ON INVARIANT SUBSPACES OF DIVISION ALGEBRAS
By SHIGEMOTO ASANO

1. Introduction.

The well known Cartan-Brauer-Hua theorem states that if a division subring 4
of a division ring D with center Z is invariant relative to all inner automorphisms (in
short, invarviant), then either 4=D or 4CZ (see for instance [16], p. 186). Relating to
this theorem, Hattori [10] proved: If T is an invariant subring of a (not necessarily
finite dimensional) simple algebra A over a field @ satisfying the minimum condition
for left ideals, then either 7=A or TS Z, Z being the center of A, with one exception
(the case when A is a matrix ring of degree 2 over Z=GF'(2)). Similar (but somewhat
more general) results were obtained by Kasch [19] independently. Namely, he proved
that if U is an invariant submodule of the ring A of all linear transformations of a
left vector space V over a division ring D with center Z, then either UCZ® or BC U,
where B=the submodule generated by {De;,, i=j; D(eii—ej;;); [dy, d:lew, di, d2€D}.
Here, it is assumed that the left dimension [V': D]; of V over D is not 1, and not
both [V:D]=2 and D=GF(2); e:; (i, j=1, 2, ---) is an element of A which maps #,
to #, and other ux to 0, u,(i=1,2, ---) being a basis of V over D; and finally,
[d:, d»] denotes the commutator did;—d»di. From this he derived, in the case when
n=[V:D]:<oo, the same result on invariant subrings as Hattori’s.

These results have been further generalized by a number of authors ([2], [5],
[13], [21]). In particular, Amitsur [2] showed that if A is a simple algebra with
center Z over a field @®xGF(2), containing an idempotentx1 and A is not a
4-dimensional algebra over a field of characteristic 2, then for every invariant
subspace U of A it holds either UcZ or [A, Al=the submodule generated by
{ay, a2]; @1, az€ A} U. From these results, however, we cannot deduce a cor-
responding one on invariant submodules (or subspaces) of division rings, since the
proofs of them essentially utilize the assumption that the ring in question has at
least one non-trivial idempotent.

The main purpose of this paper is to prove: If M is an invariant subspace of
an algebraic division algebra D with center Z over a field @, then either MCZ or
[D, DIcM. The finite dimensional case is of particular interest, and for this case
we give a quite self-contained proof (up to the classical theory of finite dimensional
simple algebras). In the proof of the general case, nevertheless, we need a theorem
of Herstein [11] on the Lie structure of simple rings. We also prove a result which
is in a sense a sharpening of another theorem of Herstein [12]. That is: Every
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1) D is regarded to be a subring of A, as usual.
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non-central element ¢ of a non-commutative and infinite dimensional division
algebra D over an infinite field @ has an infinite number of conjugates which are
linearly independent over @. This and some other results (one of them is a
characterization of [D, D], where D is finite dimensional over the center Z, and
another one is the normal basis theorem for finite dimensional central simple
algebras) are obtained through a series of discussions which constitute the proof of
the main theorem.

2. Preliminary results on subspaces of a division algebra.

One of the basic ideas of this paper is to notice certain “linear separability ”
property of subspaces of a division algebra D, relative to right (or left) multiplica-
tions by elements of D. In this section we give a number of results concerning
this property. These results will be useful in later sections.

Let D be a (not necessarily finite dimensional) division algebra over a (com-
mutative) field @. If S is a subset of D and « is an element in D, we write
Sa[aS] for the subset {sa; seS} [{as; seS}]. We first prove the following

ProrosiTiON 1. Let D be a division algebra over a field @. Let a be an
arbitrary element of D and let M and N be two O-subspaces of D such that
M-~ N=0. Suppose card @, cardinal number of ® as a set, is greater than the
dimension [M:®] of M over ©. Then there exists at least one element & in ©
satisfying M(E+a) ~N=0. If moreover @ is an infinite field, then theve exist
infinitely many elements in © with this property.

