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In this article we verify that “Wedderburn’s Principal Theorem” has a particularly
pleasant spatial implementation in the case of cleft subalgebras of the algebra of all
linear transformations on a finite-dimensional vector space.

Once such a subalgebra A is represented by block-upper-triangular matrices with
respect to a maximal chain of its invariant subspaces, after an application of a block-
upper-triangular similarity, the resulting algebra is a linear direct sum of an algebra of
block-diagonal matrices and an algebra of strictly block-upper-triangular matrices (i.e.
the radical), while the block-diagonal matrices involved have a very nice structure.

We apply this result to demonstrate that, when the underlying field is algebraically
u(A)—1

closed, and (Rad(.A)) # {0}, the algebra is unicellular, i.e. the lattice of all

invariant subspaces of A is totally ordered by inclusion. The quantity p(A) stands for
the length of (every) maximal chain of non-zero invariant subspaces of A.

Keywords: Wedderburn’s Principal Theorem, Wedderburn-Artin Theorem,
block-upper-triangular matrix algebras, irreducible matrix algebras, semi-simple
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1. Introduction

Parts of this article are somewhat expository, since some of the theorems we include
in this paper can be considered to be a part of the folklore. The results were
essential to our work presented in two papers [1] and [2], and since we did not find
these theorems in print we were compelled to verify their validity by supplying the
proofs. As far as we know these results have not been published in a form easily
accessible to mathematicians working in the fields of linear algebra and matrix
theory, even though the theorems provide remarkably useful tools that can be used
in both subjects. It is likely that the theorems, expressed in a different language,
are known to specialists in representation theory and ring theory.

The goal is to verify that several fundamental theorems of Wedderburn have
spatial realizations in the context of algebras of linear transformations over general
fields. Subsequently an application of the spatial version of Wedderburn’s Principal
Theorem is presented. As we have mentioned already, papers [1] and [2] involve
further applications of the result.
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One of the fundamental structure theorems for algebras over a field, proved by
J. H. M. Wedderburn [3, 4] in the case of a field of characteristic zero, extended by
L. E. Dickson [5, 6], and often referred to as “Wedderburn’s Principal Theorem”,
states that under very general conditions (for example, if the underlying field is
perfect) a finite-dimensional algebra can be decomposed as a linear direct sum of
its nil radical and a semi-simple algebra (usually called a “Wedderburn factor”).
A theorem of Malcev [7] shows that any two Wedderburn factors of an algebra
are “conjugate” in the sense that one can be mapped to the other via (an almost
inner) similarity.

A subalgebra A of the algebra of all linear transformations on a finite-dimensional
vector space V can be represented as an algebra of block-upper-triangular matrices
with respect to a maximal chain of invariant subspaces of A. In this form the radical
of A is (represented by) the set of all strictly block-upper-triangular matrices in
A. The subalgebra of A represented by the block-diagonal matrices is semi-simple,
but may not be a Wedderburn factor of A. For example, this is the case for

a0 c
Oaa—0b a,b,ce C },
00 b

where the radical is the span of the matrix unit F13, and the only diagonal matrices
in the algebra are the scalar multiples of the identity matrix.

Still, a well-known theorem of Watters [8] indicates that after an application
of a block-diagonal similarity, the block-diagonals of the matrices involved can be
assumed to have a particularly nice form. It is worth mentioning that if the hypoth-
esis of Wedderburn’s Principal Theorem applies to A, the similarities described by
Malcev’s theorem are also block-upper-triangular.

In this article we are able to show that, when A satisfies the hypothesis of
Wedderburn’s Principal Theorem, it is always possible to apply a block-upper-
triangular similarity to 4 in such a way that the block-diagonal matrices in the
resulting algebra have the structure described in Watter’s theorem and comprise a
Wedderburn factor (with the radical still being the set of all strictly-block-upper-
triangular matrices). In particular, the resulting algebra decomposes as a linear
direct sum of an algebra of block-diagonal matrices and an algebra of strictly
block-upper-triangular matrices.

Furthermore, we demonstrate that for any Wedderburn factor S of A there is
a maximal chain of invariant subspaces of A, such that S is represented by the
algebra of the corresponding block-diagonal matrices.

These results are then used to show, for example, that if the underlying field
n(A)—1

is algebraically closed and (Rad(.A)) # {0}, then A is unicellular, i.e. the
lattice of all invariant subspaces of A is totally ordered by inclusion. The quantity
1(A) stands for the length of (any) maximal chain of non-zero invariant subspaces
of A.

The main impetus behind the research that produced these results was the in-
quiry into a natural weakening of the concept of transitivity for algebras of linear
transformations acting on a finite-dimensional vector space. The classical notion of
transitivity is defined for an arbitrary collection C of linear transformations from
a vector space V to another vector space W over the same field. In general, C is
said to be transitive if for any non-zero vector x in ¥V and any y € W there is a
member T of C with Tx = y. When the underlying field is algebraically closed, a
well-known theorem of Burnside dictates that the only transitive algebra of linear
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transformations on V is the algebra £(V) of all linear transformations on V.

The aforementioned weakening of the concept of transitivity for algebras, referred
to as paratransitivity, is defined as follows: given positive integers £ and m, an
algebra A is said to be (k, m)-transitive if for every pair of subspaces WW; and Ws
of V, of respective dimensions k& and m, the orbit AW) := {Ax: A€ A,x € Wi}
meets Ws non-trivially.

The spatial version of Wedderburn’s Principal Theorem (see Corollary 30) and
its consequences, that we develop in the present article, are crucial to our method
of proof of the results on paratransitivity. We refer the reader to the papers [1] and
[2] for further information. We believe that this form of the well-known result will
be useful in connection with other problems dealing with spatial structure of sets
of operators.

Convention 1. Unless specified otherwise all vector spaces in this article are
assumed to be non-zero and finite-dimensional.

As is common, we shall be using the same notation Z to denote both the identity
transformation (independent of the underlying vector space) and an identity matrix
(or a block-matrix). This will not cause ambiguity since the context shall always
indicate which is which.

The same goes for a zero transformation.

Terminology 2. Let V be a (necessarily finite-dimensional) vector space over a
field F, and let £,(V) stand for the algebra of all linear transformations on V; (we
shall omit the subscript “F” when possible).

A subalgebra of L(V) is said to be irreducible if it has no non-trivial invariant
subspaces. When dim(V) > 1, subalgebra of £(V) is irreducible if and only if it is
transitive; i.e. if and only if

Az { Az | Ae Ay =V

for every non-zero x € V. (Transitive algebras are irreducible even if dim(V) = 1.)
A unital algebra A is said to be central if its center is the set of all scalar multiples
of its multiplicative identity element.

Remark 3. Non-zero ideals of irreducible algebras are irreducible.

The following classical result is presented here for the convenience of the reader.
For a stronger version of this result see Theorem 10 below.

Proposition 4. Every non-zero irreducible subalgebra of L.(V) is simple and con-
tains the identity transformation.

Proof. If A is a non-zero irreducible (and so, transitive) subalgebra of £(V) then
every non-zero ideal J of A is itself an irreducible algebra, and hence has a trivial
common kernel.

In particular the (nil) radical Rad(.A) is either zero or irreducible. Since Rad(.A)
is a nilpotent ideal, if it is not zero, it has a common kernel, and thus is not
irreducible. Hence it must be that A is semi-simple.

