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1. Introduction

The commutator of two elements  and y in a ring is defined as [z,y] := xy — yz,
and it is an elementary fact that the ideal generated by all commutators is the smallest
ideal whose associated quotient ring is commutative. We study rings that are ‘very
noncommutative’, in the sense that they are generated by their commutators as an
ideal; equivalently, these are the rings that admit no nonzero ring homomorphism to a
commutative ring.

A related property that has been studied is that of being additively generated by
commutators [23,32]. This is however a much more restrictive condition, as for example
the matrix algebras M, (Z) for n > 2 do not satisfy it, while they are easily seen to be
generated by their commutators as an ideal.

For a unital ring, we show in Theorem 3.4 that being generated by its commutators
as an ideal implies that every element is a sum of products of pairs of commutators, and
there even is a uniform bound (depending only on the ring) on the number of summands.
We reproduce a particular case here:

Theorem A. Let R be a unital ring. Then the following are equivalent:

(1) The ring R is generated by its commutators as an ideal.

(2) The ring R is generated by its commutators as a ring.

(8) There exists N € N such that for every a € R there exist bj,c;,dj,e; € R, for
j=1,...,N, such that

N
E :b],cj [d;, ;).
i=1

The fact that (1) implies (3) in the above theorem is most surprising, for two reasons:
First, it states that double-products are sufficient to generate R. And second, it also
shows that there exists a uniform bound on the number of summands needed.

A result of Baxter [1, Theorem 1] asserts that a simple ring is either a field, or every of
its elements is a sum of products of pairs of commutators. Theorem A recovers Baxter’s
result in the unital case, and moreover shows that the minimal number of summands
required is uniformly bounded.

Theorem A can be viewed as a Waring-type result, as we explain now. The classical
Waring problem asks if for each k¥ > 1 there exists a uniform bound g(k) such that
every integer can be written as a sum of at most g(k) many k-th powers of integers.
This was solved positively by Hilbert in 1909, and since then numerous generalizations
and variations of this problem have been considered. In the context of general rings, the
Waring problem was introduced by Bresar in [6]; see also [30,10,11]. Here, given a unital
ring R and a polynomial f € Z(z1,...,24) in d noncommuting variables, one considers
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the set f(R) := {f(a1,...,aq): a1,...,aq € R} and asks if there exists an integer N such
that every element in R is a sum of at most N elements in f(R). The classical Waring
problem is the case R = Z and f(x) = 2*. Our results apply to the polynomial in four
variables given by

f(a,b,¢,d) = [a,b][c,d] = abed — bacd — abdc + bade.

Theorem A shows that if a unital ring R is generated by f(R) then there is a constant
N (depending only on R) such that every element is a sum of at most N elements in
f(R).

The question of when a unital ring is generated by its commutators has also been
studied in [14].

For not necessarily unital rings that are generated by their commutators as an ideal,
we show in Theorem 3.5 that sums of products of commutators contain an ideal over
which the ring is a radical extension. Here, a ring R is said to be a radical extension over
a subring S C R if for every « € R there exists n > 1 with ™ € S. The following is a
particular case of Theorem 3.5.

Theorem B. Let R be a (not necessarily unital) ring that is generated by its commutators
as an ideal. Then for every a € R, there exist n,m > 1 and bj,c;,d;,e; € R for j =
1,...,n such that

a™ = "[bj,¢5)ld; ).
j=1

Of course, unital rings are never radical extensions over proper ideals. By [21, Propo-
sition 2.2], C*-algebras have this property as well. Using these facts, we obtain the
following characterization of when a C*-algebra is generated by its commutators; see
Theorem 4.1.

Theorem C. Let A be a C*-algebra. Then the following are equivalent:

(1) The C*-algebra A is generated by its commutators as an ideal.
(2) The C*-algebra A is generated by its commutators as a ring.
(3) For every a € A there exist n € N and bj,c;,dj,ej € A for j=1,...,n such that

n

a=""[bj,¢;lld;, ;).

j=1

If a C*-algebra is generated by its commutators as an ideal, then it admits no one-
dimensional irreducible representations. For unital C*-algebras, the converse also holds,
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but there exist nonunital C*-algebras that admit no one-dimensional irreducible repre-
sentations which are not generated by their commutators as an ideal; see Example 4.4.

We note that, unless A is unital, it is not clear if there exists a uniform bound on the
number of summands in part (3) of Theorem C; see Question 4.3.

Robert showed in [39, Theorem 3.2] that if a unital C*-algebra A admits no one-
dimensional irreducible representations, then every element is a sum of commutators
with a sum of products of commutators. Theorem A strengthens Robert’s result by
showing that it suffices to consider summands that are products of commutators; see
Remarks 4.2. We point out that it is not clear that every commutator in a C*-algebra
(let alone in a ring) is a sum of products of pairs of commutators; see Question 7.1. This
and related questions are discussed in Section 7.

Our proofs rely on the theory of Lie ideals in associative rings, as developed by Herstein
[25] and others in the 1950s and 1960s. In the context of C*-algebras, Lie ideals have
been studied by Miers [33] and coauthors in the 1970s and 1980s, and more recently by
Bresar, Kissin, and Shulman [9], and Robert [39].

In Section 5 we study the invariant {(R) that associates to a unital ring R gener-
ated by its commutators, the minimal N for which part (3) of Theorem A holds; see
Definition 5.1. We obtain estimates for this invariant for matrix rings over arbitrary
unital rings (Theorem 5.4), for division rings (Proposition 5.8), for semisimple' rings
(Corollary 5.11), as well as for unital rings that contain a direct sum of matrix rings
(Theorem 5.15).

In Section 6, we specialize to unital C*-algebras and we obtain estimates for the in-
variant £ for C*-algebras that are properly infinite (Example 6.1), have real rank zero
(Theorem 6.3), or contain a unital copy of the Jiang-Su algebra Z (Theorem 6.4). The
latter in particular applies to all C*-algebras covered by the Elliott classification pro-
gramme, as well as to the reduced group C*-algebras C(F,) of all nonabelian free
groups.

In forthcoming work [22], we show that (M) < 2 for von Neumann algebras M that
have no commutative summand, and that many such von Neumann algebras even satisfy
the optimal value (M) = 1. In [8], we show that {(M,,(D)) = 1 for every division ring
D with infinite center and n > 2, and we give an example of a commutative, unital ring
R such that £(Ma(R)) = 2.

We have written this paper with both ring theorists and operator algebraists in mind.
To make it accessible to both communities, we have included some basic definitions
and statements of useful results along the way. We also sometimes mention LP-operator
algebras, for which we refer the reader to [15] for an introduction.

! In ring theory, a semisimple ring is usually defined to be an Artinian ring with trivial Jacobson radical.
We will follow this convention in this paper.
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2. A commutativity result

In this section, we study rings R satisfying [[R, R],[R, R]?| = {0}, that is, rings
where commutators commute with products of pairs of commutators. We show that a
semiprime ring with this property is automatically commutative; see Theorem 2.3. For
general rings, said condition implies that the commutator ideal is nil, meaning that each
of its elements is nilpotent; see Corollary 2.4.