Proof. If ae®, the proposition is trivial. Hence we assume ¢¢®. Now consider
a subspace

V(O=WME+a)~N) E+a)

of M, for each element ¢ in @®. We shall see that {V(§); &e®@} is an independent
set of subspaces of M.? Thus assume that s exe V(6),~V (&) contains a non-
zero element x, for some &e®@. Then we can write x=x,-+---+z, where z:€V (&),
&; being a finite number of different elements of @®. Assume this expression of z
is a shortest one. Then it is clear that z; are linearly independent over @. From
the definition of V'(&), we have zi(&i+a)eN, hence X&xi+(2xi)a=2Ex;+xacN.
Since on the other hand z(&+a@)=&2x;+zaeN, this implies X(&;—&)z;=0 and,
since z; are linearly independent, &=§&,(i=1,2, ---,#), contrary to assumption.
Now, by the assumption card @>[M:®], it is clear that @ contains at least one
& such that V(£§)=0, ie. M(¢+a)~N=0. The last statement of the proposition
follows immediately from the same argument.

2) See for example Jacobson [16], p. 60. Also, we shall say at times simply subspaces
instead of saying ®-subspaces, if there 1s no possibility of misunderstanding.
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Applying the proposition just proved, we have the following result.

ProposiTiON 2. Let D be a division algebra over @, let L and N be two linearly
independent O-subspaces: L~ N=0, and let H be a subspace of N. Assume that for a
non-zero element a of D the subspaces L, N, Ha are linearly independent (that is, the
sum of them is divect). Then there is at least one £€® such that (L+H) (6+-a)~N=0,
provided that card O>[L: D). If, moveover, D is an infinite field then ® contains
infinitely many elements with this property.

Proof. Since L~ (N+Ha)=0 and card @®>[L : @], Proposition 1 shows that there
exists an element &e@ such that L(é+a)~(N+Ha)=0. From this we have
Lé+a)~(N+HE+a)=0, for HE+a)SN+Ha by the hypothesis. On the other
hand, N~Ha=0 and HCN clearly imply H(é+a)~N=0. We can verify directly
that the element £e®@ has the required property. The last assertion concerning the
case of infinite @ follows from Proposition 1.

ReMARK. In Propositions 1 and 2 we confined ourselves to the properties of
subspaces of a division algebra D relative to the (right) multiplications by elements
of D. But, it is possible to generalize the propositions somewhat. In fact, we
may replace D by an arbitrary vector space V over @, and M, N, etc. by sub-
spaces of V. (Thereby the multiplication by an element @eD is replaced by an
@-isomorphism ¢ of a pertinent subspace (M, etc.) into V)

We can now prove

THEOREM 1. Let D be a division algebra over @, M a finite dimensional sub-
space, N an arbitrary subspace. Suppose that [D— N:@1=[M: D], D—N being the
difference space of D modulo N, and that card @>[M:9]. Then there exists a
non-zero element a in D such that Ma~N=0. If moreover @ is an infinite field,
then D has infinitely many elements with this property. Finally, if K is a proper
division subalgebra of D, then these elements can be chosen outside of K.

Proof. The last two statements are direct consequences of the first assertion
and Proposition 1. Hence it suffices to prove the existence of a non-zero aeD with
Ma, N=0. If M- N=0, we can take a=1. We assume therefore M -~ N=0.
Now let b be a non-zero element of D, and suppose V=Mb~N=0. Let L denote
a complementary @-subspace of V in Mb: Mb= V@®L (direct sum). Then L~ N=0
and L+ N is a proper subspace of D. It follows that for any element =0 in V
we can choose an element ¢ in D such that zc¢L+N. Clearly c¢®. Let H'(=0)

3) This result was proved by the present author ([4], Proposition 2) under the assump-
tion [D:@]< oo, and used to deal with a different problem. For the sake of completeness,
we include the proof here, which 1s a modification of the original one, Cf. also footnote 4.
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be a complementary subspace of Ve ~(L+N) in Ve. We set H=H’c™'. Since
L, N, Hc are linearly independent and HC VC N, Proposition 2 can be applied.
(Note that [L:@]<[L+V:®@]=[M:®]<card @.) The conclusion is that there is an
element & in @ with (L+H) (§+c¢)~N=0. On the other hand, if we set b(§-+c)=d,
then dx0 and (L+H)(E+c)cMd, for L+HSMb by definition. From these
we can easily verify that [Md~N:01<[V:0]=[Mb~N:®].  Applying this
arguement successively, we can construct a sequence of non-zero elements of
D: {a=1, a,, as, ---} satisfying

[Mai~N:01>[Mai.,~N:P] (=12, ).