Since every finite-dimensional semi-simple algebra is unital, there is an idempo-
tent E € A such that EA = A. Yet by transitivity, for a non-zero x,

V = Az = EAx C range(E) C V,

so that F is surjective, and therefore £ = 7.
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We have shown that every non-zero irreducible subalgebra of £()) contains the
identity transformation. Therefore any non-zero ideal of a non-zero irreducible
algebra A contains the identity transformation, and thus equals the whole algebra
A. Since A is unital, this shows that A is simple and completes the proof.

|

Definition 5. A linear transformation ¢ between algebras A and C is said to be
a derivation if

¢(AB) = A¢(B) + ¢(A)B

for all A,B € A.
When A = C such a derivation is inner if

$(A) = AC — CA

for some C € A.

Theorem 6 (Jacobson [9]). If B is a semi-simple unital subalgebra of a finite-
dimensional central simple algebra A, then any derivation 6 : B — A extends to
an inner derivation on A.

Combining theorems 4 and 6 with the fact that £, () is a central simple algebra,
we arrive at the following.

Corollary 7. If B is an irreducible subalgebra of L.(V), then every derivation
0:B— L.(V) is inner.

Convention 8. When D is a subalgebra of My(F), we can identify M,,(D) with
a subalgebra of M,,;(F) by partitioning matrices in M,,x(F) in a natural fashion.

Suppose that V is an n-dimensional vector space over a field F. Given a direct
sum decomposition V = V; + Vo + V3 + ... + Vg, every element T of £(V) can be
represented by a matrix [Tj;] of linear transformations, where Tj; : V; — V;. Once
a basis 3; for each V; has been chosen, each T;; can be represented by a matrix
(Tij)s,p, 0 Mp,xn,; (F), where ny = dim(Vy). It is common to write (Tj;), for

<Ei>5iesi'
Definition 9. A subalgebra A of L(V) is said to have a reduced
block-upper-triangular form with respect to a direct sum decomposition V =

Vi + Vo +V3+ ...+ V), if every transformation A € A has a matrix form

[A1y Ajg Az ... Ay
0 Ago Aoz ... Ay
0 0 Aszz...As

0 0 0 ...A
with respect to this decomposition, and for each i the subalgebra { A;; | A€ A}
of L(V;) is irreducible. We shall denote this subalgebra by A;;, making the nota-
tion A;; self-explanatory, whenever the underlying decomposition of the space is
unambiguous.

A subalgebra A of £(V) is said to have a standard block-upper-triangular form
with respect to ¥V = Vi + Vo + V3 + ... + V), if it has a reduced block-upper-
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triangular form with respect to this decomposition, and the set {1,2,...,k} can be
partitioned into non-empty subsets I'1,1'2,I's, ..., '}, such that the following hold.

(1) There are bases 1, 82, 33, ..., Bk of V1, Va, Vs, ..., Vi respectively, such that
if ¢ and j are in the same I'y (in which case we refer to them as “linked”),
then (i), = (A4;;),, for every A€ A;

(2) If A; # {0} then there exists G~ € A such that G, = Z, and G;; =0
for all j not linked to i.

Note that it follows from part (1) that dim(V;) = dim(V;) whenever i is linked to

j.
It also follows that

{ (A, Ajj)) | Ac Ay ={ Ay | Ac Ay x{ Aj; | Ac A},

when i is not linked to j.

Let the basis 8 of V be the concatenation of the bases §1, 82, 83, . .., 8 described
above. The subalgebra A = { (4), ‘ Ae A}ofM,,, ., (F)issaid to be a standard
matricial form of A.

We can interpret A as an algebra of block-upper-triangular matrices with the
(i, 7)-th block-entry of the block-matrix for A being the matrix (A;;) . In this

Bi+Bj
case we say that A is a standard block-upper-triangular matricial form of A.

If the underlying field is algebraically closed, then, for each i, either
{A;| Ac A}={0} and dimV; =1,
or
{Ai| Ac A} =LV),

by Burnside’s Theorem (see, for example, [10]). While Burnside’s Theorem does
not hold for general fields (without some additional hypotheses), a spatial charac-
terization of irreducible matrix algebras does exist.

Of course we have already seen (Proposition 4) that every irreducible subalgebra
of £,(V) is simple. The fact that every finite-dimensional simple F-algebra is, up
to an algebra isomorphism, a full matrix algebra over a division F-algebra, is a
classical theorem of J.M.H. Wedderburn. The advantage of the theorem below is
that it characterizes irreducible matrix algebras spatially up to similarity. This very
useful theorem is certainly part of the “folklore”, but since we were not able to find
a proof of this result in the literature, we offer one here for the sake of completeness
and as a service to those entering the discipline.

Theorem 10. A subalgebra A of M, (F) is irreducible if and only if the minimum
non-zero value r of the rank function on A divides n and there is an irreducible
division subalgebra D of M,.(F) such that A is (simultaneously) similar to M= (D).

Proof. If A is a division algebra, the proof is trivial (with n = r and D = A). Let
us therefore assume that A is not a division algebra. For obvious reasons we lose
no generality if we replace A with an algebra simultaneously similar to A; we do
so several times in the proof that follows.

Let r be the minimum non-zero value of the rank function on A. Then r < n
and the set J of the elements of A of rank at most r is a semigroup ideal in A; i.e.

JAUAT C J.
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It is well-known (and is easy to check by considering the common kernel of 7,
and JM, where M is an invariant subspace of J) that a non-zero semigroup ideal
of an irreducible matrix semigroup is also irreducible. By a celebrated theorem of
Levitzki (see, for example, Theorem 35 of part II in [10]), J cannot be nil.

Claim 1: J contains a non-zero idempotent.

Let A be a non-nilpotent element of 7. Since range(p(A)) C range(A), when
p(z) € F[z] has no constant term and p(A) # 0, we conclude, using the definition
of J, that range(p(A)) = range(A).

Let p(x) be the minimal polynomial of A in F[z]. If u has a (non-zero) constant
term then A is invertible, and consequently r = n, so that A is a division algebra,
which we have assumed it is not. Therefore it must be that y has no constant term.

We claim that in this case p(z) = zq(x), where ¢(z) is a polynomial with a non-
zero constant term. Indeed, if ¢ has no constant term then u(z) = z ¢(z) = 22 h(x)
for some 0 # h(z) € F[z], and therefore 0 = pu(A) = h(A) A2, Since A% # 0, we can
conclude that range(A?) = range(A) and thus 0 = g(A) = h(A) A, contradicting
the minimality of p.

Thus we can write ¢(z) = = p(x) — « for some p(z) € F[z] and a non-zero « € F.
Consequently

0=a 'p(A) = (a™tAp(A) - I) A,
or equivalently:
(a7lp(A)A) A = A.
Let us write v(z) = a~p(z) x, so that 0 # v(z) € F[z], »(0) = 0 and
0£A=v(A)Ac AT C J.

Since we have that range(v(A)) = range(A), v(A) acts as an identity transforma-
tion on its own range, and is therefore a non-zero idempotent matrix in 7, which
demonstrates the validity of Claim 1.

Now, let E be a non-zero idempotent in 7, so that F" = range(E) + kernel(E).
By changing to a basis that is a concatenation of a basis of range(A) and a basis
of kernel(E), we can assume without loss of generality that the elements of A are
now represented as 2 X 2 block-matrices with respect to the given decomposition
of the underlying space F”. Clearly

;0
o [54]
Since I, € A by Proposition 4, we see that

0 0

I,—E= [0 i

]GA

In view of Definition 9, the notation 4;; is self-explanatory, and, for example,
we can write

A1 0
as - [nl]
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Since every non-zero element of the algebra FAFE has rank r, we conclude that
Aj; is a division subalgebra of M, (F). Let us write

DY 4.

