COLLECTANEA

MATHEMATICA

U,

UNIVERSITAT DE BARCELONA

B,

Editors

Joan Cerda (Managing Editor)
Rosa M. Mir6-Roig

Javier Soria

Scientific Committee
Luis A. Caffarelli
Ciro Ciliberto
Simon K. Donaldson
Yves Félix

Gerhard Frey
Ronald L.. Graham
Craig Huneke

Nigel J. Kalton
Rafael de la Llave
Paul Malliavin
David Nualart
Kristian Seip

Bernd Sturmfels
Christoph Thiele
Manuel Valdivia
Frank Wagner
Guido Weiss
Enrique Zuazua

Volume LVIII
Issue 2(2007)



Joan Cerda (Managing Editor)
Dept. Mat. Apl. i Analisi
Universitat de Barcelona

08071 Barcelona, SPAIN

Luis A. Caffarelli
Department of Mathematics
University of Texas

Austin, TX 78712, USA

Ciro Ciliberto
Dipartimento di Matematica
Universita di Roma II
00133 Roma, ITALY

Simon K. Donaldson
Mathematics Department
Huxley Building, Imp. College
London, SW7 2BZ, UK

Yves Félix

Département de Mathématiques
Université Catholique de Louvain
1348 Louvain-la-Neuve, BELGIUM

Gerhard Frey

Inst. Exper. Mathematik

U. Gesamthochschule Essen
D-45326 Essen, GERMANY

Ronald L. Graham

Dpt. Comp. Sc. Engineering
University California San Diego
La Jolla, CA 92093-0114, USA

EDITORS

Rosa M. Miré6-Roig

Dept. Algebra i Geometria
Universitat de Barcelona
08071 Barcelona, SPAIN

SCIENTIFIC COMMITTEE

Craig Huneke

Department of Mathematics
University of Kansas
Lawrence, Kansas 66045, USA

Nigel J. Kalton
Department of Mathematics
University of Missouri
Columbia, MO 65211, USA

Rafael de la Llave
Department of Mathematics
University of Texas

Austin, TX 78712, USA

Paul Malliavin

10 rue de Saint Louis
L’Ile, F-75004
FRANCE

David Nualart
Departament d’Estad stica
Universitat de Barcelona
08071 Barcelona, SPAIN

Kristian Seip

Dept. of Mathematical Sciences
NTNU

7491 Trondheim, NORWAY

Javier Soria

Dept. Mat. Apl. i Analisi
Universitat de Barcelona

08071 Barcelona, SPAIN

Bernd Sturmfels
Department of Mathematics
University of California
Berkeley, Calif. 94720, USA

Christoph Thiele

Department of Mathematics
University of California

Los Angeles, CA 90055-1555, USA

Manuel Valdivia
Facultad de Matematicas
Universidad de Valencia
46100 Burjasot, SPAIN

Frank Wagner

Institut Camille Jordan

Université Claude Bernard Lyon 1
69622 Villeurbanne cedex, FRANCE

Guido Weiss

Department of Mathematics
Washington University

St. Louis, MO 63130, USA

Enrique Zuazua

Departamento de Matemaéticas
Universidad Auténoma de Madrid
28049 Madrid, SPAIN



Collect. Math. 58, 2 (2007), 131-149
(©) 2007 Universitat de Barcelona

On some density theorems in regular vector lattices of continuous functions

FRANCESCO ALTOMARE AND MIRELLA CAPPELLETTI MONTANO

Dipartimento di Matematica, Universita degli Studi di Bari, Campus Universitario
Via E. Orabona, 4, 70125 Bari-Italia

E-mail: altomare @dm.uniba.it, montano@dm.uniba.it

Received November 10, 2005. Revised October 3, 2006

Dedicated to the memory of Professor Gustave Choquet (1-3-1915/14-11-2006)

ABSTRACT

In this paper, we establish some density theorems in the setting of particular lo-
cally convex vector lattices of continuous functions de ned on a locally compact
Hausdorff space, which we introduced and studied in [3, 4] and which we named
regular vector lattices. In this framework, by using properties of the subspace
of the so-called generalized af ne functions, we give a simple description of
the closed vector sublattice, the closed Stone vector sublattice and the closed
subalgebra generated by a subset of a regular vector lattice.

As a consequence, we obtain some density results. Finally, a connection
with the Korovkin type approximation theory is also shown.

1. Introduction

In [3], we introduced and studied a particular class of locally convex vector lattices
of continuous functions defined on a locally compact Hausdorff space X, which we
named regular vector lattices. These spaces are endowed with the natural (pointwise)
order and with a locally convex topology which is finer than the topology of pointwise
convergence and it is generated by a saturated family of M-seminorms. Moreover,
they contains the space C.(X,R) of all continuous functions with compact support as
a dense subspace.

Keywords: Vector lattice of continuous function, generalized af ne function, Stone-Weierstrass
theorem.
MSC2000: 46E05, 46E10, 46E99.
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132 ALTOMARE AND CAPPELLETTI MONTANO

This rather general class of locally convex vector lattices includes, for example,
every weighted function space as introduced by Nachbin (see [13]) and every vector
sublattice of continuous functions containing C.(X,R) endowed with the topology of
uniform convergence on compact subsets or the topology of pointwise convergence
(see [3, Examples 2.3]).

