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Abstract
In this paper we explore the concept of locally band preserving functions, introduced
by Ercan and Wickstead, on Dedekind complete �-algebras. Specifically, we show
that all super order differentiable functions are locally band preserving. Furthermore,
some foundational results from classical analysis are proved in this setting, such as
the Intermediate Value Theorem, the Extreme Value Theorem, and the Mean Value
Theorem. Moreover, we show that these generalisations can fail for functions that are
not locally band preserving. With the goal in mind to further develop the theory of
complex differentiation inDedekind complete complex�-algebras, a complex version
of the Mean Value Theorem is also provided.
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1 Introduction

The theory of complex analysis on Banach spaces enjoys a long, well-known, and
fruitful history,which is summarised in the text [7]. This theorygeneralises the classical
theory of functions of a complex variable by using norms as an abstraction of the
ordinary modulus on the complex plane.

Recently, the papers [8, 9] took an alternative approach to complex analysis in
abstract spaces: an order-theoretic approach. Indeed, [8] began this journey by proving
an nth root test for the absolute order convergence of series in universally complete
complex�-algebras (unital f -algebras). From this result, Cauchy-Hadamard formulas
for calculating the radius of convergence for power series in this setting were obtained.

This order-theoretic complex analysis was furthered in [9], where the authors intro-
duced two notions of differentiability built from the notion of order convergence in
Dedekind complete �-algebras: order differentiability and the much stronger super
order differentiability.

Such results enable one to meaningfully investigate analytical properties of certain
spaces which do not have a natural norm, such as C∞

C
(X). They furthermore illustrate

how fundamental concepts in vector lattice theory, such as weak order units and band
projections, have purposeful roles to play in complex analysis. Thirdly, this theory,
through analogue, sheds light on an order-theoretical real analysis counterpart. It is to
this real analysis complement that we devote much of our attention in this paper.

In Sections 2 and 3 we introduce ε-δ reformulations of order continuity, order
differentiability, and super order differentiability, with the goal in mind to have the
results in this paper resemble the classical theory.

Using these reformulations, the objective of Sections 4 and 5 is to prove analogues
of a Boundedness Theorem, an Intermediate Value Theorem, an Extreme Value The-
orem, and a Mean Value Theorem in Dedekind complete real �-algebras. It turns out,
however, that order continuity on order intervals is insufficient to prove these ana-
logues. Therefore, in Section 4 we consider locally band preserving functions, which
were introduced by Ercan and Wickstead in [5]. The reader can also infer the sim-
ilarities between locally band preserving functions and functions with the so-called
local property, introduced by Avilés and Zapata in [2], where �-algebras of measur-
able functions are considered. These locally band preserving functions prove to be a
natural class of functions to consider, since it will be shown that all super order differ-
entiable functions are locally band preserving. Furthermore, it is also demonstrated
that the Boundedness Theorem, the Intermediate Value Theorem, and the Extreme
Value Theorem can fail for functions that are not locally band preserving.

In Section 5 we prove the analogues of the aforementioned classical theorems for
order continuous and locally band preserving functions defined on a order closed
interval. Using our Extreme Value Theorem, we then provide an analogue of Rolle’s
Theorem and of theMeanValue Theorem.As a consequence, a locally band preserving
and order differentiable function that has derivative identically zero on an order open
interval is constant on said interval. Additionally, we illustrate through example that
(i) this last result can fail for functions that are order differentiable but not locally
band preserving, and (ii) that an order differentiable function need not be locally band
preserving.
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Finally, in order to further develop the theory of complex differentiation inDedekind
complete complex �-algebras, a complex version of the Mean Value Theorem is
proved. Consequently, any complex super order differentiable function with zero
derivative on an order neighbourhood must be constant.

2 Preliminaries

The reader is referred to the standard texts [1, 3, 6, 11] for any unexplained terminology
or basic results in vector lattice theory.

A �-algebra is an f -algebra with a multiplicative unit, which will be denoted by
e. Given a real vector lattice F , the vector space complexification E := F + i F is
equipped with a modulus

|x + iy| := sup{(cos θ)x + (sin θ)y : θ ∈ [0, 2π ]} (x, y ∈ F), (1)

that extends the absolute value on F , provided that F is closed under the supremum
in (1). In this case we call E a complex vector lattice. See e.g. [4, Section 2] for more
details. Naturally, we say that a complex vector lattice E = F + i F is Dedekind
complete (respectively, has the projection property, respectively has sufficiently many
projections) if F is Dedekind complete (respectively, has the projection property,
respectively has sufficiently many projections). In the case that F is a �-algebra, the
multiplication on F canonically extends to all of E . Thus, it is fitting for E to be called
a complex �-algebra. Note that the multiplication on Archimedean �-algebras is
commutative by [1,Theorem2.56].Wecall F the real part of E and alsowrite Eρ := F .
Furthermore, we define E+ := E+

ρ . For x, y ∈ Eρ , we define Re(x + iy) := x and
Im(x + iy) := y, as usual. It immediately follows from (1) that, for z ∈ E , we have
|Re(z)|, | Im(z)| ≤ |z|. The reader can refer to [8, 9] for more information about
complex �-algebras. The bands in E are defined to be the complexifications of the
bands in F , that is, B + i B where B is a band in F , see [11, Chapter 6]. For x ∈ E ,
the band generated by x in E is the smallest band in E that contains x and is denoted
by Bx . We note that Bx equals the complexification of the band generated by |x | in F .

Often in this paper, we will consider a Dedekind complete �-algebra E that can
either be real or complex. In the case that E is taken to be real, we set Eρ := E , and
for x ∈ E , the modulus |x | is the ordinary absolute value of x .

2.1 Band decompositions from inequalities

Because Dedekind completeness implies the projection property, every band B in E
is a projection band. This fact means that E = B ⊕ Bd , and, associated with B, there
is a band projection P : E → B. The reader may assume that any notation used to
denote a band carries over to its band projection (replacing the B with P), e.g. the
band projections of B, B1, and Bx will be written as P, P1, and Px respectively.

We record some basic facts about bands, band projections, and weak order units
in Proposition 2.1 below that we will repeatedly use throughout this paper. The proof
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of (i) follows from [1, Theorem 2.37], and statement (i i) is a consequence of (i).
Statement (i i i) follows from the observation that if y ∈ B and y ⊥ nP(r), then
P(y ∧ nr) = 0, hence y ∧ nr ∈ Bd for all n, which implies that y ∈ Bd . Thus,
y = 0. Statement (iv) is a consequence of (i i i). Statement (v) follows from [1,
Theorem 1.45], and a proof of statement (vi) can be found in [11, Theorem 32.5].
Since the band generated by x contains the band generated by r whenever 0 ≤ r ≤ x ,
statement (vi i) is evident. Since every band is a projection band in E , statement (vi i i)
follows. Statement (i x) holds, because the sum of two bands is a band when E has
the projection property by [6, Theorem 30.1(ii)], and the fact that the bands form a
distributive lattice by [6, Theorem 22.6].

Proposition 2.1 Let E be a real (or complex) vector lattice, put x, y ∈ E, suppose r
and s are weak order units of E, and let B be a band with projection P. The following
hold.

(i) If E is a �-algebra, then P(xy) = P(x)P(y) = P(x)y = P(y)x,
(i i) if E is a �-algebra, then B = P(e)E,

(i i i) P(r) is a weak order unit of B,
(iv) if P(r) = 0, then B = {0},
(v) if P

′ is another band projection, then PP
′ = P

′
P,

(vi) r ∧ s is a weak order unit of E,
(vi i) if x ≥ r then x is a weak order unit of E,

(vi i i) if E has the projection property, x is a weak order unit of B, and y a weak
order unit of Bd , then x + y is a weak order unit of E,

(i x) if E has the projection property, then the collection of bands forms a distribu-
tive lattice where the supremum and infimum of two bands is given by their
sum and intersection, respectively.

Proposition 2.3 is [6, Theorem 30.5 (ii)] for real vector lattices. We add that this
result easily extends to the complex case as well.

Notation 2.2 Let E be a real (or complex) vector lattice. The notation Bα ↑ B means
that (Bα)α is an increasing net with supremum B in the distributive lattice of bands.

