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We say that a C∗-algebra is soft if it has no nonzero unital quotients, and we connect 
this property to the Hjelmborg-Rørdam condition for stability and to property (S) of 
Ortega-Perera-Rørdam. We further say that an operator in a C∗-algebra is soft if its 
associated hereditary subalgebra is, and we provide useful spectral characterizations 
of this concept. Of particular interest are C∗-algebras that have an abundance of 
soft elements in the sense that every hereditary subalgebra contains an almost full 
soft element. We show that this property is implied by the Global Glimm Property, 
and that every C∗-algebra with an abundance of soft elements is nowhere scattered. 
This sheds new light on the long-standing Global Glimm Problem of whether every 
nowhere scattered C∗-algebra has the Global Glimm Property.

© 2024 Published by Elsevier Inc.

1. Introduction

A recurring property in the study of non-simple C∗-algebras that ensures sufficient noncommutativity 
is the notion of having no nonzero elementary ideal-quotients; see, for example, [18,37,2]. Given the stark 
contrast between such C∗-algebras and those that are scattered (as defined by Jensen in [25]), the property 
was termed nowhere scatteredness in [45].

Despite this notion being the natural substitute for simplicity in a variety of scenarios, one often finds 
oneself working with the more technical condition of having the Global Glimm Property. This property, 
introduced by Kirchberg and Rørdam in [27], implies nowhere scatteredness and, in fact, it is known that 
both notions agree for a wide class of C∗-algebras. However, whether these two conditions are the same in 
general remains an open problem, known as the Global Glimm Problem; see [47, Section 1] for an overview 
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on the subject. In essence, and as in many other problems in mathematics, the Global Glimm Problem asks 
if a natural condition and its more useful (albeit more technical) strengthening coincide.

A new approach to attacking this problem was developed in [47], where the statement of the Global 
Glimm Problem was reformulated in terms of the Cuntz semigroup, a powerful invariant for C∗-algebras 
introduced by Cuntz in [16] and later studied more abstractly by Coward, Elliott, and Ivanescu in [15]. The 
theory of Cuntz semigroups, which was further developed in [3–6,1], has seen many important applications in 
the structure and classification of C∗-algebras; see, for example, [48,33,49,37,42,2]. For a recent introduction 
to the theory we refer to [20].

In order to exploit the approach from [47], it becomes imperative to deepen our understanding of the 
Global Glimm Property. In this paper, we do so by characterizing the property in terms of soft elements.

Definition A (3.1). Given a C∗-algebra A, we say that a positive element a ∈ A+ is soft if no nonzero 
quotient of aAa is unital.

This definition is in analogy to the notion of having a soft Cuntz class, as introduced in [3], and draws in-
spiration from the characterization of stability for purely infinite C∗-algebras obtained in [26, Theorem 4.24]: 
A σ-unital, purely infinite C∗-algebra is stable if and only if none of its nonzero quotients is unital. In fact, 
despite never having a name, the notion of softness appears throughout the literature. For example, one 
could restate part of [12, Theorem B] by saying that a separable, nuclear O∞-stable C∗-algebra has finite 
decomposition rank if and only if every positive element in A is soft.

We begin our investigation by first developing the basic theory of softness for C∗-algebras, where we 
say that a C∗-algebra is soft if it has no nonzero, unital quotient; see Definition 2.1. We relate this prop-
erty to the Hjelmborg-Rørdam condition for stability and to property (S) of Ortega-Perera-Rørdam; see 
Proposition 2.14. We then give a spectral characterization of softness:

Proposition B (3.6). A positive element a in a C∗-algebra A is soft if and only if for every closed ideal 
I ⊆ A, either a ∈ I or the spectrum of a + I ∈ A/I has 0 as a limit point.

Section 4 is devoted to the introduction of three tailored definitions of softness for Cuntz classes, which 
we call functional, weak, and strong softness; see Definition 4.3. Strong softness implies weak softness, which 
in turn implies functional softness, and all three notions agree in Cuntz semigroups of residually stably finite 
C∗-algebras; see Proposition 4.6. In that case, softness of an element in the C∗-algebra can be characterized 
in terms of its Cuntz class:

Proposition C (4.17). Let A be a residually stably finite C∗-algebra. Then an element a ∈ A+ is soft if and 
only if its Cuntz class [a] ∈ Cu(A) is strongly soft (equivalently: weakly soft, functionally soft).

In order to connect the Global Glimm Problem to soft operators, we introduce the notion of abundance 
of soft elements for a C∗-algebra A, which means that for every a ∈ A+ and ε > 0 there exists a positive, 
soft operator b in the hereditary sub-C∗-algebra aAa such that the cut-down (a − ε)+ is in the closed ideal 
generated by b; see Definition 5.2. This definition is in the same spirit as the Global Glimm Property, which 
one could phrase as an ‘abundance of nilpotent elements’; see [47, Theorem 3.6]. (We recall the definition 
of the Global Glimm Property at the beginning of Section 7.)

Although not every nilpotent element is soft, it is nevertheless true that the Global Glimm Property 
implies an abundance of soft elements; see Proposition 7.7. We also show that having an abundance of 
soft elements implies nowhere scatteredness (Proposition 7.4), which therefore breaks the Global Glimm 
Problem into two subquestions; see Question 7.8.

We introduce in Definition 5.2 the notion of having an abundance of strongly soft elements for Cuntz 
semigroups. Using that soft operators have strongly soft Cuntz classes, it follows that C∗-algebras with an 
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abundance of soft elements have scaled Cuntz semigroups with an abundance of soft elements. We show 
that the converse also holds (Theorem 5.14), although it remains unclear if every strongly soft Cuntz class 
can be realized by a soft element (Question 4.18).

Our notion of abundance of soft elements has close connections with the 2-splitting property, which was 
introduced by Kirchberg and Rørdam in [28] to study when central sequence algebras have characters. 
In Theorem 5.14, we show that a C∗-algebra has an abundance of soft elements if and only if it has the 
hereditary 2-splitting property (see Definition 5.7), a natural strengthening of the 2-splitting property.

Using these characterizations, we provide a new description of the Global Glimm Property:

Theorem D (7.14). A C∗-algebra has the Global Glimm Property if and only if it has and abundance of soft 
elements and its Cuntz semigroup is ideal-filtered.

In upcoming work with Asadi-Vasfi, [8], we will exploit the abundance of soft elements to find bounds for 
some numerical C∗-algebraic invariants, such as the radius of comparison and the Cuntz covering dimension 
introduced in [46].

Acknowledgments The authors thank the referee for their comments and valuable suggestions.

2. Soft C*-algebras

In this section, we introduce the notion of softness for C∗-algebras; see Definition 2.1. We provide useful 
characterizations of softness in Proposition 2.9, and we relate it to the Hjelmborg-Rørdam condition for 
stability and to property (S) of Ortega-Perera-Rørdam; see Proposition 2.14.

We also prove basic permanence properties: Softness passes to ideals, quotients and extensions (Propo-
sition 2.16), to tensor products (Proposition 2.19) and to inductive limits (Proposition 2.18).

Definition 2.1. We say that a C∗-algebra A is soft if for every proper, closed ideal I ⊆ A the quotient A/I

is nonunital.

Remark 2.2. Our notion of softness for C∗-algebras is not related to that introduced by Farsi in [19]. The 
latter is defined in terms of soft polynomial relations. Our terminology is inspired by the close connection 
to soft elements in Cuntz semigroups (see Proposition 4.17) and is therefore ultimately based on the notion 
of soft intervals introduced by Goodearl and Handelman in [22]; see also [3, Section 5.3].

The next result follows immediately from the definition. It is, in some sense, the C∗-algebraic analog of 
[3, Proposition 5.3.16].

Proposition 2.3. A simple C∗-algebra is either unital or soft.

Notation 2.4. Let A be a C∗-algebra. The annihilator of a ∈ A+ is

Ann(a) =
{
x ∈ A : xa = ax = 0

}
.

We write AnnA(a) whenever we want to stress that the annihilator is considered inside the algebra A. 
Note that Ann(a) is a hereditary sub-C∗-algebra of A.

If a, b ∈ A+, then:

• we write a � b if b acts as a unit on a, that is, if a = ab;
• we write a � b to mean that a belongs to the closed ideal generated by b, that is, if a ∈ spanAbA.
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• we write a ⊥ b if ab = 0.

Lemma 2.5. Let π : A → B be a surjective ∗-homomorphism between C∗-algebras, and let a, b ∈ A+ satisfy 
a � b. Then AnnB(π(b)) ⊆ π(AnnA(a)).

Proof. By adjoining a unit to A if necessary, we may assume that A is unital. Let x ∈ AnnB(π(b)). Lift x
to obtain y ∈ A with π(y) = x. Set z = (1 − b)y(1 − b) ∈ A. Then π(z) = x. Further, using that a � b, we 
have a(1 − b) = (1 − b)a = 0, and therefore z ∈ AnnA(a). �
Lemma 2.6. Let A be a C∗-algebra, let B ⊆ A be a soft sub-C∗-algebra, and let p ∈ B be a projection. Then 
Ann(p) is full in A.

Proof. Let I denote the closed ideal of A generated by the annihilator AnnA(p), and let π : A → A/I denote 
the quotient map. Since p � p, we can apply Lemma 2.5 at the first step to obtain

AnnA/I(π(p)) ⊆ π(AnnA(p)) ⊆ π(I) = {0}.

Hence, the projection π(p) has zero annihilator in A/I. Assuming π(p) �= 0, it follows that π(p) is the 
unit of A/I and, thus, of π(B). This contradicts the softness of B and shows that π(p) = 0, which implies 
A/I = {0} and so I = A. �
Notation 2.7. Following the notation from [9], we set

Ac =
{
a ∈ A+ : a � b for some b ∈ A+

}
.

The (nonclosed) ideal of A generated by Ac is called the Pedersen ideal – it is the minimal dense ideal of 
A; see [10, Theorem II.5.2.4].

Note that Ac is denoted by F (A) in [29] and [23]. We do not use this notation to avoid confusion with 
the central sequence algebra of A. In [10], Ac is denoted by Ac

+

Lemma 2.8. Let A be a C∗-algebra, let B ⊆ A be a soft sub-C∗-algebra, and let a ∈ Bc. Then Ann(a) is full 
in A.

Proof. Let I denote the closed ideal of A generated by AnnA(a). We will show that I = A. Choose b ∈ B+
such that a � b. Let f, g : R → [0, 1] be given by

f(t) =

⎧⎪⎪⎨⎪⎪⎩
0, t ∈ (−∞, 1

2 ]
2t− 1, t ∈ [ 12 , 1]
1, t ∈ [1,∞),

and g(t) =

⎧⎪⎪⎨⎪⎪⎩
0, t ∈ (−∞, 0]
2t, t ∈ [0, 1

2 ]
1, t ∈ [ 12 ,∞).

Then a � f(b) � g(b).
Let J denote the closed ideal generated by g(b) − f(b), and let πJ : A → A/J denote the quotient map. 

Note that g(b) − f(b) ∈ AnnA(a). Thus, J ⊆ I.
Then πJ(f(b)) � πJ(g(b)) = πJ(f(b)), which shows that πJ(f(b)) is a projection. Using that B is soft, 

it easily follows that πJ(B) is soft as well. Then, by Lemma 2.6, the annihilator of πJ(f(b)) in A/J is full. 
Since a � f(b), we can apply Lemma 2.5 to obtain

AnnA/J(πJ(f(b))) ⊆ πJ(AnnA(a)).

It follows that πJ(I) = A/J . Combined with J ⊆ I, we get I = A. �
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The next result is similar to the Hjelmborg-Rørdam characterization of stability from [24]; see also 
Proposition 2.11 and the paragraph preceding it.

Proposition 2.9. Let A be a C∗-algebra. Then the following are equivalent:

(1) A is soft;
(2) for every a ∈ Ac, the algebra Ann(a) is full in A;
(3) for every a ∈ Ac, there exist b ∈ A+ with a ⊥ b and a � b;
(4) for every a ∈ A+ and ε > 0 there exist b, c ∈ A+ with ‖a − b‖ < ε, b ⊥ c, and b � c.

Proof. It follows from Lemma 2.8 that (1) implies (2). To show that (2) implies (3), assume that Ann(a) is 
full. This implies that a belongs to the closed ideal generated by Ann(a), which allows us to choose a sequence 
(bn)n in Ann(a)+ such that a belongs to the closed ideal generated by {bn : n ∈ N}. Set b =

∑
n

1
2n‖bn‖+1bn. 

Then b belongs to Ann(a). Further, for each n, we have bn ≤ (2n‖bn‖ + 1)b, which implies that bn belongs 
to the closed ideal generated by b. Consequently, a belongs to the closed ideal generated by b.

To show that (3) implies (4), assume that (3) holds, and let a ∈ A+ and ε > 0. Set b = (a − ε
2 )+. Then 

b ∈ Ac and ‖a − b‖ = ε
2 < ε. Applying (3), we obtain c ∈ A+ such that b ⊥ c and b � c.

Finally, to show that (4) implies (1), assume that (4) holds and let I ⊆ A be a proper closed ideal. To 
reach a contradiction, assume that A/I is unital. Choose a ∈ A+ such that its image in A/I is the unit. 
Applying (4) with ε = 1, we obtain b, c ∈ A+ such that ‖a − b‖ < 1 and b � c. It follows that the image of b
in the quotient A/I is at distance less than 1 to the unit, and is therefore strictly positive. Thus, the image 
of c in A/I is zero, that is, c ∈ I. We get b ∈ I, which implies that A/I = {0}. �
2.10. Given two positive elements a, b in a C∗-algebra A, we say that a is Cuntz subequivalent to b, written 
a � b, if there exists a sequence (rn)n in A such that a = limn rnbr

∗
n. Further, one says that a is Cuntz 

equivalent to b, and writes a ∼ b, if a � b � a.
The Cuntz semigroup Cu(A) of a C∗-algebra A is the quotient (A ⊗ K)+/ ∼ with the order induced by 

the Cuntz subequivalence and the addition induced by addition of orthogonal elements; we refer to [7,3] for 
details.

We let QT(A) denote the cone of [0, ∞]-valued, lower-semicontinuous 2-quasitraces on (A ⊗K)+. Each 
element [a] ∈ Cu(A) induces a linear, lower semicontinuous map [̂a] : QT(A) → [0, ∞] by [̂a](τ) =
limn→∞ τ(a1/n) for τ ∈ QT(A); see [17,34,1].

In [24], Hjelmborg and Rørdam introduced a property for C∗-algebras that characterizes stability in the 
σ-unital case. We will say that a C∗-algebra has the Hjelmborg-Rørdam property if, for every a ∈ Ac, there 
exists b ∈ A+ such that a ⊥ b, and such that a = x∗x and b = xx∗ for some x ∈ A.

Proposition 2.11. A C∗-algebra A has the Hjelmborg-Rørdam property if and only if for every a ∈ Ac there 
exists b ∈ A+ such that a ⊥ b and [a] ≤ [b] in Cu(A).