In the framework of regular vector lattices, among other things, we introduced
the space of generalized affine functions and, by means of them, we established several
results related to the Korovkin type approximation theory (see [3, 4]).

In this paper we continue the study of generalized affine functions and we use them
to describe those subspaces which are intersection of a closed convex inf-stable cone
and its opposite. Moreover, we give a simple description of the closed vector sublattice
and the closed Stone vector sublattice generated by a subset of a regular vector lattice.
All these results immediately lead to some density results, i.e. Stone-Weierstrass type
theorems.

Furthermore, we shall determine sufficient conditions in order that the closure of a
subalgebra of a regular vector lattice is a Stone vector lattice; these results generalize
the ones obtained, for example, in [2, Lemma 4.4.3]. As a consequence, we shall
characterize the closed subalgebra generated by a subset of a regular vector lattice.

Finally, a connection with the Korovkin type approximation theory is shown,
revealing a deep relationship between the Stone-Weierstrass type theorems established
here and some Korovkin type theorems established in [4]. A similar relationship was
already discovered in the setting of the space of all continuous functions vanishing at
infinity on a locally compact Hausdorff space (which is a regular vector lattice) (see |2,
Section 4.4]).

In fact, all the main results of this paper extend those obtained in [2, Section 4.4].

2. Regular vector lattices and generalized af ne functions

Let X be a locally compact Hausdorff space. We shall denote by R¥ and C(X,R)
the space of all real valued functions on X and the space of all continuous real valued
functions on X. We shall also denote by Cp(X,R) (resp., Co(X,R)) the subspace of
C(X,R) of all continuous real valued bounded functions on X (resp., the subspace
of all continuous real valued functions on X whose support is compact). Moreover,
Co(X,R) stands for the subspace of C(X,R) consisting of all continuous real valued
functions on X which vanish at infinity. Finally, we shall denote by 1 the function of
constant value 1 on X.

Let By be the o-algebra of all Borel subsets of X and denote by M ™ (X) the cone
of all regular Borel measures on X. In particular, for every x € X we shall denote
by e, the Dirac measure concentrated at x.

For every p € MT(X) and p € [1,+oo[, we shall denote by £P(X,u) the space
consisting of all Borel-measurable functions f € RX which are p-fold u-integrable.

If 4 € M+ (X), we shall denote by supp(u) the support of y, i.e. the complement
of the largest open subset of X on which p is zero.

We recall that if f € £Y(X, ) NC(X,R) and f = 0 on supp(u), then [ f du = 0.
Moreover, the following result holds.
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Lemma 2.1

Let X be a locally compact Hausdorff space, F' a subset of X and yu € M*(X).
Assume that for every y € F there exists f € LY(X,u) N C(X,R), f > 0, such that
f(y) >0 and [ f du=0. Then supp(u) C F.

Proof. Assume that there exists y € supp(u) such that y ¢ F'; hence there exists
f e LYX,u)NC(X,R), f >0, such that f(y) > 0 and [ f du = 0. Let K be a
compact neighborhood of y such that f(z) > 0 for every z € K and fix a function
¢ € Ce(X,R), supp(p) C K, such that [ ¢ du # 0. Without loss of generality, we may
also assume that 0 < ¢.

Set m := IxIéllI(l f(z); hence 0 < my < f || ¢ ||oo- Accordingly,

0<m [¢du<li¢lle [ fdu=0
and this leads to a contradiction. O

If E is a vector space, then the subspace generated by a subset H of E will be
denoted by L(H).

Moreover, a subset P of a vector space E is said to be a convex cone (resp.,
absolutely convex) if f +¢g € P and A\f € P for every f,g € P and for every A > 0
(resp., if A\f + ug € P for every f,g € P and for every A\, u € R, |A| + |u] < 1).

Consider now a vector lattice £. A subset P of E is said to be inf-stable if
inf {f,g} € P for every f,g € P.

Further, a subset P of E is said to be a solid set (resp., a sublattice) if for every
f € E and g € P such that |f| <|g|, it follows that f € P (resp., if sup{f,g} € P for
every f,g € P).

A solid linear sublattice P of a vector lattice E is also said to be an ideal of E.
Finally, if H is a subset of a vector lattice F/, we shall set

Hy:={heH|h>0}

Let (E,T) be a topological vector space. We shall denote by (E,7)" the space of
all 7-continuous linear forms on E. If in addition (F, ) is a topological vector lattice,
then we will denote by (E,7)’, the cone of all 7-continuous positive linear forms on E.

For more details about topological vector lattices see, for example, [1, 17].

We now proceed to recall the definition of a particular class of locally convex
vector lattices of continuous functions, in the framework of which we shall develop all
the results of this paper (see also [3]).

Let X be alocally compact Hausdorff space and E a subspace of C'(X,R), endowed
with the natural (pointwise) order < and with a locally convex topology 7. We shall
assume that the locally convex space (E, T) satisfies the following properties:

(R1) (F,7,<) is a locally convex vector lattice possessing a neighborhood base U, of
the origin consisting of absolutely convex solid sublattices;

(R2) The topology 7 is finer than the topology 75 of pointwise convergence on X;
(R3) C.(X,R) is dense in (E,T).
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In the sequel, we shall refer to this class of locally convex vector lattices as regular
locally convex vector lattices, in short regular vector lattices.