Since the rank of I,, — F is not zero, it must be at least r, and we can conclude
that n — r > r. Furthermore,

(In = E)A(I, - E) = [8 u4022] ’

and it follows that 499 is a subalgebra of M,,_,(F).

Let us note that A1 412 C Age. We claim that A1 A2 # {0}, from which it
follows that Ay contains a non-zero element of rank at most r, and thus of rank
exactly r. Now, suppose for the sake of contradiction that Ag1.A12 = {0}. We
know that Ajs # {0}, since kernel(E), being non-zero and proper, cannot be an
invariant subspace of the irreducible algebra A. Thus the common kernel K of Ay
is non-trivial. Since the common kernel of A is trivial, we must have:

{0} # AK C range(E) C F",

which implies that AK is a proper non-trivial invariant subspace of A, contradicting
the hypothesis of the irreducibility of A.

We also claim that Asgg is an irreducible subalgebra of M,,_,(F). If this were not
the case, and {0} # M # F"~" is an invariant subspace of Asy, writing M’ for the
corresponding subspace of kernel(FE), we would have that either AM’ = {0}, or

{0} # AM’' C range(E) + M' # F".

In the former case M’ is a non-zero proper invariant subspace of A, while in the
latter it is AM’ that plays that role. Either case contradicts the hypothesis of the
irreducibility of A.

Now, Ay is an irreducible subalgebra of M,,_,.(F'), and as we have shown above,
the minimum non-zero value of the rank function on Asg is 7. If As is not a division
algebra, i.e. if n —r > r, the whole argument above can be repeated in the case of
Asg, to show that there is a direct sum decomposition

F" =V + Vo + Vs,
such that
dimV, = dimVy =7 <n —2r = dimVs,

and with respect to a congenial basis the elements of A can be represented by 3 x 3
block-matrices, with

1,00l [ooo] [oo o
000|,|0L.0|,[00 0 |ecA
000 [000] [00I,_s

The process of the repetition of the argument (applied to Ass, A4y, etc., as needed)
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must terminate, and it does so exactly when we arrive at the case “n—(k—1)r = 1"
with Ay being a division subalgebra of M, (F).

Hence we conclude that n = kr for some k£ € N, and there is a direct sum
decomposition

Fn:V1+V2++Vk7

with dimV; = r, and that with respect to a congenial basis the elements of A are
represented by k x k block-matrices, such that

1,00 0 000...0 000...0

000...0 0I.0...0 000...0
Elld:ef ISR I EQQd:ef ::r:-. o Ekk’d:ef el cA

000...0 000...0 000...1I,

We continue to use the notation A;; to indicate the linear space of all matrices in
M, (F) that appear as the (i, j)-th block entry of a matrix in A, and equivalently,
of a matrix in F;AF;;. Each non-zero matrix in A;; has rank at least r, and
so exactly r; in other words, each non-zero matrix in A;; is invertible. Obviously
Aij A, C Aji. Since A is irreducible, so is each A;;, and each is non-zero; (one
justifies this via the arguments similar to those presented above). In particular each
Aj; is a division algebra.

Since each of Ao, A13, ..., A1x contains an invertible element, applying a block-
diagonal similarity to A if necessary, we can assume that I, € Ay, for all j. Let us
write C' ® E;; for the block matrix that has C' as its (4, j)-th block entry, and zero
blocks in all other positions. We will simply write Ej;; for I, ® E;;, and we already
know that Ej; and Ej; are elements of A for all j.

The next step is to show that E;; € A for all i. To this end, note that A;;
contains an invertible element C, and therefore

C® Eil S Eii.AEH c A.

Thus C ® E;; = (C ® E;1)Eq;, so that C' is an invertible element of the division
algebra A;;, and consequently C~' ® E;; € A. Hence:

FEin = (C_l ® Ei;)(C® Ey) € A.

To complete the proof of the theorem we demonstrate that A;; = A1 = D for all
i,7. If C € A;; then C ® E;; € A, and

Ei(C® Eyj)Ej = C ® B,

so that C' € Ay;1. Conversely, if B € Ay; then B® Eq1 € A, and
En(B® En)Ey; = B® Eyj

so that B € A;;.

Thus A contains “D ® E;;” for every 4, j and consequently A = M (D), which
completes the proof. |

We will need the following standard result when we treat the uniqueness aspect
of the block-diagonal part of an algebra in a standard block-upper-triangular form.
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Theorem 11. If A and B are irreducible subalgebras of My, (F) and M,,(F) respec-
tively, and ¢ : A — B is an algebra isomorphism, then m = n and ¢ is spatial;
i.e. there is an invertible T € My (F) such that

H(A) =T AT for all Ac A.

Proof. By Theorem 10, after applying similarities, we can assume that A = M- (D),
where D is an irreducible division subalgebra of M, (F), and B = M%(g), where

G is an irreducible division subalgebra of M, (F). By Proposition 4, A and B are
simple, and therefore the uniqueness part of the classical Wedderburn structure
theorem for simple algebras (see, for example, Theorem 4.23 in [11]) dictates that
% = % and that D is isomorphic to G.

Since D is irreducible, it contains the identity matrix (Proposition 4). Since D is
also a division algebra, every non-zero element of D is an invertible matrix. Thus,
if two non-zero elements of D agree on a non-zero vector, they must be equal, since
otherwise their difference is a non-zero element of D with a non-trivial kernel. The
same applies to G.

Thus the first basis vector e in F” is a separating vector for D, in the sense that

De; =D'ey = D=1D,

and a similar statement holds true for G.

Since D is irreducible, the “evaluation at the first standard basis vector” function
o : D — F" is a linear bijection. The same is true for the corresponding function
B : G — FP. Being isomorphic, D and G have the same dimension, and so it
follows that » = p, and consequently m = n.

To see that ¢ must be spatial, we can now apply the Noether-Skolem Theorem
within M, (F) (see, for example, Theorem 4.3.1 of [12]), via Proposition 4. Note
that ¢(Z) must be the identity transformation, being the multiplicative identity in
B, and thus an idempotent whose range and kernel are invariant under B.

|

Definition 12. Each invertible S € £(V, W) induces an algebra isomorphism
()—S1to()oS

between £(W) and L(V). These maps are called “similarity transformations”.
The corresponding concept for M, (F) is self-explanatory.

Theorem 13 (Watters [8]). If a subalgebra A of L(V) has a reduced block-upper-
triangular form with respect to a decomposition V = Vi + Vo + V3 + ...+ Vi, then
after an application of a block-diagonal similarity A has a standard block-upper-
triangular form with respect to this decomposition.

Corollary 14. If a subalgebra A of L(V) has a reduced block-upper-triangular form
with respect to a decomposition V = V1 +Vo+Vs+. ..+ Vg, then the set {1,2,...,k}
can be partitioned into non-empty subsets 'y, ', '3, ..., 'y, such that
(1) If Ai; # {0} then there exists G~ € A such that GJ<J> =1, for allj linked
to i, and G;f =0 for all j not linked to i.
(2) When i is linked to j,

dzm(Vl) = dzm(V] ) 5
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and there is an invertible S;; € L(V;,V)) such that
Ay = SiglAjjSij, forall A€ A.
(3) When i is not linked to j,

{(A”,A”)|AEA}:{A“’AEA}X{AM‘AGA}

As before, indices i and j are “linked” if they are in the same I';.