Proposition 2.3 Let E be a real (or complex) vector lattice with sufficiently many
projections. If Bα ↑ B holds, then Pα(u) ↑ P(u) for all u ∈ E+.

Weintroduce abanddecompositionof E thatwill allowus to use classical arguments
that rely on the lawof trichotomy for the real numbers. This aimmotivates the following
notation.

Notation 2.4 Let E be a real (or complex) vector lattice with the projection property,
and consider x, y ∈ Eρ . We write the band generated by (y − x)+ as Bx<y , and
write Bx≤y for Bd

y<x . Finally, Bx=y is defined to be the band Bx≤y ∩ By≤x . The
corresponding band projections will be written as Px<y , Px≤y and Px=y , respectively.

Example 2.5 Consider E = R
[0,1] and x, y ∈ E . Then the bands Bx<y , Bx=y , and

Bx>y correspond to the subsets of [0, 1] where these inequalities hold pointwise. The
following graphic illustrates this fact.
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x

y

Bx<y Bx=y Bx>y

Proposition 2.6 Let E bea real (or complex) vector latticewith the projection property,
and put x, y ∈ Eρ . Then we get the following band decompositions of E:

E = Bx<y ⊕ By≤x = Bx<y ⊕ By<x ⊕ Bx=y .

Proof Since By≤x = Bd
x<y , we know that E = Bx<y ⊕ By≤x . For the second

decomposition, we show that Bx≤y = Bx<y ⊕ Bx=y . To this end, we know that
Bx=y ⊆ By≤x = Bd

x<y , so Bx<y ∩ Bx=y = {0}. Since (y − x)+ ⊥ (x − y)+,
Bx<y = B(y−x)+ ⊆ Bd

(x−y)+ = Bx≤y . Putting the last two facts together gives us

Bx<y ⊕ Bx=y = Bx<y + (Bx≤y ∩ By≤x )

= (Bx<y + Bx≤y) ∩ (Bx<y + By≤x )

= Bx≤y ∩ E

= Bx≤y .

��
Lemma 2.7 Let E be a real (or complex) vector lattice with the projection property,
and assume that x, y ∈ Eρ . Then

Px<y(y − x) = Px≤y(y − x) = (y − x)+ and Px=y(y − x) = 0.

Proof Since we have that (y − x)+ ∈ Bx<y and (y − x)− ∈ By≤x , it follows that
Px<y(y − x) = (y − x)+ and Py≤x (y − x) = −(y − x)−. By interchanging x and y,
we obtain Px≤y(y − x) = (x − y)− = (y − x)+. Now,

Px=y(y − x) = Py≤xPx≤y(y − x) = Py≤x (y − x)+ ≥ 0.

Similarly, Px=y(x − y) ≥ 0. Hence, Px=y(x − y) = 0. ��
Proposition 2.8 Let E bea real (or complex) vector latticewith the projection property,
and consider x, y ∈ Eρ . Then
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(i) Bx≤y is the largest band for which the corresponding band projection P satisfies
P(x) ≤ P(y),

(i i) Bx=y is the largest band for which the corresponding band projectionP satisfies
P(x) = P(y), and

(i i i) Bx<y is the largest band for which P(y − x) is a weak order unit in B.

Proof It is immediate from the previous lemma that the above bands have the claimed
properties. It remains to be shown that they are the largest such bands. To this end, let
B be a band with band projection P.

(i) Suppose P(x) ≤ P(y). Then P((x − y)+) = P(x − y) − P((x − y)−) ≤ 0, but
we must have that P((x − y)+) ≥ 0. Hence, P((x − y)+) = 0. Since (x − y)+ is a
weak order unit of By<x , this means B ⊥ By<x . We conclude that B ⊆ Bx≤y .

(ii) Suppose P(x) = P(y). By (i), we have that B ⊆ Bx≤y ∩ By≤x = Bx=y .
(iii) Suppose P(y − x) is a weak order unit of B. Then

0 ≤ P(y − x) = P(y − x) ∨ 0 = P((y − x) ∨ 0) = P((y − x)+) ≤ (y − x)+.

Thus, P(y − x) ∈ Bx<y and hence B ⊆ Bx<y . ��

2.2 An "-ı reformulation of order continuity

The notation f : dom( f ) → E refers to a function whose domain dom( f ) is a subset
of E . We define what it means for such functions to be order continuous in terms
of order convergence, and reformulate the definition to resemble the classical ε-δ
definition.

Notation 2.9 Given a real (or complex) vector lattice E , the notation A ↘ 0 means
A ⊆ Eρ and inf A = 0. If additionally A is downwards directed, we write A ↓ 0.

Definition 2.10 Let E be a real (or complex) vector lattice. A net (xα)α in E is said
to converge in order to x ∈ E , written xα → x , if there exists an E ↘ 0 such that for
every ε ∈ E there is an α0 satisfying

α ≥ α0 �⇒ |xα − x | ≤ ε.

This convergence is the only one on E that will be considered in this paper.

Remark 2.11 In Definition 2.10, the set E can be replaced by the set of finite infima of
its elements, making it downwards directed, but without changing the infimum. Note
that using downwards directed sets is the standard way to define order convergence.

Definition 2.12 Let E be a real (or complex) vector lattice. A function f : dom( f ) →
E is called order continuous at c ∈ dom( f ) if whenever xα → c in dom( f ), we have
f (xα) → f (c). The function f is called order continuous if it is order continuous at
every point in dom( f ).

In order to make the similarity with classical theory in this paper explicit, the above
definition is reformulated to resemble the classical ε-δ definition.
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Proposition 2.13 Let E bea real (or complex) vector lattice.A function f : dom( f ) →
E is order continuous at c ∈ dom( f ) if and only if for every 	 ↓ 0 there exists an
E ↘ 0 with the property that for all ε ∈ E there exists a δ ∈ 	 satisfying

x ∈ dom( f ) and |x − c| ≤ δ �⇒ | f (x) − f (c)| ≤ ε.

Proof Suppose f is order continuous at c. Let 	 ↓ 0. The set

A:={(x, δ) : x ∈ dom( f ), δ ∈ 	, and |x − c| ≤ δ}

is directed by (x1, δ1) ≤ (x2, δ2) if and only if δ2 ≤ δ1. Define, for any α = (x, δ) in
A, xα:=x so that xα → c in dom( f ). By order continuity, f (xα) → f (c), so there
exists an E ↘ 0 with the property that for every ε ∈ E there exists an α0 = (x0, δ0)
such that for α ≥ α0, we have | f (xα) − f (c)| ≤ ε. If x ∈ dom( f ) with |x − c| ≤ δ0,
then (x, δ0) ≥ (x0, δ0) = α0, and so we have | f (x) − f (c)| ≤ ε.

Conversely, suppose f satisfies the condition in the proposition. Suppose that xα →
c in dom( f ). Then there exists a 	 ↓ 0 such that for all δ ∈ 	 there exists an α0 for
which |xα − c| ≤ δ for all α ≥ α0. For this 	, there exists an E ↘ 0 that satisfies our
assumption. Let ε ∈ E with corresponding δ and α0. Then, for all α ≥ α0, we have
|xα − c| ≤ δ so | f (xα) − f (c)| ≤ ε. Therefore, f (xα) → f (c). ��

In this characterisation, it is immaterial whether E is required to be directed or
not (as explained in Remark 2.11). However, it is essential that we only consider
downwards directed	. The following example shows how our reformulation of order
continuity fails for 	 ↘ 0.

Example 2.14 Consider f : R
2 → R

2 defined by f (x, y) := (x + y, 0). It is clear that
f is order continuous at (0, 0). Consider 	:={(1, 0), (0, 1)} ↘ 0. Since f (0, 0) =
(0, 0), f (1, 0) = (1, 0), and f (0, 1) = (1, 0), there can be no E ↘ 0 that satisfies our
characterisation of order continuity for this set 	, since E would have to be bounded
below by (1, 0).

3 Order differentiability

We define what it means for a function to be differentiable on subsets of E , as was
first done in [9], for complex �-algebras. Note that this definition can also be used for
real �-algebras.

Definition 3.1 Let E be a real (or complex) vector lattice, and suppose that x, y ∈ Eρ .
We write x � y (or y � x) to mean y − x is a weak order unit of E . In particular,
r � 0 means that r is a weak order unit.