We point out that Property (R;) is equivalent to require that the topology 7 is
generated by a saturated family (pa)aca of seminorms on E such that for every a € A

(1) pa(f) < palg) forevery f,ge E,|fl<|gl;
(ii) pa (sup{f,g}) =sup {pa(f),palg)} forevery f,gec E,.

Such seminorms are also called M-seminorms.
Below we present some examples of regular vector lattices, (see [3, Examples 2.3]
for more details).

ExAMPLE 2.2 1. Every vector sublattice E of C(X,R) containing C.(X,R) and
endowed with the topology 7. of uniform convergence on compact subsets of X or the
topology 75 of pointwise convergence on X is a regular vector lattice.

In particular, let H be an adapted subspace of C(X,R) (see [7, Section 2.2],
[10, Chapter 8]) and set

Epg:={f € C(X,R)| thereexists h € H, such that | f|<h}.

Then Ep is a vector sublattice of C'(X,R) containing C.(X,R). Accordingly, the
subspace Ey endowed with the topologies 75 and 7., respectively, is a regular vector
lattice.

2. (Weighted function spaces.) Let W be a family of positive upper semicontinuous
functions on X such that, if wy,wy € W, there exist w € W and « > 0 such that
wi; < aw and we < aw. Further, assume that for every x € X there exists w € W
such that w(x) > 0.

Consider the weighted function space Cyy (X, R) of all functions f € C(X,R) such
that wf vanishes at infinity for all w € W.

The space Cy (X, R) is endowed with the locally convex topology Ty generated
by the family of seminorms (py)wew defined by

puw(f) = sup w(z)|f(z)] (feE).

Then (Cw (X,R), 7w ) is a regular vector lattice on X.
Some examples of weighted function spaces can be found in [3, 13, 14].

Among the properties of regular vector lattices, we recall the following results,
which have been proved in [3, Proposition 2.5 and Theorem 2.6].

Theorem 2.3

Every regular vector lattice (E, T) on a locally compact Hausdorff space X satisfies
Dini’s property, i.e. if ( fz)fe ; is a filtering decreasing net in E such that 1r€1§ fi =0,
then lzleIIIlez =0in (E,T).

Moreover, for for every p € (E, T)"_, there exists a (unique) p € M+ (X) such that
E C LY(X, u) and

p(f):/f dy  for every f € E.
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From now on, we shall fix a locally compact Hausdorff space X and a regular
vector lattice (F,7) on X.

For every p € M*(X) such that E C £!(X, ), consider the positive linear form
I, : E — R defined by

L= [ran  (fem)
and set
M p(X) = {pe M*(X) | EC LY(X,p) and I, € (B, 7)., }.

We point out (see [3, Section 3]) that, if (pa)aca is a saturated family of M-
seminorms which generates 7, then a Borel measure u € M (X) belongs to M, (X)
if and only if there exist ¢ > 0 and o € A such that for every ¢ € C.(X,R)

/80 du‘ < ¢ pa(p).

Furthermore, given a linear subspace H of F, for every x € X we set

M, . (H) = {u € M:H(X) | /h dii = h(z) for every h € H} .

Every p € M, »(H) is said to be an H-representing measure for = with respect to
the topology 7.
Moreover, for every f € E and x € X we shall consider the following envelopes

of f:
fr(x) := sup ( in k(x)) e RU{+o0}

Ueld, ket

(f-k)teu
and
f(z) := inf h e RU{—oc0},
fr() Jnf sup (v) {—o0}
(h—f)teu

where U, is a neighborhood base as in (R;). Here the conventions inf () = +oo and
sup ) = —oo have to be observed.
Clearly,
fr<f</fr forevery feE

and

~

hy =h=h, forevery he H.
A function f € F such that
JET = f = f‘r

is said to be a generalized H-af ne function (with respect to the topology T).A

The subspace of all generalized H-affine functions will be denoted by H,. This
subspace has been introduced and studied in [3, Section 3 and 4] as a particular case
of a more general space of generalized H-affine functions associated to a positive linear
operator. There, we showed that H; is closed (see [3, Corollary 4.4]).

Moreover, we also proved the following characterization (see [3, Corollary 3.6,
Theorem 3.7 and Theorem 4.3)).
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Theorem 2.4

Let (E,T) a regular vector lattice on a locally compact Hausdorff space X, H a
subspace of E2 and f € E. Then, the following statements are equivalent:

(a) f is a generalized H-affine function with respect to T;
(b) For every V € U, there exist n,m € N, ky, ..., kn, k|, ..., k], € H such that

(i) (f = k)t €V for every i = 1,...,n and (K — f)* € V for every
j=1..,m;

N o / )

(ii) 1%11‘1;1]% 1§S;1£mk] eV;

(¢) [ fdu= f(zx) for every x € X and p € M, ,(H).

We finally point out that, if (F,7) is a regular vector lattice, then H; coincides
with the so-called Korovkin closure Kor(H),; of H in E for the topology T which is
defined as the subspace of all f € E such that leIII<Li( f) = f in (E,7) for every

el ™

T-equicontinuous net (LZ)ZS6 ; of positive linear operators from F into E satisfying
ljrrll<Li(h) = h in (E,7) for every h € H (see [4, Theorem 2.2, Theorem 4.2] for
el ™

more details and some applications).

