = BA, det(B) # 0}.

A subspace Y C V is called hyperinvariant with respect to A if BY CY for
all matrices B € Zp(A). We denote by Hinvp(A) the lattice of hyperinvariant
subspaces.

An invariant subspace Y C V with respect to A is called characteristic if
BY CY for all matrices B € Z3(A) and AY C Y. We denote by Chinvg(A)
the lattice of characteristic subspaces.

Obviously,

HiHV]F(A) Q Chinvm(A) g IIIV]F(A).



The lattices of invariant and hyperinvariant subspaces allow the following
decompositions.

Proposition 2.1. [3] Let A and B be endomorphisms on finite dimensional
vector spaces V' and W respectively, over a field F. The following properties are
equivalent:

1. The minimum polynomials of A and B are relatively prime.
2. Invp(A @ B) = Invp(A) @ Invy(B).

Proposition 2.2. [}] Let A and B be endomorphisms on finite dimensional
vector spaces V. and W respectively, over a field F. The following properties are
equivalent:

1. The minimum polynomials of A and B are relatively prime.
2. HinV[F(A (&3] B) = HinV[F(A) ©® HinV[F(B).

As a consequence, if my = p’fl - -pPr is the prime decomposition of m 4 for
a given A € M, (F), taking into account the primary decomposition

V:V1@@V;~, V;:ker(pz(A)ki), i:L-"ara
and A; = A|V;, i =1,...r, the next result is satisfied (see [3, 4]).

Proposition 2.3. Let A € M, (F) and ma = p’fl -pkrowith py, ..., p, distinct
wrreducible polynomials. Then,

1. Tnvp(A) = Invp(41) @ - - @ Invg(A4,).
2. Hinvp(A) = Hinvp(A;) @ - - - @ Hinvy(4,).

If p(z) € Flz] is an irreducible polynomial and « ¢ F is a root of p(x), we
denote by F(«) the minimal extension of F containing a. The next result can
be found in [3]. Although a proof of the following property 4 was included in
[3], we give here a simple proof of the whole lemma.

Lemma 2.4. [3] Let A € M, (F). Assume that ma = po+p1x+...+psx® € Flz]
is trreducible, and that o is a root of p such that o ¢ F. Let K = {aol, + a1 A+
..t as_1A%Ya; € F} be the algebra of polynomials of degree at most s. Then,

1. K is a field isomorphic to F(«).
2. V is a K—wector space.

3. A is K—linear.

4. Invp(A) = Ex(V).



Proof. 1. The following application
I':K— F(a),
with T(agl, + a1A... +as_14°71) = ag + a1a + ... + as_1a° 1 is an
isomorphism.
2. For all A =agl, + a1 A+ ... +as_14° T €K, it is satisfied that

= (aplp, +a1A+ ...+ as_lAsfl)’u eV, YveV.

3. For all A € K, A\v = AAwv.
4. The following equivalences hold,

Welnvp(A) @ AW CW S AW CW, VAeKe W e Lg(V).

Notice that properties 1 — 4 of this lemma are trivially true if s = 1.

A polynomial is called p-primary if it is of the form p" for some irreducible
polynomial p and a positive integer . A polynomial p(z) over a field F is called
separable if its roots are distinct in an algebraic closure of F.

A linear operator S on a finite-dimensional vector space is semisimple if
every S-invariant subspace has a complementary S-invariant subspace. A linear
operator N on a finite-dimensional vector space is nilpotent if N* = 0 for some
positive integer k.

The next lemma contains the Jordan-Chevalley decomposition of a matrix,
which plays a key role in this work. The result can be found in [9].

Lemma 2.5. (Jordan-Chevalley decomposition) Let A € M, (F) be a matriz
with my4 = p", where p is irreducible and separable. Then, there is a unique
decomposition

A=S+N,

where S is semisimple, N is nilpotent and SN = NS. Moreover, S and N are
polynomials in A.

Remark 2.6. [3]
If A has Jordan-Chevalley decomposition then there exist a transformation
into a rational canonical form such that A is similar to

diag(cl7 OQa sy Cm)?

with
C 0 0 0
I, C 0 0
C’L: : Ean(F)7 2:1723 , 1M,
0 0 C 0
0 0 I, C



where C' is the companion matrix of p, and ny >ng > --->n,, >0, n; +...+
N = N, N = sr (where s = deg(p)), then

S = diag(Sl, SQ, ey Sm),

where
C 0 0 0
0 C 0 O
Si = : : SR : )
o 0 ... C o0
o o0 ... 0 C

0
0

N = diag(Nl,Nz, ..

o O

0
0

N,
0 0
0 0
0 0
I, 0

Taking advantage of the Jordan-Chevalley decomposition it can be proved
that the lattices of the invariant and hyperinvariant subspaces of A over F can
be obtained as lattices of the corresponding subspaces of a nilpotent matrix
over a different field K (see [3] and [4], respectively). The results are included
in the next theorem. Although proofs are sketched in [3, 4], we provided them

in detail.