But, the construction must break off in a finite number of steps, since the dimen-
sions [Ma;~N: @] does not exceed [M:®] which was assumed to be finite. Thus
we must have Ma;,~N=0 for some 4 This completes the proof.

In Theorem 1, the assumption of finiteness of [M: @] is not superfluous. In
fact, consider the rational function field R(x) of one variable over the field R of
real numbers. The ring R[z] of all polynomials in z is an R-subspace of R(z). If
we set D=R(x) and M=N=R[z] then the conditions of the theorem are satisfied
except [M:®@]<oco. But the conclusion of the theorem does not hold, since for any
non-zero e€D we have Ma ~N=0.

By specializing our result to the finite dimensional case we have the following

CoroLLARY 1. Let D be a division algebya over © with [D:9Pl=n<co and let
M and N be D-subspaces of D. Suppose that @ contains at least [n/2] elements.”
Then there exists an element a~x0 in D such that Ma ~N=0 or Ma+N=D,
according as [M:O1+[N:@l<n or [M:O@)+[N:D1>n, respectively. If ® is an
infinite field then D has an infinite number of such elements. If moreover K is a
proper division subalgebra of D then these elements can be taken outside of K.

We note at this place that if A is a @-algebra and if the subspaces of A
have the property described in the corollary relative to the multiplications by
elements of A, then A is necessarily a division algebra.

COROLLARY 2. Let D be a division algebra over @ such that [D:®@]=o0;
assume that O is an infinite field. If M is a finite dimensional subspace of D
over @ then Ma~M=0 for infinitely many elements a in D. Moreover, if K is a
proper division subalgebra of D then these elements can be taken such that a¢K.

Proof. Take N=M in the theorem. The conditions of the theorem is obviously
fulfilled.

4) [#/2] means the greatest integer <n/2. In [4], the result (cf. footnote 3) was
stated in the form of this corollary, in the case when M and N satisfy [M: @]+[N: ®]=n.
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We remark finally that the arguements and the results of this section remain
still valid if we replace right by left everywhere. (In Theorem 1, for example, we
may replace Ma by aM).

3. Invariant subspaces of arbitrary and algebraic division algebras.

Let D be again a division algebra over a field @ and let Z be its center. As
usual we identify @ with a subfield of Z: #<Z. We call a submodule U of D an
invariant submodule if U is mapped into itself by every inner automorphism of D.
An invariant (@-) subspace of D is defined similarly. It is obvious that the sub-
space generated by an invariant submodule is invariant. Also, every submodule
(or subspace) of Z is invariant; in view of this we shall henceforth assume D to
be non-commutative.

The starting point of our considerations on invariant subspaces is a simple
arguement concerning inner mappings in an arbitrary division ring, which goes
back to Brauer [6]. For the convenience of later references, we shall briefly
summarize Brauer’s method and obtain, by modifying it slightly, an almost obvious
but useful identity.

Let @, x be two elements of D and assume «¢4®. Then we have the relations

ax=(xI)a® and (a+1Dx=(xle1) (@+1).
By subtracting the first from the second one obtains
(Bl) x—xla+1=(xla+1—xla)a.
Now take a-+&, where & is an arbitrary non-zero element of @, instead of a-+1.
Then in the same way we have &x—xly.¢)=(xloi¢e—xl)a. From this it follows
readily that (zlo—xlsie) (@+&)=E(xl,—2) and finally
(B2) § N wla—alore)=(xlo—2) (@+8)7

Observe that the relation (B,) will remain valid if we assume @¢¢Z and &(x0)eZ.®
Now let D be an infinite dimensional division algebra over an infinite field @,

5) I, is the inner automorphism in D defined by a: x—axa!; xl, represents the
image of x under the automorphism 7, etc.

