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1. Introduction. The recent development of the Lie theory suggests the
investigation of Lie rings of operators on a Hilbert space. In this paper
we shall treat the more restrictive one, that is, the Lie rings constructed
with the operators in a ring of operators (in the sense of von Neumann) on
a Hilbert space. The adjective infinite is due to the same reason as and the
close connection to the infinite unitary groups and the infinite general linear
groups defined by Kadison [6, 7] (they are defined by the set of all unitary
operators and all invertible operators in a ring of operators, respectively).

The object of this paper is to introduce the natural definition of the
infinite Lie rings as the Lie rings associated to infinite unitary groups and
general linear groups, and to investigate the relations between the (closed)
normal subgroup structure and the Lie ideal structure.

In § 2 we shall introduce the natural definition of infinite Lie rings following
the method of Neumann [10]. He treated the group of matrices on a finite
dimensional vector space and the Lie ring associated with it. His results are
almost valid in a Hilbert space. In §3 we shall clarify the fundamental
properties of the infinite Lie rings, especially, of its derived rings, which
will play the essential role in the sequel. §4 contains the complete determi-
nation of the closed Lie ideals in the various cases of factors. In this and
next sections we shall assume the underlying Hilbert space to be separable.
This assumption is based on the technical reason in the case of factors of the
infinite class: that is, we shall essentially use the notion of the trace and
the unicity of the closed (two-sided) ideal in infinite factors. In the non-
separable case there exist the distinct equivalence classes of infinite projections
and the distinct closed ideals. But we may easily see the situation of the
non-separable case from the separable case. In §5 we shall apply the
results of §4 to the determination of all closed normal subgroups of the
infinite unitary groups and general linear groups in the various cases of
factors. These results are originally due to Kadison [6, 7, 8], but our proof
is quite different from his and makes clear the other aspect of the group
structure. Moreover, it looks more preferable from the theory of operator
rings and permits the unified treatment of the infinite unitary groups and
general linear groups.

In the meantime, Herstein [4, 5] published the interesting papers on the
Lie ring of an abstract associative ring and his results are closely related
to ours. By employing his results some of our proofs in §3 are consider-
ably simplified.

In this paper we shall make free use of the fundamental results and
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techniques of rings of operators without further references (refer to [1,9,
11]), and the common terminologies such as Lie ring, the Lie subring and
the Lie ideal should be taken in the usual manner.

Finally, at the preliminary stage of this investigation we are indebted to
Professor M.Kondo and Professor M. Orihara for stimulating discussions, to
whom we shall want to express our hearty thanks.

2. Definition of infinite Lie rings.® Let M be a ring of operators on
a Hilbert space. Following Kadison [6,7] we define the infinite general linear
group G and the infinite unitary group U by the group of all invertible
operators and all unitary operators in M (with the uniform topology), re-
spectively.

Following the method of von Neumann [10], we denote by the Lie ring
L of the infinite general linear group G the set of all operators X, for which
there exist a sequence of operators A, € G and a sequence of positive numbers
&, converging to 0, such that

EL(A,, -n—-X (p—)
D

in the uniform topology of M. Clearly X< M. From the results of von
Neumann, we know that, for any X € L and any sequence of positive num-
bers 7, converging to 0, there exists a sequence of A, € G such that

nL(Ap — I)— X. Hence the above relation will be denoted by {Ap &} ~X,
»
or simply {A,} ~ X.

As Neumann has proved, we obtain that if X, Y € L and let {4, &}
~ X, {By &}~ Y then '
;11_ (Ap—D—-aX for any real a, (a +=0)
— & .
a
A (AB, — D> X+ Y,
»
E%(ApBﬂAng;I —1)—> XY —-YX,
sothat a X, X+ Y, [X,Y]=XY — XY €L (For «a =0, a X€ L is trivial).
This shows that L.is really a Lie ring. Moreover, if {A,}~X, then {A}}~

X*, so that X € L implies X* € L. Conversely, for any X € M, we define

X X3
exp Xby I+ X + oy T 37 + ..., then exp X € G and

%—(exp tX —D—> X & — 0).
This shows

ProrosITION 1. The Lie ring L of the infinite general linear group G is
the real linear space of all operators in M, with the multiplication [X, Y] =



INFINITE LIE RINGS 293

XY - YX.

Next consider the Lie ring 8 of the infinite unitary group U. This is
defined analogously as above. In this case we see that if X< 8 and let
{Upy ~ X, then{U}}~ X*, {U,'} ~— X, that is X € S is skew-symmetric
(i.e. X+ X* = 0). Conversely, if X is a skew-symmetric operator in M, then

exp X is unitary in U and A(exp tX —I)— X. Hence we obtain

PrOPOSITION 2. The Lie ring S of the infinite unitary group U is the
real linear space of all skew-symmetric operators in NI with the multipilica-
tion [X,Y]= XY — YX. Further, it is a Lie subring of the Lie ring of the
infinite general linear group.