Proof. For every x ∈ A, we have [x∗x] = [xx∗] in Cu(A). This shows the forward implication.
Conversely, let a ∈ Ac and take ε > 0. By assumption, there exists b ∈ A+ such that a ⊥ b and [a] ≤ [b]

in Cu(A). Thus, it follows from [38, Proposition 2.4] that there exists x ∈ A satisfying

(a− ε)+ = xx∗, and x∗x ∈ bAb.

In particular, note that xx∗ and x∗x are orthogonal. Applying [24, Proposition 2.2], we see that A has 
the Hjelmborg-Rørdam property. �
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For elements [a], [b] in a Cuntz semigroup, one writes [a] <s [b] if (n + 1)[a] ≤ n[b] for some n ∈ N. 
Following [29, Definition 4.1], we say that a C∗-algebra A has property (S) if for every a ∈ Ac there exists 
b ∈ A+ such that a ⊥ b and [a] <s [b] in Cu(A).

Proposition 2.12. A C∗-algebra A has property (S) if and only if for every a ∈ Ac there exists b ∈ A+ such 
that a ⊥ b and [̂a] ≤ [̂b].

Proof. Let [a], [b] in Cu(A). In general, one has that [a] <s [b] implies [̂a] ≤ [̂b]. This shows the forward 
implication.

For the converse, let a ∈ Ac. Using an argument as in the proof of Lemma 2.8, we can find b ∈ Ac such 
that a � b. Applying the assumption for b, we obtain c ∈ A+ such that b ⊥ c and [̂b] ≤ [̂c].

Note that [a] is way-below [b] in Cu(A), denoted [a] � [b]; see Paragraph 4.1 for details. This allows us 
to choose ε > 0 such that [a] � [(b − ε)+]. Using that [(b − ε)+] � [b], we can apply [34, Lemma 2.2.5] to 

deduce that ̂[(b− ε)+] is way-below 2[̂b] (and hence also 2[̂c]) in the semigroup of linear, lower-semicontinuous 
functions QT(A) → [0, ∞]. This allows us to choose δ > 0 such that ̂[(b− ε)+] ≤ 2̂[(c− δ)+].

Note that b + (c − δ)+ belongs to Ac. Applying the assumption again, we obtain d ∈ A+ such that

b + (c− δ)+ ⊥ d, and [̂b] + ̂[(c− δ)+] ≤ [̂d],

where at the second inequality we have used that b ⊥ (c − δ)+.
Then

2̂[(b− ε)+] ≤ [̂b] + ̂[(b− ε)+] ≤ [̂b] + 2̂[(c− δ)+] ≤ ̂[(c− δ)+] + [̂d].

Thus, ̂[(b− ε)+] <s
̂[(c− δ)+] + [̂d]. Using at the first step that [a] � [(b − ε)+] and applying [3, 

Theorem 5.2.13], we get

[a] <s [(c− δ)+] + [d] = [(c− δ)+ + d].

Since a ⊥ (c − δ)+ + d, we see that (c − δ)+ + d has the desired properties. �
Remark 2.13. For positive elements a and b in a C∗-algebra, we have a �b if and only if [a] ≤ ∞[b] in Cu(A); 
see, for example, [3, Section 5.1].

Therefore, Propositions 2.11, 2.12 and 2.9 show that the Hjelmborg-Rørdam property, property (S), and 
softness for a C∗-algebra A, can be characterized in very similar ways: For every a ∈ Ac there exists b ∈ A+
such that a ⊥ b and

• [a] ≤ [b] for the Hjelmborg-Rørdam property;
• [̂a] ≤ [̂b] for property (S);
• [a] ≤ ∞[b] for softness.

For elements [a], [b] in a Cuntz semigroup, we have the following implications:

[a] ≤ [b] ⇒ [̂a] ≤ [̂b] ⇒ [a] ≤ ∞[b].

This proves the next result.

Proposition 2.14. For every C∗-algebra, the following implications hold:

Hjelmborg-Rørdam property ⇒ property (S) ⇒ softness.
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Proposition 2.15 ([29, Proposition 4.5]). A separable C∗-algebra has property (S) if and only if it is soft and 
has no bounded quasitraces.

We now turn to permanence properties of softness. With a view towards the close connection between 
softness, the Global Glimm Property, and nowhere scatteredness discussed in Section 7, we remark that sim-
ilar permanence properties hold for nowhere scatteredness ([45, Section 4]) and the Global Glimm Property 
([47, Section 3]).

Proposition 2.16. Let A be C∗-algebra, and let I ⊆ A be a closed ideal. Then A is soft if and only if I and 
A/I are soft.

Proof. Assume first that A is soft, and let I be a closed ideal of A. Clearly, A/I is soft. To see that I is 
also soft, assume for the sake of contradiction that there is a proper ideal J ⊆ I such that I/J is unital, 
with unit e ∈ I/J . Then I/J is a unital ideal of A/J , which implies that A/J decomposes as the direct sum 
of I/J and the ideal K = AnnA/J(e). It follows that I/J = (A/J)/K is a proper, unital quotient of A, a 
contradiction.

Now assume that I and A/I are soft. Arguing once again by contradiction, assume that there exists a 
proper ideal J ⊆ A such that A/J is unital. Then, A/(I + J) is isomorphic to a quotient of both A/I and 
A/J . Since A/I is soft and A/J is unital, we get that A/(I +J) is both soft and unital and thus A = I +J .

It follows that A/J ∼= I/(I ∩ J). Using that I is soft, we see that A = J . This contradicts the fact that 
J is proper. �

One says that a C∗-algebra A is approximated by a family (Aλ)λ∈Λ of sub-C∗-algebras Aλ ⊆ A if for every 
finite collection a1, . . . , an ∈ A and ε > 0 there exists λ ∈ Λ and b1, . . . , bn ∈ Aλ such that ‖aj − bj‖ < ε for 
j = 1, . . . , n.

Proposition 2.17. A C∗-algebra is soft whenever it is approximated by a family of soft sub-C∗-algebras.

Proof. Let A be a C∗-algebra, and let Aλ ⊆ A be soft sub-C∗-algebras that approximate A. To show that 
A is soft, we verify condition (4) in Proposition 2.9. Let a ∈ A+ and ε > 0. Choose λ and ā ∈ Aλ such that 
‖a − ā‖ < ε

2 . Taking additional care, we may assume ā to be positive; see, for example, the arguments in 
the proof of [44, Proposition 3.7].

Using that Aλ is soft, we can apply Proposition 2.9 to obtain b, c ∈ (Aλ)+ such that ‖ā− b‖ < ε
2 , b ⊥ c, 

and b ∈ spanAλcAλ. Then

‖a− b‖ ≤ ‖a− ā‖ + ‖ā− b‖ < ε, and b ∈ spanAλcAλ ⊆ spanAcA

which shows that b and c, viewed in A, have the desired properties. �
Proposition 2.18. Softness passes to inductive limits.

Proof. This follows from Propositions 2.16 and 2.17 as in the proof of [43, Proposition 2.4]. We include 
some details for the convenience of the reader. Let A be the inductive limit of an inductive system of soft 
C∗-algebras Aj . For each j, consider the natural map Aj → A and its image Bj ⊆ A. Since Bj is a quotient 
of Aj , it is soft by Proposition 2.16. Now, using that A is approximated by the family Bj , it follows from 
Proposition 2.17 that A is soft. �
Proposition 2.19. Let A, B be C∗-algebras. Then the following are equivalent:
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(1) A or B is soft;
(2) The maximal tensor product A ⊗max B is soft;
(3) The tensor product A ⊗� B is soft for some (equivalently: any) cross-norm �;
(4) The minimal tensor product A ⊗min B is soft.

Proof. For every cross-norm �, the tensor product A ⊗� B is a quotient of A ⊗max B, and A ⊗min B is a 
quotient of A ⊗� B. Since softness passes to quotients by Proposition 2.16, we see that (2) implies (3), and 
that (3) implies (4).

Let us show that (4) implies (1). To reach a contradiction, assume that neither A nor B is soft. Then 
there are proper closed ideals I ⊆ A and J ⊆ B such that A/I and B/J are unital. The quotient maps 
A → A/I and B → B/J induce a natural surjective ∗-homomorphism A ⊗min B → (A/I) ⊗min (B/J) (see, 
for example, [10, II.9.6.6]). Since (A/I) ⊗min (B/J) is unital, this shows that A ⊗min B is not soft.

Finally, let us show that (1) implies (2). To reach a contradiction, assume that A ⊗max B is not soft. 
Then there exists a ∗-representation π : A ⊗max B → B(H) on some Hilbert space H such that the identity 
1 ∈ B(H) is contained in the image of π. By [10, Theorem II.9.2.1] there exist unique ∗-representations 
πA : A → B(H) and πB : B → B(H) such that π(a ⊗b) = πA(a)πB(b) = πB(b)πA(a) for all a ∈ A and b ∈ B.

Choose approximate units (aλ)λ for A and (bμ)μ for B. Then (aλ ⊗ bμ)λ,μ is an approximate unit for 
A ⊗maxB and it follows that π(aλ⊗bμ) converges to 1 ∈ B(H) in norm. Thus, by setting a = aλ and b = bμ for 
sufficiently large λ and μ, the operator π(a ⊗b) is invertible. Using that π(a ⊗b) = πA(a)πB(b) = πB(b)πA(a), 
we deduce that πA(a) and πB(b) are invertible. This implies that 1 belongs to the image of πA and πB. 
Hence, ker(πA) and ker(πB) are proper closed ideals of A and B with unital quotients, showing that neither 
A nor B is soft. �

The next result shows that softness is a stable property.

Proposition 2.20. Let A be a C∗-algebra, and let n ≥ 1. Then A is soft if and only if Mn(A) is.

Proof. The forward implication follows directly from Proposition 2.19.
Conversely, assume that Mn(A) is soft. Thus, using Proposition 2.19, we know that either Mn(C) or A

is soft. Since Mn(C) is not soft, we must have A soft, as desired. �
Question 2.21. Does softness satisfy the Löwenheim-Skolem condition? Here, a property P of C∗-algebras 
is said to satisfy the Löwenheim-Skolem condition if for every C∗-algebra A satisfying P, there exists 
a σ-complete, cofinal subset of separable sub-C∗-algebras of A that each satisfy P; see [45, Section 4]
for further details. This is closely related to Blackadar’s concept of a separably inheritabile property [10, 
Definition II.8.5.1]. Every separably inheritable property satisfies the Löwenheim-Skolem condition.

3. Soft operators

In this section, we introduce and study the notion of softness for operators in C∗-algebras; see Defini-
tion 3.1. We will see in Section 5 that this concept is closely related to the notion of softness for elements 
in a Cuntz semigroup.

Definition 3.1. We say that an element x in C∗-algebra A is soft if the hereditary sub-C∗-algebra x∗Ax is 
soft.

The next result shows that we could equivalently use xAx∗ instead of x∗Ax in the above definition. We 
give further characterizations of softness for positive operators in Proposition 3.6 below.
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Proposition 3.2. Let A be a C∗-algebra, and x ∈ A. Then the following are equivalent:

(1) The element x is soft.
(2) The element x∗ is soft.
(3) The element x∗x is soft.
(4) The element xx∗ is soft.

Proof. By [10, Proposition II.3.4.2], we have x∗Ax = x∗xAx∗x. This shows that (1) and (3) are equivalent, 
and similarly that (2) and (4) are equivalent. The equivalence of (1) and (2) follows using that x∗Ax and 
xAx∗ are isomorphic. Indeed, if x = v|x| is the polar decomposition of x in A∗∗, then a �→ vav∗ is a 
well-defined isomorphism x∗Ax → xAx∗; see also [30, Lemma 4.2]. �
Remark 3.3. The property of softness for operators depends on the containing C∗-algebra. For example, if a
is a strictly positive element in a simple, non-unital C∗-algebra A, then a is soft in A since aAa = A, which 
is soft by Proposition 2.3, while a is not soft as an element of the commutative C∗-algebra C∗(a).

We say that a C∗-algebra is residually projectionless if none of its quotients contains a nonzero projection. 
(In [35], such C∗-algebras are simply called ‘projectionless’, but we feel that ‘residually projectionless’ is 
more descriptive.)

Proposition 3.4. A C∗-algebra A is residually projectionless if and only if every element of A is soft.

Proof. Let A be a C∗-algebra. Assume first that A is residually projectionless. Given any hereditary sub-C∗-
algebra B ⊆ A, and a closed ideal I ⊆ B, let J be the closed ideal of A generated by I. Then the quotient B/I

is naturally isomorphic to a hereditary sub-C∗-algebra of A/J . Since A/J contains no nonzero projections, 
B/I cannot be unital and nonzero. This shows that every hereditary sub-C∗-algebra of A is soft, and hence 
so is every element of A.

Conversely, assume that A is not residually projectionless. Choose a closed ideal I ⊆ A and a nonzero 
projection p ∈ A/I. Pick a positive lift a ∈ A of p. Then a is not soft since aAa has the nonzero, unital 
quotient p(A/I)p. �
Notation 3.5. Given ε > 0, we let gε : R → R be the continuous function given by

gε(t) =

⎧⎪⎪⎨⎪⎪⎩
0, if t ∈ (−∞, 0] ∪ [ε,∞)
t, if t ∈ [0, ε

2 ]
ε− t, if t ∈ [ ε2 , ε]

The equivalence of (1) and (3) in the next result is analogous to Bosa’s characterization of stable elements; 
see [11, Lemma 2.3].

Proposition 3.6. Let A be a C∗-algebra, and a ∈ A+. Then the following are equivalent:

(1) The element a is soft.
(2) For every closed ideal I ⊆ A, either a ∈ I or the spectrum of a + I ∈ A/I has 0 as a limit point.
(3) We have a � gε(a) for every ε > 0.
(4) For every ε > 0 there exists b ∈ aAa+ with b ⊥ (a − ε)+ and a � b.

Proof. Let us show that (1) implies (2). Assuming that a is soft, let I ⊆ A be a closed ideal such that 
a /∈ I. To reach a contradiction, assume that 0 is isolated in the spectrum of a + I. Then the characteristic 
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function of (0, ∞) is continuous on the spectrum of a + I, and applying functional calculus we obtain a 
projection in A/I that generates the same hereditary sub-C∗-algebra as a + I. Thus, aAa has a nonzero, 
unital quotient, which is the desired contradiction.

Let us show that (2) implies (3). Assuming (2), let ε > 0. Set I = spanAgε(a)A. Then the spectrum 
of a + I is contained in {0} ∪ [ε, ∞). By assumption, this implies that a ∈ I, and thus a � gε(a).

It is clear that (3) implies (4). To show that (4) implies (1), let I ⊆ aAa be a proper closed ideal, and 
let π : aAa → aAa/I be the quotient map. To reach a contradiction, assume that aAa/I is unital and 
aAa/I �= {0}. Since a is strictly positive, π(a) is invertible in aAa/I, and we obtain ε > 0 such that the 
spectrum of π(a) is contained in [ε, ∞).