Observation 15. If a subalgebra A of £(V) has a reduced block-upper-triangular
form with respect to a given decomposition of V, and an invertible S € L(V) is
block-upper-triangular with respect to the same decomposition, then S~!1AS has a
reduced block-upper-triangular form with respect to the decomposition, and index
i is linked to an index j for S~1AS if and only if i is linked to j for A.

Terminology 16. Given a direct sum decomposition V = V; +Vo+V3+. ..+ V), if
some of the spaces V; are in turn decomposed as direct sums of their subspaces, the
resulting direct sum decomposition of V is said to be a refinement of the original
decomposition.

Linear transformations which are block-diagonal with respect to a refinement are
automatically block-diagonal with respect to the original decomposition.

It is a standard fact that if an algebra is block-upper-triangular with respect to a
given direct sum decomposition, then it has a reduced block-upper-triangular form
with respect to some refinement of this decomposition.

Hence we can use Theorem 13 to draw the following conclusion.

Corollary 17. If a subalgebra A of L(V) has a block-upper-triangular form with
respect to a decomposition V = Vi + Vo + Vs + ... 4+ Vi, then after an application
of a block-diagonal similarity A has a standard block-upper-triangular form with
respect to a refinement of this decomposition.

Notation 18. For a matrix A € M,,(F) we denote by Diag(A) the diagonal matrix
in M,,(F) that has the same diagonal as A.

When interpreting elements of £(V) as block-matrices with respect to a given
decomposition of V, we denote by BlockDiag(B) the block-diagonal matrix ob-
tained by replacing the block- “off-diagonal” entries of B with zeros. We refer to
the map B — BlockDiag(B) as “the compression to the block-diagonal”.

The following result is certainly not new. We give a short proof for the sake of
completeness.

Proposition 19. If a subalgebra A of L(V) has a reduced block-upper-triangular
form with respect to a direct sum decomposition of V, then Rad(A) is exactly the
set of all strictly block-upper-triangular elements of A.

Proof. It is obvious that the set of strictly block-upper-triangular elements of A
is a subset of the radical of A. If A is strictly block-upper-triangular the proof is
complete. Henceforth assume that A4 has elements with a non-zero block-diagonal.

IfY =V, +Vo+V3+...4+ Vg is the underlying decomposition, and 7 is such that
Aji # {0}, then the set

J={BeLV;)| B= A for some A € Rad(A) },
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:2L does not contain the identity transformation (by spectral considerations), and so
3 is a proper ideal in the irreducible algebra A;;. By Proposition 4, J = {0}. |
4
5 Observation 20. If a subalgebra A of £(V) has a standard block-diagonal form
6 with respect to a decomposition V = Wi + W, + W5 + ... + W, then A is semi-
7 simple by Proposition 19, and the idempotents G~ € A described in Definition

o . . . <i> <j>

8 9 are exactly the minimal central idempotents of 4. Obviously G~ G =0,
9 whenever G~ # G~’7, i.e. whenever 7 is not linked to j. If i is linked to j, then
10 G<i> — G<j>_
11 Furthermore, if G™'7,...,G~™ is the complete list of the distinct minimal
ig central idempotents of A !, then the sub-algebras G~ AG™"" are exactly the
14 simple components of A, in the sense of the classical Wedderburn-Artin structure
15 theorem for semi-simple algebras (see, for example, section 4 of chapter III in [13]).
16 It is also obvious that each G~  AG™"" is algebra-isomorphic to A;;,, since a
17 similarity transforms 4;; into A;; whenever ¢ is linked to j.
18
19
32 2. Main results
5:23 A standard module theory result yields that, up to similarity, every semi-simple
24 subalgebra of M,,(F) is block-diagonal with irreducible blocks. Our first main the-
25 orem shows that for a semi-simple algebra of matrices in a reduced block-upper-
26 triangular form there is a block-upper-triangular similarity that implements the
27 compression to the block-diagonal.
28 This result will yield a spatial version of Wedderburn’s Principal Theorem.
29
30 Theorem 21. Suppose that a semi-simple subalgebra A of L(V) has a reduced
31 block-upper-triangular form with respect to the decomposition
32
33 V=V +Vo+Vs+... 4 V. (1)
34
gg Then there exists an invertible T € L(V), which is block-upper-triangular with
37 respect to the decomposition (1), such that
38
39 T~ 'AT = BlockDiag(A) (2)
40
j; for every A € A.
43 We present a proof of this theorem in section 4, but consider some of its conse-
44 quences at present.
45 . . :
46 Corollary 22. If a semi-simple subalgebra A of L(V) is block-upper-triangular
47 with respect to a given direct sum decomposition of V, then there exists an invertible
48 block-upper-triangular T such that T~YAT is block-diagonal for every A € A.
49
50 Proof. By Corollary 17, after a block-diagonal similarity A has a standard block-
51 upper-triangular form with respect to a refinement of the given decomposition,
52 and any matrix that is block-upper-triangular (or block-diagonal) with respect to
53 a refinement is still block-upper-triangular (resp. block-diagonal) with respect to
gg the original decomposition. Hence the result follows by Theorem 21. |
56
57
58 H.e. i1,42,93,...,im is a complete set of representatives of the partition I'y,I'2,T'3, ..., T'm.
59
60
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The following Jordan-Holder-type result addresses the uniqueness of the struc-
ture of the block-diagonal for a semi-simple algebra in a standard block-upper-
triangular form.

Theorem 23. Suppose that a subalgebra A of L(V) has a standard block-diagonal
form with respect to a decomposition V = Wy + Ws + Ws + ... + Wy, as well as
with respect to a decomposition V = Z1 + Zo+ 23+ ... + Z,.

Then k = p and there is a permutation © on {1,2,...,k} such that:

(1) i is linked to j (in the W-decomposition) if and only if w(i) is linked to 7(j)
(in the Z-decomposition);
(2) for each i there exists an invertible T; € L(W;, Z;)) such that

A, = T¢_IA|ZW(1) T;, forevery A€ A.

The use of the terminology “linked” applied to the indices in this context is based
on the result of Corollary 14.

Proof. We shall use subscripts and superscripts (W) and (Z) to distinguish the two
decompositions. By Observation 20 we see that the set of the idempotents G§\f>
equals the set of the idempotents G5°~, being just the set of the minimal central
idempotents of A.

Furthermore, if G§\§> = G3%7, then the irreducible algebra .Agv) is algebra-
isomorphic to the irreducible algebra .A;Z;, since both are algebra-isomorphic to
G5~ AGy” . By Theorem 11, it follows that dim(W;) = dim(Z,,) and that there
exists an invertible T; € L(W;, Z5,) such that

A|Wi = Ti_1A|zsi T;, forevery A€ A (3)

Note that the sets { i AEZW) = {0} } and { J | .Ag]z) = {0} } have the same
cardinality, that being the dimension of the common kernel of A. Since

G<P — <> — { is linked to Js

and there is a similarity mapping .4;; onto A;;, whenever ¢ is linked to j, for either
decomposition, the conclusion of the theorem follows by (3) and a dimensionality
argument.

One immediate consequence of Theorems 10, 13 and 21 is the spatial version of
the classical Wedderburn-Artin theorem for semi-simple matrix algebras. When A
is an algebra of matrices we use the notation A® for the matrix algebra

AO0...0
0A...0
S Aec A 5 CMy(A).
00...4

Corollary 24 (A spatial version of Wedderburn-Artin theorem). If A is a semi-
simple subalgebra of M,,(F), then there exist irreducible division algebras D; of
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matrices over F, such that A is simultaneously similar to an internal direct sum

P (M, (D)™,

Definition 25. A subalgebra A of £(V) is said to be a cleft algebra if there exists
a semi-simple subalgebra S of A (referred to as a Wedderburn factor of A) such
that

A =S8+ Rad(A) (a vector space direct sum).