The results in this section are rather elementary and probably folklore in ring theory.
Since we were not able to locate them in the literature, we give here complete proofs, but
note that they could also be obtained by using either the theory of functional identities
or the theory of polynomial identities.

Given elements z,y in a ring, we use [z,y] := 2y — yz to denote the (additive) com-
mutator. Following the customary convention in algebra, when X and Y are subsets of a
ring, we use [X, Y] to denote the additive subgroup generated by the set of commutators
[z,y] with € X and y € Y. We sometimes consider just the set of commutators, and
then we use the notation

(X, Y] :={[z,y]: z€ X,y €Y}

for given subsets X and Y of a ring.

Similarly, we use XY to denote the additive subgroup generated by the set {zy: = €
X,y € Y}, and we write X2 for X X. If we want to specify the set of products, we use
the notation

XYV = {xy:xEX,er}

for given subsets X and Y of a ring. Note that XY is therefore the additive subgroup
generated by X Y.

An ideal I C R in a ring is said to be prime if I # R and whenever Jy,Jo C R are
ideals with J1Jo C I, then we have J; C I or Jo C I. A ring R is prime if {0} is a
prime ideal, that is, whenever I,.J C R are ideals and IJ = {0}, then we have I = {0}
or J = {0}. (Equivalently, whenever a,b € R satisfy aRb = {0}, then either a = 0 or
b = 0.) Further, a ring R is semiprime if the intersection of all prime ideals in R is
{0}. (Equivalently, whenever a € R satisfies aRa = {0}, then a = 0.) We refer to [28,
Section 10] for details.
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An additive subgroup L of a ring R is said to be a Lie ideal if [R, L] C L, or equivalently
[L, R] C L. Finally, recall that a ring R is said to have no 2-torsion if z € R and 2z =0
imply = 0.

Proposition 2.1. Let R be a ring, and let L C R be a Lie ideal. Consider the following
conditions:

(1) We have [L, R] = {0}, that is, L is a subset of the center of R.
(2) We have [L, L] = {0}.
(3) We have [L,L?] = {0}.

Then the implications ‘(1)=(2)=(3)’ hold. If R is semiprime, then the implication
‘(3)=(2)’ holds. Moreover, if R is semiprime and has no 2-torsion, then all conditions
are equivalent.

Proof. It is clear that (1) implies (2). If [L, L] = 0, namely if every element of L commutes
with L, then clearly also every element of L commutes with products of elements of L,
so (2) implies (3).

Assume that R is semiprime. We will show that (3) implies (2), using an argument
inspired by the proof of [29, Lemma 1]. We first establish the following:
2

Claim: For every xz,y € L, we have [z,y]* = 0. Using that y commutes with yz, we

have yzy = yyz. Similarly, we have zxy = zyx. Using this at the last step, we get

[z, y]* = ayay — zyyx — yaay + yryz = z(yzy — yyz) — y(zzy — ayz) = 0,

which proves the claim.
Now, let x,y € L and set u := [z,y]. We will show that u = 0. Let a € R.
Claim: We have (ua)* = 0. Applying the Jacobi identity, we have

[u,a] = [[z,y],a] = [z,[y,a]] + [y, [a,2]]. (2.1)

Since L is a Lie ideal, it follows that both [y, a] and [a, z] belong to L. Thus [z, [y, a]] and
[y, [a, x]] belong to [L, L], and hence their squares are zero by the above claim. Further,
[z, [y,a]] and [y, [a, z]] both belong to L (again because L is a Lie ideal), and they also
belong to L2. In particular, they commute. Set s = [z, [y, a]] and t = [y, [a, z]], and note
that s = t?> = 0 by the claim above. Using that s and ¢ commute at the second step, it
follows that

[u, a]® 2 ([z, [y, d]] + [y, [a, a:]])3 =% 4 3s%t + 3st> +1° = 0.

Using that u? = 0 (by the claim) at the third step, one easily checks that

0 = [u,a]*ua = (ua — au)3ua = (ua)?,
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as desired.

It follows that {u} UuR is a right ideal of R that is nil of bounded index at most 4. By
Herstein’s generalization of Levitzki’s theorem, [24, Lemma 1.1], it follows that u = 0;
see also [28, Exercise 10.13].

Suppose that R is semiprime and has no 2-torsion. To show that (2) implies (1),
assume that [L,L] = {0}. Let « € L and a € R. Since L is a Lie ideal, we have
[x,a] € L, and thus [z, [z, a]] = 0. Thus, [z, [z, R]] = {0}. By [25, Theorem 1], if M is a
Lie ideal in a semiprime ring S without 2-torsion, and if y € S satisfies [y, [y, M]] = {0},
then [y, M] = {0}. Applied to y = v and M = R, it follows that [z, R] = {0}. Thus,
[L, R] = {0}, as desired. O

In Proposition 2.1, condition (2) need not imply (1) in semiprime rings with 2-torsion,
as we show in the following example.

Example 2.2. Let F be a field of characteristic 2, set R := M (F), the ring of 2-by-2

matrices over F, and
L WA\
L._{</\ M).M,AE]F}.

Then R is semiprime and [L, L] = {0} (so that [L, L?] = 0 as well). Moreover, using that
[ has characteristic 2, a direct computation shows that L is a Lie ideal in R. On the
other hand, since the center of R consists only of scalar multiples of the identity, we see
that L is not contained in the center and thus [L, R] # {0}.

We now specialize to the case that the Lie ideal is the commutator subgroup.

In preparation for the proof of the next result, let us recall that the characteristic
of a ring R is defined as the smallest natural number n € N with n > 1 such that
nR = {0}, and as 0 if no such n exists. Note that a prime ring R has characteristic n > 1
if and only if there exists a € R\ {0} with na = 0. Indeed, given any b € R, we have
aR(nb) = (na)Rb = {0}. Using that R is prime, we have a = 0 or nb = 0, but a # 0 and
so nb = 0. In particular, a prime ring has characteristic 0 if and only if it has no torsion.

Theorem 2.3. Let R be a semiprime ring. Then the following are equivalent:

(1) The ring R is commutative.

(2) We have [[R, R],R] = {0}, that is, [R, R] is a subset of the center of R.
(3) We have [[R, R],[R, R]*] = {0}.

(4) We have [[R, R],[R, R]] = {0}.

Proof. It is clear that (1) implies (2), and that (2) implies (3). By Proposition 2.1, (3)
implies (4).
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Let us show that (4) implies (1). To verify that R is commutative, let z,y € R. We
will show that [z, y] = 0. Since R is semiprime, the intersection of all of its prime ideals
is {0}. Thus, to show that [z, y] = 0, it suffices to show that [z, y] belongs to every prime
ideal of R. Let I C R be a prime ideal. Then the quotient ring @ := R/I is prime and
satisfies [[Q,Q],[Q,Q]] = {0}. In order to show that [z,y] = 0, we will show that Q is
commutative. In other words, and this is indeed what we will do, we may assume that
R is prime.

