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Abstract

Let f be a noncommutative polynomial in two variables. Let S be a multiplicative
semigroup of linear operators on a finite-dimensional vector space and 7" a fixed linear
operator such that f(7T', S) is nilpotent for all S in S. In [3] the authors propose questions,
what one can say about the invariant subspace structure of S under this and other related
conditions. In particular, they study the question under the condition that [S,T]? = 0,
where T is a given idempotent of rank one. In this paper we extend some of the results
given there to the case that 7" is a given idempotent of rank two.
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1 Introduction

Several authors have studied the effect of polynomial conditions on reducibility and (simul-
taneous) triangularizability of semigroups of operators in the following sense. Let S be a
(multiplicative) semigroup of linear operators on a finite-dimensional vector space V over
an algebraically closed field. (The semigroup may have to satisfy more conditions to get
certain results, e.g., it may be required that it be a group or an algebra.) Let f be a noncom-
mutative polynomial in two variables. One may assume conditions such as f(S,T) = 0
forall Sand T'in S, or tr f(S,T) = 0, or f(S,T) is nilpotent for all pairs. When does
such a condition imply that S is abelian, (simultaneously) diagonalizable, triangularizable,
or at least reducible, i.e., has a common nontrivial invariant subspace?
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Guralnick proved in [1] that if the polynomial xy — yx is nilpotent on S, then S is trian-
gularizable. In particular, if S is a bounded group of operators on a complex vector space,
then this condition implies that S is actually commutative (and therefore diagonalizable).
For an extension of this result to infinite dimensions see [5]. For results on more general
polynomials see [2].

In this paper we consider polynomial conditions involving operators from outside the
semigroup S. For example, if 7" is a fixed operator (not necessarily from the semigroup) and
f(S,T) = 0forall Sin S, what can we conclude about the structure of invariant subspaces
of §? Even for simple polynomials, this question seems much harder than the previously
mentioned kind of questions, perhaps not surprisingly. In [3] the authors study reducibility
conditions on semigroups satisfying a nilpotency condition with respect to an idempotent
of rank one. Assuming higher ranks in the condition studied there seems to yield a much
harder problem. It is the main purpose of this paper to study a similar condition with an
idempotent of rank two. In order to do so we have to develop some techniques which
appear to be new in the field.

Throughout the paper we will consider only complex vector spaces, although most of
our results extend easily to the case of an arbitrary algebraically closed field.

2 Singly generated semigroups

In this Section we fix an idempotent P € M,,(C) of rank two. We will consider commuta-
tors of P with elements S from a semigroup S C M,,(C) of matrices. We continue study
of the condition

[P,S]? =0 2.1)

satisfied by all S € S started in [3]. We need to introduce some new techniques. Observe
that the dimension of the underlying space n has to be at least 2 so that idempotents of
rank two exist and it has to be at least 3 in order that this condition is not always satisfied.
However, in dimension n = 3 the idempotent () = I — P of rank one yields an equivalent
condition to (2.1), so that it is reasonable to assume that n is no smaller than 4 since the
case of idempotent of rank one has already been covered in [3].

Write the matrix S in a block form with respect to the decomposition induced by the

idempotent P as
A B
5= (e 5)

[P, ] = (_ch —gB>

and condition (2.1) on S implies that BC' = 0 and C'B = 0. So, we can conclude.

so that

Lemma 2.1. If condition (2.1) holds for a given matrix S, then either

(a) at least one of operators B and C'is zero, or

(b) operators B and C' are both of rank one.

Proof. If (a) is not true, then B and C' are both nonzero. However, since their product C'B
is zero, neither of them is of full rank two. O
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If § € S satisfies condition (b) of this lemma, then we call it (just for the purpose of
this paper) a matrix of rank one corners. Let now S be an invertible matrix of rank one
corners satisfying condition (2.1). Then, we can write B = zu' and C' = vy for some
nonzero two-dimensional columns 2 and y and (n — 2)-dimensional columns « and v. If
we write the matrix 52 in the same block form

A B
=< =
<C D)’

we get that _ _
B = Azu™ + zu™D and C = Duy"™ + vy A.