3. Generalized af ne functions and Stone-Weierstrass type theorems

In this section, by using the properties of generalized affine functions, we shall present
a characterization of the closed vector sublattice and the closed Stone vector sublattice
generated by subsets of regular vector lattices. As a consequence, we shall determine
some density results, i.e. Stone-Weierstrass type theorems.

Our results generalize, in particular, the ones obtained in [2, Section 4.4] and
would be compared with several other results scattered in the literature (see, e.g., [5,
6, 8, 11, 13, 14, 15, 16, 19]).

Throughout this section we fix a regular vector lattice (F, 7) on a locally compact
Hausdorff space X.

We first proceed to characterize those subspaces of E with coincide with the
corresponding space of generalized affine functions.

A first result in this direction has been already obtained in [3, Corollary 3.8 and
Corollary 4.4].

Proposition 3.1

Let (E,T) be a regular vector lattice on a locally compact Hausdorff space X
and H a closed vector sublattice of E. Then H = fIT.

More generally, we have the following result (see also [2, Theorem 4.1.17]).

Theorem 3.2

Let (E,T) be a regular vector lattice on a locally compact Hausdorff space X
and H a subspace of E. Then the following statements are equivalent:
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(a) Hy = H;
(b) There exists a closed convex inf-stable cone P of (E, ) such that H = PN (—P).

Proof. (a)=-(b). Set
P = {f€E|/f dp < f(z) for every:vEXand,uEMTyx(H)}.

Then P is obviously a convex cone of E and, taking Theorem 2.4 into account,
we get that H = PN (—P).

P is also inf-stable, since, if f, g € P, denoting by w := inf{ f, g}, for every x € X
and p € M, »(H), we get

Jwdnsz [ s @

and

/wduﬁ/gduﬁg(w)-

Hence

[ w dn < int{f(@), 9(@)} = ()

Finally, we have to show that P is closed in (E, 7). To this end, fix f € P,z € X
and p € M, (H).
Since the positive linear form

gEEH/gdu

is T-continuous, given € > 0, there exists V € U, such that for every g € E with
f—9g€V we get

[ -9)d| < (3.1)

Moreover, the positive linear form J, : E — R defined by d0,(h) := h(x), (h € E),
by Property (R2) is 7-continuous and hence there exists U € U, such that for every
geELlE, f—-geU

| f(@) —g(z) [<e (3.2)

Set W := V N U, then there exists g € P such that f — g € W. Accordingly,
from (3.1) and (3.2) it follows that

[raun=[r-0) du+/gduS‘/(f—g) du]+g<x>§f<x>+2e-

Since € > 0 was arbitrary chosen, we obtain [ f du < f(z).
(b)=(a). We have only to show that H, C H and, to this end, it is enough to

show that H, C P. Hence, fix f € H,, V € U, and W € U, such that W+W+W C V.
Taking Theorem 2.4 into account, there exist ki, ..., kn, k], ..., kI, € H C P such
that (f — k)™ € W for every i = 1,...,n, (K — f)T € W for every j = 1,...,m and

inf k; — sup k., eW.
1<i<n 1<j<m
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Moreover, for every i = 1,...,n

f-ki<(f-Kk)T < sup (f—k)tT =ueW

1<i<n

and for every j =1,...,m

Ki—f<(K;—f)T < sup (Kj—f)F =veW.

1<j<m
Accordingly, we get
_ < L f <.
f élglinkz_u and 1;1%1]% f<w

Hence

inf k;j—f< inf k;— sup k" + sup k' — f < inf k;— sup k' +wv
B RS Bk 15jom 0 1jem f= Bk 1Sjem 3T

so that

inf k:i—f‘g inf k; — sup k;-+v+u€W+W+WCV.

1<i<n 1<i<n 1<j<m
Then f € P and, since by assumption P is closed, this completes the proof.  [J

In order to present the next results we need to introduce some additional notation.
Let (E,7) be a regular vector lattice on a locally compact Hausdorff space X and
let M be a subset of E. Then, for every x € X and a > 0 we set

M(z,a) :={y € X | h(y) = ah(z) for every h € M} (3.3)

and
A(z) = {a > 0| M(x,a) # 0}.
Clearly, 1 € A(z), since v € M (x,1).
We shall also consider the sets

Z(M):={x e X |h(x) =0 forevery he M}

nd
: {feFE|f(x)=0 forevery x € Z(M)} if Z(M) #

E if Z(M) =

We are now in a position to state the following result.

0;
I(M) ::{ "

Theorem 3.3

Let (E, T) be a regular vector lattice on a locally compact Hausdorff space X and
let H be a vector sublattice of E. Then

H=H,=IH)N{f€E|[(y) = af(x)
for every x € X,ao € A(x) and y € H(z,a)}. (3.4)
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Proof. The first equality follows from Proposition 3.1. We shall prove the second one.
Consider f € H,; taking Theorem 2.4 into account, it is obvious that f € I (H).
Moreover, fix ¢ € X, a € A(z) and y € H(z,«). Setting u = aey, by (3.3), we

get that p € M, ,(H) and, from this, it follows that f(y) = [ f du = af(z).

Fix now a function f € I(H) such that f(y) = af(x) for every z € X, a € A(x)

and y € H(z, «); further, consider x € X and p € M, ,(H). Because of Theorem 2.4,

it will be enough to prove that [ f du = f(x).