Let Z denote the center of R. Using that [R, R] is a Lie ideal of R satisfying
[[R, R],[R, R]] = {0}, it follows from [29, Theorem 4] that [R, R] C Z, unless we have
the following exceptional case: R has characteristic 2, Z # {0}, and the localization
RZ~! of R at Z is isomorphic to the ring My(IF) of 2-by-2 matrices over the quotient
field F of Z. We claim that the exceptional case cannot happen under our assumptions.
Arguing by contradiction, assume that it does. Then F is a field of characteristic 2. The
assumption [[R, R],[R, R]| = {0} implies that [[RZ~', RZ7'],[RZ~*,RZ7']] = {0} as

well. Set S := M;(F) and
M:—{(; ‘z) :e,f,gGIF}.

a b a V\| _ [bd—cV *
c d)\d dJ)|— * cb’ — bc

and F has characteristic 2, it follows that every commutator in S belongs to M. Further,

Since

for e, f,g € F, we have

G o) o)l = (8 0) ma [ 6)( o)l (2 5)

Thus, M is the commutator subgroup of S. In particular, the matrices (8 (1)) and ((1) 8)
belong to M, but their commutator does not vanish. Thus, [M, M] # {0}. This shows
that R is not of the exceptional case.

Thus, we have [R, R] C Z. We conclude that R C Z by [29, Lemma 7], and hence R

is commutative. O

Corollary 2.4. Let R be a ring such that [[R, R], (R, R]?] = {0}. Then the commutator
ideal of R is nil.

Proof. Let P denote the lower nilradical (or prime radical) of R. Then P is a nil ideal and
R/P is semiprime; see [28, Definition 10.13]. It follows from Theorem 2.3 that R/P is
commutative. Hence, the commutator ideal of R is contained in P and therefore nil. O
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3. Rings generated by commutators

In this section, we show that a unital ring is generated by its commutators as an ideal
if and only if every element can be written as a sum of products of pairs of commutators.
Moreover, we show that there is a universal bound on the number of summands required;
see Theorem 3.4. In the general case of a not necessarily unital ring, we show that every
element in the commutator ideal has a power that is a sum of products of pairs of
commutators; see Theorem 3.5.

We actually work in the more general setting of algebras over rings, so we fix a unital
commutative ring K and will consider K-algebras. The case of rings is obtained by
specializing to K = Z.

Given a subset X C A in a K-algebra A and n € N, we use

Z”X:: {m1+x2+...+xn€A:xl,...,xneX}

to denote the collection of elements in A that can be written as a sum of n elements
from X.

A Lie ideal in a K-algebra A is a K-linear subspace L C A such that [4,L] C L.
Given Lie ideals L, M C A, it is easy to show, using the Jacobi identity, that the subspace
[L, M] is a Lie ideal as well.

Given subsets X,Y C A, recall from the beginning of Section 2 that

(X, Y] :={[z,y: 2 € X,yeY} and XY :={zy:zeX,yeY}.
We further set X*? := X o X.
Lemma 3.1. Let L, M be Lie ideals in a K-algebra A. Then
A[L,M|A C A[L, M].
Moreover, if Lo C L and My C M are subsets, and m,n € N satisfy
[A,Loly ©> "Lo, and [A Moy € ™My,
then As[Lg, Mgly e A C U™ A e (Lo, M)y

Proof. We only prove the quantitative statement since the proof of the non-quantitative
statement is analogous. Let a,b € A, let © € Ly, and let y € My. It follows from the
Jacobi identity that

[[.%‘,y],b] = —UyJ)L.T] - [[bvx]ay] = H[LyLl‘] + [[va]ay]y

and therefore
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alz,ylb = a[[z,y],b] + ablz,y]

= a[[b,y],x] +a[[x,b] } —|—aba: y Zl+n+mA [LOaMO]

as desired. O
It is a folklore result from Lie theory that if L is a Lie ideal in an algebra, then the
ideal generated by [L, L] is contained in L + L?; see, for example [39, Lemma 1.1]. We
include the result together with a quantitative statement for future reference.
Lemma 3.2. Let L be a Lie ideal in a K-algebra A. Then
A[L,L)JA C A[L,L] C L+ L%

Moreover, if Ly C L and n € N satisfy [A, Lo|1, [Lo, A1 € >." Lo, then

Ae[Lo,Loly €Y "(Lo+ Li?), and Ae[Lo,Lolys AC Y "0 (Lg 4 L),

Proof. We only prove the quantitative statement since the proof of the non-quantitative
statement is analogous. Given a € A and z,y € Ly, we have

alz,y) = laz,y) + [y, alz € [A, Loly + [Lo, Ay # Lo € > "(Lo + L)
Applying Lemma 3.1 at the first step with My = Lo and m = n, we obtain
Ae[Lo,Loli s AC Y M7 Ae Lo, Loy C Y "2 (Ly + L),
as desired. O

The next result is a variation of Lemma 3.2 that allows us to strengthen containment
in L + L? to containment in L2.

Lemma 3.3. Let L be a Lie ideal in a K-algebra A such that [A,L?] C L. (For example,
this is automatically the case if L contains [A, A].) Then:

A[L,L*]A C A[L,L*] C L~

Moreover, if Ly C L and m,n € N satisfy [A, Lol1 C >." Lo and [L{?, A1 € > Lo,
then

Ae LO> L- Ne Z 2n+m)L02 and Ae [LO,LE)2]1 e AC Z (2n+m)(1+3n)L62.

Proof. Again we only prove the quantitative statement. For a € A and x,y € Lo, we
have
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[a, zy] = [a, 2]y + z[a,y] € (Z"LO) elog+Lge (Z"Lo) = ZZ"L(')Q

Thus, setting Mo = Lg2, we get [A, Moly € S2°" M. Since [A, Lol; € 32" Lo, it follows
from Lemma 3.1 that

Ae[Lo, L1« ACY M ALy, L. (3.1)

Given a € A and z,y,z € Lo, using that [A, L2, C 32" L2 and [A, L{2]; ¢ Ly C
S ™ L2, we have

alr,yz] = lax,yz] + [yz, alz € [A, L] + [Lg?, Ay » Lo C Z (2ntm) a2,

Thus A e [Lo, Li?]; € > ?ntm) L2, Using this at the second step, we get

Ae [LO,L0]1°A C Z(1+3n)A [LO LO Z(2n+m)(l+3n) -2
as desired. O

Theorem 3.4. Let A be a unital K-algebra. Then the following are equivalent:

(1) We have A = A[A, A]A, that is, A agrees with its commutator ideal.

(2) The algebra A is generated by its commutators as a K-algebra.

(8) There exists N € N such that for every a € A there exist bj,cj,d;,e; € A for
j=1,...,N such that

N
§ :bj,cj [d;, ej].
Jj=1

Proof. It is clear that (3) implies (2), which in turn implies (1). To show that (1) im-
plies (3), assume that A = A[A, AJA. Set

=[A,A], and I:= A[L,L?A.

We first show that I = A. To reach a contradiction, assume that I # A. Using that
A is unital, choose a maximal ideal J C A with I C J. Set B := A/J, which is a simple
and unital K-algebra, and therefore a prime ring.