The fact that S is invertible has a few simple implications that will be used frequently in
the sequel. First, CB = 0 implies that AB # 0 and similarly BD # 0. If, in addition, S?
also satisfies condition (2.1), then the products Az, u'*D, Dv, and y* A are all nonzero.
These follow immediately from the next proposition.

Proposition 2.2. Let S be an invertible matrix such that S and S? both satisfy condition
(2.1). Let S have rank one corners and denote by xu", respectively vy'*, the northeast
corner, respectively southwest corner of S, then either

(b1) vector <g> € ImP is a right eigenvector of S, vector (ytr 0) 1 KerP is a left

eigenvector of S, and y**x = 0, or

(b2) vector 2 € KerP is a right eigenvector of S, and vector (0 u“) 1 ImP is a left

eigenvector of S.
In both cases the northwest corner and the southeast corner of S are invertible matrices.

Proof. Matrix S? also satisfies either (@) or (b) of the Lemma. If in the first case Bis Zero,
then, in particular, there exists a scalar « such that Az = ax. The fact that y** A = Sy** for
some scalar 3 then follows by the fact that i is the (up to multiplicative constant) unique
row vector perpendicular to z. Since C'B = 0, we have that Cx = 0 and y**B = 0, and

consequently, is a right eigenvector of .S and (y“ 0) is a left eigenvector of S. The

X
0
case C' = 0 is obtained from the previous case by going to the transposed matrix of the
matrix S. In either of the cases we have shown that the assertion (b1) holds.

Now, if B and C' are both nonzero, then they are of rank one by Lemma 2.1. If Az and
x are parallel, i.e. linearly dependent, we proceed as above. A similar conclusion follows
if y* and y** A are parallel, so that we are again in case (bI). It remains to treat the case
that both pairs of vectors are linearly independent. In this case we get that u'* and u'*D
are parallel and also that v and Dv are parallel, so that u'" is a left eigenvector of D and v
is a right eigenvector of D. The fact that these are also eigenvectors of S now follows from
equality BC' = 0 and (b2) holds.

It remains to verify the last assertion of the proposition. In case (b1) it is clear that «
and [, the respective eigenvalues corresponding to the two eigenvectors, are nonzero since
they are eigenvalues of the invertible matrix .S. However, they are also (both) eigenvalues
of A (in the above notation), it follows that A is invertible. Invertibility of D now follows
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by, say, a standard exercise in determinant analysis. Write the matrix of S in a basis in
which A is upper triangular with o and 3 on the diagonal. The determinant of .S can now
be computed by expanding on the first column and the second row to get the product of «,
0, and the determinant of D. So, S is invertible if and only if D is invertible. Case (b2) goes
similarly. We first observe that the two eigenvalues are nonzero and then write the matrix
of .S so that the corresponding eigenvectors are set on the first column and respectively the
last row of the second block. Next, we expand the determinant of S first on this column
and then on this row. Finally, we observe that the only nonzero term in the expansion is
the determinant of a block-diagonal matrix, the blocks being equal to A, respectively to the
rest of D after crossing out the first of its columns and the last of its rows. O

Let P € M, (C) be an idempotent of rank two such that condition (2.1) is satisfied for
all S € S, where S C M,,(C) is a one-generated semigroup of invertible matrices. Apply
Lemma 2.1 and Proposition 2.2 to the generator .S of the semigroup. Case (b) of the lemma
yields either (b1) of the proposition implying case 1 below, or (b2) implying case 2. Case
(a) yields the other two possibilities. Thus, at least one of the following conditions holds
true:

1. The generator satisfies condition (b1) of the proposition.
2. The generator satisfies condition (52) of the proposition.
3. The semigroup leaves Im P invariant.