To this end, assume first * € Z(H); accordingly, since H is a vector sublattice

of E, for every h € H

0= Ih(w)| = [ I di

Hence, supp(p) € {z € X | h(z) = 0 for every h € H} = Z(H); then, since
fel(H), we get

[ £dui=0= @)

Assume now that there exists h € H such that h(z) # 0. Without loss of genera-
lity, since H is a vector sublattice of E, we may assume that h > 0 and h(z) = 1.

We now prove that supp(p) € U H(z, ).
acA(x)
To this end, consider y € X such that y ¢ U H(z,«a). If h(y) € A(z), then
acA(x)
H(z,h(y)) = 0, while, if h(y) € A(x), then y & H(xz,h(y)); hence, in any case, there
exists k € H such that k(y) # h(y)k(x).
Set ko :=| k — k(x)h |€ H; then

ko > 0, ]{0(.%') =0 and k‘()(y) > 0.

Consequently, from Lemma 2.1 it follows that supp(n) € U H(z,«). Accord-
acA(x)
ingly, if f(x) =0, then f =0 on H(z, ) for each o € A(x); thus

[ £dui=0= @)

On the other hand, if f(z) # 0, then, choosing again h € H such that h(x) # 0,
for every o € A(z) and y € H(x, ) we get

Hence, h = %f on supp(u), so that

h(m):/hdu:;gg/fd

and [ f du = f(z). O
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We now recall that a subset H of C(X,R) separates linearly the points of X if for
every z,y € X, x # y, there exist h,k € H such that h(z)k(y) # h(y)k(x).

It is easy to show that H separates linearly the points of X if and only if for every
xz,y € X, x #y, and for every a € R there exists h € H such that h(x) # ah(y).

In particular, if H = H, — H (and, hence, in particular if H is a vector sublattice
of C(X,R)) then H separates linearly the points of X if and only if for every z,y € X,
x # y, and for every o > 0 there exists h € H (that can be chosen to be positive) such
that h(z) # ah(y).

Finally, if H separates linearly the points of X, then for every x € X there
exists h € H such that h(x) # 0.

From Theorem 3.3 the following density result, which improves [3, Corollary 4.5],
immediately follows.

Corollary 3.4

Let (E,T) be a regular vector lattice on a locally compact Hausdorff space X and
let H be a vector sublattice of E. Then H is dense in (E, ) if and only if H separates
linearly the points of X.

Proof. Indeed, if H separates linearly the points of X, taking the previous theorem
into account, it is obvious that H is dense in (E, 7).
Conversely, assume that H is dense in (E,7); this implies that I(H) = FE and

{feE]| fly)=af(x) forevery v € X,a € A(x) and y € H(z,a)} =F,

since 7 is finer than 7.

Assume that H doesn’t separate linearly the points of X. Consequently, there
exists z,y € X, © # y and a > 0 such that h(y) = ah(x) for every h € H; hence
a € A(x) and y € H(x,«). Accordingly, f(y) = af(x) for every f € E, but this is not
possible, since C.(X,R) C E. The proof is now complete. O

Let M be a subset of a regular vector lattice (E,7). We shall denote by R(M)
the closed vector sublattice generated by M, i.e. the smallest closed vector sublattice
of (E, ) containing M. With the next result, we shall characterize R(M).

Corollary 3.5

Let (E,T) be a regular vector lattice on a locally compact Hausdorff space X and
let M be a subset of E. Then

R(M) =I(M)n{f € E|f(y) =af(z)
for every x € X, € A(x) and y € M(z,a)}. (3.5)

Therefore R(M) = E if and only if M separates linearly the points of X.

Proof. Because of Theorem 3.3, it is enough to show that Z(M) = Z(R(M)) and that
M(z,a) = R(M)(z,«) for every x € X and o > 0.
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Obviously, we get that Z(R(M)) C R(M); consider now x € X such that h(z) =0
for every h € M and set

F:={fekE| f(z) =0}
Since the functional d,(h) := h(z), (h € E), is T-continuous, F' is a closed vector
sublattice of F containing M. Accordingly, R(M) C F and thus z € Z(R(M)).

Since M C R(M) it is also clear that R(M)(z,a) C M (z,«) for every x € X and
a > 0. To show the opposite inclusion, fix z € X, « > 0 and y € M (z, «) and set

F:={feE]| f(x)=af(y)}

Since (E,T) is a regular vector lattice, F' is a closed vector sublattice of E con-
taining M, so that R(M) C F; hence, y € R(M)(z, ) and the proof is complete. [

With some further assumptions, it is possible to present another generalization of
the classical Stone-Weierstrass Theorem.

We recall that a vector sublattice H of C(X, R) is said to be a Stone vector sublattice
if inf {f,1} € H for every f € H.

Moreover, we recall that a subset H of C'(X,R) separates strongly the points of X if

(i) For every x € X there exists h € H such that h(z) # 0;
(ii) For every z,y € X, x # y, there exists h € H such that h(z) # h(y).

Finally, let (E,7) be a regular vector lattice and let M be a subset of E. We
shall set
M(z) :={y € X | h(y) = h(x) for every h € M}.

We are now in a position to state the following result.