Applying the assumption for ε
2 , we obtain a full element b ∈ aAa+ such that b ⊥ (a − ε

2 )+. We have 
π((a − ε

2 )+) = (π(a) − ε
2 )+, whose spectrum is contained in [ ε2 , ∞). Thus, π((a − ε

2)+) is strictly positive in 
aAa/I, which implies that π(b) = 0, a contradiction. �

A completely positive map between C∗-algebras is said to have order-zero if it preserves zero-products 
among positive elements. There is a rich theory of such maps, most importantly the structure theorem 
of Winter-Zacharias [50], which characterizes order-zero maps as ∗-homomorphisms from the cone over 
the domain. Another characterization is given in [21, Corollary 4.8], where it is shown that the class of 
completely positive, order zero maps can equivalently be described as the class of positive, zero-product 
preserving maps.

It remains unclear if one can remove the positivity assumption for the soft element in the next result; 
see Question 3.9.

Proposition 3.7. Let ϕ : A → B be a completely positive, order-zero map between C∗-algebras, and let a ∈ A+
be soft. Then ϕ(a) is soft.

Proof. We use the characterization of softness from Proposition 3.6(4). So let ε > 0. We need to find a 
positive element b ∈ ϕ(a)Bϕ(a) orthogonal to (ϕ(a) − ε)+ and such that ϕ(a) � b.

Using that a is soft, and applying Proposition 3.6(3), we see that a � gε(a). Set b = ϕ(gε(a)). We have 
gε(a) ≤ a, and therefore b = ϕ(gε(a)) ≤ ϕ(a), and thus b ∈ ϕ(a)Bϕ(a).

Further, we have gε(a) ⊥ (a − ε)+, and since ϕ preserves orthogonality among positive elements, we see 
that b ⊥ ϕ((a − ε)+). As noted in the proof of [3, Proposition 2.2.7], we have (ϕ(a) − ε)+ ≤ ϕ((a − ε)+), 
which implies that b is orthogonal to (ϕ(a) − ε)+.

Let x, y ∈ A+ with x � y. Then [x] ≤ ∞[y] in Cu(A), and since ϕ naturally induces a generalized Cu-
morphism Cu(A) → Cu(B) by [50, Corollary 4.5] (see also [3, 3.2.5]), we obtain that [ϕ(x)] ≤ ∞[ϕ(y)] in 
Cu(B), whence ϕ(x) � ϕ(y). Applying this argument for a � gε(a), we deduce that ϕ(a) � b, which shows 
that b has the desired properties. �

Applying the above result for the quotient map by a closed ideal, we get:

Proposition 3.8. Let I ⊆ A be a closed ideal in a C∗-algebra A, and let a ∈ A+ be soft. Then a + I ∈ A/I

is soft.

Question 3.9. Let ϕ : A → B be a completely positive, order-zero map between C∗-algebras. Given a (not 
necessarily positive) soft element x ∈ A, is ϕ(x) soft?

4. Shades of softness in Cu-semigroups

In this section, we introduce the concepts of strong softness, weak softness and functional softness for 
elements in Cu-semigroups; see Definition 4.3. (We recall the definition of Cu-semigroups in Paragraph 4.1
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below.) We show that every strongly soft element is weakly soft, and that every weakly soft element is 
functionally soft. For residually stably finite Cu-semigroups, we prove that these three notions coincide; see 
Proposition 4.6.

Functionally soft elements were first considered in [3, Definition 5.3.1], where they are just called ‘soft’ 
elements. Strongly soft elements were implicitly also considered in [3, Section 5.3]. We use the term ‘func-
tionally soft’ to clarify the difference with the other notions.

We analyze the relation between soft elements in a C∗-algebra and (strongly) soft elements in its Cuntz 
semigroup in Proposition 4.17. In particular, in a stably finite C∗-algebra, a positive element is soft if and 
only if its Cuntz class is.

4.1. Given two elements x, y in a partially ordered monoid where suprema of increasing sequences exist, 
recall that we write x � y if, for every increasing sequence (zn)n such that y ≤ supn zn, there exists n ∈ N

such that x ≤ zn.
Following [15], one says that a partially ordered, commutative monoid S is a Cu-semigroup if it satisfies 

the conditions below:

(O1) Every increasing sequence in S has a supremum.
(O2) Every element in S can be written as the supremum of a �-increasing sequence.
(O3) Given x′, x, y′, y ∈ S with x′ � x and y′ � y, one has x′ + y′ � x + y.
(O4) Given two increasing sequences (xn)n, (yn)n in S, one has supn(xn + yn) = supn xn + supn yn.

As shown in [15], the Cuntz semigroup Cu(A) of any C∗-algebra A is a Cu-semigroup. Further, it was 
subsequently shown in [3], [34] and [1] respectively that Cu(A) also satisfies the following properties:

(O5) Given x′, x, y′, y, z ∈ S such that x′ � x, y′ � y and x +y ≤ z, there exists c ∈ S with x′+c ≤ z ≤ x +c

and y′ � c.
(O6) Given x′, x, y, z ∈ S such that x′ � x ≤ y + z, there exist elements e, f such that e ≤ x, y, f ≤ x, z

and x′ ≤ e + f .
(O7) Given x′, x, y′, y, z ∈ S such that x′ � x ≤ z and y′ � y ≤ z, there exists w ∈ S satisfying 

x′, y′ � w ≤ z, x + y.

Recently, an additional property that the Cuntz semigroup of every C∗-algebra satisfies, termed (O8), 
has been uncovered; see [45, Theorem 7.4].

We will often use the following equivalent formulations of (O6) and (O7). This is a folklore result but, 
since we have been unable to locate a reference, we include a short proof here.

Lemma 4.2. Let S be a Cu-semigroup. Then,

• S satisfies (O6) if and only if, whenever x′ � x ≤ y1 + . . . + yn, there exist e1, . . . , en ∈ S such that 
x′ ≤ e1 + . . . + en, and such that ej ≤ x, yj for all j.

• S satisfies (O7) if and only if, for given x′
j � xj ≤ z for j = 1, . . . , n, there exists w ∈ S satisfying 

x′
j � w ≤ z, x1 + . . . + xn.

Proof. Note that the backwards implication is trivial in both cases. The proof of the forward implication is 
by induction on n. We only provide details for (i), since the proof of (ii) is analogous.

The statement follows directly from definition if n = 2. Let m ∈ N, and assume that the forward 
implication is true for every n ≤ m. Let x′, x, y1, . . . , ym+1 ∈ S be such that x′ � x ≤ y1 + . . .+ ym+1. Take 
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x′′ ∈ S such that x′ � x′′ � x. Applying (O6) to x′′ � x ≤ (y1 + . . . + ym) + ym+1, we obtain elements 
e, em+1 ∈ S such that

x′ � x′′ ≤ e + em+1, e ≤ x, y1 + . . . + ym, and em+1 ≤ x, ym+1.

Now find e′ ∈ S such that e′ � e and x′ ≤ e′ + em+1. Using the induction hypothesis at e′ � e ≤
y1 + . . . + ym, we obtain elements e1, . . . , em such that e′ ≤ e1 + . . . + em, and such that ej ≤ e, yj for 
all j ≤ m. It is readily checked that e1, . . . , em+1 satisfy the desired conditions. �
Definition 4.3. Let S be a Cu-semigroup, and let x ∈ S. We say that x is strongly soft if for every x′ ∈ S

satisfying x′ � x there exists t ∈ S such that

x′ + t � x, and x′ � ∞t.

We say that x is weakly soft if for every x′ ∈ S satisfying x′ � x there exists n ≥ 1 and t1, . . . , tn ∈ S

such that

x′ + tj � x for j = 1, . . . , n, and x′ � t1 + . . . + tn.

We say that x is functionally soft if for every x′ ∈ S satisfying x′ � x there exists n ≥ 1 such that

(n + 1)x′ � nx.

Remark 4.4. In [3, Definition 5.3.1], an element x in a Cu-semigroup S is defined to be ‘soft’ if for every 
x′ ∈ S satisfying x′ � x there exists n ∈ N such that (n + 1)x′ ≤ nx. Note that x is ‘soft’ in this sense if 
and only if x is functionally soft in the sense of Definition 4.3. Indeed, the backward implication is clear. 
Conversely, if x is ‘soft’ and x′ � x, then choose x′′ satisfying x′ � x′′ � x. Applying the definition we get 
n such that (n + 1)x′′ ≤ nx, and thus (n + 1)x′ � nx.

The notions from Definition 4.3 are closely related to the concept of pure noncompactness introduced in 
[17], and its generalization weak pure noncompactness from [3]. After recalling the definitions, we will see how 
these notions are related. We refer to [3, Section 5.1] for details on ideals and quotients of Cu-semigroups.

Definition 4.5. Let S be a Cu-semigroup, and let x ∈ S. One says that x is purely noncompact if for every 
ideal I ⊆ S such that the image xI of x in the quotient S/I is compact, we have 2xI = xI .

One says that x is weakly purely noncompact if for every ideal I ⊆ S such that xI is compact, there exists 
n ∈ N such that (n + 1)xI = nxI .

We will say that a Cu-semigroup S is stably finite if for all x, y ∈ S with x + y � x we have y = 0. Note 
that this is more restrictive than the definition in [3], although both notions agree if S is simple. Further, 
we will say that S is residually stably finite if every quotient of S is stably finite.

A stably finite C∗-algebra has a stably finite Cuntz semigroup, and a residually stably finite C∗-algebra 
has a residually stably finite Cuntz semigroup.

Proposition 4.6. Let S be a Cu-semigroup, and let x ∈ S. If x is strongly soft, then x is weakly soft, which 
in turn implies that x is functionally soft and purely noncompact. Further, x is weakly purely noncompact 
whenever it is purely noncompact or functionally soft.

If S satisfies (O5), then x is functionally soft if and only if x is weakly purely noncompact. If S satisfies 
(O5) and is residually stably finite, then all notions from Definitions 4.3 and 4.5 are equivalent.
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The implications are shown in the following diagram:

x is strongly soft

x is weakly soft x is purely noncompact

x is functionally soft

(O5),RSF

x is weakly purely noncompact

(O5)

Proof. It is easy to see that strong softness implies weak softness, and that pure noncompactness implies 
weak pure noncompactness.

To show that weak softness implies functional softness, assume that x is weakly soft, and let x′ ∈ S

satisfy x′ � x. We obtain n ≥ 1 and t1, . . . , tn ∈ S such that

x′ + tj � x for j = 1, . . . , n, and x′ � t1 + . . . + tn.

Then

(n + 1)x′ ≤ nx′ + t1 + . . . + tn � nx.

To show that weak softness implies pure noncompactness, assume that x is weakly soft, and let I ⊆ S

be an ideal such that π(x) � π(x), where π : S → S/I denotes the quotient map. Using that π preserves 
suprema of increasing sequences, we obtain x′ ∈ S such that x′ � x and π(x) ≤ π(x′), which then implies 
π(x) = π(x′). By Definition 4.3, we obtain n ≥ 1 and t1, . . . , tn ∈ S such that

x′ + tj � x for j = 1, . . . , n, and x′ � t1 + . . . + tn.

For each j, we get π(x) + π(tj) = π(x), and therefore

2π(x) = π(x) + π(x′) ≤ π(x) + π(t1) + . . . + π(tn) = π(x),

as required.
It was shown in [3, Proposition 5.3.5] that functional softness implies weak pure noncompactness and 

that the converse implication holds if S satisfies (O5).
Lastly, assume that S satisfies (O5) and is residually stably finite, and that x is functionally soft. In 

this case, it was shown in [3, Lemma 5.3.8] that x is strongly soft. Note that a stronger notion of stable 
finiteness is used in [3], but for the argument in [3, Lemma 5.3.8] the weaker notion defined above suffices. 
For convenience, we include the short argument.

To verify that x is strongly soft, let x′ ∈ S satisfy x′ � x. Choose y′, y ∈ S such that x′ � y′ � y � x.
Since x is functionally soft, we obtain n ∈ N such that (n + 1)y � nx. Applying (O5) for y′ � y ≤ x, 

we obtain t ∈ S such that

y′ + t ≤ x ≤ y + t.

Let I = {s ∈ S : s ≤ ∞t} be the ideal generated by t, and let π : S → S/I denote the quotient map. 
Then π(x) ≤ π(y), and therefore

nπ(x) + π(x) = (n + 1)π(x) ≤ (n + 1)π(y) � nπ(x).
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Using that S/I is stably finite, we get π(x) = 0 and, consequently, x ≤ ∞t. Using that x′ � x ≤ ∞t, we 
can choose t′ ∈ S such that t′ � t and x′ � ∞t′. Since x′ � y′ and t′ � t, we have x′ + t′ � y′ + t ≤ x, 
which shows that t′ has the desired properties. �

Recall that a Cu-semigroup is said to satisfy weak cancellation if for all elements x, y, z with x +z � y+z

we have x � y. It is easy to check that weak cancellation passes to quotients and implies stably finiteness. 
Hence, every weakly cancellative Cu-semigroup is residually stably finite.

It was shown in [40, Theorem 4.3] that the Cuntz semigroups of stable rank one C∗-algebras always 
satisfy weak cancellation.

Corollary 4.7. Let A be a residually stably finite C∗-algebra. (For example, a C∗-algebra with stable rank 
one.) Then for elements in Cu(A), all notions from Definitions 4.3 and 4.5 are equivalent.

Proposition 4.8. Let S be a Cu-semigroup, and let x ∈ S be compact. Then x is strongly soft if and only if 
x is weakly soft, if and only if x is purely noncompact, if and only if 2x = x.

Further, x is functionally soft if and only if x is weakly purely noncompact, if and only if there exists 
n ∈ N such that (n + 1)x = nx.

Proof. If 2x = x, then x is easily seen to be strongly soft. In general, strong softness implies weak softness, 
which in turn implies pure noncompactness, by Proposition 4.6. Further, if x is purely noncompact and 
compact, then 2x = x by definition.

Similarly, if (n + 1)x = nx for some n, then x is easily seen to be functionally soft, which in turn implies 
that x is weakly purely noncompact by Proposition 4.6. Further, if x is weakly purely noncompact and 
compact, then (n + 1)x = nx for some n by definition. �
Example 4.9. Given k ≥ 1, let Ek = {0, 1, 2, . . . , k, ∞}, where the order is algebraic and the sum of two 
elements x, y is x + y if x + y ≤ k or ∞ otherwise. Then Ek is a Cu-semigroup that satisfies (O5); see [3, 
Paragraph 5.1.16] for more details.

The element x = 1 is compact and satisfies (k + 2)x = ∞ = (k + 1)x, but not 2x = x. Therefore, x is 
functionally soft and weakly purely noncompact, but it is neither strongly soft, nor weakly soft, nor purely 
noncompact.

Example 4.10. Rørdam showed in [39] that there exist unital C∗-algebras A such that the unit of A is finite, 
while the unit of M2(A) is properly infinite. This implies that in Cu(A) the class [1A] of the unit of A is a 
compact element satisfying 3[1A] = 2[1A] �= [1A]. By Proposition 4.8, [1A] is functionally soft and weakly 
purely noncompact, but it is neither strongly soft, nor weakly soft, nor purely noncompact.

Example 4.10 shows that the lower downwards implications in Proposition 4.6 cannot be reversed for 
elements in Cuntz semigroups. The situation for the other implications is unclear.

Question 4.11. For elements in the Cuntz semigroup of a C∗-algebra, does weak softness imply strong 
softness? Does pure noncompactness imply weak softness?