Definition 3.2 Let E be a real (or complex) vector lattice. For c ∈ E and r � 0, define

N (c, r):={z ∈ E : |z − c| � r}, and N̄ (c, r):={z ∈ E : |z − c| ≤ r}.
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If E is real and a, b ∈ E , we define

(a, b):={x ∈ E : a � x � b} and [a, b]:={x ∈ E : a ≤ x ≤ b}.

In this case, N (c, r) = (c − r , c + r) and N̄ (c, r) = [c − r , c + r ].

There are two natural notions of differentiability introduced in [9, Definitions 3.5
and 4.1]. Using similar arguments as in the proof of Proposition 2.13, these can be
given equivalent ε-δ definitions.

Definition 3.3 Let E be an Archimedean real (or complex) �-algebra. A function
f : dom( f ) → E is called order differentiable at c ∈ dom( f ) with derivative f ′(c)
if there exists an r � 0 such that N (c, r) ⊆ dom( f ), and, for every 	 ↓ 0, there
exists an E ↘ 0 with the property that for all ε ∈ E there exists a δ ∈ 	 satisfying

z ∈ N (c, r) and |z − c| ≤ δ �⇒ | f (z) − f (c) − (z − c) f ′(c)| ≤ |z − c|ε.

Definition 3.4 Let E be an Archimedean real real (or complex)�-algebra. A function
f : dom( f ) → E is called super order differentiable at c ∈ dom( f ) with derivative
f ′(c) if there exists an r � 0 such that N (c, r) ⊆ dom( f ), and, for every	 ↓ 0, there
exists an E ↘ 0 with the property that for all ε ∈ E there exists a δ ∈ 	 satisfying

z ∈ dom( f ) and |z − c| ≤ δ �⇒ | f (z) − f (c) − (z − c) f ′(c)| ≤ |z − c|ε.

The above definitions differ in whether the implication is required to hold only for
z ∈ N (c, r) or for all z ∈ dom( f ). These definitions are not equivalent because, for a
given r � 0, it is possible to have a net (zα)α in dom( f ) converging to c that never
enters N (c, r). Therefore, to determine whether a function is order differentiable at c,
one can ignore how f acts on certain nets converging to c. However, all nets converging
to c must be considered to determine super order differentiability.

Remark 3.5 In [9, Notation 3.2], x � y is defined to mean that y − x is a positive
invertible element. Every positive invertible element is a weak order unit [10, The-
orem 142.2 (ii)], and the converse holds when E is universally complete but not in
general [8, Remark 3.3]. For example, ( 1n )n∈N is a weak order unit in 
∞(N) but is not
invertible. Changing this definition is necessary for the techniques used in Section 5,
where it is needed that Px<y(x) � Px<y(y), when seen as elements of Bx<y .

The results in [9] remain true when the positive invertible element r is replaced by
a weak order unit, except for the argument showing that the derivative is unique in [9,
Remark 3.6]. A modified proof is given in Proposition 3.7.

For m ∈ N and a weak order unit r , we have that P 1
m e≤r (r) must be invertible in

B 1
m e≤r by [3, Theorem 11.1], as it is larger than the invertible element P 1

m e≤r (
1
m e).

The following lemma therefore allows us to still use invertibility arguments for weak
order units.
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Lemma 3.6 Let E be a real (or complex) vector lattice with the projection property,
and assume that r is a weak order unit of E. Then B 1

m e≤r ↑ E as m → ∞ and hence

P 1
m e≤r (u) ↑ u as m → ∞ for all u ∈ E+.

Proof Let B0 be a band such that B 1
m e≤r ⊆ B0 for all m ∈ N. Then, for any m ∈ N,

Bd
0 ⊆ B 1

m e>r and so P
d
0(r) ≤ P

d
0(

1
m e). Therefore, P

d
0(r) = {0}, so Bd

0 = {0} and
hence B0 = E . Now Proposition 2.3 completes the proof. ��
Proposition 3.7 Let E be a real (or complex) �-algebra with the projection property.
If f : dom( f ) → E is order differentiable at c ∈ dom( f ), there is a unique f ′(c)
that satisfies Definition 3.3.

Proof Let r be as in Definition 3.3. For	:={ 1n r : n ∈ N}, let E be as in Definition 3.3.
Fix m ∈ N. Since 1

m e is invertible, P 1
m e≤r (r) is invertible in B 1

m e≤r . Let s denote its
inverse.

For a given ε ∈ E with corresponding δ = 1
M r , we have that for all n ≥ M ,

zn :=c + 1
n+1r satisfies zn ∈ N (c, r) and |zn − c| ≤ δ, so that

∣
∣
∣ f (zn) − f (c) − 1

n+1r f
′(c)

∣
∣
∣ ≤ 1

n+1rε,

and hence
∣
∣
∣(n + 1)sP 1

m e≤r ( f (zn) − f (c)) − P 1
m e≤r ( f

′(c))
∣
∣
∣ ≤ P 1

m e≤r (ε).

Therefore, (n + 1)sP 1
m e≤r ( f (zn) − f (c)) → P 1

m e≤r ( f
′(c)). Hence the derivative is

unique in B 1
m e≤r for all m ∈ N. By Lemma 3.6, it is uniquely determined in E . ��

We recall the sum and product rules for order differentiable and super order differ-
entiable functions from [9, Theorems 3.15 and 4.3], where the reader may also find
chain and quotient rules.

Proposition 3.8 Let E be a real (or complex) �-algebra with the projection property,
and assume that f : dom( f ) → E and g : dom(g) → E, and let f and g be (super)
order differentiable at c ∈ dom( f ) ∩ dom(g). Then,

(i) f + g is (super) order differentiable at c with ( f + g)′(c) = f ′(c)+ g′(c), and
(i i) f g is (super) order differentiable at c with ( f g)′(c) = f ′(c)g(c) + f (c)g′(c).

Example 3.9 For any E , it is routine to verify that f (x) := x and g(x) := c, for some
c ∈ E , are both super order differentiable everywhere with f ′(x) = e and g′(x) = 0.
It follows from Proposition 3.8 that any polynomial on E is super order differentiable
with the expected derivative.

The following proposition shows that order differentiability, as opposed to super
order differentiability, is a local property.
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Proposition 3.10 Let E be a real (or complex)�-algebra with the projection property,
and additionally suppose that f : dom( f ) → E is order differentiable at c ∈ dom( f ).
If g : dom(g) → E is defined on, and equal to, f on N (c, r) for some r � 0, then g
is order differentiable at c with g′(c) = f ′(c).

Proof Since f is order differentiable at c, there exists an r1 � 0 such that N (c, r1) ⊆
dom( f ), and for every 	 ↓ 0, there exists an E ↘ 0 with the property that for all
ε ∈ E there exists a δ ∈ 	 satisfying

z ∈ N (c, r) and |z − c| ≤ δ �⇒ | f (z) − f (c) − (z − c) f ′(c)| ≤ |z − c|ε.

Define r2:=r ∧ r1, then N (c, r2) ⊆ dom(g). Let ε, δ be as above. Then, for all
z ∈ N (c, r2) with |z − c| ≤ δ,

|g(z) − g(c) − (z − c) f ′(c)| = | f (z) − f (c) − (z − c) f ′(c)| ≤ |z − c|ε.

Therefore, g is order differentiable at c with g′(c) = f ′(c). ��

4 Locally band preserving functions

This section is dedicated to the notion of locally band preserving functions. The main
reason being that order continuous functions on order intervals, in general, do not
inherit the properties real-valued functions on real intervals possess. We start with
Example 4.1, where an example is given of an unbounded order continuous function
on a order closed interval. Example 4.2 shows that the Intermediate Value Theorem
and the Extreme Value Theorem can fail for order continuous and order bounded
functions defined on a order closed interval. These results are recovered for locally
band preserving, order continuous functions in Sect. 5.