Such an A has an unhinged block-upper-triangular form with respect to a given
decomposition of V if A = BlockDiag(A)+ Rad(A), where BlockDiag(A) is semi-
simple and Rad(A) coincides with the set of all strictly block-upper-triangular
elements of A.

Of course terms such as “standard” and “reduced” may apply to an unhinged
block-upper-triangular form of A in a way described in Definition 9.

Terminology 26. A finite-dimensional semi-simple F-algebra A is said to be

separable, if for every field extension E of F, A is semi-simple as an algebra over

E. This is equivalent to the statement that the center of each of the “simple com-
ponents” of A is a separable field extension of F (see, for example, Theorem 35 of
Chapter 5 in [14]).

In particular, if F is a perfect field then every finite-dimensional semi-simple al-
gebra over F is separable. Finite fields, fields of characteristic zero and algebraically
closed fields are perfect (Exercise 13 in section 6 of chapter V in [15]).

A subalgebra A of L£(V) is said to be separable, if the semi-simple algebra
A/Rad(A) is separable.

Theorem 27 (Wedderburn’s Principal Theorem). Every separable subalgebra of
L(V) is a cleft algebra.

Corollary 28. IfV is a vector space over a perfect ¥, then every subalgebra of
L(V) is a cleft algebra.

Theorem 29 (Malcev [7]). If A is a cleft subalgebra of L(V), then for any two
Wedderburn factors S and T of A there is an element N of Rad(A) such that

T =(T—-N)"'S(T - N);

(where the use of I is formal if T ¢ A, with (Z— N)"' =T+ N+ N?+ ...+ NP,
where NP*1 =0).

With this in mind, one can see how our Theorem 21 yields the following.

Corollary 30 (Spatial Wedderburn’s Principal Theorem). If V is a vector space,
then every cleft subalgebra A of L(V) has an unhinged standard block-upper-
triangular form with respect to a direct sum decomposition of V.

In fact more is true: if A has a reduced block-upper-triangular form with respect
to a given direct sum decomposition of V, then after a block-upper-triangular sim-
ilarity A has an unhinged standard block-upper-triangular form with respect to the
same decomposition.

Consequently, if A is block-upper-triangular with respect to a given direct sum de-
composition of V, then after a block-upper-triangular similarity A has an unhinged
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standard block-upper-triangular form with respect to a refinement of the original
decomposition.

Corollary 31. If a subalgebra A of L(V) is a cleft algebra and S is any Wedderburn
factor of A then there is a direct sum decomposition of V with respect to which A
has an unhinged standard block-upper-triangular form, with S being the set of the
block-diagonal elements of A.

Proof. Pick a decomposition V = V; + Vo + V3 4+ ... + Vi with respect to which
A has an unhinged standard block-upper-triangular form (see Corollary 30). The
set of elements in A that are block-diagonal with respect to this decomposition is
a Wedderburn factor Sy of A.

By Theorem 29 there is an invertible 7" which is block-upper-triangular with
respect to the decomposition V = V; +Vy + V3 +...+V;, and is such that T-1ST =
So.

Then A has an unhinged standard block-upper-triangular form with respect to
the decomposition V = TV; + TV, +TV5 + ... + TV, Indeed A has a reduced
block-upper-triangular form with respect to this decomposition, since 771 AT has
a reduced block-upper-triangular form with respect to V =V +Vo +V3+... 4+ V.

Furthermore, since every V; is invariant under Sy, every T'V; is invariant under
S, so that elements in S are block-diagonal with respect to V = TV +TVo +TV3+
TV

Since A = S+ Rad(A), it follows that A has an unhinged standard block-upper-
triangular form with respect to V = TV, + TV, + TV5 + ... + TV with S being
the set of block-diagonal elements of A.

|

Corollary 32. If a cleft subalgebra A of L(V) has a reduced block-upper-triangular
form with respect to a given direct sum decomposition of V, then it contains
idempotent elements G<'> with the properties described in Corollary 14.

Proof. ' By Corollary 30 there is an invertible S, block-upper-triangular with re-
spect to the given decomposition, such that S~'.AS has an unhinged standard
block-upper-triangular form with respect to the same decomposition. The Wed-
derburn factor S of S~'AS has minimal central idempotents G<">, as described
in the Observation 20, which correspond to the structure of the “index linking”
of the diagonal blocks of §. Since we have already noted in the Observation 15
that the structure of the “index linking” of the diagonal blocks is not affected by
a block-upper-triangular similarity, we can obtain the required idempotents G<*>
in A by setting

G<i> def §a<i>g-1

3. Some applications

We use Corollary 30 extensively to explore the structure of paratransitive ma-
trix algebras in articles [1] and [2]. Let us demonstrate another application of the
theorem presently.

LA proof of this result can be also extracted from our proof of Theorem 21 in the last section of the paper.
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First let us remind the reader of the following standard (finite-dimensional) re-
sult.

Proposition 33. The only non-zero L(W)-L(V)-bimodule of LV, W) is LIV, V)
itself.

Observation 34. Suppose that the underlying field is algebraically closed and a
subalgebra A of £(V) has an unhinged standard block-upper-triangular form with
respect to a decomposition

V=VI+Vo+Vs+...+ V.

We write S for the block-diagonal Wedderburn factor (i.e. the block-diagonal) of
A.

The linear subspace A;;, is a left A;-submodule and a right A;;-submodule of
L(V},V;). This is because (S.A) - = A Aqj, and (.AS)H = A;jAjj.

i v

Since we have restricted our attention to the case of an algebraically closed field,
Burnside’s theorem implies that for each i, A;; is either equal to £(V;) or is {0}
(in which case dim(V;) = 1).

Thus by Proposition 33 we can conclude that A;; is either £(V;,V;) or {0}, for
all 4, j.

Observation 35. Combining the results of Corollary 30, Theorem 23 and Corol-
lary 14, we can see that for a subalgebra A of £(V), besides the number of sub-
spaces in any decomposition of V with respect to which A has a reduced block-
upper-triangular form being intrinsic, the linking pattern between the subspaces is
intrinsic as well. In other words, the type of the partition I'y, ', ..., I',, of the in-
dices of the decomposition, as described in Corollary 14, including the dimensions
of the subspaces corresponding to the indices in each part is intrinsic.

Notation 36. Given a subalgebra A of £(V), let us denote by p(.A) the number
of subspaces in any decomposition of V with respect to which A has a reduced
block-upper-triangular form.

Theorem 37. When the underlying field is algebraically closed, the following are
equivalent for a subalgebra A of L(V):
w(A)—1

(1) (Rad(4))  #{0};
(2) There is an element R € Rad(A) such that R~ # 0.

Proof. First of all, it is obvious that an algebra generated by A and the identity
transformation is a cleft algebra with exactly the same radical as A; (see, for
example, Proposition 19). Thus, using Corollary 30 we may assume without loss
of generality that A is already unital, and has an unhinged standard block-upper-
triangular form with respect to a decomposition V = Vi +Vo4+V34-... 4V, , , which
shall be fixed for the remainder of the proof. Let us write S for the block-diagonal
compression (i.e. the corresponding Wedderburn factor) of A.