In this paper, we shall call L. and S the infinite Lie ring L and the
infinite skew-symmelric Lie ring S of a ring of operator M, respectively.

Analogously, we can define the infinite complex Lie ring L and complex
skew-symmetric Lie ring S as the complex linear space, respectively. But in
the complex case, it is obvious that two notions L and S are coincident,
because a skew-symmetric operator S can be written as H with an hermi-

tian operator H.
Next we shall investigate the relations between subgroups and Lie

subrings.

PrOPOSITION 3. For any subgroup I of G, there corresponds a Lie sub-
ring K of L. The uniform closure of I in G has the same Lie subring K, and
K is uniformly closed in L. If I is a normal subgroup then K is a Lie ideal
in L. .

Proor. These propositions are almost evident from the definition. For
example, let A, € T such that {4,}~ X, then we can choose for each p an
A, €1 such that ([Ap Al < &. Therefore

1 , 1 ,
so that {4} ~ X Th1s proves the second assertion.

Finally, if I is normal and let X< I, Y < K and let {Ay Ep}~X, {Bu
&} ~Y, Ap € G, By €1, then

-gz—(ApoAl;‘Bgl —D—-[X Y],
D
and A,ByA;' € I so that A,B,A;'B;* €1, and this implies [X, Y] € K.

ProrosiTiON 4. Let K be a Lie subring of L, associated to a subgroup I,
and consider the set B = {exp X; X € K}. Then B is contained in the con-
nected component of the uniform closure of I; in particular, if E is a group,
then the both are coincident.

ProOF. The first assertion follows from [10; III § 2], but we shall sketch
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of Lie ideals in X, especially, the properties of the derived ring L®. From
it for the completeness. Consider the expression log A = ——2(1 — AY*/n for

n=1

|A—1I| <1, then it is easily seen that exp (log A)= A for|A—1I||<1

and log (exp A) = A for |A]| < log 2. Further, —81—(A,, —7I)> X and 1 log
b

8}]
A, — X are equivalent [10; IT §2].

Now let X€ K and A, €I such that p (4, —I)— X (p > ). Then
plog Ay — X, and exp (p log A,) = (exp log A,)” = (A,)? as noted above. Sincz
exp X is continuous, we obtain (A,;)?—exp X. But (4,)? €I, so thatexp X
is contained in the uniform closureIof I. Moreover, {exp tX; 0<¢ =<1}
I is a connected arc from the identity 7 to exp X.

Suppose that B be a group. Since the identity 7 is an interior point of
E, the group property makes E to be open and closed in I V. Hence E coin-
cides with the connected component of I. Thus the proof is completed.

K may consist of the zero element only. For example, it is the case if
I is discrete. But in our case, we obtain

PROPOSITION 5. If a closed normal subgroup I has its Lie ideal K in the
center, then it is contained in the center. Especially, if K = (0), then I is a
discrete subgroup in the center.

Proor. If K is contained in the center, then E = {exp X; X € K} is
contained in the center and is a group. For, (expX) (expY) = exp (X + Y),
because X and Y are commutative. Thus the connected component of I is
contained in the center. Now let A be a noncentral element of I. Then
{U-*AU?% t real, U € U} I are connected arcs about A. Therefore U-*AU?A™!
< I are connected arcs about the identity 7, so that they are contained in the
center, which contradicts the non-centrality cf A.

The second assertion is evident from the above consideration.

These relations between the closed normal subgroups and the closed Lie
ideals show that if we determine the closed Lie ideals, then we can use
‘them to determine the closed normal subgroups of G or U. This will be
done in the sequel.

Finally, we note that the above definition and the propositions can be
generalized to any operator algebra. If necessary, we shall use this gene-
ralized notion of infinite Lie rings.

3. Flundamental properties. Let L be the real (or complex) infinite
Lie ring of operator algebra M, and denote, as usual, L® = [L, L], L™ =
[L®-D, L®-D] then it is well known that each L™ is a Lie ideal in L and
LOL®DOL®D.., If there exists an integer m such that L™ = (0), we
call that L is solvable. The object of this § is to investigate the structure

1) This is a well known theorem of Schreier. See, for example, Pontrjagin; Topological
Groups, p.76, Theorem 15.
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this we can prove the non-solvability of I. in the case of non-commutative
ring of operators.

Following Herstein, a ring R, all of whose elements are nilpotent, is
said to be locally nilpotent if the subring generated by any finite set of
elements of R is nilpotent, and an ideal of R is said to be locally nilpotent
if, as a ring, it is locally nilpotent. Then it is evident that a ring of opera-
tors M has no nonzero locally nilpotent ideal, because any ideal in IM con-
tains a projection. Thus we obtain an operator-theoretic version of Herstein’s
theorem [4].