Theorem 2.7. Let A € M, (F). Assume that my is p—primary (ma = p")
with p separable and deg(p) = s. Let A = S + N be the Jordan-Chevalley
decomposition of A. Let K = {agl, +a1S+ ...+ as_15° 1 |a; € F}. Then,

1. IHVF(A) = IHVK(A) == IHVK(N)

2. Hil’lV]F(A) = HinV]K(A) = HIHVK(N)

Proof. 1. W € Invp(A) & W € Invg(A) (because A is K— linear). Moreover,

since S € K

IHV]K(A) = IHVK(A - S) = IHV]K(N).

2. Notice that

Zx(A) = Zp(A) N Zp(S) = Zx (A),

and

Zx(A) = Zg(A — S) = Zk(N).

Therefore

HinV]F(A) = HiHVK(A) = HinVK(A — S) = HinVK(N).

Next example illustrates the above lemma for the field of real numbers.

Example 2.8. Let F =R, V = R* and

—_
_ o O

o O O

o~ OO



The minimal polynomial of A is m4 = (22 +1)2. The Jordan-Chevalley decom-
position of A is given by

0 1 0 0 0 0 0O

-1 0 0 O 0 0 0 O
5= 0o 0 0 1 | N = 10 0 0 |’

0 0 -1 0 01 0 0

and K = {aply + 1.5, a; € R}. Notice that the Jordan chains of N are

61—)63—)0,

es —eq — 0.
Then,

Invg(A) = Invg (N) = {0, (e3,e4), V}.
The lattice of hyperinvariant subspaces is

Hinvg(A) = Hinvg (N) = {0, (e3, eq4), V'}.

Concerning to characteristic subspaces, Shoda’s theorem characterizes the
existence of characteristic non hyperinvariant subspaces.

Theorem 2.9. [10] Let V be a finite-dimensional vector space over the field
F = GF(2) and let f : V — V be a nilpotent linear operator. The following
statements are equivalent:

1. There exists a characteristic subspace of V' which is not hyperinvariant.

2. For some numbers r and s with s > r + 1 the Jordan form of f contains
ezactly one Jordan block of size s and exactly one block of size r.

Astuti-Wimmer proved ([1]) that characteristic non hyperinvariant subspaces
can only exist on the field GF(2).

Theorem 2.10. [1] Let V be a finite dimensional vector space over a field F
and let f : V =V be a linear operator. Assume that the minimal polynomial of
f splits over F. If |F| > 2, then Chinvy(f) = Hinve(f).

3 Reduction to the nilpotent case for character-
istic subspaces

In this section we focus on the study of the lattice of characteristic subspaces
of an endomorphism over a field when the irreducible factors of the minimal
polynomial are separable.

First of all we see that the general case can be reduced to the especific case of
endomorphisms having minimal polynomials with an unique irreducible factor,
as in the lattices of invariant of hyperinvariant subspaces.



Lemma 3.1. Let A and B be endomorphisms on finite dimensional vector
spaces V' and W respectively, over a field F. The following properties are equiv-
alent:

1. The minimum polynomials of A and B are relatively prime.
2. Chinvp(A & B) = Chinvg(A) @ Chinvp(B).

Proof. First assume that (1) is true. It is evident that Chinv(A®B) C Chinv(A)®
Chinv(B) holds even for an arbitrary polynomials.
As it is stated in [11], Z(A® B) = Z(A) & Z(B), therefore every commuting

automorphism of A® B is of the form X = ( )gl )? ) with X; € Z*(A) and
2
X, € Z*(B).
Taking W = W; @ W € Chinv(A) @ Chinv(B), clearly W € Chinv(A @ B)

follows.

Assume now that (2) is true.

As Chinv(A @ B) = Chinv(A) @ Chinv(B), it is satisfied that V ¢ 0 €
Chinv(A @ B). Notice that if X is a matrix such that XA = BX, then
( )I( 2 ) € Z*(A @ B). Therefore, V & 0 must be invariant for this matrix
and this implies X = 0.

If ged(ma,mp) = q, deg(q) > 0, then my = qf and mp = ¢gh for some
polynomials f, h, and w.l.o.g. we can suppose ged(q, f) = 1. With respect to an

. . . ([ Cqy O ([ Cy H
appropriate basis, we can write A = ( 0 F and B = e ) where
C, is the companion matrix of ¢ and for some matrices F, H and G.

Let U € Z*(Cy), then X = ( g 8 > # 0 satisfies XA = BX, which is
clearly a contradiction.
O

Corollary 3.2. Let A € M, (F) and my = plfl ...pFr with p; distinct irreducible
polynomials. Then,

Chinv(A) = Chinv(A;) @ - - - & Chinv(A4,), (1)

where A; € M, (F) is the restriction of A € M,(F) to V; = ker((p;(A))*),
i=1,2,...,r, V=Vi® --aV,).