Example 4.12. Let S be a Cu-semigroup. An element x ∈ S is idempotent if 2x = x. One says that S is 
idempotent if each of its elements is. It is easy to see that idempotent elements are strongly soft. Thus, 
every element in an idempotent Cu-semigroup is strongly soft.

Given a C∗-algebra A, it was noted in [3, Section 7.2] that Cu(A) is idempotent if (and only if) A is 
purely infinite. Thus, every element in the Cuntz semigroup of a purely infinite C∗-algebras is strongly soft.
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A C∗-algebra A is said to be weakly purely infinite if there exists n ∈ N such that (n + 1)x = nx for 
every x ∈ Cu(A). Such elements are functionally soft. Thus, Cuntz semigroups of weakly purely infinite 
C∗-algebras satisfy that every element is functionally soft.

It is an open problem if every weakly purely infinite C∗-algebra is purely infinite; see [27, Question 9.5].

The next result provides a method of building strongly soft elements in Cu-semigroups.

Lemma 4.13. Let S be a Cu-semigroup, and let (yn)n be a sequence in S such that yn ≤ ∞yn+1 for each 
n ≥ 0. Then the element 

∑∞
n=0 yn is strongly soft.

Proof. To verify that y =
∑∞

n=0 yn is strongly soft, let y′ ∈ S be such that y′ � y. It follows that there 
exists some m ∈ N such that y′ �

∑m
n=0 yn.

Using that yn ≤ ∞yn+1 for each n, we obtain

m∑
n=0

yn ≤ ∞y1 +
m∑

n=1
yn ≤ ∞y2 +

m∑
n=2

yn ≤ . . . ≤ ∞ym ≤ ∞ym+1

and, therefore, y′ � ∞ym+1.
Let t ∈ S be such that t � ym+1 and y′ � ∞t. Then,

y′ + t �
(

m∑
n=0

yn

)
+ ym+1 ≤ y, and y′ � ∞t,

as desired. �
Proposition 4.14. Let S be a Cu-semigroup, and let x ∈ S. Then the following are equivalent:

(1) The element x is strongly soft.
(2) For every x′ ∈ S satisfying x′ � x there exists a strongly soft element t ∈ S such that

x′ + t ≤ x ≤ ∞t.

(3) For every x′ ∈ S satisfying x′ � x there exists t ∈ S such that

x′ + t ≤ x, and x′ ≤ ∞t.

Proof. It is clear that (2) implies (3). To show that (1) implies (2), assume that x is strongly soft. Choose a 
�-increasing sequence (xn)n with supremum x and such that x0 = x′. We inductively find yn and tn such 
that

yn + tn � yn+1 � x, yn � ∞tn, and xn+1 � yn+1

for all n ≥ 0. We start by setting y0 = x0. Since x is strongly soft, we obtain t0 ∈ S such that y0 + t0 � x

and y0 � ∞t0. Now let n ≥ 0 and assume that we have chosen yk and tk for all k ≤ n. Then, using that 
yn + tn � x and xn+1 � x, we choose yn+1 � x such that

yn + tn � yn+1, and xn+1 � yn+1.

Since x is strongly soft, we obtain tn+1 ∈ S such that yn+1 +tn+1 � x and yn+1 � ∞tn+1, which finishes 
the induction argument.



16 H. Thiel, E. Vilalta / J. Math. Anal. Appl. 536 (2024) 128167
For each n ≥ 0, we have

x0 +
n∑

k=0

tk = y0 + t0 + t1 + . . . + tn ≤ y1 + t1 + . . . + tn ≤ . . . ≤ yn+1 ≤ x.

Setting t =
∑∞

k=0 tk, it is clear that x′ + t ≤ x ≤ ∞t. Further, it follows from Lemma 4.13 that t is 
strongly soft.

To show that (3) implies (1), assume that x satisfies (3), and let x′ ∈ S satisfy x′ � x. Choose x′′ ∈ S

such that x′ � x′′ � x. Applying (3) to x′′ � x, we obtain t ∈ S such that

x′′ + t ≤ x, and x′′ ≤ ∞t.

Using that x′ � x′′, we can choose t′ ∈ S such that

x′ � ∞t′, and t′ � t,

which implies that x′ + t′ � x, as desired. �
The next result is the analog of [3, Theorem 5.3.11] for strongly soft elements.

Theorem 4.15. Let S be a Cu-semigroup, and let Ssoft denote the set of strongly soft elements in S. Then:

(1) The set Ssoft is a submonoid of S that is closed under suprema of increasing sequences.
(2) Ssoft is absorbing in the following sense: if x, y ∈ S satisfy x ≤ ∞y and y is strongly soft, then so is 

x + y.

Proof. To show that Ssoft is closed under addition, let x, y ∈ Ssoft. To verify that x + y is strongly soft, let 
w ∈ S satisfy w � x + y. Choose x′, y′ ∈ S such that

w � x′ + y′, x′ � x, and y′ � y.

Since x and y are strongly soft, we obtain r, s ∈ S such that

x′ + r � x, x′ � ∞r, y′ + s � y, and y′ � ∞s.

Then

w + (r + s) ≤ x′ + y′ + r + s � x + y, and w ≤ x′ + y′ � ∞(r + s).

Using that 0 is strongly soft, it follows that Ssoft is a submonoid.
To see that Ssoft is closed under suprema of increasing sequences, let (xn)n be an increasing sequence in 

Ssoft, and set x = supn xn. To verify that x is strongly soft, let x′ ∈ S satisfy x′ � x. We obtain n ∈ N

such that x′ � xn. Since xn is strongly soft, we get r ∈ S such that

x′ + r � xn, and x′ � ∞r.

Then x′ + r � x and x′ � ∞r, as desired.
Let us now prove (2). Thus, let x, y ∈ S satisfy x ≤ ∞y, and assume that y is strongly soft. We verify 

condition (3) of Proposition 4.14 for x + y. Let w ∈ S satisfy w � x + y, and choose y′ ∈ S such that
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w � x + y′, and y′ � y.

Since y is strongly soft, we can apply Proposition 4.14 to obtain r ∈ S such that

y′ + r ≤ y ≤ ∞r.

Using that x ≤ ∞y at the third step, we get

w + r ≤ x + y′ + r ≤ x + y ≤ ∞y ≤ ∞r,

as desired. �
The next result is the Cu-version of Proposition 3.7.

Lemma 4.16. Let ϕ : S → T be a generalized Cu-morphism between Cu-semigroups, and let x ∈ S. If x is 
(functionally, weakly, strongly) soft, then so is ϕ(x).

Proof. Set y = ϕ(x). Assuming that x is strongly soft, we will apply Proposition 4.14(3) to verify that y is 
strongly soft. Let y ∈ T satisfy y′ � y. Using that ϕ preserves suprema of increasing sequences, we obtain 
x′ ∈ S such that x′ � x and y′ ≤ ϕ(x′). By Proposition 4.14, we obtain t ∈ S such that x′ + t ≤ x ≤ ∞t. 
Then

y′ + ϕ(t) ≤ ϕ(x′) + ϕ(t) = ϕ(x′ + t) ≤ ϕ(x) = y ≤ ϕ(∞t) = ∞ϕ(t),

which shows that ϕ(t) has the desired properties.
Similarly, one shows that functional and weak softness pass from x to y. �
A projection p in a C∗-algebra A is said to be properly infinite if p ⊕ p � p ⊕ 0 in M2(A). By definition, 

the zero projection is properly infinite.
Note that, whenever A is residually stably finite, Proposition 4.17 below says that a ∈ A+ is soft if 

and only if no Cuntz representative of a + I is a nonzero projection; see [13, Theorem 3.5]. Thus, under 
these assumptions, one can understand softness as a generalization of pure positivity, as defined in [32, 
Definition 2.1].

Proposition 4.17. Let A be a C∗-algebra, and let a ∈ A+. Consider the following statements:

(1) The element a is soft.
(2) The class [a] ∈ Cu(A) is strongly soft.
(3) For every closed ideal I ⊆ A, either the spectrum sp(a + I) has 0 as a limit point, or the characteristic 

function χ of (0, ∞) is continuous on sp(a +I) and the corresponding projection p = χ(a +I) is properly 
infinite.

Then the implications ‘(1)⇒(2)⇒(3)’ hold. If A is residually stably finite, then the implication ‘(3)⇒(1)’ 
holds and so (1)-(3) are equivalent in this case.

Proof. To show that (1) implies (2), set x = [a] ∈ Cu(A), and let x′ ∈ Cu(A) satisfy x′ � x. Then, there 
exists ε > 0 satisfying x′ ≤ [(a − ε)+] ≤ x. Using Proposition 3.6, we obtain b ∈ aAa+, orthogonal to 
(a − ε)+, such that a ∈ spanAbA. Setting t = [b] in Cu(A), one gets

x′ + t ≤ x ≤ ∞t.
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Now it follows from Proposition 4.14 that x = [a] is strongly soft.
To show that (2) implies (3), let I ⊆ A be a closed ideal. Then Cu(I) is naturally an ideal in Cu(A)

such that Cu(A/I) is canonically isomorphic to Cu(A)/ Cu(I); see [14] and [3, Section 5.1]. The class 
[a + I] ∈ Cu(A/I) corresponds to the image of [a] under the quotient map Cu(A) → Cu(A)/ Cu(I). By 
Lemma 4.16, [a + I] is strongly soft.

Thus, without loss of generality, we may assume that I = {0}. We may also assume that 0 is isolated in 
the spectrum σ(a), which implies that there exists ε > 0 with σ(a) ⊆ {0} ∪ [ε, ∞). This implies that χ is 
continuous on σ(a). Applying functional calculus, we obtain a projection p = χ(a), which satisfies [p] = [a]. 
We have [p] � [p], and therefore [p] = 2[p] by Proposition 4.8. This implies that p ⊕p is Cuntz subequivalent, 
and thus also Murray-von Neumann subequivalent, to p. Hence, p is a properly infinite projection.

Finally, if A is residually stably finite, then no quotient of A contains a nonzero, properly infinite projec-
tion, which shows that (3) implies (1) by Proposition 3.6. �
Question 4.18. Let A be a stable C∗-algebra, and let x ∈ Cu(A) be strongly soft. Does there exist a soft 
element a ∈ A+ with x = [a]?

5. Abundance of soft elements

In this section, we study C∗-algebras and Cu-semigroups with an abundance of soft elements, a notion 
introduced in Definition 5.2 below. We have shown in Proposition 4.17 that soft elements in C∗-algebras 
have a (strongly) soft Cuntz class, and this readily implies that if a stable C∗-algebra has an abundance of 
soft elements, then so does the associated Cuntz semigroup. The main result of this section shows that the 
converse also holds; see Theorem 5.14.

For nonstable C∗-algebras, we have to consider scaled Cu-semigroups. A scale in a Cu-semigroup S is a 
subset Σ ⊆ S that is closed under suprema of increasing sequences, that is downward-hereditary, and that 
generates S as an ideal; see [6, Definition 4.1]. In this case, the pair (S, Σ) is called a scaled Cu-semigroup.

Given a C∗-algebra A, the naturally associated scale ΣA ⊆ Cu(A) is

ΣA =
{
x ∈ Cu(A) : x ≤ [a] for some a ∈ A+

}
;

see [6, 4.2] and [47, Lemma 3.3(2)].

Given elements a and b in a C∗-algebra, recall that we write a �b if a belongs to the closed ideal generated 
by b. We will use analogous notation in Cu-semigroups.

Notation 5.1. Given elements x and y in a Cu-semigroup S, we write x � y if x belongs to the ideal of S
generated by y, that is, if x ≤ ∞y.

Definition 5.2. We say that a C∗-algebra A has an abundance of soft elements if for every a ∈ A+ and every 
ε > 0 there exists a positive, soft element b ∈ aAa such that (a − ε)+ � b.

We say that a scaled Cu-semigroup (S, Σ) has an abundance of strongly soft elements if for every x′, x ∈ Σ
satisfying x′ � x there exists a strongly soft element y ∈ S such that x′ � y ≤ x.

Remark 5.3. Let S be a Cu-semigroup, which we consider as a scaled Cu-semigroup with trivial scale Σ = S. 
In this case, Definition 5.2 says that S has an abundance of strongly soft elements if for every x′, x ∈ S

satisfying x′ � x there exists a strongly soft element y ∈ S such that x′ � y ≤ x.

We start with basic properties of the relation � for Cu-semigroups.

Lemma 5.4. Let S be a Cu-semigroup, and let x′, x, y ∈ S satisfy x′ � x � y. Then:
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(1) There exists y′ ∈ S such that x′ � y′ � y.
(2) If S satisfies (O6) and (O7), then there exists z ∈ S such that z ≤ y and x′ � z � x.

Proof. Statement (1) is clear. To verify (2), assume that S satisfies (O6) and (O7). Pick x′′ ∈ S such that 
x′ � x′′ � x. Then x′′ � x ≤ ∞y, and we obtain n ∈ N such that x′′ ≤ ny.

It follows from (O6), applied for x′ � x′′ ≤ ny = y + . . . + y, that there exist e1, . . . , en ∈ S such that

x′ � e1 + . . . + en, and ej ≤ x′′, y for j = 1, . . . , n.

Choose e′j ∈ S such that

x′ � e′1 + . . . + e′n, and e′j � ej for j = 1, . . . , n.

It follows from (O7), applied for e′j � ej ≤ y, that there exists z ∈ S such that

e′1, . . . , e
′
n ≤ z ≤ y, e1 + . . . + en.

Then

x′ � e′1 + . . . + e′n ≤ nz, and z ≤ e1 + . . . + en ≤ nx′′,

and therefore x′ � z � x. �
Next, we show a useful consequence of having an abundance of soft elements in a Cu-semigroup; see 

Proposition 5.6. In preparation, we first prove the following lemma.

Lemma 5.5. Let (S, Σ) be a scaled Cu-semigroup with an abundance of strongly soft elements. Then for every 
strongly soft element x ∈ Σ and every x′ ∈ S with x′ � x, there exists a strongly soft element y ∈ S with 
x′ � y � x.

Proof. We adapt the proof of [3, Proposition 5.3.18]. Choose z′, z ∈ S with x′ � z′ � z � x. Since x is 
strongly soft, we know by Proposition 4.14 that there exists t ∈ S such that

z + t ≤ x ≤ ∞t.

Take t′ ∈ S such that

t′ � t, and z � ∞t′.

Since t ≤ x ∈ Σ, we have t ∈ Σ. Using that (S, Σ) has an abundance of soft elements, we obtain a strongly 
soft element u ∈ S such that

t′ � u � t.

Set y = z′ + u. Then

x′ � z′ ≤ z′ + u = y, and y = z′ + u � z + t ≤ x.

Further, using that z′ ≤ ∞t′ ≤ ∞u, it follows from Theorem 4.15 that y = z′ + u is strongly soft. �
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As defined in [44, Definition 4.1], recall that a submonoid T of a Cu-semigroup S is a sub-Cu-semigroup
of S if it is closed under suprema of increasing sequences and is such that, for every x ∈ T and x′ ∈ S with 
x′ � x, there exists y ∈ T such that x′ � y � x.