Example 4.1 Consider the Dedekind complete �-algebra L0[0, 1] of Lebesgue mea-
surable functions on [0, 1], with e being the constant one function. Then [0, e] =
L1[0, 1] ∩ [0, e]. The space L1[0, 1] is a Banach lattice with order continuous norm
‖ · ‖1, and for this norm the order interval [0, e] is a metric space that is not compact.
Observe for example that the Rademacher sequence given by

x1 := 1[0,1/2],
x2 := 1[0,1/4] + 1[1/2,3/4],
x3 := 1[0,1/8] + 1[1/4,3/8] + 1[1/2,5/8] + 1[3/4,7/8],

...

does not have a convergent subsequence as ‖xn − xm‖1 = 1
2 for all n �= m. It follows

that there must exist a continuous function f : [0, e] → R that is unbounded. Indeed,
for a sequence (xn)n∈N in [0, e] that does not have a norm convergent subsequence,
we can define the function g : {xn : n ∈ N} → R by g(xn) := n. Since {xn : n ∈ N} is
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a closed and discrete set in [0, e], and g is continuous, the Tietze extension theorem
implies that g can be extended continuously to all of [0, e]. Denote this extension of
g by f , and note that f is necessarily unbounded as well. Note that if xα → x in
order in [0, e], then there is a set E ↓ 0 such that for all ε ∈ E there is an α0 such
that |xα − x | ≤ ε whenever α ≥ α0. It follows from the fact that |xα − x | ≤ 2e
for all α that we may assume without loss of generality that E ⊆ L1[0, 1]. Hence
‖xα − x‖1 ≤ ‖ε‖1, and since inf{‖ε‖1 : ε ∈ E} = 0 as ‖ · ‖1 is order continuous, this
net converges in norm. Thus | f (x) − f (xα)| → 0, and so f is order continuous. In
conclusion, the function h : [0, e] → L0[0, 1] defined by h(x) := f (x)e provides an
example of an order continuous function which is unbounded.

Example 4.2 Let f , g : [(0, 0), (1, 1)] → R
2 be given by f (x, y) := (x, x2) and

g(x, y) := (x, 1− x). Then f and g are both order continuous. Since f (0, 0) = (0, 0)
and f (1, 1) = (1, 1) but ( 12 ,

1
2 ) /∈ range( f ), the Intermediate Value Theorem fails for

f . The Extreme Value Theorem fails for g, even though g is order bounded, since

sup
(x,y)∈[(0,0),(1,1)]

g(x, y) = (1, 1),

but this supremum is not attained.

The shortcomings of Example 4.2 can be rectified by considering only locally
band preserving functions. These functions were first introduced for Archimedean
real vector lattices in [5].

Definition 4.3 Let E be an Archimedean real (or complex) vector lattice, and consider
f : dom( f ) → E . We say that f is locally band preserving if for all x, y ∈ dom( f )
and z ∈ E we have that

|x − y| ∧ |z| = 0 �⇒ | f (x) − f (y)| ∧ |z| = 0.

We next provide a characterisation of locally band preserving functions using band
projections, which we will freely use throughout the remainder of this paper.

Proposition 4.4 Let E be a real (or complex) vector lattice with the . A function
f : dom( f ) → E is locally band preserving if and only if for every band projection
P and for all x, y ∈ dom( f ), we have that

P(x) = P(y) �⇒ P( f (x)) = P( f (y)).

Proof Suppose f is locally band preserving, and let B be a band with corresponding
band projection P. If x, y ∈ dom( f ) are such that P(x) = P(y), we have if z ∈ B,
then |x − y| ∧ |z| = 0, so | f (x) − f (y)| ∧ |z| = 0. Hence |P( f (x) − P( f (y))| =
P(| f (x) − f (y)|) = 0, and, therefore, P( f (x)) = P( f (y)).

Conversely, suppose that for all x, y ∈ dom( f ) and for every band projection P,
we have that P(x) = P(y) implies P( f (x)) = P( f (y)). Let z ∈ E be such that
|x − y| ∧ |z| = 0. Then for the band Bz with corresponding band projection Pz , it
follows thatPz(x) = Pz(y), soPz( f (x)) = Pz( f (y)). Hence | f (x)− f (y)|∧|z| = 0.

��
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Remark 4.5 Note that a locally bandpreserving function f : E → E is bandpreserving
if f (0) = 0. Indeed, for any band B in E and x ∈ B, we have thatPd(x) = P

d(0) = 0,
and thus P

d( f (x)) = P
d( f (0)), and hence we have f (x) ∈ B. Furthermore, it is

readily checked that a linear function f : E → E is locally band preserving if and
only if it is band preserving. Hence an order bounded linear function f : E → E is
locally band preserving if and only if it is an orthomorphism.

Example 4.6 In R, all functions are locally band preserving, as the only band projec-
tions are the zero and identity mappings. A function on 
∞ or R

N is locally band
preserving if and only if it is defined coordinatewise. Thus, neither of the functions in
Example 4.2 is locally band preserving.

However, if we view these �-algebras as 
∞ ∼= C(βN) and R
N ∼= C∞(βN), then

locally band preserving functions need not be defined pointwise, even if they are order
continuous.

Example 4.7 For each n ∈ N, consider the continuous function kn : R → R such that
kn(t) = 0 for t ≤ 1

2n , kn(t) = 1 for t ≥ 1
n , and kn is linear on [ 1

2n , 1
n ].

Define f : 
∞ → 
∞ by f ((x(n))n∈N) := (kn(x(n))))n∈N. It is clear that f is
locally band preserving since it is defined coordinatewise. To show that f is order
continuous, let xα → x in 
∞. Then, for each n ∈ N, we have that xα(n) → x(n),
and hence ( f (xα))(n) = kn(xα(n)) → kn(x(n)) = ( f (x))(n), since kn is continuous.
Thus, f (xα) converges to f (x) in each coordinate. Since f (xα) is bounded between 0
and e, coordinatewise convergence implies order convergence, and so f (xα) → f (x).

Identifying 
∞ withC(βN), we show that even though f is locally band preserving,
it does not act pointwise on βN. To this end, let x := 0 and y be the extension of
( 1n )n∈N to βN. For every t ∈ βN \ N, x(t) = 0 = y(t). However, f (x) = 0 and
f (y) = e, so f does not act pointwise at any point t ∈ βN \ N.

The following lemma is needed for the proof of Theorem 4.9.

Lemma 4.8 Let E be a real (or complex) �-algebra with the projection property, and
assume that f : dom( f ) → E is super order differentiable on its entire domain.
Then, for all δ ∈ E+, every x ∈ dom( f ), and all band projections P, there exists a
k ∈ R

+ \ {0} satisfying
y ∈ dom( f ) and |y − x | ≤ kδ and P(x) = P(y) �⇒ P( f (y)) = P( f (x)).

Proof Let δ ∈ E+, x ∈ dom( f ), and P be any band projection. Define

	:={kδ : k ∈ R
+ \ {0}}.

Then there exists an E ↘ 0 such that, for all ε ∈ E, there is a kε ∈ R
+ \ {0} for which

y ∈ dom( f ) and |y − x | ≤ kεδ �⇒ | f (y) − f (x) − (y − x) f ′(x)| ≤ |y − x |ε.
Fix any ε ∈ E. Then, for all y ∈ dom( f ) satisfying |y − x | ≤ kεδ and P(x) = P(y),
we apply P to both sides of the above inequality to show that

P (| f (y) − f (x)|) = P
(| f (y) − f (x) − (y − x) f ′(x)|) ≤ P (|y − x |ε) = 0.
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Therefore, P( f (y)) = P( f (x)). ��
It will now be shown that any super order differentiable function

f : N (c, r) → E

is necessarily locally band preserving, which makes locally band preserving functions
a natural class of functions to study in this context.

Theorem 4.9 Let E be a real (or complex) �-algebra with the projection property,
and consider c, r ∈ E with r � 0. If f : N (c, r) → E is super order differentiable,
then f is locally band preserving.

Proof Let I :={t ∈ R : 0 ≤ t ≤ 1}. Suppose x, y ∈ N (c, r) with P(x) = P(y) for
somebandprojectionP.Define xt :=(1−t)x+t y for all t ∈ I , and let L[x, y]:={xt : t ∈
I }. Then L[x, y] ⊆ N (c, r), and for all s, t ∈ I ,

P(xt ) = (1 − t)P(x) + tP(y) = P(x), and |xs − xt | = |s − t ||x − y|.
Define g : I → E by g(t) := P( f (xt )). Let δ := |x − y| and t ∈ I . By Lemma

4.8, there exists a kt ∈ R
+ \ {0} such that

z ∈ N (c, r) and |z − xt | ≤ ktδ and P(z) = P(xt ) �⇒ P( f (z)) = P( f (xt )).