The implication (2) = (1) is trivial. To demonstrate the validity of the converse,

n(A)—1

let us suppose that (Rad(.A) # {0}. Proposition 19 and a standard property
of strictly block-upper-triangular p(A) x u(A) block-matrices dictate that for R €
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Rad(A),

pn(A)-1

=0 <= H Rii—i—l =0 (4)
=1

n(A)—1

R

Thus the hypothesis implies that A;;+1 # {0} for every i, and therefore
Aiiv1 = LVig1, Vi), (5)

by Observation 34.

If A contains an element A such that A;;41 = 0 and A; ;41 # 0, we shall say
that the index j is “independent” of the index ¢. Let us note that the relation thus
defined is symmetric. Indeed, if A is as described, then

{ (Bii+1,Bjj+1) | B € SAS } ={0} x AjjAj 141011
= {0} x L(V)j)Ajj+1L(Vj+1)
= {0} x L(Vj+1,V)).

The last equality holds because A; j+1 # 0, and so L(V;)A; j+1£(Vj+1) is a non-zero
L(Vj) — L(Vj41)-bimodule of L(Vj41,V;); (see Proposition 33).
Therefore

{ (Bii+1,Bjj+1) | BE A} = (Aii+1 X {0}) + ({0} X E(VjJrlij))
= (£, < {0}) + ({0} x L0521, Vy))
= LViy1, Vi) x LVj11, V),

and in particular ¢ is “independent” of j, so that the symmetry of the relation has
been established. In fact we have demonstrated that

1 18 independent of j <~ { (Bii-i-lijj-i-l) | BeA } = [,(VH_l,Vi)X,C(V]q_LVj).

(6)

Suppose that either ¢ is unlinked from j, or ¢ + 1 is unlinked from j 4+ 1 (in the

sense of Definition 9). We claim that in such a case i and j are independent. First
let us suppose that ¢ is unlinked from 7, but ¢ and j are not independent. Then

{ (Bii,Bj;j) | B€S }={ (B, Bjj) | BeA}=L(V;)xL(V)), (7)

and, by a standard argument (recalling that (5) holds), we conclude that there is
a linear function ¢ : L(V;y1, Vi) — L(Vj4+1,V;) such that

o(Aiiv1) = Ajj+, (8)
for all A € A. Since
BjjAjjr1 = (BA)jji1 = ¢((BA)iiv1) = p(BiiAiir1) (9)
for every A € A and B € S, it follows from (7) that

TAjj1=o(SAii1),
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1 for every A € Aand T € L(V;), S € L(V;). This is impossible in our setting and
é thus is a contradiction.
4 A similar argument shows that the supposition that ¢ is unlinked from j, but
5 141 and j + 1 are not independent, leads to a contradiction as well. Thus we have
6 demonstrated that 7 is linked to j and ¢+ 1 is linked to j + 1, whenever ¢ and j are
7 not independent. In that case the linear function ¢;; : L(Vi11, Vi) — L(Vj+1,V;)
8 satisfying (8) must satisfy (9) and
9
ig Ajj+1C541 511 = (AC)j j+1 = ¢ij((AC)ii+1) = 9ij(Aii+1Ci+1i41),
ig for every A € A and B,C € S.
14 Selecting bases 31, B2, B3, . . ., B4y of Vi,V2,Vs,..., V4 as described in Defi-
15 nition 9, and passing to matrices (with the notation of Definition 9), we see that
16 the corresponding linear function @s; : My, xn,,, — Mp,xn,,,, (here n; = n; and
17 Nit1 = Njy1), must satisfy
18
;g (Bjj)s, (Ajj+1) s, 0,0, (Citrj1) s, = (BAC)jj41) 5, s,
21 = By <<(BAC)M+1)§HM)
22
gi = Pij <<Bz'z'Am+1Ci+1i+1>ﬁﬁﬂi+1)
25 )
26 = Pij <<Bu‘>gi (Aiit1) s, <Ci+1i+1>ﬁi+1>
27
28 for every A € A and B,C € S. Recalling that (Bj;), = (Bi), and
gg <Cj+1j+1>ﬂj+1 = <C7?+”+1>m+1’ because 7 is linked to 7 and ¢ + 1 is linked to j + 1,
31 by (5) we get that
32
33 ¢ij(BAC) = Bg;j(A)C
34
35 for every B € M,,,, A € My, xn,,, and C € M,,,,. ! It is common knowledge (and
36 an easy exercise to show) that the only such linear functions are the scalar multiples
g; of the identity function on My, xn,,,. In particular, we now see that 7 is not inde-

pendent of j if and only if for any bases 81, 82, 83, .. ., Buay of Vi, V2, Vs, ..., V)

ig described in Definition 9, there is a non-zero scalar «;; such that

41

42 ij (Aiit1)s,cn,,, = (Ajiti)s, o, (10)
ji for all A € A. We can therefore conclude that the relation “not independent of”
45 defined (in our setting) in the obvious way on the indices 1,2,3,..., u(A) — 1 is an
46 equivalence relation.

47 It is now mnot hard to see that there are bases B1,02,03,..., 0,4 of
jg V1, V2, V3, ..., Vya), described in Definition 9, which also satisfy the condition

22 <Aii+1>ﬁi<—/3i+l = <Ajj+1>[§j<—/3j+17

gg for every A € A, whenever i and j are not independent. Indeed, start with any
54 choice of bases 81, 82, 83, . . ., Bu(4) described in Definition 9. For each i that is the
55 minimal index in its “not independent of” equivalence class, let ,,,, = 1, and for
56

57

58 Hn other words, ¢ is an (Mp,;, My, ,, )-bimodule map on My, xn; ;-

59

60
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each other j in that same equivalence class define v, | def ;. Then it is clear that
there exist scalars d1,d2,03,...,0,,, such that
- 0141
L1+1 6[ Y

foralll € {1,2,3,..., u(A) — 1}. Multiplying each element of 5; by §; produces the
required new basis ;.
Let us summarize: we can now assume that

<Az i+1>51‘<*ﬁi+1 = <Ajj+1>[‘3j<—/3j+l )

for every A € A, whenever i and j are not independent. Furthermore

{ (Aiit1) s, | AEA } = Mn, xn,s

for every 4, and

{ <<Aii+1>3i<—/3i+l7 <Ajj+1>ﬁj<—ﬁj+l> ‘ AecA } = M”i><”i+1 X MTL_,’XTLJ'-H?

whenever ¢ and j are independent.
Thus

n(A)-1
H R“'Jrl R e Rad(.A)

i=1

w(A)-1

= H P; | P, € My, xn,,,, and P; = P; whenever i and j are not independent

i=1

Taking each P; to be either or [I 0], we see that the latter set is not {0}, and

1
0
so the proof is complete by (4). |

It is certainly known to the algebraists that the use of (. A) is essential in The-
orem 37. For example, consider the nilpotent algebra

Oab c
000 —b
A= 000 4 a,b,c e C

000 0
It is clear that A® = {0}, but A% # {0} since
0100 001 0
0001] ° |000 o | #©
0000 000 O

Yet it is easy to check that T2 = 0 for every T € A.
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The proof of Theorem 37 shows the following as well.

Corollary 38. If the underlying field is algebraically closed, and a subalgebra A
of L(V) has an unhinged standard block-upper-triangular form with respect to the
decomposition V = Vi +Vo + V3 +... +V, , then the following are equivalent:
n(A)—1
(1) (Rad())  #{0};
(2) There is an element R € Rad(A) such that R #0.