Theorem 3.6

Let (E,T) be a regular vector lattice on a locally compact Hausdorff space X and
let H be a Stone vector sublattice of E. Then

H=H.=IH)N{f€E| [ isconstant on H(z) for every z € X}. (3.6)

Consequently, H is dense in (F,T) if and only if H separates strongly the points
of X.

Proof. The first equality clearly follows from Proposition 3.1; we shall prove the second
one.

If f e H,, then by Theorem 2.4 it easily follows that f € I(H). Consider now
z € X,y € H(x) and p € M, ,(H), so that [ f du = f(x). Then p € M, ,(H);
hence, again from Theorem 2.4, we get f(y) = [ f du = f(z) and this implies that f
is constant on H(z).

Conversely, fix a function f € I(H) such that f is constant on H(x) for every = €
X. Moreover, consider z € X and p € M, ,(H). We shall now prove that [ f dp =
F(2).

If h(z) = 0 for each h € H, then f(x) = 0 and, arguing as in the proof of
Theorem 3.3, we get [ f du=0= f(x).
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On the other hand, if there exists h € H such that h(z) # 0, clearly H(z) N
Z(H) = 0. Moreover, if y ¢ H(x) U Z(H), there exists k € H such that k(y) # k(z).
Furthermore, since x,y ¢ Z(H) and H is a vector sublattice of F, there exist hy,hy €
H, hi,hy >0, such that hi(x) = ha(y) = 1.

Put

ho :=inf {1,sup{hi, ho}} € H

and
h:=|k—k(x)hy| € H.

Then
h >0, h(z) =0 and h(y) > 0.
By applying Lemma 2.1, we get supp(p) C H(z) U Z(H).
Consequently, if f(z) =0, then f =0 on H(z)U Z(H) and hence [ f du=0=

f(z).
On the other hand, if f(x) # 0, after choosing h € H such that h(x) # 0, we get
that for every y € H(x) U Z(H)

Hence, h = %f on supp(u), so that

h(w)Z/hduzm/fdu

and this completes the proof.
The final statement is a consequence of the first part. O

Assume now that the whole space (E, T) is a Stone vector sublattice of C'(X,R).

It is easy to show that the regular vector lattices presented in Examples 2.2 are
Stone vector sublattices of C'(X,R).

If M is a subset of E, we shall denote by S(M) the closed Stone vector sublattice
generated by M (i.e. the smallest closed Stone vector sublattice of (E,7) contain-
ing M).

With the next result, we shall present a characterization of S(M).

Corollary 3.7

Let (E,T) be a Stone regular vector lattice on a locally compact Hausdorff space
X and let M be a subset of . Then

S(M)=I(M)n{feFE|f isconstant on M(x) forevery xz € X}. (3.7)
Therefore S(M) = E if and only if M separates strongly the points of X.

Proof. We shall use Theorem 3.6 and so we show that Z(M) = Z(S(M)) and M (z) =
S(M)(x) for every x € X. In fact, we have only to prove the second equality.
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Since M C S(M) it is clear that S(M)(zx) C M(x) for every z € X. Fix now
z € X and y € M(x) and set

Fo={feE|f(=)=[f(y}
Since 7 is finer than 75, F' is a closed Stone vector sublattice of (F, 7) containing M;
accordingly, S(M) C F. Therefore y € S(M)(z) and the proof is complete. O

4. Subalgebras and Stone vector lattices

In what follows, under suitable assumption, we shall present sufficient conditions in
order that the closure of a subalgebra of a regular vector lattice is a Stone vector
lattice. This will lead us to a characterization of the closed subalgebra generated by a
subset of a regular vector lattice (see also [2, Theorem 4.4.4]). Finally, a relationship
with Korovkin closures will be also shown.

We recall that a linear subspace P of a vector lattice E is said to be an ideal of
E if P is a solid vector sublattice of F.

Every ideal of E is a Stone vector sublattice of C(X,R) because |inf{f, 1} < |f|
for every f € C(X,R).

For example, every weighted function space on a locally compact Hausdorff
space X (see Example 2.2 (2)) is an ideal in C(X,R).

Further, an ideal P of a vector lattice E is said to be a band in F if, for every
D C P for which there exist f =sup D € E, we have that f € P.

For more details about bands and ideals in vector lattices, see, for example, [20,
Section 7].

In the sequel, for a subalgebra of C'(X,R) we mean a linear subspace A of C(X,R)
such that f-g € A for every f,g € A.

We state a preliminary lemma, which holds true in the context of more general
vector lattices.

Lemma 4.1

Let X be a locally compact Hausdorff space and (E,T) a locally convex vector
sublattice of C(X,R) which is a subalgebra and a band in C'(X,R) and satisfies Dini’s
property (see Theorem 2.3). Let A be a subalgebra of E. For every f € A, f >0, and
m € N, consider the function ¢, : X — R defined by

©rm(x) = fm(:v)e_f(x) (x € X).
Then ¢y, € A.

Proof. Fix a function f € A, f > 0. Then, e/ € E, since 0 < e~/ <inf{f,1} and E
is a Stone vector lattice. Hence, ¢y, € E for every m € N.
Furthermore, for a given m € N and =z € X,

o0 _ T k
() = F(x)e! D = pray Yo IS

k!
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D poktm . . . .
( (2k)') is an increasing sequence in A and, clearly, for every x € X
k=0 " p>0
p

2k+m 2k+m

zf—zf,

p—-too 4

2k+

and Z € F since E is a band in C'(X,R).