6) Starting from the relations ze=a(xl,') (where I,’ denotes the inner mapping
r—a-za) etc., we can also derive similar identities: (B)) x—xIlj+=a(xliy—xl,') and
By)' &V xla' —xlire)=(a+&)Yzls'—z). In (B;) we make substitutions: £=1, ¢+1=¢’ and
x-1=z'; then if ¢’ and 2’ are such that o'z’ z'a’ we have the relation

o' =(2'1—(a' = 1)z’ Yo' —1))(@' 1z’ 1a' — (¢’ — 1)1z’ a'— 1)) L.

This is nothing but the jdentity which was the starting point of Hua’s [14].
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M an invariant subspace such that Md¢Z. Suppose that x is a non-central element
of M. Then Vp(x)” is a proper division subalgebra of D. Let ¢ be an arbitrary
element not contained in Vp(x). Then by (B, we have x—xly1=(xlo1—xls)a=0,
which implies that M-~Ma=0. Corollary 2 to Theorem 1 now shows that we
must have [M:®]=co. This proves the following

THEOREM 2. Let D be a division algebra over an infinite field © such that
[D:@l=c0, and M an invariant subspace of D. Then we have either MCZ, the
center of D, or [M:9P]=o0.

The following result is, in the case of infinite dimensional D, a sharpened
form of a theorem proved by Herstein [12],® which states that every non-central
element of a division ring has infinite conjugates.

COROLLARY. Let D, D, Z be as in the theovem. Then every non-centval element
a of D has an infinite number of conjugates (i.e. elements of the form alq, deD)
which are linearly independent over the base field 9.

Proof. Let M be the subspace generated by all conjugates of . Since M 1s
invariant and M¢Z, we have [M:@]=co by the theorem.

As usual, the additive commutator ab-—ba of two elements «, beD is denoted
by [a, b]. Also, if U, V are submodules of D, [U, V] shall mean the submodule of
D generated by all [«, v] where ueU, veV. If aeD and U is a submodule then we
define [a, Ul={[a, «]; ue U}; the definition of [ U, «] is similar. Clearly [U, V1=[V, U]
and [a, Ul=[U, a]. [U, V] and [a, U] are subspaces when U is a subspace.

We now proceed to prove

ProrosiTiON 3. Let D be a divsion algebra over ©, a an algebraic element
of D relative to © and M an invarant subspace of D. Suppose @ has at least
[P(@) . D] (=degree of a) non-zevo elements. Then M contains the subspace [a, M].

Proof. Let x be an element of M. We have to show that [e, x]=ax—za is
in M. If x commutes with @ then certainly [«, z]=0eM. Otherwise, we have
ax>zxa; when that is so, clearly both ¢ and x are not in Z, the center of D. Now
let [@(a): Pl=s (finite) and let &, &, .-+, & be s (distinct) non-zero elements of .
Then, by (B:), we have

(@lo—2) (@+&) =6 (wlu—xlare)eM 1<iLs).

7) If S is a subset of D, we denote the totality of those elements in D that are
commutative with every element of S as Vp(S). This 1s clearly a division subalgebra of

D containing Z.
8) Cf. also Faith [7], [8].
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But (a@-+&:)~! are s linearly independent elements of @(¢) over @.” From this it
follows that

(lg—x)P(a) S M,
which implies, specifically, that (zl,—x)a=ax—za lies in M.

Next we assume M<¢Z and e¢Z. Then there exists at least one element zeM
which does not commute with a. To see this, we need only to note that the
division subalgebra generated by M is D itself,’® and so that Vp(M)=Z. Set
v=xl,—x. Then v is a non-zero element of M and we have v@(@)ZM by the
proof of above proposition. Also, since @(a)a=%(a), we have v@(@)SMa. Thus we
have proved the following

LemMa 1. Let D be a division algebra with center Z over @, a an algebraic
element and M an invariant subspace of D. Assume that a&Z, MEZ and © has
at least [P(a) : D] non-zero elements. Then M contains an element vx0 such that
v0(a)S M-~ Ma. The element v can be taken as v=xl,—x where x is any element
of M not commuting with a.