4. The semigroup leaves KerP invariant.

We will call within this paper a one-generated semigroup (or its generator) to be of type
1 if it satisfies the ¢-th condition of this list. Note that a generator can be of more than one
type at the same time. In particular, the generator can be simultaneously of type 1 and 2, or
it can be simultaneously of type 3 and 4. However, if the generator is of either type 1 or 2,
it has rank one corners and it cannot be of neither type 3 nor 4. Moreover, if it is of either
type 3 or 4, it does not have rank one corners and it cannot be of neither type 1 nor 2.

On the other hand, the type of the generator does not determine the type of its powers.

For example, the 4 x 4 matrix
I N
s=(v 7).

where [ is the 2 x 2 identity and [V is a 2 X 2 nilpotent of rank one, generates a group of two
elements. If P is the projection on the first block along the second one, the group satisfies
condition (2.1) and S is simultaneously of type 1 and 2, while its square is simultaneously
of type 3 and 4.

3 Two-generated semigroups

In this section we consider an idempotent P € M,,(C) of rank two and two invertible
elements S and T of a semigroup S C M,,(C) satisfying condition (2.1) for all S € S.
Each of these two elements and their products is of one of the four types introduced in the
previous section. We will try to reduce the number of all these possibilities.

We assume that S has rank one corners, so that we can write it in the form

A zutT
5= <vytr v ) |
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If S is of type 1, then its k-th power can be computed as

AF 4+ Npzy®™ zutt
E_ kLY k
SY = ( ,Ukytr Dk) (31)

for a sequence of scalars Ay and sequences of (n — 2)-dimensional columns u, and vy, for
any k£ € N. This can be shown inductively:

GhHl _ gk g _ (A% + Apzy™) A + z(uifo)y™  AFzu'™ + 2ulFD .
vpy™ A + DFoytr D¥.D

Actually, this proof also yields the formulas for computing the two sequences of vectors

ulf = u'” Z a'D’ and v, = Z B'Div, where a and 3 are the eigenvalues
itj=k—1 itj=k—1

of A defined by Az = ax and y**A = By, i.e. they are of the form a polynomial in

D multiplied by u* on the left, respectively v on the right. Recursive formulas for the

sequence Ay are also obtainable from the above. If .S is of type 2, then its k-th power can

be computed as
Ak Tput’
k_ k
St = (,Uy]gr Dk +/Lkvutr) (32)

for a sequence of scalars u; and sequences of 2-dimensional columns x and yg, for any
k € N. This can again be shown inductively:

gh+l _ gk g Ak A Akzut™ + 2pu D
vyt A + Doyt v(ytrz)utt + (D* + proutt)D )

and this proof also yields formulas for computing the two sequences of vectors zj =
Z Y ATz and Y = 4" Z 8% A7, where ~ and 4 are the eigenvalues of D de-
itj=k—1 itj=k—1
fined by u* D = ~u* and Dv = §w, i.e. they are of the form a polynomial in A multiplied
by x on the right, respectively y* on the left. Recursive formulas for the sequence y, are
also obtainable from the above.
Consider another operator 7' that also has rank one corners and write it similarly

1 o aytr
T = <~i i~ ) .
vyt D
The powers of T' can be written either in the form (3.1) or (3.2) depending on whether 7" is
of type 1 or 2. For any given indices j, k € N the northeast corner of the product S/T* is

of one of the following four types depending on whether operator S, respectively T, is of
type 1, respectively 2:

NE11 ZuirD—F 4 (A7 — A ATy ATzl
NE12 7@ (D% — i D" 0" D=*) + (A~ — \;A T zy " A= )zulr.
NE21 iﬂ}fﬁfk + ATz utr.