THEOREM 1. Let M be a ring of operators, or more generally, an operator
algebra with no non-zero locally nilpotent ideals. Suppose that P is a Lie ideal
and also a subring of M, then P contains a non-zero ideal of M or P is con-
tained in the center of M.

As Herstein shows, any simple (abstract) algebra has no non-zero locally
nilpotent ideal. Hence we obtain the following

COROLLARY 1.1. If M is a simple C*-algebra,® then any proper Lie ideal
which is, at the same time, a subring of M are only (0) or (al), that is,
either of sets of reals, purely imaginary or complex numbers.

Proor. For it is well known that any simple C*-algebra has the center
of only scalars.

COROLLARY 1.2. If M is a simple C*-algebra, then any Lie ideal K con-
tains LD or is a trivial one.

ProoF. As proved in [4; Lemma 3], put
P={AcM [A M]cCK)}
then P is a Lie ideal and a subring of M. Moreover, K < P.

If K is non-commutative, by Corollary 1.1, P =M =L, so that L®c
K. If K is commutative then K is a trivial one.

Here we note that simple rings of operators are only factors of finite
class or countably decomposable (III) case.® But if J is a maximal ideal in
a ring of operators, then the quotient ring M/J is a simple C*-algebra.

Now let IM be a ring of operators and consider two cases of finite and
infinite class separately.

The following theorem is a generalization of a result of Halmos [3], who
treated the total operator ring. But we shall formulate it in the following
form :

THEOREM 2. If M is a ring of operators of infinite class, then L® = L.

Proor. We shall proczed as Halmos. First remark that, if P is a pro-

2) By a C*-algebra we denote the uniformly closed operator algebra.

3) In the sequel, we shall always use this simplified notation of the trivial ideals for
the real case, in this sense.

4) A ring of operators is said to be countably decomposable if any collection of
mutually orthogonal projections in it is at most countable. See, for example, [12].
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jection in M such that P<I — P, then there exists a mutually orthogonal

system of projections {H:} such that P = H,, Hi~H; andz OH;=I—-P
because I — P is an infinite projection. Let U; be the partially isometric
operator which gives the equivalence H; ~ H;, then H; ~ H; is given by

U,U.. Denote by x the projection of x into H; and define y = Ux by 2 UinUFx

i=1

oo

(that is, U =0 on the orthocomplament of 2 @ H;), then U*y= 2

i=1 i=1
U:U19i+1. So that U, U* € M and for x € 2 @ H;, U*Ux = x, (UU*x); =

i=1
x: (1 > 1) but (UU*x), = 0.

Let A be an hermitian oparator in IM and denote by R(A) and N(A)
the closure of range and null space of A, then R (A), N (A) belong to M.
Let us now consider the positive hermitian operator Az in M such that R(A)
= N(AY < N(A). Then we can put R(A)= P and consider U, U* as

in the above remark. Define an operator Ain M by Ax = EUiAU:(xE, and
i=1

put B = EU, then A% = B*B — BB* € L, If the given operator is negative,

then it is sufficient to consider — A2 The assumption R(A)~< N (A)can be

eliminated by the spectral theory as treated in [3; I, Lemma 3].

To apply the above results to an arbitary operator in M, that is in L, it
suffices to note that every operator T in M is decomposed into the uniquely
determined hermitian operators A, B for which T = A + ¢B, and that every
hermitian operator is the direct sum of a positive and a negative operators.

Finally, in the real case, if T can be written as 7 [A, B] by the above
argument, it is written in the form T = [[A, B] € L®W. Thus we obtain the
result.

Next consider the ring of operators of finite class and denote by ¢ the
H-operation defined by Dixmier [1; Theorem 10].

Let

N={AeM; @A) =0}
then it is clear that N is a closed Lie ideal, L < N and that N contains
no projection.

THEOREM 3. If M is a ring of operators of ﬁm’i‘e class, then the uniform
closure of L™ coincides with N.

Proor. From the construction of the j-operation the following fact is
known: Let A be an hermitian operator in M and & be any positive number,
then there exist unitary operators U: € M and real numbers M\ A=si<n,

M >0, 2\ = 1) such that || @ (A) — SIMTAUF | < &

i=1 i=1
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Since

2MUAUE — A = ZMUAUS — A) = SIMUA, U] € [L, L,
i=1

i=1 i=1

and

lp(A) — A — ZMITA, U= lp(A) — ZIMUAUY| < &,
i=1 i=1
we have @(A) — A € LD,

In particular, let A be hermitian and A € N, then we obtain A € LW,
For arbitary operator A in N, let A = A, + ¢4, be a decomposition into the
hermitian operators A;, A, then A,, A; € N, so that A € L®, This com-
pletes the proof.

CorOLLARY 3.1. If M is a ring of operators of finite class, then for any
integer n, the uniform closure of L™ equals to N.