We claim that [[B, B],[B, B]*] = {0}. To see this, let by,...,bs € B. We want to
show that [[by, bo], [bs, b4][b5,bs]] = 0. Let 7: A — B denote the quotient map, and find
ai,...,as € A such that 7(a;) = b; for all j = 1,...,6. Then [[al,ag], [ag,a4}[a5,a6]]
belongs to I by definition (and since A is unital), and thus

[[bh bQ], [b37 b4] [bSa bﬁ]] = 71'([[@1, a2]’ [a?n a4][a5’ a6]]) =0,
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as desired.

Thus, the prime ring B satisfies [[B, B],[B, B]?] = {0}. Applying Theorem 2.3, we
deduce that B is commutative. Since, by assumption, the algebra A is generated by its
commutators as an ideal, the same is true for B. This is a contradiction, which shows
that I = A.

Set Lo := [A, A];. It follows that A is the linear span of Ae[Lg, L3];+ A, and we obtain
d € N and a;,b; € A and zj,y;,2; € Ly, for j =1,...,d, such that

d
1= "ajlx;,y;2]b;
j=1

We claim that every element in A is a sum of at most 12d products of pairs of com-
mutators. To show this, note that [4, Lo]; C Lo and [A, L2]; C Lo. Applying Lemma 3.3
with m =n =1 gives

Ae[Lo, L1 s AC > L. (3.2)

Let a € A. Then
d d o2 (3:2) 12d 1 02
=) aa;lzy;zlb; € Y Ao (Lo, Liflie A C Y HLE.
=1

This verifies (3) for N := 12d, and finishes the proof. O

In Sections 5 and 6, we will study the minimal N for which (3) in Theorem 3.4 is
satisfied.

We now turn to not necessarily unital rings and K-algebras. In this case, we show
that every element in the commutator ideal has a power that is a sum of products of
pairs of commutators.

Given a non-unital K-algebra A, we let A denote the unitization, which is given by
A = K x A with coordinatewise addition and scalar multiplication, and multiplication
defined as (A, ) (p,y) = (A, px+ Ay +zy) for A\, p € K and x,y € A. Then A is a unital
K-algebra, with unit (1,0), and the canonical map A — A identifies A with an ideal in
A TfAlis unital, we set A= A. See [5, Section 2.3] for details. The minimal unitization
of a C*-algebra A agrees with this construction when A is viewed as a C-algebra.

Given a K -algebra A, the ideal generated by a subspace L is L + AL + LA+ ALA,
which agrees with ALA viewed inside A. Note that ALA is also an ideal in A, which,
however, may not contain L if A is not unital.

Theorem 3.5. Let A be a K-algebra and consider the ideals

= A[[A A][A AP]A and T = A[A, AJA.
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Then I C [A,A)?> C J, and J/I is nil. Thus, for every a,d € A and b,c € A, there
exist n,m > 1 and wj, xj,y;,2; € A for j =1,...,n such that

n
E :U’J’xa Y 2.
Jj=1

In particular, if A = Z[A,A]g, then for every a € A, there exist n,m > 1 and
bj,cj,dj,ej € A forj=1,...,n, such that

n
E :ijcj [d;, e;].
Jj=1

Proof. That I is contained in [A, A]? follows from Lemma 3.3, while the inclusion
[A, A]> C J is clear. Note that the quotient B := J/I satisfies [[B, B], B, B]*] = {0}
and is generated by its commutators as an ideal. It thus follows from Corollary 2.4 that
B is nil, as desired. O

4. C*-algebras generated by commutators

In this section, we prove that if a C*-algebra is generated by its commutators as a (not
necessarily closed) ideal, then every element is a sum of products of pairs of commutators;
see Theorem 4.1.

We use A to denote the minimal unitization of a C*-algebra A; see the comments
before Theorem 3.5. The (not necessarily closed) ideal generated by a subspace L C A is
ALA. While in general it is not clear if ALA = ALA since L may not be a subset of ALA,
for the special case L = [A, A] we showed in [21, Proposition 3.2] that [A, A] C A[A, A]A
and therefore A[A, A]JA = A[A, A]A.

A character on a C*-algebra A is a one-dimensional, irreducible representation.
(Equivalently, a nonzero homomorphism A — C.)

Theorem 4.1. Let A be a C*-algebra. Then the following are equivalent:

(1) We have A = A[A, AA, that is, A is generated by its commutators as a (not neces-
sarily closed) ideal.

(2) We have A = A[A, A]A, that is, for every a € A there existn € N and b;, ¢j,dj,e; €
A, forj=1,...,n, such that

n

a= Z bilcj, djle;
j=1

(3) We have A = A[[A.A],[A.A]]A.
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(4) The C*-algebra A is generated by its commutators as a ring.
(5) We have A = [A, A%, that is, for every a € A there existn € N and bj, c;j,d;,e; € A,
forj=1,...,n, such that

n

E :b],c] [d; 5]
i=1

Moreover, these conditions imply:
(6) The C*-algebra A admits no character.

Moreover, (6) implies that A[A, A]A is dense in A, and thus all conditions are equivalent
if A is unital.

Proof. By [21, Theorem 3.3], (1), (2) and (3) are equivalent. It is clear that (5) implies (4),
which in turn implies (1).

Let us show that (1) implies (5). Thus, assuming that A = A[A, A]A, consider the
ideal

= A[[A, A], A, AP] A
Applying Theorem 3.5, we obtain that
IC[AAPCA,

and A/ is nilradical. Thus A is a radical extension over I. Since C*-algebras are never
radical extension over proper ideals ([21, Proposition 2.2]), we get I = A, and hence
A =[A, A%, as desired.

We have seen that (1)-(5) are equivalent. It is easy to see that every character vanishes
on commutators, which shows that (4) implies (6).

We will now show that (6) implies A[A, A]A = A. To reach a contradiction, assume
that J := A[A, A]A is a proper subset of A, and thus a proper (closed, two-sided)
ideal. The quotient A/J is a commutative C*-algebra and therefore admits a character.
Composed with the quotient map A — A/J, we obtain a character for A, which is the
desired contradiction.

The last claim follows from the fact that the only dense ideal in a unital C*-algebra
is the C*-algebra itself, and hence (6) implies (2) in this case. O

Remarks 4.2. (1) It was shown in [7, Lemma 2.5] that a unital C*-algebra is generated
by its commutators as an ideal if and only if it is generated by its commutators as an
algebra, and if and only if it admits no characters. Theorem 4.1 refines and generalizes
this result.
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(2) Let A be a unital C*-algebra that admits no characters. Robert showed in [39,
Theorem 3.2] that every element in A can be written as

for some N € N and elements aj,b;,cj,dj,e;4, f; € A, for j = 1,...,N. Theorem 4.1
shows that the summands [a;, b;] are not necessary, and every element can be written
as a sum of products of commutators.

It is not known if every commutator in a C*-algebra is a linear combination of products
of pairs of commutators; see Question 7.1(c).