Proposition 5.6. Let S be a Cu-semigroup with an abundance of strongly soft elements. Then the set Ssoft
of strongly soft elements in S forms a sub-Cu-semigroup of S.

Proof. By Theorem 4.15, Ssoft is a submonoid of S that is closed under suprema of increasing sequences. 
Further, by Lemma 5.5, for all x ∈ Ssoft and x′ ∈ S with x′ � x, there exists y ∈ Ssoft such that 
x′ � y � x. �

In [28, Definition 5.1], Kirchberg and Rørdam define a C∗-algebra A to have the 2-splitting property if 
there exist full elements a, b ∈ A+ with a ⊥ b. They only apply their definition to unital C∗-algebras. We 
propose below a notion that considers the 2-splitting property for all hereditary sub-C∗-algebras, and that 
also allows for a small ‘error’ (which is only relevant for nonunital subalgebras).

Definition 5.7. We say that a C∗-algebra A has the hereditary 2-splitting property if for every a ∈ A+ and 
every ε > 0 there exist positive elements b, c ∈ aAa such that b ⊥ c and (a − ε)+ � b, c.

We say that a scaled Cu-semigroup (S, Σ) has the hereditary 2-splitting property if for every x′, x ∈ Σ
satisfying x′ � x there exist y, z ∈ S such that y + z ≤ x, and x′ � y, z.

We first show that in Cu-semigroups satisfying (O5)-(O7) (which always hold in Cuntz semigroups of 
C∗-algebras), one can ensure that in the definition of the hereditary 2-splitting property at least one of the 
‘splitting’ elements generates an ideal that not only contains x′ but even x.

Lemma 5.8. Let (S, Σ) be a scaled Cu-semigroup satisfying (O5)-(O7) and with the hereditary 2-splitting 
property. Let x′, x ∈ Σ be such that x′ � x. Then there exist y, z ∈ Σ such that

y + z ≤ x, x′ � y, and x � z.

Proof. Choose x1, x2, x3 ∈ S such that

x′ � x1 � x2 � x3 � x.

Using the hereditary 2-splitting property for x3 � x, we obtain s, t ∈ S such that

s + t ≤ x, and x3 � s, t.

Applying Lemma 5.4(2) for x1 � x2 � s, we obtain s′ such that

x1 � s′ � x2, and s′ ≤ s.

Applying Lemma 5.4(1) for x′ � x1 � s′ and for x2 � x3 � t, we obtain s′′ and t′ such that

x′ � s′′ � s′, and x2 � t′ � t.

Using (O5) for s′ + t ≤ x, and s′′ � s′, and t′ � t, we obtain c ∈ S such that

s′′ + c ≤ x ≤ s′ + c, and t′ ≤ c.
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We have s′ � x2 � t′ ≤ c, and therefore x � c. Further, x′ � s′′. This shows that y = s′′ and z = c have the 
desired properties. �
Theorem 5.9. Let (S, Σ) be a scaled Cu-semigroup satisfying (O5)-(O7). Then the following are equivalent:

(1) For every x ∈ Σ there exists a strongly soft y ∈ S such that x � y ≤ x.
(2) (S, Σ) has an abundance of strongly soft elements, that is, for every x′, x ∈ Σ with x′ � x, there exists 

a strongly soft y ∈ S with x′ � y ≤ x.
(3) (S, Σ) has the hereditary 2-splitting property, that is, for every x′, x ∈ Σ with x′ � x, there exists 

y, z ∈ S with y + z ≤ x and x′ � y, z.

Proof. It is clear that (1) implies (2).
Assume (2), and let x′, x ∈ Σ be such that x′ � x. Take x′′ ∈ Σ such that x′ � x′′ � x. Then, there 

exists a strongly soft element y with x′′ � y ≤ x. Find y′ ∈ S such that y′ � y and x′ � y′. Using that y is 
strongly soft, it follows from Proposition 4.14 that there exists z ∈ S such that y′ + z ≤ y ≤ ∞z. Thus, we 
get y′ + z ≤ y ≤ x and x′ � y′, z, as required.

To prove that (3) implies (1), let x ∈ Σ. We need to find a strongly soft y ∈ S with y ≤ x � y.
Choose a �-increasing sequence (xn)n with supremum x. We will inductively find elements zn ∈ S for 

n ≥ 0 and yn ∈ S for n ≥ 1 such that

yn+1 + zn+1 ≤ zn, xn+1 � yn+1, and x � zn

for all n ∈ N.
To begin, set z0 = x. Now, let n ≥ 0, and assume that we have chosen zn. Using Lemma 5.4(1) for 

xn+1 � x � zn, we obtain z′n such that

xn+1 � z′n � zn.

Applying Lemma 5.8 for z′n � zn, we obtain yn+1, zn+1 such that

yn+1 + zn+1 ≤ zn, z′n � yn+1, and zn � zn+1.

Then xn+1 � z′n � yn+1 and x � zn � zn+1, as desired.
Next, we alter the elements yn so that they generate an increasing sequence of ideals. Given n ≥ 1, apply 

Lemma 5.4(2) for xn−1 � xn � yn to obtain y′n such that

xn−1 � y′n � xn, and y′n ≤ yn.

Set y =
∑∞

n=1 y
′
n. We get y′n � xn � y′n+1 for every n ≥ 1. Therefore, y is strongly soft by Lemma 4.13.

For each n ≥ 1, we have

y′1 + . . . + y′n−1 + y′n ≤ y1 + . . . + yn−1 + yn + zn

≤ y1 + . . . + yn−1 + zn−1 ≤ . . . ≤ y1 + z1 ≤ z0 = x

and therefore y = supn

∑n
j=1 y

′
j ≤ x. Further, for every n ≥ 1, we have

xn � y′n ≤ y,

and, consequently, x = supn xn � y. �
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Remark 5.10. In Theorem 5.9, the implications ‘(1)⇒(2)⇒(3)’ hold for arbitrary Cu-semigroups. The as-
sumptions (O5)-(O7) are only needed for the implication ‘(1)⇐(3)’.

The following lemma is the C∗-analogue of Lemma 4.13.

Lemma 5.11. Let A be a C∗-algebra, and let (an)n be a sequence of positive, contractive, pairwise orthogonal 
elements in A. Assume that an � an+1 for every n ∈ N. Then a =

∑∞
n=0

1
2n an is soft.

Proof. We verify condition (3) of Proposition 3.6. Let ε > 0. Choose N ∈ N such that 1
2N ≤ ε. For n ≥ N , 

we have 1
2n an − ε ≤ 0, and therefore ( 1

2n an − ε)+ = 0. Since the an’s are pairwise orthogonal, we have

(a− ε)+ =
∞∑

n=0
( 1
2n an − ε)+ =

N∑
n=0

( 1
2n an − ε)+.

Set b =
∑∞

n=N+1
1
2n an. Then b ⊥ (a − ε)+. For n ≥ N + 1, it is clear that an ∈ spanAbA. For n ≤ N , it 

follows from the assumption that an ∈ spanAbA. This implies that a ∈ spanAbA, as desired. �
The following lemma is the C∗-analogue of Lemma 5.4.

Lemma 5.12. Let A be a C∗-algebra, and let a, b ∈ A+ satisfy a � b. Then:

(1) For every ε > 0, there exists δ > 0 such that (a − ε)+ � (b − δ)+.
(2) For every ε > 0, there exists c ∈ bAb+ such that (a − ε)+ � c � a.

Proof. To prove (1), take ε > 0. Using [10, Corollary II.5.2.13], let N ∈ N and rn ∈ A for n = 1, . . . , N be 
such that ‖a −

∑N
n=1 r

∗
nbrn‖ < ε. Then, there exists δ > 0 such that∥∥∥∥∥a−

N∑
n=1

r∗n(b− δ)+rn

∥∥∥∥∥ < ε

Applying [26, Lemma 2.5(ii)], we obtain an element r ∈ A such that (a −ε)+ =
∑N

n=1(rnr)∗(b −δ)+(rnr), 
as required.

To prove (2), take ε > 0. Set I = spanAaA. Then bAb ∩ I generates I as a closed ideal. Thus, using an 
approximate unit in bAb ∩ I, we can find a positive element c ∈ bAb ∩ I such that a is at distance at most 
ε from the ideal generated by c. Using a similar argument as in (1), one can show that (a − ε)+ � c. Thus, 
c has the desired properties. �
Lemma 5.13. Let A be a C∗-algebra, let a, c ∈ A+, let ε > 0, and let (sn)n be a sequence of strongly soft 
elements in Cu(A) such that [a] ≤ ∞sn for all n, and

. . . � s2 � s1 � s0 ≤ [c].

Then there exists a soft element b ∈ cAc such that (a − ε)+ � b.

Proof. For each n ∈ N, using that sn+1 � sn and that sn is strongly soft, we obtain tn+1 ∈ Cu(A) such 
that

sn+1 + tn+1 � sn, and sn+1 � ∞tn+1.
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Choose s′n, t
′
n+1 ∈ Cu(A) such that

s′n � sn, sn+1 + tn+1 � s′n, t′n+1 � tn+1, and sn+1 � ∞t′n+1.

Next, we inductively choose cn ∈ A+ for n ∈ N and dn ∈ A+ for n ≥ 1 such that cn+1, dn+1 are 
orthogonal elements in cnAcn, and such that

s′n ≤ [cn] ≤ sn, and t′n ≤ [dn] ≤ tn.

For n = 0, set c0 = c. Now fix n ∈ N and assume that we have already chosen the elements c0, . . . , cn ∈ A+

and d1, . . . , dn ∈ A+. Then

s′n+1 � sn+1, t′n+1 � tn+1, and sn+1 + tn+1 ≤ s′n ≤ [cn].

Applying [36, Lemma 2.3(ii)], we find orthogonal elements cn+1 and dn+1 in cnAcn such that

s′n+1 � [cn+1] � sn+1, and t′n+1 � [dn+1] � tn+1,

which finishes the inductive argument.
Now choose a strictly decreasing sequence (γn)n of positive numbers such that

. . . < γ2 < γ1 < γ0 = ε.

Given n ≥ 1, we have

[a] ≤ ∞sn ≤ ∞t′n ≤ ∞[dn],

and therefore (a − γn+1)+ � a � dn.
Using the equality (a −γn)+ = ((a −γn+1)+−(γn−γn+1))+, and by applying Lemma 5.12 (2), we obtain 

a positive element bn in dnAdn such that

(a− γn)+ � bn � (a− γn+1)+.

By construction, the elements b1, b2, . . . are pairwise orthogonal, and bn � bn+1 for each n ≥ 1. Thus, the 
element b =

∑∞
n=1

1
2k‖bk‖bk is soft by Lemma 5.11. Note that, since each bn is in cAc, we have b ∈ cAc. 

Moreover, one gets

(a− ε)+ = (a− γ0)+ � b1 � b,

as desired. �
Theorem 5.14. Let A be a C∗-algebra. Then the following are equivalent:

(1) A has an abundance of soft elements.
(2) A has the hereditary 2-splitting property.
(3) (Cu(A), ΣA) has an abundance of strongly soft elements.
(4) (Cu(A), ΣA) has the hereditary 2-splitting property.
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Proof. To show that (1) implies (2), assume that A has an abundance of soft elements, and let a ∈ A+ and 
ε > 0. We need to find positive elements b, c ∈ aAa such that b ⊥ c and (a − ε)+ � b, c. By assumption, 
there exists a soft element d ∈ aAa with (a − ε

2 )+ � d. Note that

(a− ε)+ =
(
(a− ε

2 )+ − ε
2
)
+ .

We can therefore apply Lemma 5.12(1) to obtain δ > 0 such that

(a− ε)+ � (d− δ)+.

Using that d is soft, we get from Proposition 3.6(3) a positive element c ∈ dAd with c ⊥ (d − δ)+ and 
d � c. Set b = (d − δ)+. Then b and c have the desired properties.

Let us show that (2) implies (4). Let x′, x ∈ ΣA with x′ � x. We need to find y, z ∈ Cu(A) with y+z ≤ x

and x′ � y, z.
By [47, Lemma 3.3(1)], we obtain a ∈ A+ such that x′ � [a] � x. Choose ε > 0 such that x′ � [(a −ε)+]. 

By assumption, we obtain orthogonal positive elements b, c ∈ aAa with (a − ε)+ � b, c. Then y = [b] and 
z = [c] have the desired properties.

Since Cuntz semigroups of C∗-algebras satisfy (O5)-(O7), it follows from Theorem 5.9 that (4) implies (3). 
Finally, to show that (3) implies (1), assume that (Cu(A), ΣA) has an abundance of strongly soft elements 
and take a ∈ A+ and ε > 0. We need to find a soft element b ∈ aAa with (a − ε)+ � b.

Using that (Cu(A), ΣA) has an abundance of strongly soft elements for [a] ∈ ΣA and [(a − ε
3 )+] � [a], 

we obtain a strongly soft s0 ∈ Cu(A) such that

[(a− ε
3 )+] � s0 ≤ [a].

Since [(a − 2ε
3 )+] � [(a − ε

3 )+], we can choose s′0 ∈ Cu(A) such that

[(a− 2ε
3 )+] � s′0 � s0.

Applying Lemma 5.5 for s′0 � s0, we obtain a strongly soft s1 ∈ Cu(A) with s′0 � s1 � s0. Inductively, we 
obtain a sequence (sn)n of strongly soft elements in Cu(A) such that

. . . � s2 � s1 � s0 ≤ [a],

and such that [(a − 2ε
3 )+] � s′0 � sn for all n.

Applying Lemma 5.13 (with ε3 ), we obtain a soft element b ∈ aAa such that

[(a− ε)+] = [((a− 2ε
3 )+ − ε

3 )+] � b,

as desired. �
Corollary 5.15. A stable C∗-algebra has an abundance of soft elements if and only if its Cuntz semigroup 
has an abundance of strongly soft elements.

Let A be a (nonstable) C∗-algebra. If A ⊗K has an abundance of soft elements, then so does A. Using that 
Cu(A) ∼= Cu(A ⊗ K), we deduce that A has an abundance of soft elements whenever its Cuntz semigroup 
does. The converse remains unclear:

Question 5.16. Let A be a C∗-algebra. If A has an abundance of soft elements, does its stabilization as well?
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With a view towards Theorem 5.14, the above question is equivalent to the following: If A is a C∗-algebra 
such that (Cu(A), ΣA) has an abundance of strongly soft elements, does Cu(A) have an abundance of 
strongly soft elements? One can also ask this question in the more abstract setting of scaled Cu-semigroups 
that satisfy additional properties, like (O5)-(O8).

6. Completely soft elements in C*-algebras

We introduce completely soft operators as those positive elements in a C∗-algebra whose every cut-down is 
soft; see Definition 6.1. We characterize these elements by spectral properties; see Proposition 6.2. The main 
result of this section is Theorem 6.10, where we show that a C∗-algebra has an abundance of such elements 
whenever it has an abundance of soft elements. To construct completely soft elements in a C∗-algebra, we 
follow a strategy introduced in [41] and view positive elements as suitable ‘paths’ of open projections.

Definition 6.1. We say that a positive element a in a C∗-algebra is completely soft if for every ε ≥ 0 the 
element (a − ε)+ is soft.