ProOF. Any elzment A € M can be uniquely decomposed into central
element Z and N € N. To see this, it is sufficient to put N= A — @ (4),
and Z = @(A). That is, I = Z + N, where Z denotes the center of M. So
that [L, L] = [N, N] = [L®, LO]c[L®, LO] = L®, since the ring operations
are continuous. Hencz N < L™, but it is clear that L® —N. Hence we
cbtain N = L®. Thus the proof is completed by mathematical induction.

COROLLARY 3.2. If M is a factor of finite class, then L = L® = ...

ProOF. By the above corollary L = (al). On the other hand, since a
factor of finite class is simple, L™ > L®, by Corollary 1.2.

PROPOSITION 6. Let M be a ring of operators, and A € M be an element
which commutes with LY., Then A is in the center Z of M.

PrROOF. Any ring of operators M has a central decomposition into two
rings M,;, M,, which are of finite and infinite class, resp., and L® = [L,
L] + [Ly, Liz]. Therefore, it is sufficient to consider the respective cases.
If M is of infinite class, then the result follows from Theorem 2. If M is of
finite class, then M can be decomposed as follows: M = Z + N, as noted
in the proof of Corollary 3.1. Hence M’ =Z' (| N'®, or Z = N’ | M. From
Theorem 3, we know that L& = N’, so that L' N1 M’ = Z. This completes
the proof.

REMARK. The result of this type has been obtained for arbitrary semi-
simple ring by Kaplansky.® It is well known that rings of operators are
semi-simple.

THEOREM 4. Every solvable infinite Lie ring is commutative.

5) By P’ we denote the set of all operators which commute with P.
6) I.Kaplansky, Semi-automorphisms of rings, Duke Math. Journal, 59(1947)521-525.
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PrOOF. As noted in the proof of the above Proposition, it is sufficient to
consider the two cases of finite class and infinite class separately. However,
the result is evident from Theorem 2 and Corollary 3.1.

COROLLARY 4.1. Every non-commutative skew-symmetric Lie ring is not
solvable.

Proor. As remarked in §2, the complexification of S is the complex in-
finite Lie ring f_;, and the notion of solvability coincides in S and in its com-

plexification L. Hence this corollary follows immediately from the above
theorem.

4. Determination of closed Lie ideals in a factor. In this and the
next § we shall treat only a factor on a separable Hilbart spaca. The as-
sumption of the separability is based on the technical reason in infinite
factors as mentioned in introduction. However, the situation in a factor of
finite class remains to the same and the proof given here remains valid in
a non-separable case, also in a factor of infinite class we may easily see the
situation from the separable case.

THEOREM 5. If M is a factor of finite class and by @ denote the trace on
M, then the closed Lie ideals in the infinite Lie ring are

(i) ), (D), N for complex case,
(ii) 0), (a)) N, NUS, NUH for real case;
the closed Lie ideals in the infinite skew-symmetric Lie ring S are the intersection

of S with those of (i). Where N = {A; @(A) = 0}, S the set of all skew-symmetric
operators, H the set of all hermitian operators.

Proor. It is well known that the H-operation is reduced to the trace in
the case of factor. So Theorem 3 is applicable and the minimality of N
follows immediately from Corollary 1.2, and Theorem 3.

First consider the complex case. Suppose that there exists a Lieideal K
containing N, and let X € K such that @(X)=+0, then M is represented as
(aX) + N — K. Hence we obtain K = M.

In the real case, it is sufficient to remark that any hermitian operator
has a real trace and that any skew-symmetric operator S can be written as
iH with a hermitian operator H.

Finally in the skew-symmetric case, the result follows by the compl-
exification.

THEOREM 6. If M is a factor of case (IIl), then closed Lie ideals in the
infinite Lie ring are only trivial, that is, (0) or (al) for both real and complex
cases. So that the closed Lie ideals in the infinite skew-symmetric Lie ring are
also trivial.

Proor. Evidently from Corollary 1.2 and Theorem 2.

Finally let us consider a factor of case (I.) or (Il.). In these cases M
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is not simple and any ideal in M is also Lie ideal in I.. Let F be the set
of all operators of finite rank, that is, all operators which are contained in
some finite projections. Then it is well known that F' is an ideal in M and
that its uniform closure J is the maximal ideal and the unique closed one.
(See, for example, [12].) It is also known that, in these cases, there exists

the unique trace @ (up to a constant factor) with the following properties,
(cf. [11; Chap.I]);

(i) If P€ M is a finite projection, than @(P)= D(P), where D(P) de-
notes the relative dimension of P.

(ii) Let A € F' be contained in a finite projection P, and consider the
induced ring Mp by P, then My is a factor of finite class with the identity
P. Let @p be the trace defined in Mp, then

@ (A) = D(P)pp(A). (This is the definition of @(A).)