In particular, if s ∈ I and |s − t | ≤ kt , then |xs − xt | = |s − t ||x − y| ≤ ktδ, so
g(s) = P( f (xs)) = P( f (xt )) = g(t). Thus, g is constant on

It :={s ∈ I : |s − t | ≤ kt }
for all t ∈ I .

By compactness, I ⊆ ⋃n
i=1 Iti for some t1, . . . , tn ∈ I . Then there exist points

s1, . . . , sm ∈ I such that s1 = 0, sm = 1, and consecutive points lie in the same
interval Iti for some i . This shows that

P( f (x)) = g(s1) = g(s2) = · · · = g(sm) = P( f (y)).

��
Corollary 4.10 Let E be a real (or complex) �-algebra with the projection property,
and consider c, r ∈ E with r � 0. If f : N̄ (c, r) → E is order continuous on N̄ (c, r)
and super order differentiable on N (c, r), then f is locally band preserving.

Proof Let x, y ∈ N̄ (c, r) with P(x) = P(y). Define xn :=c + (1 − 1
n )(x − c) and

yn :=c + (1 − 1
n )(y − c) for all n ∈ N. Then xn → x , yn → y, and for all n ∈ N,

we have that xn, yn ∈ N (c, r) and P(xn) = P(yn), so that P( f (xn)) = P( f (yn)) by
Theorem 4.9. Since f is order continuous,

P( f (x)) = lim
n→∞ P( f (xn)) = lim

n→∞ P( f (yn)) = P( f (y)).

��
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The following proposition shows that if an order differentiable function is locally
band preserving, then so is its derivative. In particular, by Theorem 4.9, the derivative
of a super order differentiable function f : N (c, r) → E is locally band preserving.

Proposition 4.11 Let E be a real (or complex)�-algebra with the projection property,
and consider c, r ∈ E with r � 0. If f : N (c, r) → E is order differentiable and
locally band preserving, then f ′ is locally band preserving.

Proof Let x, y ∈ N (c, r) with P(x) = P(y) for some band projection P, and let
m ∈ N. Let r � 0 satisfy the role of r in Definition 3.3 for both x and y. Recall from
the proof of Proposition 3.7 that if we define xn :=x + 1

n+1r and yn :=y + 1
n+1r then

(n + 1)sP 1
m e≤r ( f (xn) − f (x)) → P 1

m e≤r ( f
′(x))

and
(n + 1)sP 1

m e≤r ( f (yn) − f (y)) → P 1
m e≤r ( f

′(y)),

where s denotes the inverse of P 1
m e≤r (r) in B 1

m e≤r . Since f is locally band preserving,

P(x) = P(y), and P(xn) = P(yn) for all y ∈ N, we have that P( f (x)) = P( f (y))
and P( f (xn)) = P( f (yn)) for all n ∈ N. Therefore, by uniqueness of order lim-
its, P(P 1

m e≤r ( f
′(x)) = P(P 1

m e≤r ( f
′(y)). It follows by Lemma 3.6 that P( f ′(x)) =

P( f ′(y)). ��
We next record some elementary properties of locally band preserving functions

defined on [a, b] that we require in Section 5. The recurring idea is that one can restrict
properties of f (such as being order bounded or order continuous) to individual bands.

Proposition 4.12 Let E beanArchimedean real vector lattice. Suppose that a, b, c, d ∈
E satisfy a ≤ c ≤ d ≤ b. Let f : [a, b] → E be locally band preserving. The follow-
ing statements hold.

(i) If f is order bounded above on [c, d] by M, then P( f (x)) ≤ P(M) holds for
all x ∈ [a, b] and all band projections P such that P(c) ≤ P(x) ≤ P(d).

(i i) If f is order bounded below on [c, d] by m, then P( f (x)) ≥ P(m) holds for all
x ∈ [a, b] and all band projections P such that P(c) ≤ P(x) ≤ P(d).

(i i i) Let x ∈ [a, b] and ε, δ ∈ E+. If for all y ∈ [a, b], |x − y| ≤ δ implies
| f (x)− f (y)| ≤ ε; then, for any band projection P, P(|x − y|) ≤ P(δ) implies
P(| f (x) − f (y)|) ≤ P(ε).

Proof To prove (i), let x ∈ [a, b] and P a band projection satisfying P(c) ≤ P(x) ≤
P(d). Let y:=P(x) + P

d(c). Then P(y) = P(x), and P
d(c) = P

d(y) ≤ P
d(d).

Together, these statements show that y ∈ [c, d] and hence f (y) ≤ M . Since P(y) =
P(x), we have P( f (x)) = P( f (y)) ≤ P(M). The argument for (ii) is similar.

We now prove (iii). Let ε, δ ∈ E+ and x ∈ [a, b] be such that for all y ∈ [a, b],
|x − y| ≤ δ implies | f (x) − f (y)| ≤ ε. Let y ∈ [a, b] and P be any band projection
such that P(|x − y|) ≤ P(δ). Define z:=P(y) + P

d(x), then |x − z| ≤ δ, so we know
that | f (x) − f (z)| ≤ ε. Since P(y) = P(z), we have that P( f (y)) = P( f (z)), and so
P (| f (x) − f (y)|) = P (| f (x) − f (z)|) ≤ P(ε). ��
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5 Classical theorems for continuous and differentiable functions

In this section, we generalise some classical results for continuous and differentiable
real-valued functions to a Dedekind complete real�-algebra E , but, in light of Exam-
ple 4.1 and Example 4.2, adding the requirement that the functions are locally band
preserving.

Lemma 5.1 Let E be a real vector lattice with the projection property and consider
a, b, c, d ∈ E with a ≤ b and c ≤ d. Let f : [a ∧ c, b ∨ d] → E be locally band
preserving, order bounded on [a, b], and order bounded on [c, d]. If [a, b] ∩ [c, d] �=
∅, then f is order bounded on [a ∧ c, b ∨ d].
Proof Suppose | f (x)| ≤ M1 for all x ∈ [a, b] and | f (x)| ≤ M2 for all x ∈ [c, d].
Let z ∈ [a, b] ∩ [c, d]. For any x ∈ [a ∧ c, b ∨ d], we have that

Ba>x ∩ Bc>x = Ba∧c>x = {0},

and hence Ba>x ⊆ Bc≤x . Now,

Px<zPa≤x (x) ∈ Px<zPa≤x ([a, b]),

and Px<zPa>x (x) ∈ Px<zPa>x ([c, d]). Thus, by Proposition 4.12(i) and (ii),

Px<z(| f (x)|) = Px<zPa≤x (| f (x)|) + Px<zPa>x (| f (x)|)
≤ Px<zPa≤x (M1) + Px<zPa>x (M2)

≤ Px<z(M1 ∨ M2).

Similarly, Px≥z(| f (x)|) ≤ Px≥z(M1 ∨ M2), and hence | f (x)| ≤ M1 ∨ M2. ��

The fact that order boundedness extends on connected order intervals from the above
lemma, in combination with the property of a function being locally band preserving,
provides a boundedness theorem.

Theorem 5.2 (The Boundedness Theorem) Let E be a Dedekind complete real vector
lattice. Consider a, b ∈ E such that a ≤ b. If f : [a, b] → E is order continuous and
locally band preserving, then f is order bounded.

Proof Let S:={x ∈ [a, b] : f is order bounded on [a, x]}. Then

c:= sup(S) ∈ [a, b].

It is clear from Lemma 5.1 that S is upwards directed.
Consider	:={(c− x)∨ 1

n (b−c) : x ∈ S, n ∈ N} ↓ 0. Since f is order continuous
at c, there is some ε ∈ E+ and δ = (c− x)∨ 1

n (b− c), for x ∈ S and n ∈ N, such that

y ∈ [a, b] and |y − c| ≤ δ �⇒ | f (y) − f (c)| ≤ ε �⇒ | f (y)| ≤ | f (c)| + ε.
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This shows that f is order bounded on [x, c] and on [c, c+ 1
n (b− c)], and we already

know that f is order bounded on [a, x]. By Lemma 5.1, c ∈ S and c + 1
n (b − c) ∈ S.