Hereafter we shall be concerned with algebraic division algebras. Suppose D
is an algebraic division algebra over @ (i.e., every element of D is algebraic).
Then we know that if @ is a finite field then D is commutative (Jacobson [15]).
We may therefore assume that @ is an infinite field.

THEOREM 3. Let D be an algebraic division algebra with center Z over an
(infinite) field © and let M be an invariant subspace of D such that MEZ. Then
M contains the subspace [D, M1, which is itself an invariant Z-subspace not con-
tained in Z.

Proof. That [D, M]SM and that [D, M] is an invariant Z-subspace follow im-
mediately from Proposition 3 and the definitions. It remains to prove that [D, M]
is not contained in Z. Let @ be a non-central element of D. By Lemma 1 there is
an element xeM with [a, z]0. If [q, z]¢Z we are enough. If, on the other hand,
[a, x]=2eZ then we have (xl,—x)a*=[a, x]la=2acM, for vP(a)=(xl,—x)P(@)SM by
the same lemma. From this it follows that [D, a]=[D, 2e]<[D, M]. Now suppose
[D, M] is contained in Z. Then [D, M]=[D, DI=Z by what we have just proved.
But the last inclusion does not hold since D is non-commutative.! This con-

9) This fact can be verified easily in a straight-forward manner.

10) Cartan-Brauer-Hua theorem. See for example Brauer [6].

11) In fact: Let [D,D]cZ and let aeD be a non-central element. Then there 1s an
element beD such that eb—bax0. Set ab—ba=2i;, ba—t—a-1b=2, (A, 4,cZ). Then we have
aba-'—b=2,a"'=2a, and hence a?=21,"'¢Z. Since this (22 ) holds for any element of
D, D must be commutative. (Cf. Kaplansky [17].)
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tradiction proves the theorem.

If M is moreover minimal in the sense that there is no proper invariant @-
subspace of } not contained in Z, then our result indicates that M=[D, M](£Z2)
and hence that M is at the same time an invariant Z-subspace.

4. The case of finite dimensional division algebras.

The results of sections 2 and 3 will be now applied to prove the main theorem
of this paper that has been announced in the introduction (section 1). In this
section we shall consider finite dimensional division algebras over the base field @.
As we have seen in Theorem 3, every invariant @-subspace M of a non-commuta-
tive, algebraic division algebra D with center Z over @ (such that McEZ) contains
an invariant Z-subspace that is not contained in Z. In view of this it will be
sufficient if we further restrict ourselves to the case of finite dimensional central
division algebras: Z=®. Our proof below is in close connection with the classical
theory of subalgebras of finite dimensional central simple algebras. We shall also
state some results on these algebras which will be obtained as by-products in the
proof of the main theorem.

Let D be a central division algebra over @ with finite dimension and let the
index of D be s: [D:P]=n=s%. As before we assume that D is non-commutative,
ie. n>1; the center @ has then an infinite number of elements. It is well known
that D possesses a maximal subfield of degree s which is separable over @. In
connection with this, Corollary 1 to Theorem 1 may be sharpened somewhat. The
precise result is the following

LEMMA 2. Let D be a central division algebra of finite dimension n (>1) over
D and let M, N be subspaces of D. Then there exists a separable element a of D
over O such that (1) O(a) is a maximal subfield of D, and (2) a satisfies either
Ma, N=0 or Ma+N=D according as [M:Pl+[N:P1<n or [M:P]+[N:0]>n,
respectively.

Proof. Clearly it suffices to consider the case [M:@]+[N:P]<n. We shall
first prove that D contains a separable element @(=0) over @ such that Mae ~N=0.
By Corollary 1 to Theorem 1 there is a non-zero element b in D satisfying Mb,~ N=0.
If b is separable then we are through. Suppose therefore & is inseparable over @.
Then we have T(b)=0." Now let ¢ be an element of D for which 7'(¢)=0 holds.
(Since the discriminant of D' does not vanish, D contains an element d not
in @ with non-zero trace). We set x=0b"'c. Now Proposition 1 implies that
Mb(E+z) ~N=ME+c)~N=0 for an element ¢ in @. Since T(bé+c)=T(c)=0,
bé+c is a separable element over @. Thus there is a non-zero element @eD which

12) The (reduced) trace function in D.