(iii) Let an hermitian positive H € M is the sum of strongly convergent

hermitian positive H; € M, then
P(HD = 5, p(HL). ™

By T denote the set of all linear combinations of hermitian positive

operators of finite trace, then T is an ideal in IM and satisfies

p(AX) = p(XA) for Ac T, X&eM.?
Clearly F < T <J. Now put N, = {A €T; @(A)= 0}, then it is evident
that N, and its uniform closure N are Lie ideals in L. Further we obtain

PROPOSITION 7. If M is a factor of case (1.) or (Il.), then N coincides
with the uniform closure of [J,J] or [J,L]. Any closed Lie ideal in L. contains
N or is trivial. -

Proor. We shall first show that FF 1 N is uniformly dense in Nj, so
that N. For any hermitian operator A € N,, denote by A*, A~ the positive
and negative parts of A, resp., then @(A)=0 implies @(A*) —@(A~)=0.
By the spectral theory, for any preassigned positive number &, there exist
sequences of positive numbers {A:}, {u;} such that

0=<A*—3INMEA)<EL 0 A —3SpFA) < EL
By the property (iii) of the trace, we can assume that
P(A*) —Shp(E(A) < &, p(A~) — Susp(F(Ay) < &
Put
v = ZMP(EA)) — 2 psp(FA)
then |y| < 2&. But take a projection E such that @(E) =1, and consider
B = S ME(A) — SuF(A;) — v E,

then @(B) =0 and || A — B | < 4&. However, we know that from A*, A-€
J the spectral projections E(A:), F(A;) is finite (See [12]) so that B € F'[IN.

7) See §2 of R. Godement, Théorie des caractéres, 1. Ann of Math,, 59(1954) ,47-62.
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Thus F\N is uniformly dense in N.

Now, from the property (ii) and Theorem 3, we see F' (| N [F,F], so
that N c[F,F] < [J,J] < [J,L]. On the other hand N D [F, L] is clear from
thefact F < T.So N O [F, L] D [F, L] = [J, L] [J, J]because the ring opera-
tions are continuous. Therefore N = [J,J] = [J, L].

Finally, let K be any closed Lie ideal, and put P ={A € M; [A, M]cC
K}, then P is a Lie ideal and subring of M, K < P, and further uniformly
closed. According to Theorem 1, P contains an ideal of M or is contained
in the center. In the latter case P is trivial, so that K is also trivial. In
the first case, it is sufficient to suppose that the ideal contained in P is
uniformly closed. By a theorem in [12], we obtain P>J, so that [J, L]cK.
By the above proved, this implies N < K. Thus the proof is completed.

PROPOSITION 8. If M is a factor of case (1.) or (Il.), then any proper
closed Lie ideal K containing J is J + (al).

Proor. Since J is a closed ideal (and Lie ideal) in M (L) consider the
C*-algebra M/J and its Lie ring, then the latter is identified with the Lie
quotient ring L/J. Now M/J is simple and K/J is a Lie ideal in L/J.
Hence, by Corollary 1.2, K/J is (0), (al) or contains [L/J, L/J] = L®W/J.
In the first case, K < J and this contradicts the assumption. In the second
case we obtain K = (aZ) + J. In the final case K/J D L®/J, so that KD L®
= L, by Theorem 2.

THEOREM 7. If M is a factor of case (1..) or (Il..), then the closed Lie
ideals in the infinite Lie ring are

(i) (0), (aD), N, J, J+ (al) Jfor complex case,

(ii) (0), (D), N, J, NU@NS), NNJUH),

NUWINS)+ (D), NUJNH+ D), I+ (al), for real case:
and the closed Lie ideals in the infinite skew-symmetric Lie ring S are the in-
tersection of S with those of (i). Where N is the uniform closure of Ny = {A €
T; ¢(A) =0}, J the maximal ideal, H and S denote the set of all hermitian
and skew-symmetric operators in M, and (p) and (r) the set of all purely
imaginary and all real numbers, respectively.

Proor. First consider the complex case. The set cited above are evi-
dently closed Lie ideals in I.. Remembering the above two propositions, it
is sufficient to prove that there is no closed Lie ideal which contains N but
does not contain J. Suppose contrary and let K be such a Lie ideal. If K
contains an operator A of finite, non-zero trace, then any element of F' can
be written as the sum (a¢A) + N < K. Hence its uniform closure J is contain-
ed in K, which contradicts the assumption. Next if K contains an operator
(al) not contained in J, consider as before, the Lie ideal K/J in L/J. Then
K/J is a non trivial Lie ideal in the simple C*-algebra M/J = L/J, so that
K/IDL®W/J. Put now P = {A € M; [A, M]< K}, then P is a Lie ideal and
subring of M and K< P. Since K is closed, P is also closed, so that P
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contains J from Theorem 1. Therefore, L®/JC K/JE<P/J, so PO L™ =
L. From this we obtain K D L = L. Finally, if K contains an a7, let us
consider the induczd ring Mp by a finite projection P. It is well known that
Me?r is a finite factor with the identity P. The corcresponding Lie ideal Kpin
Lpr contains N and (al)r = (@P). Therefore Kp = Lp from Theorem 5. Since
P is an arbitrary finite projection in M, we obtain K = J + (al), which is
also a contradiction.