Question 4.3. Let A be a nonunital C*-algebra that is generated by its commutators
as an ideal. Is there a uniform upper bound on the number of summands necessary in
statement (3) in Theorem 4.17

The following example was provided by Ozawa, who kindly allowed us to include it
here. It shows that (6) does not imply (1)-(5) in Theorem 4.1 for nonunital C*-algebras.
In the example, we use the C*-algebraic product of C*-algebras A,, for n € N, which is
defined as

H A, = { ap)neN: Gn € Ay, sup |lan| < oo}
neN neN

Example 4.4. By [40, Corollary 8.6], there exists a sequence (A, )nen of unital, simple,
infinite-dimensional C*-algebras A, such that the product [], .
ter. We claim that for every m > 1 and C' > 1, there exists n = n(m,C) such
that in A, the following holds: If 1 = ZJ 1a51bj, ¢;ld; for aj,bj,cj,d; € Ay, then
S llag el id; | > €

Indeed, if this is not the case, then there exist m > 1 and C > 1 such that for every
n € N there are ayn j,bp j, Cn j, dn,; € Ay such that

A, has a charac-

[1bn,5llllen jlllldn, i1l < C-

m m
1= an;jlbnj,cnjldn;, and Y llan;|
j=1

Jj=1

One may arrange that ||an ;|| = ||bn;|| = ||cn,;

| = ||dn,;|| for each n and j. It follows that

aj = (anj)n, bj = (bnj)n, ¢ = (cnj)n, and dj:= (dn;)n

are bounded sequences and thus belong to [[,cn An. Then 1 = Zj 1 a[bj, ¢5]d; in
[I,.eny An, which contradicts that []
tation.

neN An has a one-dimensional irreducible represen-
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For m € N, consider the natural number n(m, m?) as in the claim for m = m and C' =
m3. Let us consider the direct sum B := @, , Ap(m,m3)- Since each summand Ay, (p,,ms)
has no character, neither does B. On the other hand, we claim that B does not agree
with its commutator ideal. To see this, assume that the element e := (%)meN belongs
to the commutator ideal. Then there exist 7 € N and sequences ay = (am k)meN, bk =
(bm,k)meNaCk = (Cm,k)mENvdk, = (dm,k’)meN € B with e = 22:1 ak[bk,ck]dk Choose
m such that m > 7 and m? > > | [lax|||[be||l|ck |l |dx]- In the quotient Ay, ma) of B,
we have

s '8
L =" amklboges mildmg, and D [l bl | dm il < m?,
k=1 k=1

a contradiction to the choice of n(m, m?).

Given a C*-algebra A, we use Ay to denote the set of self-adjoint elements in A that
vanish under every tracial state on A. A self-commutator in A is an element of the form
[x*, z] for some = € A. Clearly, every self-commutator belongs to Ay, and consequently
every norm-convergent sum Z;’;l[x;‘,mj] belongs to Ag. It was shown by Cuntz and
Pedersen, [13], that all elements of A arise this way.

Thus, every element in Ay can be approximated in norm by finite sums of self-
commutators. However, the following example shows that there is no uniform bound
on the number of summands needed — even if A is unital. This should be contrasted with
Theorem 3.4.

Example 4.5. Based on examples by Pedersen and Petersen [34], Bice and Farah showed
in [2, Theorem 2.1] that for each m there exist a unital C*-algebra B and an element
b € By that is not a limit of sums of m self-commutators.

Robert showed that this phenomenon can even be accomplished in a simple C*-algebra
for all m simultaneously: By [38, Theorem 1.4], there exists a simple, separable, unital
C*-algebra A with a unique tracial state 7 that contains contractive elements a.,, € Ag,

for m > 1, satisfying ||an, — Z;ﬂ:l[x;‘,xj]H > 1 for all z1,...,2, € A.
Let us see that dist(asm, Y. [A, Al1) = 1. Since a4, is contractive, it suffices to

show that dist (a4m,zm[A,A]1) > 1. To reach a contradiction, assume that there is
c € 3 "[A, Aly with [Jagm — c|| < 1. Then ||asm — 5(c+ ¢*)|| < 1. Note that £(c+c*) is
a self-adjoint element in ng [A, A];. Tt follows from [31, Theorem 2.4] (and its proof),
that every self-adjoint element in Y "[A4, A]; is a sum of at most 2k self-commutators,

for every k € N. Thus, a4, has distance strictly less than 1 to a sum of at most 4m
self-commutators, which is the desired contradiction.

It follows that Ag is not contained in the closure of Y ™[4, A]; for any m € N.
On the other hand, since A is unital, by Theorem 3.4 there exists NV € N such that
A=y V(4,4
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5. Bounds on the number of commutators for rings

In Theorem 3.4 we have seen that if a unital ring R is generated by its (additive)
commutators, then there exists N € N such that R = SV [R, R];2, where [R, R]; de-
notes the set of commutators in R, and [R, R]3* denotes the set of products of pairs of
commutators. We define the invariant £(R) as the minimal N with this property; see
Definition 5.1. We show that £(M,(S)) < 2 for the ring M, (S) of n-by-n matrices over
an arbitrary unital ring .S and n > 2; see Theorem 5.4. For matrix algebras over a field F,
we prove that £(M,(F)) = 1, which amounts to showing that every matrix is a product
of two matrices of trace zero; see Example 5.5.

We then show that every noncommutative division ring D satisfies (D) < 2
(Proposition 5.8), and deduce that £(R) < 2 for every semisimple ring R that has no
commutative summand (Corollary 5.11).

In Lemma 5.13, we develop a method to obtain good bounds for {(R) for a unital ring
R from the existence of special elements in a unital subring of R. Using this, we prove
that £(R) < 3 as soon as R admits a unital ring homomorphism from a direct sum of
matrix rings; see Theorem 5.15.

Definition 5.1. Given a unital ring R generated by its commutators, we set
£(R) := min {N EN:R= ZN[R,R]12} .

Remarks 5.2. (1) In [37], Pop shows that a unital C*-algebra A admits no tracial states
if and only if there exists n such that A = > "[A, A];, and in this case he defines the
invariant v(A) as the minimal number n such that A = > "[A, A];. Our invariant ¢ is
defined analogously.

(2) For a K-algebra A over a unital, commutative ring K, it would arguably be more
natural to define £(A) as the smallest N such that every element of A is a K-linear
combination of (at most) N elements in [A4, A];?. Since the set [A, A]}? is K-invariant,
this alternative definition agrees with the one given above.

(3) In [39, Example 3.11], Robert shows that for every N € N there exists a unital
C*-algebra A such that not every element of A can be expressed as a sum of N elements
in [A, A]}2, that is, such that £(A) > N.

Question 5.3. What are the possible values £(R) for unital rings R? What are the possible
values for unital, simple rings?

The rest of this work is concerned with finding upper bounds for £(R) for different
classes of rings R. We begin with matrix rings. In [32, Theorem 15], Mesyan showed that
for every unital ring S and n > 2, every matrix in M, (S) with trace zero is a sum of
two commutators. Based on his ideas, we show that every matrix in M, (S5), regardless
of its trace, is a sum of two products of pairs of commutators.
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Theorem 5.4. Let S be a unital ring and let n > 2. Then (M, (S)) < 2.