13) See for instance Albert [1], p. 124.
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is separable over @ and which satisfies Ma~N=0. Now, if @(a) is a maximal
subfield of D then there remains nothing to prove. Otherwise there exists a
maximal separable subfield @(d) of D containing @(z) as a proper subfield. Set
y=a*d. It follows again from Proposition 1 that @ contains infinitely many
elements & such that Ma(é+y)~N=M(@s+d)~N=0. To complete the proof we
have only to observe that the elements ef+d are primitive elements of @(d) except
(possibly) for a finite number of them.

Next we state the following

LemMA 3. Let D be a finite dimensional central division algebra over @ and
suppose [D: @l=n(>1). Then the O-subspace [D, D] is a proper invariant subspace
of dimensionality n—1 over @ :[[D, D]:Pl=n—1. Moreover, an element x of D 1s
in [D, D] if and only if T(x)=0.

This result is generally well known.'*'® It should be noted that ®<[D, D] if
and only if the characteristic of the base field is a factor of .

Now let M be an invariant subspace of D, a central division algebra with finite
dimension #=s*>1) over its center @, and suppose M¢EP. We note that M[D, D]
is also an invariant subspace not contained in @. In fact, from Lemma 1 we have
Ma, M=0 for every element a¢@; this, combined with Corollary 1 to Theorem 1, im-
plies that [M : @]>n/2. Since n>4 and [[D, D]: ®]=n—1, we have [M~[D, D]: ?]>1
and so M ~[D, D]E®. (The fact that M ~[D, D] is invariant is obvious. Cf. also
Theorem 3.) In view of this we shall assume for some time MC[D, D]. Observe
that [M:@]>n»/2 still holds.

By Lemma 2, we can choose an element aeD such that [D(e):P]=s, ie. a 1s a
primitive element of a separable maximal subfield of D, and such that Ma+M=D.
Moreover, we may assume 7(@)=0; this can be seen from the proof of Lemma 2.
(In fact, @(@) contains an element with non-zero trace, even if T(¢)=0.) Note that
this implies @(a)EM since we assumed M<C[D, D].  On the other hand, Lemma 1

14) The proof may be carried out as follows. Let n=s? let {u;; 1l<<i<u} be a basis
of D over @ and let £ be a splitting field of D over @. As is well known, Do=DRel
can be identified with 2 the total matrix algebra over Q. Now it i1s obvious that [D, D]
1s generated by [us, %], 1=<j, j<n; this 1s also true for [Dg, Dol=[R2s, 25]. But the 0-
subspace [2s, 25] of 25 has dimensionality s2—1 over 2 (a simple proof of this fact will
be found in Kasch [19]), and hence the set {[us, u;]; 1<<i, j/<<n} contains exactly n—1 linearly
independent elements. These are of course linearly independent over @, as elements of
D. Thus [[D,D]: @]l=n—1. As to the second assertion we note that T'([a, 5])=0 for all
a,beD. The subset U={x; xcD, T(x)=0} of D 1s therefore a subspace contamning [D, D].
On the other hand, since D contains an element with non-zero trace, we have [U: @]<n—1.
This implies that U=[D, D].

15) The result does not hold for an arbitrary division ring D with center @. In fact,
Harris [9] constructed an example of division rings such that [D, D]=D.
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shows that M contains an element x; which does not commute with @, and that
if my=a1l,—2x, then v,:9(@)SM,~Ma; we have hence [M~Ma:®]>s. From these
we obtain:

2[M : O]=[M : O]+ [Ma : P)=[D : @1+[M ~Ma : ®]>s*-+s,

ie. [M:9]>(s*+s)/2. We shall now prove the following preliminary result on the
dimensionality [M: @].
(P) Under the same assumptions and notations as above, we have [M: ®]>s?—s/2.