For the real case we note that [L,,J] — N, so that the sets cited above
are evidently closed Lie ideals in L. However, considering the above result
and the result of the finite class, we see these are all.

The skew-symmetric case follows by considering the complexification as
usual.

Thus we have determined the all closed Lie ideals in various cases of
factors completely. Of course, our treatment is topological and the purely
algebraic questions remain untouched, as remarked by Kadison.

5. Closed normal subgroups in factors. Let us now apply the results
of §4 to determine the closed normal subgroups of the infinite unitary group
U and the general linear group G in a given factor M, according to Pro-
positions 3 and 4. Sinca we have known all closed Lie ideals in the infinite
Lie rings of factors, it is sufficient to characteriza what kinds of Lie ideals
are associated to the closed normal subgroups (or, more precisely to the
connected components of the closed normal subgroups).

The following proposition makes clear the structure of G and U.

ProrosiTION 9. By U and G denote the infinite unitary group and the
general linear group in a ring of operators. Then U is the exponential image
of the elements of the infinite skew-symmetric Lie ring S and G is generated
by the exponential image of the elements of the infinite Lie ring L, and U and
G are connected.

ProOF. For any unitary operator U or positive hermitian operator H,
consider —};(UY -1 or~}—(H‘ —I), (for ¢t —0), then these converge to log U

and log H, by the spectral theory. Further it is evident that log U € S,
log He L, and U = exp(log U), H = exp (log H).

Henca U is the exponential image of S. Sinc2 any U, V € U are cin-
nected by the continuous arc {exp (@ log U+ (1 —a)log V); 0=a=<=1}, U
is connected.

Regarding to G, consider the polar decomposition A = UH, where U is
unitary and H is positive hermitian, then A = exp (log U) exp (log H), so
that G is generated by the exponential image of L. Now A,, A, &€ G are
connected by the continuous arc {exp (« log U; + (1 — a) log U,) exp («a log
H, + (1 — a)log H,)} where A, = U,H, and A, = U,H, are the polar decompo-
sitions of A; and A,. Hence G is also connected.

ProrosiTiON 10. Any closed normal subgroup of U(or G), which has S
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(or L) as the corresponding Lie ideal, is U (or G) itself.
Proor. This follows from Propositions 4 and 9.

Let us first investigate the factors of finite class.

According to Proposition 3 and Theorem 5, the Lie ideal corresponding
to a closed normal subgroup of the infinite unitary group U in a factor of
finite class is one of (0), (pI), or N N S. But by the Proposition 5 the first

two cases correspond to normal subgroups contained in the center. Moreover,
we obtain

THEOREM 8. If M is a factor of case (I1,), then the only proper, closed
normal subgroups of the infinite unitary group U of M are the subgroups of
the center.® (This is [6; Theorem 2].)

Proor. By [6: Lemma 4], if a closed normal subgroup V is not a sub-
group of the center {\I; |\| = I}, it is sufficient to suppose that V contains
(AMI). Then the corresponding Lie ideal K contains the identity 7, so that
K =S, and the result follows from the Proposition 10.

Now consider the infinite general linear group G.

LEMMA. If M is a factor of case (I1,), then a closed normal subgroup I of

G, ot contained in-the center, contains the infinite unitary group U. ([7;
Lemma 4])

ProOOF. By the non-centrality of I and Proposition 5, it is sufficient to
suppose that the corresponding Lie ideal K contains N. So that KN SON
NS. Let XK NS, then by Proposition 4 exp X€I U and K N S cor-
responds to the non-central normal subgroup of U, contained in I | U. Hence
we obtain, by the above theorem, I 1 U = U, that is, ID>U.

Now we shall use the notion of the determinant on G defined by Fuglede
and Kadison [2]. Let A< G and let A = UH be the polar decomposition.
Then the determinant of A is defined by

A(A) = A(H) = exp (p(log H)) = exp ([ log Mdp(E))),

where f AdE, is the spectral representation of H. It is known that A is a

uniformly continuous representation of G onto the real positives, and the

kernel G, is evidently a non-central closed normal subgroup. Further we
obtain the Theorem 1 of [7], that is,

THEOREM 9. If M is a factor of finite class, then the Lie ideal in the
infinite Lie ring L., corresponding to proper closed normal subgroups(not con-
tained in the center), is unique. This consists of N U S in the case (II,) and
N in the case (I») and is associated to G,, which is the kernel of the deter-
minantial representation A.

Moreover, any non-central closed normal subgroup of G contains G, as

8) In a factor of case (I,), it is well known that the theorem is false. There exists
the normal subgroup of all operators of determinant 1.
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the connected component.

Proor. This theorem is well known in the case (I,), so we shall consider
the case (II;). By the above lemma, any closed Lie ideal K corresponding to
a non-central closed normal subgroup I contains N U S. But, if K contains
N U S properly, then K contains some hermitian oparator of non-zero trace,
so that K = L. This shows that I = G, which is a contradiction. It follows
that K is unique and K =N U S.