NE22 7,0 (D% — i, D~*5u" D~F) + A~z ut™.
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We have labelled these cases in a self-explanatory way: NEpg means the northeast corner
of SIT* whenever S is of type p and T is of type q for p,q = 1, 2. Note that here we do
not give the actual northeast corner blocks of the product S77T%, but equivalent matrices
obtained by multiplying these blocks on the left and on the right with the respective diago-
nal blocks of S7 and T*. Similarly, in these cases the southwest corner of the same power
is of one of the following four types (labelled as above):

SWI1 D=iuvy'™ + 5™ (A% — X A~ Fagr AF),
SWI12 Dyt + ogir A=F,
SW21 (D=7 — pi; D=vut" D=9 oyt + Gt (A% — N A—Fagr A—F).
SW22 (D7 — p; D™ out" D7 oy + YA,
In the proof of these facts we need the following lemma:

Lemma 3.1. If A is an invertible matrix and N is a square zero nilpotent such that the prod-
ucts NA and AN are both scalar multiples of N, then (A+ N)~! = A=l — A"INA-L,

Proof. A straightforward computation after observing that the products NA~! and A=1 N
are also scalar multiples of V. O

It is now easy to get the above eight assertions. To prove NE12, say, one has to multiply
the first block-row of the matrix (3.1) with index & replaced by j with the second block-
column of the matrix (3.2) with matrices x, u and so on replaced respectively by Ty, u
and so on. The result is then multiplied by the inverses of matrices A7 + \;zy"" from the
left hand side and D* + 10U from the right hand side. In this way each of the above
eight expressions becomes a sum of two rank-one operators, one depending only on the j-
th power of operator S and the other one depending only on the k-th power of operator 7.
Using the previously established eigenvector-eigenvalue relations we can slightly simplify
these equations further into:

NE11’ Zuf D% + a~Jzul.
NE12’ Z,u"y % + o zulr.
NE21 Zu'D~F 4+ A~izju.
NE22’ 7,0y~ % + A~z utr.
SWI1’ D=iuy™ + 53" 3F.
SWI12’ D~y + gt A=,
SW21° 5~ Juyl + 3,5 ",
SW22 §dvyr + Ty A=F,
Maximal possible rank of any of these corners is two in which case we will say that
this corner is of full rank. If S and 7" are both of type 1 and the two eigenvectors of their
respective northwest corners are parallel, and may therefore be assumed with no loss of

generality equal, i.e. x = 7 and y** = §'*, we will say that they are simultaneously of type
1. Similarly, if they are both of type 2 and the two eigenvectors of their southeast corner
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are parallel, and may therefore be assumed with no loss of generality equal, i.e. u'* = a*
and v = v, we will say that they are simultaneously of type 2. The following proposition
says that these are the only two cases to be considered.

Observe that in the proofs of the following Proposition we only need condition (2.1) to
be satisfied by elements of a subsemigroup of S generated by two elements S and 7" of S.

Proposition 3.2. Let a semigroup S C M, (C) of invertible matrices satisfy condition (2.1)
forall S € S and a fixed idempotent P € M,,(C) of rank two, and let elements S and T of
S have rank one corners. Then they are either simultaneously of type 1 or simultaneously

of type 2.

Proof. We treat the four possible cases separately.

Case L. Elements S and T of the semigroup are both of type 1 but not necessarily simul-
taneously. In the notation above we have in our case that either x is not parallel to Z or y**
is not parallel to 3'*. By considerations as at the beginning of the proof of Proposition 2.2
these two conditions are actually equivalent so that we have that neither x is parallel to
Z nor y' is parallel to 4. We consider the northeast corner, respectively the southwest
corner of products ST and ST?. None of these corners can be zero and consequently all
of them are of rank one by Lemma 2.1. It follows that ¥ is parallel to D~'v and also 7y
is parallel to D~1v, so that they are parallel to each other and v must be an eigenvector of
D. Alternatively, one can use the above arguments on T'S, respectively 7,52, in place of
ST, respectively ST?, to conclude that D~ v is parallel to D~2v, implying that v is an
eigenvector of D. The fact that v is parallel to v is now clear since the southwest corner
of ST is of rank one. An equivalent consideration with columns and rows interchanged
yields the rest of what we wanted to show that ' is parallel to 4*" and that they are left
eigenvectors of both D and D. So, S and T are simultaneously of type 2.