Therefore, c ≤ c + 1
n (b − c) ≤ c which implies that c = b. ��

Wenext prove an IntermediateValueTheorem for locally bandpreserving functions.

Theorem 5.3 (The Intermediate Value Theorem) Let E be a Dedekind complete real
vector lattice. Consider a, b ∈ E with a ≤ b. If f : [a, b] → E is order continuous
and locally band preserving, and y ∈ [ f (a) ∧ f (b), f (a) ∨ f (b)], then there exists
c ∈ [a, b] such that f (c) = y.

Proof We first assume that y = 0 and f (a) ≤ f (b). Define

S:={x ∈ [a, b] : f (x) ≤ 0}.

Then S is upwards directed since if x, y ∈ S and z = x ∨ y, we have that z =
Px≥y(x) + Px<y(y) from which it follows that

f (z) = Px≥y( f (z)) + Px<y( f (z)) = Px≥y( f (x)) + Px<y( f (y)) ≤ 0.

Thus, S ↑ c for some c ∈ [a, b] and, by order continuity, f (c) ≤ 0.
Consider 	:={ 1n (b− c) : n ∈ N}. There exists an E ↘ 0 such that for every ε ∈ E

there exists a δ ∈ 	 satisfying

x ∈ [a, b] and |x − c| ≤ δ �⇒ | f (x) − f (c)| ≤ ε.

Let ε ∈ E, and consider δ as above. Let x := P− f (c)>ε(c+ δ)+P
d
− f (c)>ε(c). Since

P
d
− f (c)>ε(x) = P

d
− f (c)>ε(c) and f is locally band preserving,

P
d
− f (c)>ε( f (x)) = P− f (c)>ε( f (c)) ≤ 0.

Also, since |x − c| ≤ δ,

P− f (c)>ε( f (x) − f (c)) ≤ P− f (c)>ε(ε) ≤ P− f (c)>ε(− f (c)),

so that P− f (c)>ε( f (x)) ≤ 0. Therefore,

f (x) = P
d
− f (c)>ε( f (x)) + P− f (c)>ε( f (x)) ≤ 0,

so that x ∈ S. Hence we obtain

c + P− f (c)>ε(δ) = x ≤ c.
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Combining this inequality with the fact that P− f (c)>ε(δ) ≥ 0, we get that
P− f (c)>ε(δ) = 0. Since

Pc=b(− f (c)) = Pc=b(− f (b)) ≤ 0 ≤ Pc=b(ε),

we have that Bc=b ⊆ B− f (c)≤ε by Proposition 2.8(i), hence B− f (c)>ε ⊆ Bc<b. Thus,
since δ = 1

n (b − c) for some n ∈ N and Pc<b(b − c) is a weak order unit of Bc<b

by Proposition 2.8(iii), we have that P− f (c)>ε(δ) is a weak order unit of B− f (c)>ε.
Hence B− f (c)>ε = {0}, so that − f (c) ≤ ε. Since ε was arbitrary, − f (c) ≤ 0. As we
already knew that f (c) ≤ 0, this means that f (c) = 0 = y.

The case where f (b) ≤ f (a) is similar. Once these two cases are established, we
can find c, d ∈ [a, b] for which we simultaneously have that P f (a)≤ f (b)( f (c)) = 0
and P f (a)> f (b)( f (d)) = 0. Since f is locally band preserving, it then follows that

f (P f (a)≤ f (b)(c) + P f (a)> f (b)(d)) = 0.

Finally, if y �= 0, apply the result to x �→ f (x) − y. ��
The following lemma will be used in the proof of the Extreme Value Theorem

below. It is a vector lattice analogue of the ε characterisation of the supremum and
infimum in R.

Lemma 5.4 Suppose {0} �= E is a real vector lattice with the projection property. Let
r � 0, and let A ⊆ E have infimum λ (resp. supremumμ). Then there exists an a ∈ A
such that Ba<λ+r �= {0} (resp. Ba>μ−r �= {0}).
Proof If Ba<λ+r = {0}, then λ + r ≤ a. Thus, if this inequality holds for all a ∈ A,
we have that λ+r is a lower bound of A, and hence r = 0, contradicting that E �= {0}.
Showing that Ba>μ−r �= {0} is similar. ��
Theorem 5.5 (Extreme Value Theorem) Let E be a Dedekind complete real vector
lattice. Consider a, b ∈ E such that a ≤ b. If f : [a, b] → E is order continuous
and locally band preserving, then there exist c, d ∈ [a, b] such that for all x ∈ [a, b],
f (c) ≤ f (x) ≤ f (d).

Proof Assume E �= {0}, noting that the result is trivial otherwise. We will first show
the existence of d. By Theorem 5.2, M(x):= supy∈[a,x] f (y) exists for all x ∈ [a, b].

Assume f (a) � M(b). Since

Pa=b(M(b) − f (a)) = Pa=b(M(a) − f (a)) = Pa=b( f (a) − f (a)) = 0,

Ba=b = {0}, and hence E = Ba<b. By Proposition 2.8(iii), a � b. Let

S := {x ∈ [a, b] : M(b) − M(x) is a weak order unit}.

Then d:= sup S ∈ [a, b]. Assume further that f (d) � M(b).
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Consider 	:={ 1n (b − a) : n ∈ N}. Since f is order continuous at d, there exists an
E ↘ 0 such that for every ε ∈ E there exists a δ ∈ 	 satisfying

x ∈ [a, b] and |x − d| ≤ δ �⇒ | f (x) − f (d)| ≤ ε.

By Lemma 5.4, there exists an ε ∈ E (with corresponding δ) such that
Bε< 1

2 (M(b)− f (d)) �= {0}. If we denote the corresponding band projection by Pε, then
the Dedekind complete real vector lattice Bε< 1

2 (M(b)− f (d)) contains Pε(S) and Pε(δ),

which is a weak order unit of Bε< 1
2 (M(b)− f (d)) since δ = 1

n (b − a) is a weak order
unit of E . Thus, it follows from Lemma 5.4 that there exists an s ∈ S satisfying

Bε< 1
2 (M(b)− f (d)) ∩ Bs>d−δ = Pε(Bs>d−δ) = BPε(s)>Pε(d)−Pε(δ) �= {0}.

Now we will obtain a contradiction by showing that

(i) B1:=Bε< 1
2 (M(b)− f (d)) ∩ Bs>d−δ ∩ Bd<b = {0}, and

(i i) B2:=Bε< 1
2 (M(b)− f (d)) ∩ Bs>d−δ ∩ Bd=b = {0}.

These statements combined yield a contradiction, since

B1 + B2 = Bε< 1
2 (M(b)− f (d)) ∩ Bs>d−δ �= {0}.

We first show (i). To this end, let x ∈ [a, (P1(d + δ) + P
d
1(s)) ∧ b], then

P1Px≤d−δ(a) ≤ P1Px≤d−δ(x) ≤ P1Px≤d−δ(d − δ) ≤ P1Px≤d−δ(s).

Thus, by Proposition 4.12(i), we have that

P1Px≤d−δ( f (x)) ≤ P1Px≤d−δ(M(s)) = P1Px≤d−δ(M(b) − (M(b) − M(s))).

Since Px>d−δ(d − δ) ≤ Px>d−δ(x) and P1(x) ≤ P1(d + δ), we have that

P1Px>d−δ(d − δ) ≤ P1Px>d−δ(x) ≤ P1Px>d−δ(d + δ),

and so P1Px>d−δ (|x − d|) ≤ δ. By Proposition 4.12(iii),

P1Px>d−δ (| f (x) − f (d)|) ≤ P1Px>d−δ(ε)

and so

P1Px>d−δ( f (x)) ≤ P1Px>d−δ( f (d) + ε)

≤ P1Px>d−δ( f (d) + 1
2 (M(b) − f (d))

= P1Px>d−δ

(

M(b) − 1
2 (M(b) − f (d))

)

.
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Since P
d
1(x) ∈ P

d
1([a, s]) and f is locally band preserving,

P
d
1( f (x)) ≤ P

d
1(M(s)) = P

d
1(M(b) − (M(b) − M(s)))

holds by Proposition 4.12(i). Therefore,

f (x) ≤
(

P1Px≤d−δ + P
d
1

)

(M(b) − (M(b) − M(s)))

+ P1Px>d−δ

(

M(b) − 1
2 (M(b) − f (d))

)

≤ M(b) − (M(b) − M(s)) ∧ 1
2 (M(b) − f (d)).