In the next lemma we see that the lattice of characteristic subspaces of A
can also be determined on a different field for a nilpotent matrix, using Jordan-
Chevalley decomposition.

Lemma 3.3. Let A € M, (F). Assume that ma is p—primary (ma = p" ) with p
separable and deg(p) = s. Let A = S+ N be the Jordan-Chevalley decomposition
of A. Let K ={aol, + 1S + ...+ as_15° 1 |a; € F}. Then,

1. Chinvp(A) = Chinvg(A) = Chinvg(N).



Proof. Similarly to the proof of Theorem 2.7,
Zg(A) = Zg(A) N Zg(S) = Zx(A),
and
Zg(A) = Zg(A = S) = Zg(N).
Therefore
ChinVﬂr(A) = Chian(A) = ChinVK(A — S) = ChinVK(N).
O

Finally we obtain the conclusion that characteristic non hyperinvariant sub-
spaces can only exist over Jordan blocks.

Theorem 3.4. Let A be an endomorphism on a finite dimensional space V
over a field F. Assume that my is p—primary (ma = p") with p separable. If
Chinvy(A) \ Hinvg(A) # 0, then deg(p) =1 and F = GF(2).

Proof. Let us assume that Chinvy(A) \ Hinvp(A) # § and deg(p) > 1. Asp
is separable, let A = N + S be the Jordan-Chevalley decomposition of A. By
Lemma 3.3 we know that Chinvy(A) = Chinvg(NN) with K defined as in Lemma
3.3. By assumption deg(p) > 1, which implies that |K| > 2, and by [1, Theorem
3.4], Chinvg (N) = Hinvg (N). Finally, by Theorem 2.7, Hinvg (N) = Hinvg(A).
Therefore, Chinvg(A) = Hinvg(A), which is a contradiction. O

We see that for the existence of characteristic non-hyperinvariant subspaces
it is necessary that deg(p) = 1 and F = GF(2). If we take into account the
Shoda condition, we obtain a necessary and sufficient condition.

Corollary 3.5. Let A be an endomorphism on a finite dimensional space V
over a field F. Assume that my is p—primary (ma = p") with p separable.
Then, the next two statement are equivalent:

1. Chinvp(A)\ Hinvg(A) # 0.
2. F = GF(2), deg(p) =1 and the Shoda condition is satisfied.

We show next how the lattice of characteristic subspaces can be obtained in
two examples. In the first one Hinvy(A) = Chinvg(A4), and in the second one
Chinvy(A) € Hinvy(A) for some matrices A.

Example 3.6. Let F = GF(2) and
0

OOl OO O OO
OOl R OO OO
[aaiie) Hen i en R e B an i an R an)
=IO O OO oo

O OO O = O = =
ool RO OO
OOl O =M= OO

O OO OO ==




The minimal polynomial of A is p-primary, ma = (2> + 2z +1)3, p=2?+2+1
separable, and the Jordan-Chevalley decomposition of A is

0 0 0 0 0 0 0

(=l ieleleBeol S S

oo OO O

O O|lrRr OO OO
o ooor oo O
[eclen] Bl el o e Mo N
[l e] Fenli e R M e i M e}
[ le] Rl el el e e Nl
[ le] Rer i e R el e e B e}
O OO OO0 O OO

O oo o~ OO
O OO O == OO
O OI= OO OO
_= OO O o oo
e = e e Nl
O OO O OO
O OO = OO O

0 0

Let K = {aolg + a1 S, a; € GF(Z)}

The Segre characteristic of N is (3,3,1,1) with Jordan chains
e —~e3—e; —0
es —>eqg —eg—0
er — 0
eg — 0
The characteristic and hyperinvariant subspaces of N are (see [7]):

Hinvg (V) = Chinvg (N) = {0, (es, €5, €4, €6, €7, €3), (€3, €5, €4, €6), (€5, €6, €7, €8), (€5, €6), V' } .

Example 3.7. Let F = GF(2) and

1 0 0 0
1100
A= 01 10
0 0 01
The minimal polynomial of A is ma = (z + 1)3, p =  + 1 trivially splits over
F and
1 0 0 0 0 0 0 O
01 0 0 1 0 0 0
5= 00 1 0] N = 01 00
0 0 01 0 00O
Observe that K =F = GF(2) as deg(p) = 1.

w

The Segre characteristic of N is (
€] — €y — €3 — 0
eq4 — 0
The hyperinvariant and characteristic non hyperinvariant subspaces, according
to [7], are:

,1) with vector chains:

HinVK(N) = {0, <€2, €3, €4>, <€2, €3>, <€3, €4>, <63>7 V} y

Chinvg (N)\ Hinvg (N) = {e2 + e4 + (e3) }.
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