Proof of (P). We have already seen that [M:@]>(s*+s)/2. If s=2, this
inequality gives [M:@]>3, which coincides with the inquality of (P). Consequently
we assume s>3. We have then (¥) [M:0@]>(s*+s)/2>2s. Let z; and », be as
before: x.€M, ¢ Vp(@); vi=xlo—z1, 1:9(@)S M, Ma. Suppose z, be a second ele-
ment of M satisfying the same conditions as @, and set v,=x:lo—x,. We now
consider under what circumstances v, is contained in »,9(¢). The condition
v260:9(az) may be stated as follows: There is a polynomial f(2)e®@[4] such that
Lolo—xo=(211,—21)f(@), or equivalently, (z:—x,/(@))la=x:—2,f(¢). This means
z,—x1f(@)e Vp(a)=P(a), and so we have z:6x:P(a)+P(@). Now [2,DP(a)+D(a): P]=2s
and @(a)<-M, by assumption; hence we have [(:9(a)+P(a))~M:D]<2s. It follows
from (*) that we can find an element x. which is in M and not in z,9(a)-+P(a).
If we set vo=ux,l,—x2, as above, then »,%0 and v.¢v,:9(¢) by what we have seen.
Since v:P(a) is also contained in M -Mae (Lemma 1), v,9(a)+v:.P(a) (direct sum) is
a subspace of M Ma. Hence [M-~Ma:®]1>2s. And, this implies

2AM : O1=[D: P1+[M ~Ma : P]>s*+2s,
as before. Similarly, we can easily verify successively the following incqualities:
2[M: D]>s2+3s, -+, 2[M : D)= s+ (s—1)s.

The details of the verification will be omitted since we have only to repeat the
same arguement as above, with obvious modifications. Now from the last inequalily
we have [M:@]>s%*—s/2, which was to be proved.

Let M be again an invariant subspace of D satisfying MeE®, Mc[D, D].
Suppose that b is an element of D such that @(b) is a separable maximal subfield
of D: [®®):P]=s.2% Since we know that [M:D]>s*—s/2>(s—1)s, a similar
arguement as in the proof of (P) will be available. Thus we can choose a set of
elements yi, ¥z, -+, ¥s—1 of M with the following property: If we set w.=v.l—y:
then w;=0 and w.@0)SM(1<i<s—1); and moreover w;@(b) are independent sub-
spaces of M. By symmetry we have @(b)w;C M.'"

16) It 1s easy to see that ¢(b) contains an element with non-zero trace. (Note that
the reduced trace T(z) coincides with the usual trace of z for ®(b) over &, if xc®h(D).)
Thus @(b)EM.

17) Cf. the proof of Lemma 1. Also see the footnote 6.
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We now consider D as a (@(b), (b))-module; but this is equivalent to considering
D as a (9(b)QsP(b))-module.’®  Since P(b)RoP(b) is a semi-simple algebra of finite
dimension over @ (remember that @(b) is separable over @), D is completely reducible
as a (P(b)R+P(b))-module. The subfield @(b) is evidently a (@(D)RoP(b))-submodule;
moreover, this is a homogeneous component!® of (2(b)Q«P(b))-module D. Hence, we
have a (unique) direct sum decomposition

D=0(b)DB(b)

of D as a (9(b), @(b))-module.

Now let U be the (9(b), @(b))-submodule of D generated by the elements
w;(1<i<s—1). As we have seen, w@(b)C M and O(b)w; S M (1<i<s—1). From this
we see that UCM. In fact, we decompose the elements v, according to the de-
composition D=@(b)+ 2 ictw:P(b): yi=vy,+v}’. Then for each i we have y;'@(b)cM
and w;=vy}'I,—vy}; and, if ¢,(=0) is an element of @(b) then wic.,=. c.)lr—vy} c..
This gives @(b)wic;SM, for we may replace y; and w; by vy.’c, and w.c,, respec-
tively, in our previous arguements. Thus @(®)w:P(b)< M, since ¢, was arbitrary.
This proves the inclusion UCM. We have then @(b)&U. On the other hand,
@)+ U=D. From these we can easily deduce that U=B(b)= Y zlw:;O(b)< M.