Proposition 6.2. Let A be a C∗-algebra, and a ∈ A+. Then the following are equivalent:

(1) The element a is completely soft.
(2) For every closed ideal I ⊆ A, the spectrum of a + I ∈ A/I is [0, ‖a + I‖].
(3) For every closed ideal I ⊆ A, the spectrum of a + I ∈ a/I is connected and contains 0.

Proof. Let ε ≥ 0, let I ⊆ A be a closed ideal, and let πI : A → A/I denote the quotient map. Then 
(πI(a) −ε)+ = πI((a −ε)+). Using the spectral mapping theorem (see, for example, [10, Proposition II.2.3.2]), 
we see that ε is contained in the closure of sp(πI(a)) ∩ (ε, ∞) if and only if 0 is not isolated in the spectrum 
of (πI(a) − ε)+.

By Proposition 3.6, a is completely soft if and only if for every ε ≥ 0 and every closed ideal I ⊆ A, the 
element πI((a − ε)+) is either zero or 0 is not isolated in its spectrum. Using the above considerations, this 
is in turn equivalent to (2), which is easily seen to also be equivalent to (3). �

An immediate consequence of Proposition 6.2 is that images of completely soft elements in quotients are 
again completely soft, which is analogous to Proposition 3.8. It remains unclear if the analog of Proposi-
tion 3.7 also holds:

Question 6.3. Let ϕ : A → B be a completely positive, order-zero map between C∗-algebras. Given a com-
pletely soft element a ∈ A+, is ϕ(a) completely soft?

6.4. Let A be a C∗-algebra. Recall that a projection p ∈ A∗∗ is said to be open if it is the weak*-limit 
of an increasing net in A+, and denote by O(A) the set of all open projections in A. The sub-C∗-algebra 
pA∗∗p ∩ A is hereditary for every open projection p and, conversely, every hereditary sub-C∗-algebra of A
is of this form for some unique open projection of A; see [31, p.77f].

As in [41, Section 2], we define the relation ≺ on O(A) by setting p ≺ q if there exists a ∈ A+ such that 
p ≤ a ≤ q. That is, if there exists a ∈ A+ such that p = pa and a = aq. We say that p ∈ O(A) is soft
if the associated hereditary sub-C∗-algebra Ap = pA∗∗p ∩ A is soft. We use supp(a) to denote the support 
projection of any positive element a ∈ A+. Note that supp(a) belongs to O(A).

Following [41, Definition 2.4], we say that a map f : (−∞, 0] → O(A) is a path if f(s) = sup{f(s′) : s′ < s}
for all s ∈ (−∞, 0], and if f(s) ≺ f(t) whenever s < t in (−∞, 0].
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Given a positive contraction a ∈ A, the map fa : (−∞, 0] → O(A) given by fa(t) = supp((a + t)+) is a 
path with fa(−1) = 0. Conversely, by [41, Proposition 2.6], every path f with f(−1) = 0 arises this way 
from a positive contraction.

Lemma 6.5. Let A be a C∗-algebra that has an abundance of soft elements, let p, q ∈ O(A) satisfy p ≺ q, 
and assume that q is soft. Then there exists r ∈ O(A) such that r is soft and p ≺ r ≺ q.

Proof. Given any ε > 0, let fε : [0, ∞) → [0, 1] be the map that takes the value 0 in [0, ε/2], 1 in [ε, ∞), and 
is linear from ε/2 to ε.

Since p ≺ q, there exists a ∈ A+ such that p ≤ a ≤ q. Thus, one has

p ≤ f1(a) � f1/2(a) � f1/4(a) ≤ q.

Using that f1/4(a) ∈ Aq, it follows that there exists an element in (Aq)+ that acts as a unit for f1/2(a). By 
Proposition 2.9, we obtain a positive element d ∈ Aq with f1/2(a) � d ⊥ f1/2(a). Applying Lemma 5.12(1), 
we obtain δ > 0 such that (f1/2(a) − 1

2 )+ � (d − δ)+. Note that one has f1(a) � (f1/2(a) − 1
2 )+.

Applying that A has an abundance of soft elements for (d − δ
2 )+ and δ2 , we obtain a soft element e such 

that (
(d− δ

2)+ − δ
2
)
+ � e, and e ∈ (d− δ

2 )+A(d− δ
2 )+,

and we may assume that e is contractive.
Then, one has

f1(a) � (f1/2(a) − 1
2 )+ � (d− δ)+ =

(
(d− δ

2)+ − δ
2
)
+ � e.

Further, using that f1(a) ⊥ e and f1(a) � e, it follows that f1(a) + e is soft and, consequently, that 
the open projection r = supp(f1(a) + e) is also soft. Since f1(a) + e is contractive, we have p ≤ f1(a) ≤
f1(a) + e ≤ supp(f1(a) + e) = r and thus p ≺ r.

We also have e ∈ (d− δ
2 )+A(d− δ

2 )+ and (d − δ
2)+ � fδ/2(d), and therefore e � fδ/2(d). We further 

have f1(a) � f1/2(a), and f1/2(a) ⊥ fδ/2(d). This implies that

f1(a) + e � f1/2(a) + fδ/2(d).

Therefore,

r = supp(f1(a) + e) ≤ f1/2(a) + fδ/2(d) ≤ q,

and thus r ≺ q. �
In preparation for the proof of Lemma 6.7, we recall a result of Bice and Koszmider from [9]. Following 

[9, Definition 2.1], we write a �ε b for positive elements a and b in a C∗-algebra and ε > 0 if ‖a − ab‖ < ε.

Theorem 6.6 ([9, Corollary 4.2]). For all ε > 0 there exists δ > 0 such that the following holds: If a, b, c, d
are positive contractions in a C∗-algebra A such that

a � b �δ c � d

then there exists a unitary u ∈ Ã such that

uau∗ � d, and ‖u− 1‖ < ε.
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Given open projections p, q, r ∈ O(A) such that p, q ≺ r, note that generally there is no open projection 
r′ satisfying p, q ≺ r′ ≺ r. However, using the above result from [9], we prove in Lemma 6.7 below that an 
approximate version of this statement does hold.

We write p ≺ε q if there exists a ∈ A+ such that ‖p − pa‖ < ε and a ≤ q.

Lemma 6.7. Let p, q, r be open projections in a C∗-algebra A such that p, q ≺ r. Take ε > 0. Then there 
exists r′ ∈ O(A) such that p ≺ r′ ≺ r and q ≺ε r

′.

Proof. Using functional calculus, we find positive, contractive elements a′, a, b′, b in A such that

p ≤ a′ � a ≤ r, and q ≤ b′ � b ≤ r.

Fix δ > 0 such that the statement in Theorem 6.6 is satisfied for ε/3 and δ, where note that we may 
assume δ ≤ ε/6. Using functional calculus and an approximate unit in Ar, we find positive, contractive 
elements c′, c ∈ A such that

a �δ c′ � c, and b �δ c′ � c.

Now, by Theorem 6.6, there exists a unitary u ∈ Ãr such that

ua′u∗ � c, and ‖1 − u‖ <
ε

3 .

Then

a′ � u∗cu, and b �δ c′ �2ε/3 u∗cu,

and therefore ∥∥b− b(u∗cu)
∥∥ ≤

∥∥b− bc′
∥∥ +

∥∥bc′ − bc′(u∗cu)
∥∥ +

∥∥bc′(u∗cu) − b(u∗cu)
∥∥

< δ + 2ε
3 ‖b‖ + δ‖u∗cu‖ ≤ ε,

that is, b �ε u
∗cu. Now r′ = supp(u∗cu) has the desired properties. �

Lemma 6.8. Let A be a C∗-algebra and let (pj)j be a ≺-directed family of soft open projections in A. Then 
the open projection supj pj is soft.

Proof. Let p be the supremum of (pj)j . Then,

A ∩ pA∗∗p = A ∩

⎛⎝⋃
j

pjA∗∗pj

⎞⎠.

It follows that each A ∩ pjA
∗∗pj is a sub-C∗-algebra of A ∩ pA∗∗p, and that the family (A ∩ pjA

∗∗pj)j
approximates A ∩ pA∗∗p. Since each A ∩ pjA

∗∗pj is soft, we know from Proposition 2.17 that A ∩ pA∗∗p is 
soft. By definition, p is soft. �
Theorem 6.9. Let A be a C∗-algebra that has an abundance of soft elements, and let a ∈ A+ be soft. Then 
there exists a contractive, completely soft element b such that aAa = bAb.
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Proof. Set p(0) = supp(a). Let us first prove that there exists a sequence of soft open projections p(− 1
2n ) ∈

O(A) such that

supp((a− 1
2n )+) ≺1/2n p(− 1

2n ) ≺ p(− 1
2n+1 ) ≺ p(0)

for each n ≥ 1.
For n = 1, it follows from Lemma 6.5 applied for supp((a − 1

2)+) ≺ p(0) that one can find a soft open 
projection p(−1

2) with the required properties.
Now fix n ∈ N and assume that we have found the projections p(− 1

2k ) for each k ≤ n. Applying 
Lemma 6.7 for p(− 1

2n ), supp((a − 1
2n+1 )+) ≺ p(0) and ε = 1

2n+1 we obtain r ∈ O(A) such that

p(− 1
2n ) ≺ r ≺ p(0), and supp((a− 1

2n+1 )+) ≺1/2n+1 r.

Since r ≺ p(0), it follows from Lemma 6.5 that there exists a soft open projection p(− 1
2n+1 ) such that 

r ≺ p(− 1
2n+1 ) ≺ p(0), as desired. In particular, note that p(0) = supn p(− 1

2n ).
Repeated application of the previous construction to each p(− 1

2n ) allows us to find soft open projections 
p(t) for every dyadic number t ∈ [−1, 0] such that p(−1) = 0, and such that p(s) ≺ p(t) whenever s < t.

We set r(−1) = 0 and

r(t) = sup
{
p(s) : s ∈ [−1, t) dyadic

}
,

for each t ∈ (−1, 0].
Note that

r(0) ≤ p(0), and r(0) ≥ sup
n

p(− 1
2n ) = p(0),

which implies r(0) = p(0). Further, each r(t) is soft by Lemma 6.8.
It follows that r : [−1, 0] → O(A) is a path in the sense of [41, Definition 2.4]. By [41, Proposition 2.6], 

there is a unique positive element b ∈ A+ such that supp((b +t)+) = r(t) for each t ∈ [−1, 0]. Since r(−1) = 0, 
the element b is contractive. Further, since supp(b) = r(0) = p(0) = supp(a), we have aAa = bAb.

Finally, each cut-down of b is soft by construction, as desired. �
Recall from Definition 5.2 that we say that a C∗-algebra A has an abundance of soft elements if for every 

a ∈ A+ and every ε > 0 there exists a positive, soft element b ∈ aAa such that (a − ε)+ � b. One could 
therefore phrase statement (2) in the next result by saying that ‘A has an abundance of completely soft 
elements’.

Theorem 6.10. Let A be a C∗-algebra. Then the following are equivalent:

(1) The C∗-algebra A has an abundance of soft elements.
(2) For every a ∈ A+ and ε > 0 there exists a positive, completely soft element b ∈ aAa such that (a −ε)+�b.

Proof. It is clear that (2) implies (1). Conversely, assume that A has an abundance of soft elements. To 
verify (2), take a ∈ A+ and ε > 0. Since A has an abundance of soft elements, one can find a soft element 
c ∈ aAa+ such that (a − ε)+ ∈ spanAcA. By Theorem 6.9, there exists a completely soft element b ∈ A+

such that cAc = bAb. This implies that b ∈ aAa+ and (a − ε)+ ∈ spanAbA, which shows (2). �
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7. Softness and the Global Glimm Property

Following [27, Definition 4.12], we say that a C∗-algebra A has the Global Glimm Property if for every 
a ∈ A+, every ε > 0 and every k ≥ 2 there exists a ∗-homomorphism ϕ : C0(0, 1] ⊗Mk → aAa such that 
(a − ε)+ is in the ideal generated by the image of ϕ.

Every C∗-algebra with the Global Glimm Property has no nonzero elementary ideal-quotients (that is, 
it is nowhere scattered in the sense of [45]). It is an open problem, known as the Global Glimm Problem, to 
determine if every nowhere scattered C∗-algebra has the Global Glimm Property; see [47].

We shed new light on this problem by proving that the Global Glimm Property implies having an 
abundance of soft elements, which in turn implies nowhere scatteredness; see Propositions 7.4 and 7.7. This 
decomposes the Global Glimm Problem into two subproblems; see Question 7.8.

To prove these results, we use that nowhere scatteredness and the Global Glimm Property of a C∗-
algebra A are reflected in divisibility properties (recalled in Paragraph 7.1) of its Cuntz semigroup Cu(A). 
More precisely, A is nowhere scattered if and only if Cu(A) is weakly (2, ω)-divisible; see [45, Theorem 8.9]. 
Further, A has the Global Glimm Property if and only if Cu(A) is (2, ω)-divisible; see [47, Theorem 3.6].

This translates the Global Glimm Problem into a question about Cuntz semigroups: Does weak (2, ω)-
divisibility imply (2, ω)-divisibility?

In [47] we identified two conditions on a Cu-semigroup that precisely capture when the desired implication 
of divisibility properties holds: ideal-filteredness and property (V). More precisely, a Cu-semigroup satisfying 
(O5)-(O8) is (2, ω)-divisible if and only if it is weakly (2, ω)-divisible, ideal-filtered and has property (V); see 
[47, Theorem 6.3]. Below, we give straightforward generalizations of ideal-filteredness and property (V) to 
scaled Cu-semigroups (Definitions 7.9 and 7.10), and we note that the main result of [47] can be generalized 
to the scaled setting.

We show that an abundance of strongly soft elements implies property (V) (Lemma 7.11), which implies 
that a Cu-semigroup satisfying (O5)-(O8) is (2, ω)-divisible if and only if it is ideal-filtered and has an 
abundance of strongly soft elements; see Theorem 7.12. It follows that a C∗-algebra has the Global Glimm 
Property if and only if it has an abundance of soft elements and its scaled Cuntz semigroup is ideal-filtered; 
see Theorem 7.14.

7.1. As defined in [36, Definition 5.1], a Cu-semigroup S is said to be weakly (2, ω)-divisible if, for every pair 
x′ � x in S, there exist finitely many elements y1, . . . , yn ∈ S such that x′ ≤ y1 + . . . + yn and 2yj ≤ x for 
each j ≤ n.

Similarly, one says that S is (2, ω)-divisible if, whenever x′ � x in S, then there exists y ∈ S and n ∈ N

such that 2y ≤ x and x′ ≤ ny.

In [47, Lemma 3.5], we showed that a Cu-semigroup satisfying (O5)-(O7) is (2, ω)-divisible whenever all 
elements in a scale are. The next result shows that the analog statement holds for weak (2, ω)-divisibility.

Lemma 7.2. Let (S, Σ) be a scaled Cu-semigroup satisfying (O6) and assume that every element in Σ is 
weakly (2, ω)-divisible. Then S is weakly (2, ω)-divisible.