Proof. Assume first that n = 2. Given z,y € S, we have

G 8)(5 8)]= (5 5) prsnanisi

Further, we have

(5 0)-(Y 0)]=(5 &) e ans 5.1)

Therefore, given any a, b, c,d € S, we have
a b)Y (1 0 0 b 0 1 0 d ) -
<C d) B (O 1) (C 0) + (1 0) <a 0) = Z [M3(S), M2(S)]7"

Assume now that n > 3. For j,k = 1,...,n, let ¢;, € M,({0,1}) C M, (S) denote
the standard matrix unit. Let @ € M,,(S) and set

n—1 n—1

-1 -1

T = E ej+1,5, Y= g €jj+1, and c:=a+zay+...+2" Tay" .
j=1 j=1

As shown in the proof of [32, Theorem 15], one can readily check that
[y, z] = a — cep p.

Note that the entries of the matrix a — ce, , agree with those of a in the first n — 1

columns.
Using block-diagonal matrices with blocks (8 é) and ((1) 8) and using the identity in
(5.1), we see that the diagonal matrix d with entries 1,—1,...,1,-1,0 (for n odd) and

with entries 1,—1,...,1,—1,0,0 (for n even) is a commutator in M,(S). Moreover, we
have [cy, z]d = ad, so ad is a product of two commutators. Set p, = 1 if n is odd and
pn = 2 if n is even. Note that ad is an arbitrary matrix in M, (S) whose last p,-many
columns are zero.

We have shown that every matrix whose last p,-many columns are zero is a product
of two commutators in M, (S). Analogously, every matrix whose first p,-many columns
are zero is also a product of two commutators. Since n > 3, every matrix is a sum of two
such matrices, thus concluding the proof. 0O

For matrix algebras over a field IF, we have the optimal estimate {(M,(F)) = 1.
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Example 5.5. Let F be a field, and let n > 2. For characteristic 0, it was shown by Wu
in [46, Theorem 5.12] that every matrix in M, (F) is a product of two (additive) commu-
tators. Botha showed in [4, Theorem 4.1] that the same holds in positive characteristic.

Thus, we have {(M,(F)) = 1. This means that the image of the polynomial
f(a,b,¢,d) = [a,bl[e,d] in M, (F) is all of M, (F). In particular, this verifies the L’vov-
Kaplansky conjecture for this polynomial, for all fields, and for all n > 2. We refer the
reader to the survey [27] for background on the L’vov-Kaplansky conjecture.

Example 5.6. Let R be a unital ring that admits a surjective inner derivation, that is,
we have R = {[a,z]: x € R} for some element a € R. This clearly implies that every
element in R is a product of two commutators and thus £(R) = 1. Examples of such
rings include the algebra of endomorphisms on an infinite-dimensional vector space, and
the Weyl algebras over fields of characteristic 0; see [44, Examples 1.1].

This means that the polynomial f(a,b,c,d) = [a,b][c,d] is surjective on unital rings
admitting a surjective inner derivation. Much more generally, Vitas showed in [44, The-
orem 1.2] that A = f(A) for every nonzero multilinear polynomial f on a unital algebra
A over a field such that A admits a surjective inner derivation.

Let S be a unital ring and let n > 2. While every matrix of trace zero in M,,(S) is a
sum of two commutators by [32, Theorem 15], it was shown by Rosset and Rosset in [42]
that not every matrix of trace zero in M,,(S) is necessarily a commutator. In forthcoming
work [8], we show that the answer to the following question is ‘Yes’.

Question 5.7. Do there exist a unital ring S and n > 2 such that £(M,(S)) = 2?

Recall that a division ring, being simple, is generated by its commutators as an ideal
if and only if it is not commutative (that is, not a field).

Proposition 5.8. Let D be a noncommutative division ring. Then
D = [D,D]l + [D,Dh L4 [D,Dh = [D,D]l . [D,D]l + [D,D]l L4 [D,D]l,
and in particular £(D) < 2.
Proof. It is clear that [D,[D,D]i]; C [D,D];. We claim that also [D,[D,D};]; C
[D, D]2. To see this, let r,s,t € D. If [s,t] = 0, then [r,[s,t]] = 0 € [D, D]$2. If [s, t] # 0,
then
[r,[s,t]] = [r[s,t] ", [s,1]][s, t] € [D, D]},
By Theorem 2.3, we have [[D, D], [D, D]] # {0}. Since every nonzero element in D is

invertible, this shows that there exist a € D and v,w € [D, D]; such that 1 = a[v,w].
Now, given any d € D, we have
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d = da[v, w] = [dav, w] + [w,da]v € [D,[D, D}], + [D, D]y ¢ [D, D};.

By the previous comments, the above is contained both in [D, D]; + [D, D], « [D, D]
and in [D, D]y « [D, D]y + [D, D]y * [D, D]y, as desired. O

It was shown by Harris in [23] that there exist division rings D with D = [D, D]y,
hence also D = [D, D];2. In that case, we have £(D) = 1.

Question 5.9. Do we have {(D) = 1 for every noncommutative division ring D?

Question 5.10. Do we have £(M,, (D)) =1 for every n > 2 and every (noncommutative)
division ring D?

Recall that a ring is said to be semisimple if it is Artinian (namely, if it has no infinite
descending sequence of left or right ideals), and its Jacobson radical is trivial.

Corollary 5.11. Let R be a semisimple ring which is generated by its commutators as an
ideal. Then £(R) < 2. If R is additionally finite-dimensional over an algebraically closed
field, then £(R) = 1.

Proof. Since R is semisimple, by the Artin—Wedderburn Theorem there exist m,nq, ...,
N, € N and division rings Dy, ..., D,, such that R & @;nzl My, (Dy). Since My, (D) is
simple for all j = 1,...,m, it follows that R is generated by its commutators as an ideal
if and only if for all j with n; = 1, the division ring D; is not commutative, that is, if and
only if no summand M, (D;) is a field. Applying Theorem 5.4 for the summands with
n; > 2, and Proposition 5.8 for the summands with n; = 1, we deduce that ¢(R) < 2.

If R is additionally finite-dimensional over an algebraically closed field F, then R =
@;”:1 M, (F) for some integers n; > 1. In this case, R is generated by its commutators
if and only if n; > 2 for every j, in which case {(R) = 1 by Example 5.5. O

We now turn to estimates relating the invariant € of a ring and a subring. The following
is a first crude estimate that can probably be improved.

Proposition 5.12. Let R be a unital ring, and let S C R be a subring with 1 € S. Then
¢(R) < 15¢(S)3.