Case IL. Element S is of type 1 and element T is of type 2. We first suppose that
there is an index j € N such that @ is not parallel to u;-r. Under this assumption it may
happen that for some index k € N either (1) , is not parallel to x, or (2) I}, is parallel
to w. If (1) is true, then the northeast corner of the product SIT* is of full rank implying
that its southwest corner is zero, so that, in particular, @”,“JA*]“ is parallel to y**. If, on the
other hand, (2) is true, then the northeast corner of this product is of rank one. The fact
that the product of the two corners is zero (together with the fact that the product of the
corresponding corners of S7 is zero) now implies that, again, g}",?A‘k is parallel to y*.
Therefore, the latter conclusion is true for all £ € N forcing operator T to be also of type 1
and reducing this case to Case 1.

Next, we suppose that there is an index j € N such that D=7, is not parallel to v.
Under this assumption it may happen that for some index k& € N either (1) g“j,?g’k is not
parallel to 3%, or (2) @“,tfg_k is parallel to 3. If (1) is true, then the southwest corner
of the product S7T* is of full rank implying that its northeast corner is zero, so that, in
particular, Ty, is parallel to z. If, on the other hand, (2) is true, then the southwest corner of
this product is of rank one. The fact that the product of the two corners is zero now implies
that, again, Ty, is parallel to . Therefore, the latter conclusion is true for all k£ € N forcing
again operator 7' to be also of type 1 and reducing this case to Case L.

In order to finish the proof of Case II it remains to treat the possibility that for all indices
j € N we have that u!' is parallel to 4‘" and that also D~7v; is parallel to . This implies

that u'*, being a left eigenvector of D, is also a left eigenvector of D, and similarly, v,
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being a right eigenvector of D, isalsoa right eigenvector of D. So, operators S and 71" are
simultaneously of type 2.

Case IIL. Element S is of type 2 and element T is of type 1. This case can be brought
to case II by considering the semigroup of matrices made of transposed matrices of the
semigroup S. Observe that the new semigroup has the opposite multiplication, while the
types of corresponding elements do not change.

Case IV. Elements S and T of the semigroup are both of type 2 but not necessarily
simultaneously. We first study the case that %" is not parallel to u* and consider the
product S9T* for j € Nand k € N. Just as in the proof of Case II we show that given any
7 € N we have that y}r is parallel to g A=* for all k& € N. Consequently, T is of type 1
reducing our case to case III. Next, if v is not parallel to v, we can reduce the problem to
the previous one by going to the transposes. And finally, if both u'" is parallel to u'* and ©
is parallel to v, then S and T are simultaneously of type 2. O

4 Semigroups of invertible elements

For a given idempotent P of rank 2 let condition (2.1) hold for all S in a semigroup S of
invertible matrices and let C be the set of all S € S with rank one corners.

Lemma 4.1. All elements of C are either simultaneously of type 1 or simultaneously of type
2.

Proof. First assume that C contains an operator S € C that is of type p and not of type
q for p # q € {1,2}. Furthermore, choose an operator T" € C different form S. By
Proposition 3.2, T has to be simultaneously of the same type with .S. Since .S is not of type
q, they are simultaneously of type p. Now, since T is arbitrary, the lemma follows.