Next we shall prove that N U S is associated to G,. Since G, is the set
of all A € G with the determinant 1, that is, A = UH with ¢(log H) = 0.
This implies that the set E generated by {expX; X € N US} contains G,.
On the other hand, since G; is non-central, by Proposition 5, N U S cor-
responds to G,, so that {exp X; X € N U S} is contained in G;. Thus we
see that N U S is associated to G, and G; = E.

Finally, as we first remarked, the Lie ideal N J S corresponds to any
closed normal subgroup I, so that {exp X; X€ N | S} I But the group
G; is generated by {exp X; X € N U S} hence I contains G, as the connect-
ed component (Proposition 4). This completes the proof.

REMARK. G, is characterized as the topological commutator subgroup of
G. (Cf. [7; p.90])
THEOREM 10. If M is a factor of case (II1), then both its infinite unitary

group and the general linear groudp have no proper, non-central,closed normal
subgroup. ([6;. Theorem 2] and [7; Theorem 3]).

Proor. The theorem follows from Theorem 6.

Let us now investigate a factor of case (I.) or (Il..). First consider the
infinite unitary group U. The Lie ideal corresponding to the non-central
closed normal subgroup is one of N 1S, JN S, or (JNS)+ (pI). However,

LEMMA. In a factor of case (1.) or (Il..), there exists no non-central closed
normal subgroup of U corresponding to N [ S.

Proor. Suppose that there exists a non-cantral closed normal subgroup
'V which corresponds to N 1 S. From [6; Lemma 4] it is sufficient to assume
that V contains the center {AJ}. Then the corresponding Lie ideal contains
(pI). This is a contradiction.
Now denote by
U : the subgroup consisting_of those operators in U which act as the
identity on the orthocomplement of a subspace of finite relative di-
mension,
U : its uniform closure in U,
Uy : the subgroup consisting of those operators in U which act as AJ
on the orthocomplement of a subspace of finite relative dimension,
U, : its uniform closure in U.
It will be easily proved that these are normal subgroups of U. Also
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clearly U and U, are connected and Uy is the direct product of U and
D).

ProposITION 11. UV is the smallest (non-central) closed normal subgroup
in U and is associated to the Lie ideal J () S.

Proor. If a unitary operator U is in U{, then there exists a finite
projection P € M such that U = UP + (I — P). Now let U, € UY), such that

1 (W, - DX then
&

AUy =D = WP+ U —P)— D) =
» »

Il

LW, - DP, > X,
b

andei(U,, —DP,€F, hence X< J (| S.
D

Conversely, let X = XP be an element of F' 1 S, with a finite projection
P, then exp X = exp XP = (exp X)P + (I — P) € U{). Considering the struc-
ture of U (Proposition 9), for any X, Y& F 1 S, there exists a Z€ S
such that exp Z = (exp X) (exp Y), but exp X, exp Y € U), so that exp Z€UY
or ZEF N S. Therefore {exp X; X€ F | S} is a group, so that the Lie
ideal J N S is associated to UM by Propositions 3 and 4. This fact and the
above lemma implies also that U{"is the smallest in the closed normal
subgroups corresponding to J (] S.

ProOPOSITION 12. Uy is the maximal closed normal subgroup in U and is
associated to the closed Lie ideal (J + (al)) N S.

Proor. By the same consideration as in the above proposition, we see
that if U, € Up such that o (U — )~ X, and if U, is of the form U,P,
p4

+ Ay(ZI — P,) with a finite projection P,, then

AWy =D = (s =MIPo+ Qw — DD > X

» p

and the middle term is contained:in F' + (al), so that X € (J + (al))NS. The
converse relation may be proved analogously. Thus we see that Uy is the
smallest closed subgroup corresponding to (J + (al)) N S.

Let us now suppose that there exists a proper closed normal subgroup
V containing Uy, and consider the C*-algebra M/J. Then V/J is a normal
subgroup of U/J, the unitary group of M/J and V/J has its Lie ideal (AJ)
in S8/J, for the mapping M — M/J is uniformly continuous. According to
Proposition 6%, this implies V/J is contained in (\Z) or V.< J 4 (AJ). Since
U,=UNJ+ (al)), VU, that is, the maximality of U, is obtained, and
the proof is completed. '

9) The C*-algebra M/J has sufficiently many unitary or hermitian operators as the
images of those operators in M.
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Combining th= above two propositions we obtain the Theorem 4 of [6],
that is,

THEOREM 11. If M is a factor of case (1.) or (Il.) and U is its unitary
group, then the only proper closed normal subgroups of U are the closed
normal subgroups of Uy. The closed normal subgroups of U; are those generat-
ed by U and the finite subgroups of (\I), and those finite subgroups them-
selves.