Proof. To show that every element in S is weakly (2, ω)-divisible, let x′, x ∈ S satisfy x′ � x. Pick x′′ ∈ S

with x′ � x′′ � x. Since Σ is a scale, there exist n and y1, . . . , yn ∈ Σ such that x′′ ≤ y1 + . . .+yn. Applying 
(O6), we obtain z1, . . . , zn such that

x′ � z1 + . . . + zn, and zj ≤ x for j = 1, . . . , n.
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Pick z′j such that

x′ � z′1 + . . . + z′n, and z′j � zj for j = 1, . . . , n.

Each zj belongs to Σ and is therefore weakly (2, ω)-divisible. We thus obtain elements vj,1, . . . , vj,Nj
such 

that

z′j ≤ vj,1 + . . . + vj,Nj
, and 2vj,k ≤ zj for k = 1, . . . , Nj .

Then 2vj,k ≤ zj ≤ x for each j and k, and also

x′ ≤
∑
j

z′j ≤
∑
j,k

vj,k.

This shows that the elements vj,k have the desired properties. �
Next, we prove that a C∗-algebra is nowhere scattered whenever it has an abundance of strongly soft 

elements; see Proposition 7.4 below. In preparation for the proof, we need the following lemma.

Lemma 7.3. Let S be a Cu-semigroup satisfying (O6), and let x ∈ S be weakly soft. Then x is weakly 
(2, ω)-divisible.

Proof. To verify that x is weakly (2, ω)-divisible, let x′ ∈ S satisfy x′ � x. Choose x′′ ∈ S such that 
x′ � x′′ � x. Since x is weakly soft, we obtain n ≥ 1 and t1, . . . , tn ∈ S such that

x′′ + t1 � x, . . . , x′′ + tn � x, and x′′ � t1 + . . . + tn.

Applying (O6) to x′ � x′′ � t1 + . . . + tn, we obtain z1, . . . , zn ∈ S such that

x′ � z1 + . . . + zn, z1 � x′′, t1, . . . , zn � x′′, tn.

Then

2zj � x′′ + tj � x

for each j = 1, . . . , n. Thus, z1, . . . , zn have the desired properties. �
Proposition 7.4. Let (S, Σ) be a scaled Cu-semigroup satisfying (O6) that has an abundance of strongly soft 
elements. Then S is weakly (2, ω)-divisible.

Consequently, if a C∗-algebra has an abundance of soft elements, then it is nowhere scattered.

Proof. By Lemma 7.2, it suffices to verify that every element in Σ is weakly (2, ω)-divisible. Let x′, x ∈ Σ
satisfy x′ � x. Pick x′′, x′′′ ∈ S with x′ � x′′ � x′′′ � x. Then there exists a strongly soft element y ∈ S

satisfying x′′′ � y � x. Take y′ ∈ S with y′ � y and x′′ � y′. By Lemma 7.3, y is weakly (2, ω)-divisible, 
which means that we can find n and z1, . . . , zn ∈ S such that

y′ ≤ z1 + . . . + zn, and 2zj ≤ y for j = 1, . . . , n.

Using that x′ � x′′�y′, we obtain N ∈ N such that x′ ≤ Ny′. Then the elements with the desired properties 
are given by considering N copies of each of z1, . . . , zn.
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For the second part of the statement, let A be a C∗-algebra with an abundance of soft elements. By 
Theorem 5.14, the scaled Cu-semigroup (Cu(A), ΣA) has an abundance of strongly soft elements. Since 
Cuntz semigroups of C∗-algebras always satisfy (O6), we can apply the above argument to deduce that 
Cu(A) is weakly (2, ω)-divisible. Hence, A is nowhere scattered by [45, Theorem 8.9]. �

Proposition 7.7 below showcases the exact difference between having an abundance of strongly soft 
elements and being (2, ω)-divisible: In the first case, for every element x one can find a strongly soft element 
y such that y ≤ x ≤ ∞y (Theorem 5.9). In the second case, y can be chosen such that 2y ≤ x ≤ ∞y.

In the proof of Lemma 7.6 below, we will apply the following useful consequence of (O5):

Lemma 7.5 ([47, Lemma 2.2]). Let S be a Cu-semigroup satisfying (O5), and let k ∈ N and x′, x, z ∈ S

satisfy x′ � x and (k + 1)x ≤ z. Then there exists y ∈ S such that kx′ + y ≤ z ≤ (k + 1)y and x′ � y.

Lemma 7.6. Let k ∈ N, and let S be a (2, ω)-divisible Cu-semigroup satisfying (O5). Then, whenever (xn)n
is a �-increasing sequence in S, there exists a sequence (yn)n such that

∞∑
n=0

kyn ≤ sup
n

xn, and yn, xn+1 � ∞yn+1

for every n ≥ 0.

Proof. We will use below that S is (k + 1, ω)-divisible by [47, Lemma 3.4].
Let (xn)n be a �-increasing sequence in S, and let x be its supremum. Using induction on n, we will 

find elements yj , cj ∈ S for j ∈ N such that

kyj+1 + cj+1 ≤ cj ≤ ∞cj+1, yj � cj , and yj , xj+1 � ∞yj+1,

for all j ≥ 0, and with ky0 + c0 ≤ x ≤ (k + 1)c0.
First, applying that S is (k + 1, ω)-divisible for x0 � x, we find z ∈ S such that

(k + 1)z � x, and x0 � ∞z.

Choose y0 ∈ S such that

y0 � z, and x0 � ∞y0.

Then, it follows from Lemma 7.5 that there exists c0 ∈ S with

ky0 + c0 ≤ x ≤ (k + 1)c0, and y0 � c0,

and it is readily checked that c0, y0 satisfy the required conditions.
Now fix n ∈ N and assume that we have found the elements yj, cj for every j ≤ n. In particular, we have 

x ≤ ∞c0 ≤ ∞cn. Choose c′n ∈ S such that

c′n � cn, yn � c′n, and xn+1 � ∞c′n.

Applying that S is (k + 1, ω)-divisible for c′n � cn, one finds zn+1 ∈ S such that

(k + 1)zn+1 � cn, and c′n � ∞zn+1.
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Choose yn+1 ∈ S such that

yn+1 � zn+1, and c′n � ∞yn+1.

Applying Lemma 7.5, we find cn+1 ∈ S with

kyn+1 + cn+1 ≤ cn ≤ (k + 1)cn+1, and yn+1 � cn+1,

which finishes the inductive argument.
Finally, note that for every n ∈ N, one has

ky0 + . . . + kyn ≤ ky0 + . . . + kyn + cn ≤ ky0 + . . . + kyn−1 + cn−1

≤ . . . ≤ ky0 + c0 ≤ x.

Taking supremum on n, we obtain the required result. �
Proposition 7.7. Let S be a (2, ω)-divisible Cu-semigroup satisfying (O5). Then for every x ∈ S and k ∈ N

there exists a strongly soft element y ∈ S such that ky ≤ x ≤ ∞y. In particular, S has an abundance of 
strongly soft elements.

Consequently, if a C∗-algebra has the Global Glimm Property, then it has an abundance of soft elements.

Proof. Let x ∈ S and k ∈ N, and let (xn)n be a �-increasing sequence in S with supremum x. Using 
Lemma 7.6, we find a sequence (yn)n such that

∞∑
n=0

kyn ≤ x, and yn, xn+1 � ∞yn+1

for every n ≥ 0.
Set y =

∑∞
n=0 yn, which satisfies ky ≤ x by construction. Then, since we have

xn ≤ ∞yn ≤ ∞y,

for each n, we deduce x ≤ ∞y. Further, y is strongly soft by Lemma 4.13.
For the second part of the statement, let A be a C∗-algebra with the Global Glimm Property. Then 

Cu(A) is (2, ω)-divisible by [47, Theorem 3.6]. Since Cuntz semigroups of C∗-algebras always satisfy (O5), 
we can apply the above argument to deduce that Cu(A) has an abundance of strongly soft elements. Hence, 
A (and in fact, even A ⊗K) has an abundance of soft elements by Theorem 5.14. �

If a C∗-algebra has the Global Glimm Property, then it has an abundance of soft elements by Proposi-
tion 7.7; and if a C∗-algebra has an abundance of soft elements, then it is nowhere scattered by Proposi-
tion 7.4. Therefore, the Global Glimm Problem, which asks if every nowhere scattered C∗-algebra has the 
Global Glimm Property, decomposes into the following subquestions:

Question 7.8. If a C∗-algebra is nowhere scattered, does it have an abundance of soft elements? If a C∗-
algebra has an abundance of soft elements, does it have the Global Glimm Property?

In [47, Definitions 4.1, 5.1], we defined ideal-filteredness and property (V) for Cu-semigroups. We will 
use the following straightforward generalizations to scaled Cu-semigroups.
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Definition 7.9. We say that a scaled Cu-semigroup (S, Σ) is ideal-filtered if for all v′, v ∈ S and x, y ∈ Σ
satisfying

v′ � v � ∞x,∞y,

there exists z ∈ S such that

v′ � ∞z, and z � x, y.

Definition 7.10. We say that a scaled Cu-semigroup (S, Σ) has property (V) if, given d′1, d1, d′2, d2, c, x ∈ Σ
such that

d′1 � d1, d′2 � d2, d1, d2 � c, and c + d1, c + d2 � x,

there exist y, z ∈ S satisfying

y + z ≤ x, and d′1 + d′2 ≤ ∞y,∞z.

Lemma 7.11. Let (S, Σ) be a scaled Cu-semigroup with an abundance of strongly soft elements. Then (S, Σ)
has property (V).

Proof. Let d′1, d1, d′2, d2, c, x ∈ Σ be such that

d′1 � d1, d′2 � d2, d1, d2 � c, and c + d1, c + d2 � x.

Choose x′′, x′ ∈ S such that

x′′ � x′ � x, and c + d1, c + d2 � x′′.

Using that (S, Σ) has an abundance of strongly soft elements for x′ � x, we find a strongly soft element 
s ∈ S with x′ � s � x. Choose y ∈ S such that x′′ � y � s � x.

Since s is strongly soft, we know by Proposition 4.14 that there exists z ∈ S satisfying y + z ≤ s ≤ ∞z. 
It is readily checked that the elements y, z have the desired properties. �
Theorem 7.12. Let S be a Cu-semigroup satisfying (O5)-(O8). Then the following are equivalent:

(1) S is (2, ω)-divisible.
(2) Every element in Σ is (2, ω)-divisible.
(3) Every element in Σ is weakly (2, ω)-divisible and (S, Σ) is ideal-filtered and has property (V).
(4) (S, Σ) is ideal-filtered and for every x in S, there exists a strongly soft element y ∈ S such that 2y ≤

x ≤ ∞y;
(5) (S, Σ) is ideal-filtered and has an abundance of strongly soft elements.

Proof. By [47, Lemma 3.5], (1) and (2) are equivalent.
The results and proofs of Section 6 in [47] have straightforward generalizations to the scaled version 

of (weak) (2, ω)-divisibility, ideal-filteredness, and property (V). In particular, the scaled version of [47, 
Theorem 6.3] shows that (2) and (3) are equivalent.

Using Proposition 7.7, we see that (1) implies (4), and it is clear that (4) implies (5). Finally, by 
Lemma 7.11 and Proposition 7.4, (5) implies (3). �
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Corollary 7.13. Let S be a Cu-semigroup satisfying (O5)-(O8). Assume that S = Ssoft. Then S is (2, ω)-
divisible if and only if S is ideal-filtered.

Theorem 7.14. Let A be a C∗-algebra. Then the following are equivalent:

(1) A has the Global Glimm Property.
(2) A has and abundance of soft elements and (Cu(A), ΣA) is ideal-filtered.
(3) A has and abundance of soft elements and Cu(A) is ideal-filtered.

Proof. Let A be a C∗-algebra. It follows from [47, Theorem 3.6] that A has the Global Glimm Property 
if and only if Cu(A) is (2, ω)-divisible. Thus, [47, Theorem 6.3] together with Proposition 7.7 show that 
(1) implies (3), and it is clear that (3) implies (2).

Using Theorem 7.12, we know that Cu(A) is (2, ω)-divisible if and only if Cu(A) has an abundance of 
strongly soft elements and (Cu(A), ΣA) is ideal-filtered. By Theorem 5.14, A has an abundance of soft 
elements if and only if strongly soft elements are abundant in (Cu(A), ΣA). This shows that (2) implies (1), 
as desired. �
References

[1] R. Antoine, F. Perera, L. Robert, H. Thiel, Edwards’ condition for quasitraces on C∗-algebras, Proc. R. Soc. Edinb., Sect. 
A 151 (2021) 525–547.

[2] R. Antoine, F. Perera, L. Robert, H. Thiel, C∗-algebras of stable rank one and their Cuntz semigroups, Duke Math. J. 
171 (2022) 33–99.

[3] R. Antoine, F. Perera, H. Thiel, Tensor products and regularity properties of Cuntz semigroups, Mem. Am. Math. Soc. 
251 (2018), viii+191.