It remains to treat the case that all the members of C are of both types. We want to show
that there exist a type p € {1, 2} such that they are all simultaneously of type p. Assume
the contrary. Then there are operators S,T" € C such that they are (by Proposition 3.2)
simultaneously of type p but not simultaneously of type ¢ for some p # ¢ € {1,2}; and
furthermore, there exists an operator R € C which is (again by Proposition 3.2) simul-
taneously of type ¢ with S and simultaneously of type ¢ with 7. This brings us to the
conclusion that S and 7" are simultaneously of type ¢ in contradiction with the above. [

So, we can speak about the type of the set C and write C = C; if the members of C are
of type 1 and C = C5 in the other case. In the proof of the following theorem we need an
easy and well-known fact that we state here for reference.

Lemma 4.2. Let S be invertible. If T'S and S have a joint right eigenvector x, then x is
also an eigenvector of T. If ST and S have a joint left eigenvector y**, then y** is also an
eigenvector of T..

Proof. From Sz = ax and T'Sx = [z for some scalars o and 3 we get « # 0 and
Tx = a~'T(Sz) = a~'Bx. The second claim follows from the first one by going to the
transposes. O

Theorem 4.3. Let a semigroup S C M, (C) of invertible matrices satisfy condition (2.1)
forall S € S and a fixed idempotent P € M, (C) of rank two and denote by C the set of
elements with rank one corners. Then either:
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(a) C is empty and either

e ImP is invariant for S, or
o KerP is invariant for S; or

(b) C is nonempty and either

o S has a joint right eigenvector in ImP and a joint left eigenvector perpendicu-
lar to Ker P, or

e it has a joint right eigenvector in Ker P and a joint left eigenvector perpendic-
ular to ImP.

Proof. If ImP is invariant for S, then C is empty and we are done. If KerP is invariant for
S, we are done as well. In both cases (a) holds.

Let us assume from now on that (a) is not true. We will first show that in this case C is
nonempty. Assume the contrary. Then, there is an S € S of the form

= 7)
1= (¢ 3)

such that B and C are both nonzero. Since A and A are invertible, it follows easily by
Lemma 2.1 that 'S € C, so that C is nonempty, contradicting the above.

By Lemma 4.1 we have that either C = C; or C = C,. Consider the case that S contains
operators S and 7T’ of the form

A B A 0
S(O D) and T(a 5)

with B and C both nonzero. It turns out that they have to be of rank one, say, B = xu
and C = vy", so that

andaT € S of the form

tr

AA + rutToy™ zut*D AA Azutt
ST = & d TS = _ ).
( Doyt pp ) ™ vyt A vytzut + DD

If in this case C = C;, then x is the common right eigenvector of all northwest corners
of elements of C, because it is a column of the northeast corner of ST' € C;. So, it is an
eigenvector of AA + zu"vy"™ and consequently also an eigenvector of AA. Moreover,
since Az is a column of the northeast corner of T'S € (Cy, it has to be parallel to z, so that
x is also an eigenvector of A. By Lemma 4.2, x is also an eigenvector of A. A similar
argument proves that y** is a left eigenvector of both A and A. The fact that y* 2 = 0 then

implies that
x
=)
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which is a common right eigenvector of all elements of C, is also a right eigenvector of both
S and T Similarly,

y = (ytr 0)
is a common left eigenvector of all elements of C together with S and 7". The case that
C = Cy goes similarly. If S \ C contains an operator T" of block-diagonal form

A 0
7=(o »)
it follows easily that 7" has the same right eigenvector and the same left eigenvector as all
the members of C.

Finally, it remains to treat the cases that either all the members of S \ C are block
upper-triangular or they are all block lower-triangular. In either case elements of C have
a common right eigenvector and a common left eigenvector. In order to finish the proof it
suffices to show that in both cases the two eigenvectors are common for elements 7' € S\ C
as well. Now, assume that all the members of S \ C are block upper-triangular, choose a
T of the kind and an S € C. Then neither ST nor T'S is block upper-triangular, so they
both belong to C. It follows by Lemma 4.2 that 7" has the same right eigenvector as 7'S and
S and the same left eigenvector as S7" and .S and we are done. The other case follows by
going to the transposes. O
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