Accordlngly, since (F,7) satisfies Dini’s property, it follows that

00 f2k+m p f2k+m
= 1 in (E,7);
(2k)! piToog) o BT

k=0

k+m

thus, Z e € A

2k+1+m

o0 — -
Analogously, ;Eo f(%T), € A; consequently, ¢r., € A. O

The following two lemmas improve some results proved in [2, Lemma 4.4.3] and
in [13, Lemma 2, p. 45].

Lemma 4.2

Let X be a locally compact Hausdorff space and (F,T) a regular vector lattice
on X which is a subalgebra and a band in C(X,R). Then the closure of every subal-
gebra of (E, T) is a Stone vector sublattice of E.

Proof. Let A be a subalgebra of (E,7); we shall prove that A is a sublattice of F and
inf {f, 1} € A for every f € A.

Firts of all we shall show that |f| € A for every f € A. To this end, consider the
function ¢ : [0, +00[— R defined by ¢(t) := t'/2, (t > 0) and, for every n > 1, let s,
be the function obtained by applying to ¢ the n-th Szasz-Mirakjan operator, i.e.

00 nt)k 1/2
an(t) = 3 el kf!) (k> (t > 0).

k=0 n

Since ¢ is concave, we have that s, < sp41 and s,(t) — t1/2 for n — +oo for
every t > 0 (see [9, Theorem at p. 246]).
Now fix f € A; for every x € X

F@) = (P@)"” = tim_ s, (@) = lim_fa(e),

n—-+o0o n—-+oo

where

Ful@) i= 50 (£2(0) = 3o e (L) (D/

k=0

We have that f,, € A for any n > 1.



On some density theorems in regular vector lattices of continuous functions 145

P ; 1/2
Indeed, for a given n > 1, (Z e*”fQ("ii?)k (E) /
k=0 '

" ) 1s an increasing sequence
p=>0

in A (see Lemma 4.1) and for any z € X

N () (@) (RN S (0P (@) R\
lim kzoe f<><> ~3 e f()()

p—+oo £ k! n = k! n ’

n

since I is a band in C(X, R), kfoe*"f et (1) er,

On the other hand, (F, 7) satisfies Dini’s property (see Theorem 2.3), so that f,, €
A.

Further, f, < f,+1 and f, — |f] pointwise on X; since (F,7T) satisfies Dini’s
property, f, — |f| in (E,7) and hence |f| € A.

By Property (R1), the mapping f —— |f| from E into E is 7-continuous and
hence |g| € A for every g € A, i.e. A is a sublattice of E.

Arguing in the same way, one can show that |f|'/? € A for every f € A and hence,
by induction, |f|'/?" € A for every n > 1.

After these preliminaries, we pass to prove that inf {f,1} € A for every f € A.

Indeed, for a given f € A, x € X and n > 1, we have that, if f(z) <1,

inf {|F|'/*", f}(z) = f(w) = inf {, 1}(x)
while, if f(z) > 1,
inf {| "%, 3 () = |f]"/*" (@) — 1 (n — 400).
Consequently, inf {f, 1} = nEIJIrloo inf {|f|'/2", f} pointwise on X and the sequence
(inf {|f |"/2", f})n>1 is decreasing. Taking again Dini’s property into account, we get

inf {f,1} = nli)rllooinfﬂf Eaivs!

in (E,7), and hence inf {f,1} € A.
Moreover, note that for every f,g € £

[inf {f,1} —inf {g,1}[ < [f —gl,

and, hence, by Property (R;), the mapping f —— inf{f 1} from E into E is 7-
continuous. Therefore, inf{g, 1} € A for every g € A and this completes the proof. [J

The spirit of the proof of the next result is very similar to the one of Lemma 4.2.

Lemma 4.3

Let X be a locally compact Hausdorff space, (FE,T) a Stone regular vector lattice
on X. Then the closure of every subalgebra of ENCy(X,R) is a Stone vector sublattice
of B.

Proof. Let A be a subalgebra of E N Cy(X,R); first of all we shall prove that |f| € A
for every f € A.
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To this end, consider the function ¢ : [0,1] — R defined by ¢(t) := /2, (t > 0)
and, for every n > 1, the corresponding Bernstein polynomial:

bn(t) == Z (Z)t’“(l — )"k (k)l/g (0<t<1).

k=0 n

Being ¢ concave, we have that b, < b,41 and b, (t) — t1/2 for n — +o0 uniformly
on [0,1] (see [2, Example 1 to Theorem 4.2.7 and Theorem 6.3.8]).
Fix, now a function f € A; for every x € X

P\
)
i e g (£
= 1l 1

oo "\ IIF11%

oy (2@ () 1”(#(@)’“( _f?(x))”"“
il >.—bn<||f||go>—§<k> () () (-

Note that b,(0) = 0, so that f, € A; moreover, f, < fo+1 and ||fllcofn — |f]
uniformly on X.
Since (E, ) satisfies Dini’s property (see Theorem 2.3), |f| = lir}rl | flloofr in
n—-r-oo

(E,7); hence, |f| € A.

By Property (R1), the mapping f —— |f| from E into E is 7-continuous and
hence |g| € A for every g € A, i.e. A is a sublattice of E.