The final step is to investigate the infinite general linear group G of a
factor of case (I..) or (II.). The treatment is analogous as the infinite unitary
group.

Let us first introduce two closed normal subgroups following to Kadison
[7]. Denote by

* Gy : tha subgroup of opzrators each of which acts as a complex multiple of
the identity on the orthocomplement of a subspacz of finite relative
dimension,

Gy : its uniform closure in G,

G{: the subgroup of those operators as mentioned above, for which this

scalar is 1,

G: its uniform closure in G.

Evidently G and Gy are connected, and Gy is the direct product of G{"
and (al).

ProPoSITION 13. G is the smallest (non-central) closed normal subgroup
in G of a factor of case (1.) or (Il.) and is associated to the Lie ideal J.
1
€p
(A, — I — X, and of the form A, = A,P» + (I — P,) with a finite projection
P,, then

PrOOF. As in the proof of Proposition 11, let A, € G’ such that

Lia-1= 2P +u-prPy-1n
V4 »
= o (Ay— DP,~X,
14

and %—(Ap — )P, € F, so that X € J. Further we note that if A € G and
¥4

let A = UH be the polar decomposition, then U, H € Gf). For, H* = A*A
€GY, so that He G¢) by the spectral theory. This implies U = AH'€G§).
Hence log U, log H € F by the sp=ctral theory. Conversely, consider exp
(log U), exp (log H) such that log U,log H € F, then these are contained in
G{) and generate Gj)>, as we can see from Proposition 9. Hence we obtain
that G{ and J are correspsndent according to Propositions 3 and 4.

The minimality of G{’ will be obtained if the following lemma is proved.

LEMMA. In afactor of case (1) or (Il..), there is no closed normal subgroup
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corresponding to any one of theLie ideals N, N U(J N H), NU JNH) + (1),
NUJINS), or NUJNS)+ (pd).

Proor. Let K denotes any one of the above Lie ideals, and suppose
that there exists a closed normal subgroup I corresponding to K. Consider
the finite factor Mp, together with I» and Kp induced by a finite projection
P, then Theorem 9 is applicable. Since Mp is a factor of case (I.) or (II,)
according to (I.) or (II.) of M ([9; Lemma 11.3.7.]), so we must treat the
two cases separately.

First consider the (I.) case. If K = N, then by Theorem 9, I, contains
all operators of determinant 1 on Gp. This will be considered later.

Otherwise we obtain Ir» = Gp. Since P is an arbitrary finite projection, it fol-
lows that I > Gy, which implies the contradiction to the above Proposition.

Next, the (II..) case. If K is either of N, NUWJNH), NUJNH)+
(rI), then Kp does not contain the skew-symmetric operators, so that IrC
(al)p from the lemma of Theorem 9. Since the finite projection P is arbitrari-
ly chosen, we obtain I < (af) which contradicts the assumption. Finally K
is either of N U (N S)or N U J NS)+ (pl), then I, contains the unitary
group Up and all those operators which have the determinant 1 on IMp by
Theorem 9.

Therefore it is sufficient to consider the case that Ir contains all operators
of determinant 1 on Mp. By the same argument as the first paragraph of
the proof of [7; Lemma 6] we can conclude that Ir = Gp. For, let a positive
number ¢ be given and n so large that [1 — y-V/*| < & where & is a preas-
signed positive numbar. Let Py, ...., P.be n orthogonal projections in I — P,
each equivalent to P (this choice is possible, since I — P is infinite). Then
the operator

B=gyP+ oy 1P + . ...+ P)+I—(Pi+ .... + P)
is in I, because it has determinant 1 on the finite factor induced by the finite
projection (P; + .... + Px). Moreover, | B — yP — (I — P)| < &. Since I is uni-
formly closed, yP — (I — P) is in I for each positive scalar ¢, so that Ip
contains Gp by Theorem 9. Sincz P is an arbitrarily chosen, finite projec-
tion, I contains G;. But then we have contradictions to the above Proposi-
tion.

PRrOPOSITION 14. In a factor of case (1) or (Il..), the closed normal sub-
group Gy is maximal in G and is associated to the closed Lie ideal J + (),
where (o) are complex.

Proor. By the same argument as in the proof of Propositions 11 and
12, we see that Gy is the smallest closed normal subgroup corresponding to
the Lie ideal J + (al).

The maximality of Gy follows from the same reasons as in U, if we
note that G;= G N (J + (a)) and take the quotient modulo J. Hence the
proof is completed.

Thus, combining the above two propositions, we obtain Theorem 1 of
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[8l.

THEOREM 12. Let M be a factor of case (1.) or (IL.), and G be its general
linear group. Then each proper closed normal subgroup in G is the direct
product of GV and some closed subgroup of complex scalars (al), or such
subgroup itself.

In this way we complete the determination of all closed normal subgroups
of the infinite general linear groups and unitary groups of the various cases
of factors, which was originally due to Kadison.
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