By taking the supremum over all x ∈ [a, (P1(d + δ) + P
d
1(s)) ∧ b], we have that

M(b) − M((P1(d + δ) + P
d
1(s)) ∧ b) ≥ (M(b) − M(s)) ∧ 1

2 (M(b) − f (d)).

Therefore, M(b) − M((P1(d + δ) + P
d
1(s)) ∧ b) is a weak order unit, so (P1(d +

δ) + P
d
1(s)) ∧ b ∈ S. Then we have (P1(d + δ) + P

d
1(s)) ∧ b ≤ d, hence

P1(d) ≤ (P1(d) + P1(δ)) ∧ P1(b) ≤ P1(d).

Thus P1(d) = (P1(d) + P1(δ)) ∧ P1(b), so

P1(d) = Pb=dP1(b) + Pd<bP1(d + δ) = P1(d + δ),

as B1 ⊆ Bd<b = Bd
b=d . Hence P1(δ) = 0, showing that B1 = {0}.

Now we show (ii). To this end, let x ∈ [a, b]. We have that

P2Px≤d−δ(a) ≤ P2Px≤d−δ(x) ≤ P2Px≤d−δ(d − δ) ≤ P2Px≤d−δ(s).

By Proposition 4.12(i),

P2Px≤d−δ( f (x)) ≤ P2Px≤d−δ(M(s)) = P2Px≤d−δ(M(b) − (M(b) − M(s))).

Since

P2Px>d−δ(d − δ) ≤ P2Px>d−δ(x) ≤ P2Px>d−δ(b) = P2Px>d−δ(d),

we have that P2Px>d−δ (|x − d|) ≤ δ, so we can apply Proposition 4.12(iii) to get
that

P2Px>d−δ( f (x)) ≤ P2Px>d−δ( f (d) + ε)

≤ P2Px>d−δ( f (d) + 1
2 (M(b) − f (d)))

= P2Px>d−δ

(

M(b) − 1
2 (M(b) − f (d))

)

.
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Therefore,

P2( f (x)) = P2Px≤d−δ( f (x)) + P2Px>d−δ( f (x))

≤ P2Px≤d−δ(M(b) − (M(b) − M(s))) + P2Px>d−δ

(

M(b) − 1
2 (M(b) − f (d))

)

≤ P2(M(b) − (M(b) − M(s)) ∧ 1
2 (M(b) − f (d))).

By taking the supremum over all x ∈ [a, b], we have that

P2(M(b)) ≤ P2(M(b) − (M(b) − M(s)) ∧ 1
2 (M(b) − f (d))).

This inequality shows that P2((M(b) − M(s)) ∧ 1
2 (M(b) − f (d))) = 0. Now

(M(b) − M(s)) ∧ 1
2 (M(b) − f (d))

is a weak order unit, so B2 = {0}.
Therefore, the assumptions f (a) � M(b) and f (d) � M(b) lead to a contra-

diction. If B:=B f (a)<M(b) ∩ B f (d)<M(b) �= {0}, we can restrict ourselves to B by
considering the function g : P([a, b]) → B given by

g(x) := P( f (x + P
d(a))).

Since g(P(a)) � P(M(b)) and, using that f is locally band preserving, g(P(d)) =
P( f (d)) � P(M(b)) in B, the above argument yields a contradiction. Hence, it
must be that B = {0}, and so we obtain the inclusion B f (a)<M(b) ⊆ B f (d)=M(b),
which means P f (a)<M(b)( f (d)) = P f (a)<M(b)(M(b)). Let d0 := P f (a)=M(b)(a) +
P f (a)<M(b)(d). Since f is locally band preserving,

f (d0) = P f (a)=M(b)( f (d0)) + P f (a)<M(b)( f (d0))

= P f (a)=M(b)( f (a)) + P f (a)<M(b)( f (d))

= P f (a)=M(b)(M(b)) + P f (a)<M(b)(M(b))

= M(b).

Hence for all x ∈ [a, b]we have shown that f (x) ≤ f (d0). The existence of c follows
by considering − f . ��

We now prove analogues of Rolle’s Theorem and the Mean Value Theorem for
locally band preserving and order differentiable functions. Note that by Theorem 4.9
all super order differentiable functions satisfy these conditions.We prove two versions
of the Mean Value Theorem. The first version is weaker as the conclusion holds only
for the endpoints of the interval, but it resembles how the theorem is stated classically.
We then use the first version to prove a stronger result where one can consider any
two points in the interval.

Theorem 5.6 (Rolle’s Theorem) Let E be a Dedekind complete real�-algebra. Con-
sider a, b ∈ E with a � b. Let f : [a, b] → E be order continuous on [a, b], order
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differentiable on (a, b) and locally band preserving. If f (a) = f (b), then there exists
x0 ∈ (a, b) with f ′(x0) = 0.

Proof By Theorem 5.5, there exist c, d ∈ [a, b] such that f (c) ≤ f (x) ≤ f (d) holds
for all x ∈ [a, b]. Then E = B0 ⊕ B1 ⊕ B2, where

B0:=Ba<d ∩ Bd<b,

B1:=Bd
0 ∩ Ba<c ∩ Bc<b, and

B2:=Bd
0 ∩ Bd

1 .

It follows that

B2 = (Ba<d ∩ Bd<b)
d ∩ (Bd

0 ∩ Ba<c ∩ Bc<b)
d

= (Ba=d + Bd=b) ∩ (B0 + Ba=c + Bc=b)

= (Ba=d ∩ Ba=c) + (Ba=d ∩ Bc=b) + (Bd=b ∩ Ba=c) + (Bd=b ∩ Bc=b)

= (Ba=d + Bd=b) ∩ (Ba=c + Bc=b).

Let x0:=P0(d) + P1(c) + P2(
1
2 (a + b)), and note that x0 ∈ (a, b). Since

Pa=d( f (d)) = Pa=d( f (a)) and

Pd=b( f (d)) = Pd=b( f (b)) = Pd=b( f (a)),

we have that P2( f (d)) = P2( f (a)). Similarly, P2( f (c)) = P2( f (a)). Thus P2 ◦ f =
P2(e) f is constant, so P2( f ′(x0)) = P2(e) f ′(x0) = (P2(e) f )′(x0) = 0. We will
show that P0( f ′(x0)) = 0. The argument for why P1( f ′(x0)) = 0 is similar as in both
cases x0 equals an extremum on the band.

Since f is order differentiable at x0, there exists an r � 0 such that (x0−r , x0+r) ⊆
[a, b] and there exists an E ↘ 0 such that for every ε ∈ E there exists an Nε ∈ N

satisfying for all y ∈ (x0 − r , x0 + r),

|y − x0| ≤ 1
Nε
r �⇒ | f (y) − f (x0) − (y − x0) f

′(x0)| ≤ |y − x0|ε.

For n ∈ N, define yn := x0 + 1
n+1r . Then yn ∈ (x0 − r , x0 + r) for all n ∈ N.

Let m ∈ N. Since 1
m e is invertible, we have that P(r) has an inverse in B:=B 1

m e≤r

by [3, Theorem 11.1]. Denote this inverse by s. Then, for any ε ∈ E and n ≥ Nε,
|yn − x0| ≤ 1

Nε
r so

∣
∣
∣ f (yn) − f (x0) − 1

n+1r f
′(x0)

∣
∣
∣ ≤ |yn − x0|ε ≤ 1

n+1rε,

and hence, by applying the projection P0P and multiplying by (n + 1)s on both sides,

∣
∣P0P( f (yn) − f (x0))(n + 1)s − P0P( f ′(x0))

∣
∣ ≤ P0P(ε).
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Thus, P0P( f (yn) − f (x0))(n + 1)s → P0P( f ′(x0)). For all n ∈ N, since we have
P0(x0) = P0(d), and f is locally band preserving,

P0P( f (yn) − f (x0))(n + 1)s = P0P( f (yn) − f (d))(n + 1)s ≤ 0.