Proof. Set My :=[S,S]1 and N := £(S). We clearly have [My, S]; C My. Moreover, we
claim that [Mg2,8]; € S2% Mg2. To see this, let s € S and x,y € My. Then

[s,2y] = [s, 2]y + z[s,y] € M + Mg?,
as desired. Using the above, it follows from Lemma 3.1 that

Se[Mo, Mg?l1 08 C Y *S e [Mo, Mg?]s. (5.2)
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Note also that S = ZN Mg? immediately implies that
o [8,8] =Y NS e M2, M. (5.3)

Using unitality of S and the identity [ab, cd] = a[b, cd] + [a, cd]b at the fourth step, we
get

S=3 NS, S+ 5,51 €S NSe[S, 5] ”)ZNJ (M2, M2, (5.4)
= N (S e [Mo, Mi?)y + S o [Mo, Mi?)y + S) ZW”’ (Mo, Mi?)s.

Set Lo := [R,R];. We have [R, Lo]; € Lo and [Lj?, R]; C Lo, and therefore R e
[Lo, Lt2); € 3°° Le? by Lemma 3.3. Using that My C Lo and using the above at the last
step, we get

(5.4)
R=ReS C Y "' ReSe[My, M1 CY "N Re[Lo, Ly €Y NI

Thus, R = ZwNS [R, R]; ¢ [R, R]; and therefore ¢(R) < 15£(5)3. O

If R is a unital ring that contains a unital subring of the form @7:1 M, (S;) for unital
rings S; and n; > 2, then Proposition 5.12 and Theorem 5.4 show that £(R) < 120. We
now present a method that can be used to obtain a much better bound, and which we
will use in Theorem 5.15 to verify that £(R) < 3.

Lemma 5.13. Let R be a unital ring, let S C R be a subring with 1 € S, and let m,n € N.

(1) If 1 € Y8 o [[S,501,[S,Sh],, then R = Y™ ([R, R} + [R, Ry  [R,R]1). In
particular, if there erist a € S and u,v € [S,S]; with 1 = alu,v], then R =
[R,R]1 + [R, R]1 * [R, R]:.

(2) If 1 € " S o [[S, 511, [S, 8132, then £(R) < 3n. In particular, if there exist a € S
and u,v,w € [S,S]1 such that 1 = afu,vw], then {(R) <3

Proof. Set Lo := [R, R]1, and note that [R, Lo|1, [Lo, R]1 C Lo and [L{?, R]; C Lo.
(1). Using the assumption at the first step, and Lemma 3.2 at the second step, we get

R=>""Re[Lo, L)y € > ™(Lo+L§?) =Y "([R Rl + [R, Rl +[R,R]).

(2). Using the assumption at the first step, and Lemma 3.3 at the second step, we get
R=) "Re[Lo, L €Y *"L¥ =) *'[R,Rj«[R.R). O

We will need to know that matrix algebras over Z contain certain special commutators.
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Lemma 5.14. Let n > 2. Then the integral matriz ring M, (Z) contains matrices u,v, w €

[M,(Z), M, (Z)]1 such that [u,v] is invertible and v = vw.

Proof. Suppose n = 2. Set

(8 -1 D6 - D[ D6 )
= [(3 8- )] %)

which is invertible. Since one may also readily check that v = wv[u,v], we may take
w = [u,v].
Suppose n = 3. Consider

0 0 1 1 00 0 01
u::<1 0 O)ZKO 2 0),(1 0 0)]

0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 2 00
v;:<1 0 0):[(1 0 o>,<o 1 o)]

010 010 0 0 0

00 1\ /0 0 0 0 1 0
wol= ({1 0 0), (1 0o0)|=(0 0 -1
000/ \o 10 -1.0 0

is readily seen to be invertible. Moreover, setting

10 0 0 1 0 0 0 0
w:=|(0 1 0 ]= 00 2),{1T 0 0}f,
0 0 -2 0 0 0 010

one checks that vw = v as well.

Suppose that n > 4. Find k,¢ € N such that n = 2k + 3¢. One can find the desired
matrices in M,,(Z) as block-diagonal matrices using k blocks in M2(Z) and ¢ blocks in
M3(Z). We omit the details. O

Then

Theorem 5.15. Let R be a unital ring, and suppose that there exist unital rings S, ..., Sm
and natural numbers ny, ..., Ny, > 2 such that @;n:l M, (S;j) embeds unitally into R.
Then

R=[R,Rl, +[R,R)i*[RR);, and R= °[R R +[R, Rl

In particular, {(R) < 3.
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Proof. Set S := @;ﬂ:l M, (S;). Without loss of generality, we assume that S is a subring
of R. Applying Lemma 5.14 in each summand M, (S;) and adding them, we find a € S
and u,v,w € [S,S]; such that 1 = afu,v] = afu,vw]. The result now follows from
Lemma 5.13. O

Question 5.16. In the setting of Theorem 5.15, does one have £(R) < 27

Remark 5.17. Theorem 5.15 applies in particular to matrix rings and shows that for
every unital ring S and n > 2, every element in M, (S) is a sum of a commutator with a
product of two commutators. Similarly, one can show that R = [R, R]1 + [R, R]1 *[R, R]1
whenever R is a noncommutative division ring, or a semisimple ring without commutative
summands.

6. Bounds on the number of commutators for C*-algebras

In this section, we prove estimates for the invariant £(A) in the case that A is a unital
C*-algebra. We show that £(A) < 3 if A is properly infinite (Example 6.1), or has real
rank zero (Theorem 6.3). We prove the estimate £(A) < 6 whenever the Jiang-Su algebra
Z embeds unitally into A, in particular for all Z-stable C*-algebras; see Theorem 6.4.

A unital C*-algebra A is said to be properly infinite if there exist mutually orthogonal
projections p,q € A and isometries s,t € A satisfying ss* = p and tt* = ¢q. Equivalently,
and with O denoting the infinite Cuntz algebra, there is a unital embedding O, — A;
see [3, Proposition II1.1.3.3].

Example 6.1. Let A be a unital, properly infinite C*-algebra. Then
A= "2[A Al = [A Al +[A Al o [A Ay =) P[A, Al « [A, Al

so in particular £(A) < 3. Indeed, the first equality was shown by Pop; see [37, Remark 3].
The two last equalities follow from Theorem 5.15 using that A admits a unital embedding
of the Cuntz algebra Ou, which in turn admits a unital embedding of M3(C) @ M3(C).

It would be interesting to compute £(A) for some particular cases of properly (or even
purely) infinite C*-algebras. For example:

Question 6.2. What is £(O)?

For Cuntz algebras O,, with finite n, a smaller upper bound can be given. Indeed, for
n > 2 it is well-known that O,, contains a unital copy of M, (C). (Indeed, if s1,..., s,
denote the canonical isometries generating Oy, one can readily check that {s;s}: j,k =
1,...,n} is a system of matrix units, so it generates a (unital) copy of M,,(C).) It follows
that O,, is isomorphic to the ring of n-by-n matrices over a unital ring, and therefore
£(0,) <2 by Theorem 5.4.
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The same argument applies to the LP-versions OF of the Cuntz algebras introduced in
[36] and studied in [17,12], thus giving £(OF) < 2 for every p € [1,00) and every natural
number n > 2. We do not know whether £(OF) = 1.

A unital C*-algebra is said to have real rank zero if the self-adjoint elements with finite
spectrum are dense among all self-adjoint elements. See [3, Section V.3.2] for details.