[4] R. Antoine, F. Perera, H. Thiel, Abstract bivariant Cuntz semigroups, Int. Math. Res. Not. (2020) 5342–5386.
[5] R. Antoine, F. Perera, H. Thiel, Abstract bivariant Cuntz semigroups II, Forum Math. 32 (2020) 45–62.
[6] R. Antoine, F. Perera, H. Thiel, Cuntz semigroups of ultraproduct C∗-algebras, J. Lond. Math. Soc. (2) 102 (2020) 

994–1029.
[7] P. Ara, F. Perera, A.S. Toms, K-theory for operator algebras. Classification of C∗-algebras, in: Aspects of Operator 

Algebras and Applications, in: Contemp. Math., vol. 534, Amer. Math. Soc., Providence, RI, 2011, pp. 1–71.
[8] M.A. Asadi-Vasfi, H. Thiel, E. Vilalta, Ranks of soft operators in nowhere scattered C∗-algebras, preprint, arXiv :2310 .00663

[math .OA], 2023.
[9] T. Bice, P. Koszmider, C∗-algebras with and without �-increasing approximate units, J. Math. Anal. Appl. 477 (2019) 

1396–1418.
[10] B. Blackadar, Operator algebras, in: Theory of C∗-Algebras and von Neumann Algebras, Operator Algebras and Non-

commutative Geometry, III, in: Encyclopaedia of Mathematical Sciences, vol. 122, Springer-Verlag, Berlin, 2006.
[11] J. Bosa, Stable elements and property (S), J. Math. Anal. Appl. 512 (2022) 126171.
[12] J. Bosa, J. Gabe, A. Sims, S. White, The nuclear dimension of O∞-stable C∗-algebras, Adv. Math. 401 (2022) 108250.
[13] N.P. Brown, A. Ciuperca, Isomorphism of Hilbert modules over stably finite C∗-algebras, J. Funct. Anal. 257 (2009) 

332–339.
[14] A. Ciuperca, L. Robert, L. Santiago, The Cuntz semigroup of ideals and quotients and a generalized Kasparov stabilization 

theorem, J. Oper. Theory 64 (2010) 155–169.
[15] K.T. Coward, G.A. Elliott, C. Ivanescu, The Cuntz semigroup as an invariant for C∗-algebras, J. Reine Angew. Math. 623 

(2008) 161–193.
[16] J. Cuntz, On the continuity of semi-norms on operator algebras, Math. Ann. 220 (1976) 171–183.
[17] G.A. Elliott, L. Robert, L. Santiago, The cone of lower semicontinuous traces on a C∗-algebra, Am. J. Math. 133 (2011) 

969–1005.
[18] G.A. Elliott, M. Rørdam, Perturbation of Hausdorff moment sequences, and an application to the theory of C∗-algebras of 

real rank zero, in: Operator Algebras: The Abel Symposium 2004, in: Abel Symp., vol. 1, Springer, Berlin, 2006, pp. 97–115.
[19] C. Farsi, Soft C∗-algebras, Proc. Edinb. Math. Soc. (2) 45 (2002) 59–65.
[20] E. Gardella, F. Perera, The modern theory of Cuntz semigroups of C∗-algebras, preprint, arXiv :2212 .02290 [math .OA], 

2023.
[21] E. Gardella, H. Thiel, Weighted homomorphisms between C∗-algebras, preprint, arXiv :2203 .16702 [math .OA], 2022.
[22] K.R. Goodearl, D.E. Handelman, Stenosis in dimension groups and AF C∗-algebras, J. Reine Angew. Math. 332 (1982) 

1–98.
[23] I. Hirshberg, M. Rørdam, W. Winter, C0(X)-algebras, stability and strongly self-absorbing C∗-algebras, Math. Ann. 339 

(2007) 695–732.
[24] J.v.B. Hjelmborg, M. Rørdam, On stability of C∗-algebras, J. Funct. Anal. 155 (1998) 153–170.
[25] H.E.n. Jensen, Scattered C∗-algebras, Math. Scand. 41 (1977) 308–314.

http://refhub.elsevier.com/S0022-247X(24)00088-X/bib3B5A586C1200999A0EDCB60E79F76062s1
http://refhub.elsevier.com/S0022-247X(24)00088-X/bib3B5A586C1200999A0EDCB60E79F76062s1
http://refhub.elsevier.com/S0022-247X(24)00088-X/bibF63BB34D93552A0A4B5EABEF86DDC489s1
http://refhub.elsevier.com/S0022-247X(24)00088-X/bibF63BB34D93552A0A4B5EABEF86DDC489s1
http://refhub.elsevier.com/S0022-247X(24)00088-X/bib9C883003A21D6DB4576A5C03517BA5A3s1
http://refhub.elsevier.com/S0022-247X(24)00088-X/bib9C883003A21D6DB4576A5C03517BA5A3s1
http://refhub.elsevier.com/S0022-247X(24)00088-X/bibBCC8D524491CD4CEA0FF49A9E8C658F3s1
http://refhub.elsevier.com/S0022-247X(24)00088-X/bib49FBDD8492F66B285A25D7A8D3D0E8EAs1
http://refhub.elsevier.com/S0022-247X(24)00088-X/bib9B0B0FF4BAECE65176D43010EF2B6057s1
http://refhub.elsevier.com/S0022-247X(24)00088-X/bib9B0B0FF4BAECE65176D43010EF2B6057s1
http://refhub.elsevier.com/S0022-247X(24)00088-X/bibC29A730673994F0EDB0C86D14342BE0Bs1
http://refhub.elsevier.com/S0022-247X(24)00088-X/bibC29A730673994F0EDB0C86D14342BE0Bs1
http://refhub.elsevier.com/S0022-247X(24)00088-X/bib9E3778127398A1CEC4F9D75FCEC22C91s1
http://refhub.elsevier.com/S0022-247X(24)00088-X/bib9E3778127398A1CEC4F9D75FCEC22C91s1
http://refhub.elsevier.com/S0022-247X(24)00088-X/bib95FCA2296477F037F8BA5E9631B18CC9s1
http://refhub.elsevier.com/S0022-247X(24)00088-X/bib95FCA2296477F037F8BA5E9631B18CC9s1
http://refhub.elsevier.com/S0022-247X(24)00088-X/bibBBC74C2CC5244BAE7A4601F94E468EF6s1
http://refhub.elsevier.com/S0022-247X(24)00088-X/bibBBC74C2CC5244BAE7A4601F94E468EF6s1
http://refhub.elsevier.com/S0022-247X(24)00088-X/bib137D79483B638598A48856C381E336B4s1
http://refhub.elsevier.com/S0022-247X(24)00088-X/bib25149E733B15BAD1D4EEA0FFB84364E3s1
http://refhub.elsevier.com/S0022-247X(24)00088-X/bib558433C6A1F0D0AE6A515463051189CBs1
http://refhub.elsevier.com/S0022-247X(24)00088-X/bib558433C6A1F0D0AE6A515463051189CBs1
http://refhub.elsevier.com/S0022-247X(24)00088-X/bib750BCB76D2EB455D06ECD6C8140402DAs1
http://refhub.elsevier.com/S0022-247X(24)00088-X/bib750BCB76D2EB455D06ECD6C8140402DAs1
http://refhub.elsevier.com/S0022-247X(24)00088-X/bibF3352F5AD262885EBD94AD64FD0A4492s1
http://refhub.elsevier.com/S0022-247X(24)00088-X/bibF3352F5AD262885EBD94AD64FD0A4492s1
http://refhub.elsevier.com/S0022-247X(24)00088-X/bib07ABA79992B753FD533491BF478F54D4s1
http://refhub.elsevier.com/S0022-247X(24)00088-X/bibD8B7832FECACD51D2E0D054630DB9043s1
http://refhub.elsevier.com/S0022-247X(24)00088-X/bibD8B7832FECACD51D2E0D054630DB9043s1
http://refhub.elsevier.com/S0022-247X(24)00088-X/bib38A7A3ECBAB681D44E26C89D4CFD2C31s1
http://refhub.elsevier.com/S0022-247X(24)00088-X/bib38A7A3ECBAB681D44E26C89D4CFD2C31s1
http://refhub.elsevier.com/S0022-247X(24)00088-X/bib77BB35DA5F60A12950DA513D501B19FDs1
http://refhub.elsevier.com/S0022-247X(24)00088-X/bib81676F4591DE440A7008150F685E22A4s1
http://refhub.elsevier.com/S0022-247X(24)00088-X/bib81676F4591DE440A7008150F685E22A4s1
http://refhub.elsevier.com/S0022-247X(24)00088-X/bib5CCBD0EC42C902B55B746061412CC6CDs1
http://refhub.elsevier.com/S0022-247X(24)00088-X/bibE053599903B66906608531A2AAC118D3s1
http://refhub.elsevier.com/S0022-247X(24)00088-X/bibE053599903B66906608531A2AAC118D3s1
http://refhub.elsevier.com/S0022-247X(24)00088-X/bib3ABD008A70CA3C8257566EFE4F4FA934s1
http://refhub.elsevier.com/S0022-247X(24)00088-X/bib3ABD008A70CA3C8257566EFE4F4FA934s1
http://refhub.elsevier.com/S0022-247X(24)00088-X/bib0ADCFB65B55BE9235D9D75AAA948BE7Bs1
http://refhub.elsevier.com/S0022-247X(24)00088-X/bibCB81802046DF7F104CD37EFE271717E6s1


H. Thiel, E. Vilalta / J. Math. Anal. Appl. 536 (2024) 128167 35
[26] E. Kirchberg, M. Rørdam, Non-simple purely infinite C∗-algebras, Am. J. Math. 122 (2000) 637–666.
[27] E. Kirchberg, M. Rørdam, Infinite non-simple C∗-algebras: absorbing the Cuntz algebra O∞, Adv. Math. 167 (2002) 

195–264.
[28] E. Kirchberg, M. Rørdam, When central sequence C∗-algebras have characters, Int. J. Math. 26 (2015) 1550049.
[29] E. Ortega, F. Perera, M. Rørdam, The corona factorization property, stability, and the Cuntz semigroup of a C∗-algebra, 

Int. Math. Res. Not. (2012) 34–66.
[30] E. Ortega, M. Rørdam, H. Thiel, The Cuntz semigroup and comparison of open projections, J. Funct. Anal. 260 (2011) 

3474–3493.
[31] G.K. Pedersen, C∗-Algebras and Their Automorphism Groups, Lond. Math. Soc. Monogr., vol. 14, Academic Press, 

London, 1979.
[32] F. Perera, A.S. Toms, Recasting the Elliott conjecture, Math. Ann. 338 (2007) 669–702.
[33] L. Robert, Classification of inductive limits of 1-dimensional NCCW complexes, Adv. Math. 231 (2012) 2802–2836.
[34] L. Robert, The cone of functionals on the Cuntz semigroup, Math. Scand. 113 (2013) 161–186.
[35] L. Robert, Remarks on Z-stable projectionless C∗-algebras, Glasg. Math. J. 58 (2016) 273–277.
[36] L. Robert, M. Rørdam, Divisibility properties for C∗-algebras, Proc. Lond. Math. Soc. (3) 106 (2013) 1330–1370.
[37] L. Robert, A. Tikuisis, Nuclear dimension and Z-stability of non-simple C∗-algebras, Trans. Am. Math. Soc. 369 (2017) 

4631–4670.
[38] M. Rørdam, On the structure of simple C∗-algebras tensored with a UHF-algebra. II, J. Funct. Anal. 107 (1992) 255–269.
[39] M. Rørdam, A simple C∗-algebra with a finite and an infinite projection, Acta Math. 191 (2003) 109–142.
[40] M. Rørdam, W. Winter, The Jiang-Su algebra revisited, J. Reine Angew. Math. 642 (2010) 129–155.
[41] H. Thiel, Diffuse traces and Haar unitaries, Amer. J. Math. (2020) (to appear), arXiv :2009 .06940 [math .OA].
[42] H. Thiel, Ranks of operators in simple C∗-algebras with stable rank one, Commun. Math. Phys. 377 (2020) 37–76.
[43] H. Thiel, The generator rank of C∗-algebras, J. Funct. Anal. 280 (2021) 108874.
[44] H. Thiel, E. Vilalta, Covering dimension of Cuntz semigroups II, Int. J. Math. 32 (2021), 27 p., Paper No. 2150100.
[45] H. Thiel, E. Vilalta, Nowhere scattered C∗-algebras, J. Noncommut. Geom. (2023), https://doi .org /10 .4171 /JNCG /526, 

arXiv :2112 .09877 [math .OA].
[46] H. Thiel, E. Vilalta, Covering dimension of Cuntz semigroups, Adv. Math. 394 (2022) 108016.
[47] H. Thiel, E. Vilalta, The Global Glimm Property, Trans. Am. Math. Soc. 376 (2023) 4713–4744.
[48] A.S. Toms, On the classification problem for nuclear C∗-algebras, Ann. Math. (2) 167 (2008) 1029–1044.
[49] W. Winter, Nuclear dimension and Z-stability of pure C∗-algebras, Invent. Math. 187 (2012) 259–342.
[50] W. Winter, J. Zacharias, Completely positive maps of order zero, Münster J. Math. 2 (2009) 311–324.

http://refhub.elsevier.com/S0022-247X(24)00088-X/bib5E84396834DD88F7F5857C29D7DD871Ds1
http://refhub.elsevier.com/S0022-247X(24)00088-X/bib5E771B4D1BADB651327733ED2112CE54s1
http://refhub.elsevier.com/S0022-247X(24)00088-X/bib5E771B4D1BADB651327733ED2112CE54s1
http://refhub.elsevier.com/S0022-247X(24)00088-X/bib0D465FBF66F03BD212DD81901B1B5EF6s1
http://refhub.elsevier.com/S0022-247X(24)00088-X/bibA3D1864BF7AF089BF10C6BE1A8CEA5D1s1
http://refhub.elsevier.com/S0022-247X(24)00088-X/bibA3D1864BF7AF089BF10C6BE1A8CEA5D1s1
http://refhub.elsevier.com/S0022-247X(24)00088-X/bibB086F1B0D6BE1AAD94FF07949DECC6CAs1
http://refhub.elsevier.com/S0022-247X(24)00088-X/bibB086F1B0D6BE1AAD94FF07949DECC6CAs1
http://refhub.elsevier.com/S0022-247X(24)00088-X/bib1EDE6FB1B0A853357D63FFEEBB7B6FBEs1
http://refhub.elsevier.com/S0022-247X(24)00088-X/bib1EDE6FB1B0A853357D63FFEEBB7B6FBEs1
http://refhub.elsevier.com/S0022-247X(24)00088-X/bibFDAD40FEE8DB218D1348465DA4DD45A4s1
http://refhub.elsevier.com/S0022-247X(24)00088-X/bib3C35C27CC162D3F69231FFF8ED3B83C4s1
http://refhub.elsevier.com/S0022-247X(24)00088-X/bib8887A26528E0F720A223594310C58822s1
http://refhub.elsevier.com/S0022-247X(24)00088-X/bib5374B78F5409324B7BD633BC35FC70E0s1
http://refhub.elsevier.com/S0022-247X(24)00088-X/bib1D1311DA2613BED840DFC404CFB9A9EBs1
http://refhub.elsevier.com/S0022-247X(24)00088-X/bib3C1521EB52D7F5531CFDA6C152204D07s1
http://refhub.elsevier.com/S0022-247X(24)00088-X/bib3C1521EB52D7F5531CFDA6C152204D07s1
http://refhub.elsevier.com/S0022-247X(24)00088-X/bibCA79DE10E4499757F5CBBECB47B66019s1
http://refhub.elsevier.com/S0022-247X(24)00088-X/bibC43A538D567E6E4C1565B24A46BDE7DBs1
http://refhub.elsevier.com/S0022-247X(24)00088-X/bibA2D7F4251CCC0EB6C89F06B999FDC706s1
http://refhub.elsevier.com/S0022-247X(24)00088-X/bib0976B7F034387A04267BD2F385D6AB7Fs1
http://refhub.elsevier.com/S0022-247X(24)00088-X/bib09419D0F49F72C166D8D01B0FF36182Bs1
http://refhub.elsevier.com/S0022-247X(24)00088-X/bib4EC3B94B8C2CB8B75EDA5CF468C7ADBAs1
http://refhub.elsevier.com/S0022-247X(24)00088-X/bibBE16E61BD6839B565A8613606AC8941Fs1
https://doi.org/10.4171/JNCG/526
http://refhub.elsevier.com/S0022-247X(24)00088-X/bib1828B2FE4082A38F6F69B1D7A8A4E093s1
http://refhub.elsevier.com/S0022-247X(24)00088-X/bib338DB330A5A34D76FF9E42E726A2B73Fs1
http://refhub.elsevier.com/S0022-247X(24)00088-X/bib82A06B30EA293D759AC4A6D8397FC8B6s1
http://refhub.elsevier.com/S0022-247X(24)00088-X/bib9DA9208E6B21A09273E63180450A7E34s1
http://refhub.elsevier.com/S0022-247X(24)00088-X/bib3D75B9BFD623BD8A8622EC28EB5AB161s1

	Soft operators in C*-algebras
	1 Introduction
	2 Soft C*-algebras
	3 Soft operators
	4 Shades of softness in Cu-semigroups
	5 Abundance of soft elements
	6 Completely soft elements in C*-algebras
	7 Softness and the Global Glimm Property
	References