We shall prove next that the @-subspace B of D, generated by all the B(b) as
above (i.e. b is a primitive element of a separable maximal subfield), coincides with
[D, D). In fact: The inclusion BZ[D, D] is already proved above. We have
therefore to show [a, bleB for any a, beD. If one of the two elements, say «, is a
primitive element of a separable maximal subfield, we decompose b according to
D=9(a)®B(a): b=b"+b""; then [a, b]=[a, b'']=ab’’—b"'acB(a)C B. Next, if a, say,
is separable over @, we imbed @(a) in a separable maximal subfield @(c); then we
have [a, bJeB(c), similarly as above. Finally, let a be arbitrary. We may suppose
that T(@)=0. We take an element ¢ with 7(c)=0; then [¢, b]eB and [a¢+c, bleB.
Hence [a, bl=[a+tc, b]—[c, bleB. Thus we have B=[D, D]. On the other hand,
Bc Mc[D, D] as we have seen, and so we have M=[D, D].

Our result may be summarized in the following main theorem.

THEOREM 4. Let D be a division algebra of finite dimension over an (infinite)
field @. Suppose M is an invariant subspace. Then either M is contained in Z,
the center of D, or M contains [D, D]. In particular, if D is moveover central
then the only subspaces of D are 0, D,[D, D] and D.

Concerning separable maximal subfields and the submodule [D, D] we have

THEOREM 5. Let D be a central division algebra over @ and let [D: P]=n<co.
Suppose that K is a sepavable maximal subfield of D and that b is a primitive
element: K=00b). Then there is a wunique divect sum decomposition of D as a

VAIS) See for example Jacobson [16], p. 102.
19) In the sense of Jacobson [16], section 4. 2.
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(D(b), D(b))-module: D=Db)DBDb); and when that is so, B(b)=[b, D]*® Further-
more, [D, D] is characterized as the minimal submodule containing all such sub-
modules as B(b).

Proof. 1t remains only to show B(b)=[b, D]. The inclusion [b, D]SB() is
clear from the proof of B=[D, D] (in the proof of Theorem 4). Conversely, let ¥
be in B(b). y is expressible as y= ) $Zlwic,, c;€@(b), notations being the same as
before. But, it follows easily from the definition of w; that wic:e[b, D]. Hence
B(b)=[b, D].

Finally we state the normal basis theorem for a central division algebra D of
finite dimension over 9.

THEOREM 6. Let D be a finite dimensional central division algebra over © and
let [D:@l=n. Suppose x is an element of D not in the center . Then x generates
a noymal basis over D (i.e. theve exist n inner automorphisms Io,1<i<n) such that
{xla;} comstitutes a D-basis of D) if and only if T(x)x0, where T(z) denotes the
(reduced) trace of x. (There exist infinitely many elements in D with this property.)*V

Proof. Let M be the invariant subspace generated by x. Since x¢®, Theorem
4 implies [D, D] M. On the other hand, it is clear that « generates a normal basis
if and only if M=D. But this is the case if and only if x¢[D, D], which is equivalent
to the condition 7T'(x)=0. The last statement (in parentheses) is obvious.

5. Another proof of the main theorem and extension to the case of algebraic
division algebras.

In this section we shall give an alternative proof of Theorem 4 and at the
same time extend the result to an arbitrary algebraic division algebra. The proof
is short, but not elementary, since it requires a result of Herstein [11]*® from the
theory of Lie ideals of simple rings. Suppose A is a ring and U a submodule of
A. If [U, A]< U then U is called a Lie ideal of A. Herstein’s theorem states that
if U is a Lie ideal of a simple ring A then either UZZ, the center of A, or
U2[A, A] except if A is of characteristic 2 and is of dimension 4 over Z.

THEOREM 7. Let D be an algebraic division algebra with center Z over @.
Suppose that M is an invariant O-subspace of D. Then either MCZ or M2[D, D].

Proof. If @ is a finite field then D is commutative and the theorem is trivial.
Hence we may assume @ is an infinite field. Then by Proposition 3 we have

20) This has been proved by Kasch [19] (Hilfssatz 2).

21) From this result we can also deduce the existence of a normal basis of a finite
dimensional central simple algebra. Cf. Kasch [19], Satz 4.

22) See also Amitsur [3], Hersten [13].
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[M, DI M; M is therefore a Lie ideal of D. Herstein’s theorem now implics that
either McZ or M2[D, D].*®
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