Thus, we have P0P( f ′(x0)) ≤ 0. Replacing yn by zn := x0 − 1
n+1r in the argu-

ment above shows that P0P( f ′(x0)) ≥ 0. Therefore, P0P( f ′(x0)) = 0. Since m was
arbitrary, by Lemma 3.6, we have that P0( f ′(x0)) = 0. ��
Theorem 5.7 (MeanValue Theorem 1) Let E be aDedekind complete real�-algebra.
Consider a, b ∈ E witha � b. Let f : [a, b] → E beorder continuous on [a, b], order
differentiable on (a, b) and locally band preserving. Then there exists an x0 ∈ (a, b)
such that

(b − a) f ′(x0) = f (b) − f (a).

Proof Define g(x):=(b − a) f (x) − ( f (b) − f (a))x . Then g is order continuous on
[a, b], order differentiable on (a, b) and locally band preserving since f and x �→ x
are. Note that x �→ x has derivative e everywhere. Also,

g(a) = (b − a) f (a) − ( f (b) − f (a))a = (b − a) f (b) − ( f (b) − f (a))b = g(b).

By Theorem 5.6, there exists an x0 ∈ (a, b) such that

0 = g′(x0) = (b − a) f ′(x0) − ( f (b) − f (a))e.

Therefore, (b − a) f ′(x0) = f (b) − f (a). ��
Theorem 5.8 (MeanValue Theorem 2) Let E be aDedekind complete real�-algebra.
Consider a, b ∈ E with a � b. Let f : [a, b] → E be order continuous on [a, b],
order differentiable on (a, b) and locally band preserving. For any x, y ∈ [a, b] there
exists a c ∈ [x ∧ y, x ∨ y] such that

(y − x) f ′(c) = f (y) − f (x).

Proof Suppose x ≤ y. Let

x0 := Px<y(x)+Px=y(a+1/3(b−a)) and y0 := Px<y(y)+Px=y(a+2/3(b−a)).

Then x0, y0 ∈ (a, b) with x0 � y0. Now, f is locally band preserving, order con-
tinuous on [x0, y0] and order differentiable on (x0, y0). Thus, by Theorem 5.7, there
exists a c0 ∈ [x0, y0] such that

(y0 − x0) f
′(c0) = f (y0) − f (x0).

Now, let c = Px<y(c0) + Px=y(
1
2 (a + b)). Then, since f and f ′ are locally band

preserving,
Px=y((y − x) f ′(c)) = 0 = Px=y( f (y) − f (x)),
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and

Px<y((y − x) f ′(c)) = Px<y((y0 − x0) f
′(c0))

= Px<y( f (y0) − f (x0))

= Px<y( f (y) − f (x)).

Therefore, (y − x) f ′(c) = f (y) − f (x).
Now, without assuming x ≤ y, by the above, there exists a c ∈ [x ∧ y, x ∨ y] such

that
(x ∨ y − x ∧ y) f ′(c) = f (x ∨ y) − f (x ∧ y).

Then,

Px<y((y − x) f ′(c)) = Px<y((x ∨ y − x ∧ y) f ′(c))
= Px<y( f (x ∨ y) − f (x ∧ y))

= Px<y( f (y) − f (x)),

and

Px≥y((y − x) f ′(c)) = Px≥y((x ∧ y − x ∨ y) f ′(c))
= Px≥y( f (x ∧ y) − f (x ∨ y))

= Px≥y( f (y) − f (x)).

Therefore, (y − x) f ′(c) = f (y) − f (x). ��
Corollary 5.9 Let E be a Dedekind complete real �-algebra. Consider a, b ∈ E with
a � b. Let f : (a, b) → E be order differentiable and locally band preserving. For
any c, d ∈ (a, b), there exists x0 ∈ {c + x(d − c) : x ∈ (0, e)} such that

(d − c) f ′(x0) = f (d) − f (c).

Proof Define g : [0, e] → E by g(x) := f (cx ), where cx :=c + x(d − c). It is
easily verified that g is order continuous on [0, e] and locally band preserving, and
it follows from the differentiation rules that g is order differentiable on (0, e) with
g′(x) = (d − c) f ′(cx ). Now we apply Theorem 5.7 to obtain an s ∈ (0, e) such that

(d − c) f ′(cs) = g′(s) = g(e) − g(0) = f (d) − f (c).

Hence, we may choose x0:=cs . ��
Corollary 5.10 Let E be a Dedekind complete real �-algebra. Consider a, b ∈ E
with a � b. Let f : (a, b) → E be order differentiable with f ′ = 0 and locally band
preserving. Then f is constant.

Proof For any c, d ∈ (a, b), by applying Corollary 5.9, there exists an x0 ∈ (a, b)
such that f (d) − f (c) = (d − c) f ′(x0) = 0 and hence f (c) = f (d). ��
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The following example shows that Corollary 5.10 fails if f is not required to be
locally band preserving. It also shows that while a super order differentiable function
is always locally band preserving, the same need not be true for an order differentiable
function.

Example 5.11 Consider E = R
N, and define f : (0, e) → R

N by

f ((xn)n∈N) :=
{

0 if xn → 1
2 ,

e if xn �→ 1
2 .

Let x ∈ (0, e). Define r := ( 1n ∧ (1− xn)∧ xn)n∈N. It follows that (x − r , x + r) ⊆
(0, e), and for any y ∈ (x − r , x + r), |xn − yn| < rn ≤ 1

n holds for all n ∈ N,
so that yn → 1

2 if and only if xn → 1
2 . Therefore, f is constant on (x − r , x + r).

By Proposition 3.10 and the fact that constant functions have derivative 0, f is order
differentiable on (0, e) with f ′ = 0.

To see that f is not locally band preserving, consider e1 := (1, 0, 0, . . . ) and note
that Pe1(

1
2e1) = 1

2e1 = Pe1(
1
2e), but

Pe1( f (
1
2e1)) = Pe1(e) = e1 �= 0 = Pe1( f (

1
2e)).

Remark 5.12 Note that for a Dedekind complete real�-algebra E , with a, b ∈ E such
that a � b, and f : [a, b] → E that is order continuous on [a, b], order differentiable
on (a, b) and locally band preserving, Corollary 5.9 implies the following character-
istic properties for f . In statement (i i) it is used that the product of two weak order
units in a �-algebra is a weak order unit. This fact follows from [10, Theorem 142.3].

(i) If f ′(x) ≥ 0 for all x ∈ (a, b), then f is increasing on [a, b],
(i i) if f ′(x) � 0 for all x ∈ (a, b), then for any c, d ∈ [a, b] with c � d we have

that f (c) � f (d),
(i i i) if f ′(x) > 0 for all x ∈ (a, b), then for any c, d ∈ [a, b] with c � d, we have

that f (c) < f (d), and
(iv) if f ′(x) � 0 for all x ∈ (a, b), then for any c, d ∈ [a, b] with c < d, we have

that f (c) < f (d).

Finally, we return to the complex case. To prove that a zero super order deriva-
tive implies a function is constant on order open neighbourhoods, we first provide a
complex version of the Mean Value Theorem.

Theorem 5.13 (Complex Mean Value Theorem) Let E be a Dedekind complete com-
plex �-algebra. Consider c ∈ E and a weak order unit r . Let f : N (c, r) → E be
order differentiable and locally band preserving. Then for any a, b ∈ N (c, r), there
exist u, v ∈ {a + x(b − a) : x ∈ (0, e)} such that

(i) Re((b − a) f ′(u)) = Re( f (b) − f (a)), and
(i i) Im((b − a) f ′(v)) = Im( f (b) − f (a)).

Proof The proof is similar to that of Corollary 5.9. ��
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Corollary 5.14 Let E be a Dedekind complete complex �-algebra. Consider c ∈ E
and r a weak order unit. Let f : N (c, r) → E be order differentiable and locally band
preserving with f ′ = 0. Then f is constant.

Proof Suppose that a, b ∈ N (c, r). It follows from Theorem 5.13 that there exist
u, v ∈ {a + x(b − a) : x ∈ (0, e)} such that

Re( f (b) − f (a)) = Re((b − a) f ′(u)) = 0,

and
Im( f (b) − f (a)) = Im((b − a) f ′(v)) = 0.

Thus, f (a) = f (b). ��
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