(8) There exist bases B1, B2, B3, - -, Bucay of V1, V2, Vs, ..., Vya), as described in
Definition 9, which also satisfy:

(0,) { <Aii+l>ﬁle5i+1 Ac A } = Mnixn¢+1 fO’f’ every i;
(b) There exists an equivalence relation ~ on {1,2,3,...,u(A) — 1} such

that
(i) If i ~ j then

n(A)—1

<Ai’i+1>ﬁi<—Lii+1 = (Ajj+1>/3_j<—ﬂ_j+l )

for every A € A, and if i # j then i is linked to j and i + 1 is
linked to j + 1 (in the sense of Definition 9);

(ii) If i o j then

{ <<Ai7;+1>/373<—/31+17 <Ajj+1>6j<7ﬂj+1) ‘ AcA } = an XMig1 XMnj X1t

n(A)—1
Theorem 39. If the underlying field is algebraically closed, and (Rad(A)) #+

{0} for a subalgebra A of L(V), then A is unicellular, i.e. the lattice of the invariant
subspaces of A is totally ordered by inclusion.

Proof. Without loss of generality we may assume that A contains the identity trans-
formation. By Corollary 30, A has an unhinged standard block-upper-triangular
form with respect to some decomposition V =V; +Vo +V34... +V, . As usual
we denote by S the block diagonal compression of A.

Let us write £; for Vi + Vo + Vs 4+ ...+ V,, with i = 1,2,3,..., u(A), and we
shall let £y = {0}. Then each £; is an invariant subspace for .A. We claim that

is the complete list of the invariant subspaces for A; equivalently, that for each j
the only invariant subspaces for A inside £; are the spaces Lo, L1, L2, L3,...,L;.
(Once this is verified the proof is complete.)

To this end, as part of a proof by contradiction, suppose that jy is the smallest
index for which the latter claim is false. Clearly jo > 1 since 411 is an irreducible
algebra. Suppose that W is an invariant subspace for A which is contained in £,
but which is not one of Lo, L1, L2, L3,..., L, .

Then W is not a subset of £, _,, and so W contains an element of the form
r+v, wherex € L, and 0 #v €V, . Let R be an element of Rad(A) such that

R"™" £ 0, the existence of which is guaranteed by Theorem 37. By (4) it follows
that R, # 0. Since A, , = L(V, ), there is an A € S such that

Jjo—1 Jjo

A, v ¢ kernel(R

Jod jo—1 jo)‘
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Then

RA(x+v)e L, ., NW, and RA(z+v) ¢ L,

Jjo—2?

so that ARA(x + v) is a non-zero subspace of £, N W, and is invariant under A,

Jjo—1
but is not contained in £, _,.

By the definition of jo, it must be that ARA(z+v) = L, _,, but since ARA(z+v)
is a subspace of £, , NW, we must have £, | CW.
In particular then v € W, and thus V, = Sv C W.
Consequently
Ejo - Eﬂ'o—l + Vjo W g EJ'O’
which is a contradiction, and the proof is complete. |

4. The proof of the main result

Let us finally proceed to the proof of Theorem 21. We start by presenting some
auxiliary results needed for the proof.

AB

Lemma 40. If [0 c

false.)

] is diagonalizable, then so are A and C. (The converse is

Proof. This is a standard undergraduate exercise. A matrix is diagonalizable if
and only if its minimal polynomial is a product of distinct linear factors; (see, for
example, Theorem 6 in section 6.4 of [16]). Obviously, the minimal polynomials of

A and C divide that of [gl g} . [ |

Lemma 41. Suppose that D € M, (F) is a diagonal matriz, « € F, and v € F".

Then [D v

0 Oj is diagonalizable as a matriz in My, +1(F) if and only if

v, =0 whenever D, =a.

Proof. Let T be the matrix in question. After applying a similarity generated by
a matrix of the form

PO

01|’

where P is a permutation, we can assume that D has a block form
D,y 0
0 oZ|’
where o does not appear on the diagonal of Dy, and we allow a possibility that
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:2L either Dy or aZ is absent altogether. After writing
3
4 D1 0 V1
5 T=1|0 aZvy|,
6 0 0 «
7
8
9 we invoke Lemma 40 to conclude that [QOI 2| must be diagonalizable, but since «
10
11 is the only characteristic value of this matrix, this can only happen if the matrix is
12 already diagonal. Hence v is either absent or zero, and the proof is complete. W
13
14 Theorem 42. If C is an abelian collection of diagonalizable upper-triangular ma-
15 trices in M, (F), then there is an upper-triangular invertible S € M, (F), such that
i? S~LAS = Diag(A), for all A€ C.
18
19 Proof. The proof is by induction on n. The result is trivially true when n = 1.
20 Assume that the theorem holds for some n. We shall demonstrate its validity for
21 n + 1. Suppose C C M,,+1(F) satisfies the hypothesis of the theorem.
22 The span W of the first n standard basis vectors eq, €2, €3, ..., €, is a common
23 invariant subspace for C, and the restriction C11 of C to W is a collection satisfying
gg the hypothesis of the theorem within M, (F) (by Lemma 40). Therefore by the
26 inductive assumption there exists an upper-triangular invertible S € M, (F) such
27 that S71A11S = Diag(A11) for every Ay € Ciy.
28 Let us express matrices in M,,41(F) as block-matrices with respect to the decom-
29 position W + span (e, +1) of the underlying space. Then, for every A € C,
30
g; [SO}_lA[SO] N\ [D v]
33 01 01 0 «
34
35 where
36
37 DO .
38 [0 OJ = Diag(A).
39
32 Therefore we can assume without loss of generality that every element A of C
42 already has the form
43
44 D, v,
45 0 a,l’
46
j; where D, is an invertible diagonal matrix in M, (F) and «a, is a non-zero scalar.
Note that
49
50 B
51 T —x Dyv,||(T-2| _|Zz||Dyv,| |~z _|Dyv,—(D,-,I)x
52 01 0 a,| |01 010 «,| |0 1 0 o,
53
gg In particular, to complete the proof it is sufficient to demonstrate the existence of
an x such that
56
57
58 (D, —a,l)x=wv, (11)
59
60

URL: http:/mc.manuscriptcentral.com/glma Email: lama@math.uregina.ca

21



April

rems(LAMA13°06'13)Adjusted

©CoO~NOUTA,WNPE

18,

2014

Linear and Multilinear Algebra SpatialWedderburnTheo-
Linear and Multilinear Algebra

for all A € C. Since D, — a,Z is a diagonal matrix, this amounts to showing that,
for each j, there is a scalar x; such that (with a slight abuse of notation)

LE 5 v for every A € C
(DA_aAI)jj 7 0 Ve .

Equivalently, we can verify that

(vo), =0 whenever (D) =«

33

(12)

co

and that
D, —a,I)v,=(D, —a,Z)v, foral A, BeC. (13)

It is easy to see that (13) is simply the statement that C is abelian, and hence
true. The validity of (12) is a direct consequence of Lemma 41.
|

Remark 43. It is well known (see for example Theorem 1.3.19 in [17]) that for
collections of diagonalizable matrices, simultaneous diagonalizability is equivalent
to the commutativity of the collection. What Theorem 42 demonstrates is that
in the case of diagonalizable upper-triangular matrices the simultaneous similarity
can be implemented by an upper-triangular matrix.

Since idempotents are always diagonalizable, and it is clear that matrices E;
satisfying the hypothesis of the following lemma must be idempotent, the lemma
is a direct consequence of Theorem 42.

Lemma 44. If Ey, Ey, Es, ..., Ey, are upper-triangular matrices in My, (F), such
that

ZE’L :Zn
BiE; =0 for i+,

then there is an upper-triangular invertible S € My(F), such that S~'E;S =
Diag(E;) for every i.