Theorem 6.3. Let A be a unital C*-algebra of real rank zero that admits no characters.
Then £(A) < 3 and

A=A Al +[A AL+ [A AL

Proof. Set B := M3(C) @ M5(C). By [35, Proposition 5.7], the unit of A is weakly
divisible of degree 2, that is, there exists a unital homomorphism B — A; see [35,
Page 164, Lines 10ff]. It follows that A contains a unital copy of B, or one of its unital
quotients M3(C) or M3(C). Now the result follows from Theorem 5.15. O

We now turn to C*-algebras that admit an embedding of the Jiang-Su algebra Z,
which is a unital, simple, separable, nuclear C*-algebra with unique tracial state and
without nontrivial idempotents; see [41, Example 3.4.5]. There are plenty of C*-algebras
that contain Z unitally but which do not contain any matrix subalgebras, so that
Theorem 5.15 does not apply to them. One such example is given by the reduced group
C*-algebra C5(F,,) of the free group; see Example 6.5.

We will need the so-called dimension drop algebra Zs 3, which is given by

{ ) eMy(C)® 1,}
Zss3 =14 f:]0,1] = M3(C) ® M3(C) continuous: .
f(1) e 1@ Ms(C)

It is known that Z contains Z3 3 as a unital subalgebra.

A unital C*-algebra is said to be Z-stable if A is x-isomorphic to the C*-algebraic
tensor product A® Z. Such algebras clearly admit a unital embedding of Z, and therefore
of Z 3.

The Jiang-Su algebra and Z-stable C*-algebras play a crucial role in Elliott’s classi-
fication program of simple, nuclear C*-algebras. For a general overview, as well as the
statement of the recent classification theorem and corresponding references, we refer the
reader to Winter’s ICM proceedings [45].

Theorem 6.4. Let A be a unital C*-algebra that admits a unital x-homomorphism Zs 3 —
A. Then £(A) < 6. This applies in particular to all unital, Z-stable C*-algebras.

Proof. We claim that there exist a,b € Zs 3 and ¢, 7, s,2,y,2 € [Z23, Z2 3]1 such that

1 = alg,rs] + blz, yz].
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Once we prove this, the fact that £(A) < 6 will follow from part (2) of Lemma 5.13 with
n=2.

Use Lemma 5.14 with n = 3 to find u,v,w € [M5(Z), M5(Z)]; and e € M3(Z) satis-
fying 13 = e[u, vw]. Define functions a, q,r,s: [0,1] = M3(C) ® M5(C) by

(1, ®v), and s(t) =t5 (1, ® w).

N[
W=
ool

a(t) =t2(1a@e), q(t) =ti(la@u), r(t)=t

Denote by h € Zs 3 the function given by h(t) = tlg. One readily checks that a,q,r,s
belong to Zs 3; that ¢, r, s are commutators in Z 3, and that h = a[g, rs].

Similarly, using Lemma 5.14 with n = 2, we find v/, v’,w’ € [M2(Z), M3(Z)]; and
e’ € My(Z) satisfying 1 = €'[uv/, v'w']. Define b, z,y, 2: [0,1] — M2(C) @ M3(C) by

b(t) = (1—t)%(6/®13), -T(t) = (l_t)%(’u/@lg),
y(t) = (1= )5 (' ®13), and 2(t) = (1 - 1) (' @ 13).

00|

One readily checks that b, z, y, z belong to Z3 3; that x,y, z are commutators in Z5 3, and
that 1 — h = blx, yz]. It follows that 1 = alq,rs] + blx, yz], as desired. O

Although the primary interest in the theorem above is to Z-stable C*-algebras, it also
gives information for certain reduced group C*-algebras:

Example 6.5. Let G be a discrete group containing a nonabelian free group. Then
£(C5(G)) < 6. Indeed, it was shown in [43, Proposition 4.2] that C§(F2) contains a
unital copy of Z, and the assumptions on G guarantee that C}(F2) embeds unitally into
C%(G). Now the assertion follows from Theorem 6.4.

The C*-algebras here considered often contain no nontrivial idempotents, and hence
no matrix subalgebras, for example for G = F,,. In such situations, Theorem 5.15 is not
applicable.

The methods we have developed to show that £(C5(FF,)) < 6 do not seem to give any
information about the LP-versions F¥ (F,) of these group algebras introduced by Herz in
[26] and further studied, among others, in [18-20]. It would be interesting to find explicit
upper bounds for £(F¥(F,)).

7. Outlook

We end this paper with some questions for future work. Given a C*-algebra A, consider
the following properties:

(1) We have A = A[A, AJA.
(2) We have A = [A, A]?.
(3) We have [A, A] = [[A, A], [A, A]?].
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(4) We have A[A, AJA = [A, A2
(5) We have [A, A] C [A, A%

Then the implications ‘(1)< (2)=(3)=(4)=(5)’ hold. Indeed, (1) and (2) are equivalent
by Theorem 4.1. To show that (2) implies (3), assume that A = [A, A]?. Given a, b, c € A,
we have [ab, ¢] = [a, bc] + [b, ca] and thus

(A, 4] = (14, A2, 4] € [[4, 4], [4, A14] + [[4, 4], AlA, A]
C [14, AL, A] C [[A, A [4, 47].

To show that (3) implies (4), first note that the inclusion [A, A]> C A[A, A]A holds
in general, since the ideal A[A, A]A contains [A.A] by [21, Proposition 3.2]. Further,
assuming that [A, A] = [[A, A], [A4, AJ?], using Lemma 3.3 at the second step, we get

A[A,AJA = A[[A AL [A,A]A C (A, A2

Finally, we see that (4) implies (5), again using that [A, A] C A[A, A]A.

If A is commutative, then (2) does not hold, while (3) is satisfied. Thus, (3) need
not imply (2), but it remains unclear if (3)-(5) are equivalent. In fact, it is possible
that (3)-(5) are always true.

Question 7.1. Let A be a C*-algebra.
(a) Do we have [A4, A] = [[A, A], [A, A]?]?
(b) Do we have A[A, A]A = [A, A]*?
(c) Do we have [A, A] C [4, A]*?

For C*-algebras that are generated by their commutators as an ideal (or more
generally, C*-algebras for which the commutator ideal is closed), all subquestions of
Question 7.1 have a positive answer. Further, by passing to the closed ideal generated by
commutators, one may assume that the C*-algebra has no character. Thus, Question 7.1
is only unclear for C*-algebras that have no character but are not generated by their
commutators as an ideal, such as the one described in Example 4.4.

Remark 7.2. Assume that a C*-algebra A satisfies [4, A] C [A, A]?. We claim that the
commutator ideal I := E[A, A]g is semiprime, that is, an intersection of prime ideals.
To see this, we note that I is idempotent, that is, I = I?. Indeed, the inclusion I2 C I
is clear, and conversely we have

I=A[A, AJA C A[A, APA C A[A, AJA[AA, AJA = I2.

Since an ideal in a C*-algebra is idempotent if and only if it is semiprime by [16, Theo-
rem A], the claim follows.
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