Remark 45. A standard undergraduate exercise demonstrates that the result still
holds true if the hypothesis F;E; = 0 for 7 # j in Lemma 44 is replaced by the
hypothesis that F has characteristic zero, since for such fields the prior hypothesis
can be actually recovered from the fact that the idempotents add up to the identity;
(see for example Exercise 10 in section 6.6 of [16]).

We are now ready to present the proof we have been working towards.

Proof of Theorem 21. First of all, the algebra generated by A and Z is still semi-
simple, and by passing to that algebra we may assume without loss of generality
that A contains Z.

Next we argue that if we can prove the theorem under a stronger hypothesis that
A has a standard block-upper-triangular form with respect to a given decomposi-
tion of V, then the desired theorem can be deduced with little work.

Indeed, by Theorem 13 there is a block-diagonal invertible S such that S~1'.A4S
has a standard block-upper-triangular form with respect to the given decomposi-
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tion. From the “stronger hypothesis result” we would deduce the existence of an
invertible block-upper-triangular T such that

T~Y(S™'AS)T = BlockDiag(S~'AS) = S~!(BlockDiag(A))S
for every A € A, which shows that T~ AT = BlockDiag(A), where
T=8TS"'= block-upper-triangular,

as required.

So, for the rest of the proof we assume that A has a standard block-upper-
triangular form with respect to the given decomposition of V.

Since A is block-upper-triangular and semi-simple,

AecA
BlockDiag(A) = 0} = A€ Rad(A) = A=0. (14)
Since A has a standard block-upper-triangular form, we can consider elements
G~ of A described in Definition 9 (i = 1,2,...,m). The fact that Z € A im-
plies the existence of G~ for every i. Let {t1,t2,t3,...,t;,n} be a complete set of
representatives of the partition I'y,I'2,I's, ..., 'y,

<t;>

Note that for ¢ # j, BlockDiag (G G<tj>) =0andso GG =o.
Similarly Block‘Diag(Z G™"7) =T, so that Block:Diag(Z G —I)=0and
i i

thus Z G =1,

Given bases (1, B2, 83, . .., B of Vi, Va, Va, ..., Vj respectively, each G~ is rep-
resented by an upper-triangular matrix in M, (F) with respect to the corresponding
basis of V. By Lemma 44 there is an upper-triangular similarity that turns to zero
the off-diagonal entries of the G~ ’s. Applying this similarity to A, we may as-
sume without loss of generality that each G~ is block-diagonal with each diagonal
block being either Z or 0. Using the notation of Definition 9 we further observe
that

<t;>

G

i =ZI<=jeTl;<=iandj are linked.

For the rest of the proof G~ stands for G~ such that p € I';.
Next we induct on k. The result is trivial when & = 1. Assuming that the theorem

holds true for k — 1 (k > 2), let us verify its validity for k£ as well. The subspace

y & Vi+Va+Vs+. ..+ Vg1 is invariant under A, and the restriction A, of A to V

satisfies the assumption in the inductive hypothesis, so that we can conclude that
there exists an invertible 7" € £(V) which is block-upper-triangular with respect to
the decomposition V = V; + Vo + V3 + ...+ Vi1 and such that

T~YAT = BlockDiag(A)
for every A € A,,.
The appropriate direct sum S € L(V) of T' and Z, is block-upper-triangular
with respect to the decomposition V = V; + Vo + V3 + ...+ V;, and

S~1AS = BlockDiag(A)
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for all A € A, so that after passing to S~1AS we may assume without loss of
generality that every element of A has a block-matrix form

(A1 0 0 ... Ay]
0 Ay 0 ... Ay
0 0 A33 e Agk (15)

i O 0 0 ... Akk_
There are two alternatives: either k is linked to some i € {1,2,...,k — 1}, or it
is not.
Consider the latter case first. In this case G~ has the block-form

[0 0 0...0]
00 0...0
000..0
(0 0 0..T]

<k>

and therefore for every A € A, BlockDiag (AC¥<k> -G A) = 0, so that by (14)

AGTT = G<k>A, which demonstrates that

Ayg = A=Azt = ... = A1, = 0.

In other words, in this case every matrix in A is block-diagonal already and there
is nothing left to prove.

Let us now deal with the case that k is linked to some i € {1,2,...,k—1}. To sim-
plify notation, let us assume that an appropriate choice of bases 31, 82, 53, . . ., Bk
of V1,V2, Vs, ..., Vy respectively has been made, so that (A;;), = (Agk), for all
A € Aif i is linked to k. We shall now treat A as an algebra of block-matrices
with matrix blocks, where A;; € My, xn, (F) for each A € A. Since for i linked to
k, dim(V;) = dim(V}), we have n; = ny, for all such i.

Consider the subalgebra G~ AG™ of A. For each B e G~~~ AG™

B — By, if 7 is linked to k
"7 10, otherwise ‘

In particular, if Byy = C for some B,C € G~ AG™" then BlockDiag(B—C) =
0 and so B = C by (14). It follows that for each i linked to k, there exists a linear
transformation ¢; : Agr — A such that A, = ¢;(Agk) for every A € A.

Hence if i < k and ¢ is linked to k, then for all A, B € A:

Gi(ArkBir) = ¢i (AB)y,) = (AB),;, = Ay Bir + A Bri = AgpBir + A B
= Ak di(Ark) + ¢i(Ark) Brr

which shows that for all such ¢, the transformation ¢; is a derivation.
Being an irreducible algebra, Ay is a unital semi-simple subalgebra (see Propo-
sition 4) of the central simple algebra M, (F), and therefore each ¢; is an inner
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:2L derivation on M, (F') by Theorem 6. Hence for each i (< k) linked to k there exists
3 Si; € My, (F) such that A;, = ?bz(Akk) = AppS; — S; A for all A € G<k>AG<k>.
4 Consider
5 - -
6 Z 0 0 ...Tu
7 0 Z 0 ...Ty
g T—10 0 T . Ty
0 :
11 0 00 7z
12 B B
13
14 where
15
16 T — S, if i<k and ¢ is linked to k
17 * =0, otherwise
18
19
20 Such T is invertible with
21
22 (7 0 0 ...-Ty]
gi 07 0...—Ty
o5 Ti=|0 0 T ... —Ts,
26 ' :
27 0 0 0 T
28 - -
29
30 and it is easy to check that for all A € G~ AG™: TAT™! = BlockDiag(A).
31 In particular ¢ T =G and TG AG " T ' =c"TAT 'G™".
gé After passing to TAT~! we may assume without loss of generality that every
34 element of G~ AG™" is block-diagonal, i.e. A;;, = 0 for every A € A and every
35 i (< k) linked to k.
36 Since we have assumed that k is linked to at least one other index, let us write
37 ip for the smallest such index. The elements of A have the form described in (15),
38 and therefore the subspace U of V with the direct sum decomposition
39
40 i
41
p U= z; Vi (16)
43 iio
44
45
46 is invariant under A, and the restriction A,, of A to U satisfies the assumption in
47 the inductive hypothesis, so that we can conclude that there exists an invertible
48 T € L(U) which is block-upper-triangular with respect to the decomposition (16),
49 and such that
50
o1 T~YAT = BlockDiag(A)
52
53
o4 for every A € A,.
22 The appropriate direct sum S € L(V) of T" and Z,, is block-upper-triangular
57 with respect to the decomposition V = Vi + Vo + V3 + ...+ Vy, and all elements of
58 S—1AS are block-diagonal. This completes the proof. [ |
59
60
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