Reasoning as in the proof of Lemma 4.2, one can also prove thatinf {f, 1} € A
for every f € A and this completes the proof. O

@) = 7]l (

) = |flle lim_fule),

where

As a first consequence of the lemmas above we obtain the following two results,
which would be compared with [13, Lemma 1, p. 94] and [12, Proposition 3.7].

Assuming that E is a subalgebra of C(X,R), for a given subset M of E, we
denote by B(M) the subalgebra generated by M, i.e. the smallest subalgebra of E
containing M.

Proposition 4.4

Let X be a locally compact Hausdorff space and (F,T) a regular vector lattice
on X which is a subalgebra and a band in C(X,R). Let M be a subset of E. Then
S(M) C B(M).

Therefore, if M separates strongly the points of X, then B(M) is dense in (E, T).

Proof. By Lemma 4.2, B(M) is a Stone vector sublattice of E and hence S(M) C
B(M).
The last part of the statement follows from Corollary 3.7. O

By applying a similar argument, one can show the following result.
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Proposition 4.5

Let X be a locally compact Hausdorff space, (E,T) a Stone regular vector lattice
on X and M a subset of E. Assume that there exists B(M) and it is contained in
Cy(X,R). Then S(M) C B(M).

Therefore, if M separates strongly the points of X, then B(M) is dense in (E,T).

By combining Corollary 3.7 and Lemma 4.2, we also get a description of the
closed subalgebra A(M) of (E,T) generated by a subset M of E, i.e. the smallest
closed subalgebra of (E, 7) containing M. Clearly, B(M) C A(M).

Theorem 4.6

Let (E, T) be a regular vector lattice on a locally compact Hausdorff space X and
assume that E is a subalgebra and a band of C(X,R). Let M be a subset of E. Then

B(M)

A(M) = S(M)
I(M)Yn{feFE|f isconstant on M(x) for every xz € X}. (4.1)

Therefore, A(M) = E if and only if M separates strongly the points of X.

Proof. From Proposition 4.4, we get S(M) C B(M) C A(M).

Moreover, I(M)N{f € E | f is constant on M (zx) for every x € X} is a closed
subalgebra of (E, 7) containing M, so that

AM) CI(M)Nn{f € E| f is constant on M(x) for every x € X}.

Then, by applying Corollary 3.7, our statement follows. 0
Similarly, by using Lemma 4.3, we get the next result.

Theorem 4.7

Let (E, T) be a Stone regular vector lattice on a locally compact Hausdorff space X
and assume that E is a subalgebra of C(X,R). Let M be a subset of E such that
A( ) - Cb( ) Then

B(M) = A(M) = S(M)
=IM)N{fe€E|f isconstant on M(x) for every x € X}. (4.2)

Therefore, A(M) = E if and only if M separates strongly the points of X.

Let (E,T) be a regular vector lattice on a locally compact Hausdorff space X; if
fo € E and M is a subset of E, we shall set

foM™ = {fo-g" [ge M} (n=1). (4.3)

With the next last result, we shall characterize the space of the generalized affine
functions related to some subspaces generated by subsets of the form (4.3) and we
show their connection with the closed Stone sublattice as well as with the subalgebra
generated by M.
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Theorem 4.8

Let (E,T) be a regular vector lattice on a locally compact Hausdorff space X.
Let M be a subset of E and assume that there exists a strictly positive function
fo € L(M) such that foM, foM? C E. Then, denoting by H the subspace generated
by {fo} U foM U foM? and by Kor(H), its Korovkin closure (see the final part of
Section 2),

Kor(H), = H, = {f € E | f is constant on M (x) for every z € X}. (4.4)
In particular, if E' is a Stone vector lattice, then
S(M) = H, = Kor(H), (4.5)

and, if F is a subalgebra and a band in C(X,R) (resp., a Stone vector lattice and a
subalgebra such that A(M) C Cy(X,R)), then

A(M) = H, = Kor(H),. (4.6)
Moreover, H, = E if and only if M separates the points of X.

Proof. Consider f € H, and z € X. If y € M (), then h(x) = h(y) for every h € H,
so that f(x) = f(y) by Theorem 2.4.

Conversely, fix a function f € E such that f is constant on M (z) for every z € X
and consider x € X and p € M, ,(H). If y ¢ M(x), there exists h € M such that
h(z) # h(y); then the function

k:= fo(h(z) —h)? € H
satisfies the following properties:
k>0, k(z) =0 and  k(y) > 0.
f(z)

Then, by Lemma 2.1, supp(p) C M(x). Consequently, since f = ) fo on
supp(4),

/fdpn:]‘é)((z))/foduzf(:ﬂ)

and this completes the proof by virtue of Theorem 2.4.
The last part of the theorem follows from Corollary 3.7, Theorem 4.6 and Theo-
rem 4.7. Il

Remark 4.9 Let (E,T) be a regular vector lattice on a locally compact Hausdorff
space X and assume that there exist a subset M of E and a strictly positive function
fo € L(M) such that foM, foM? C E, where foM" is defined by (4.3) for i = 1,2.
Then, denoting by H the subspace generated by {fo}U foM U foM?, on account of the
final remark of Section 2, we get that H is a Korovkin subspace in E for the topology 7
(i.e. the Korovkin closure of H in E for 7 coincides with E) if and only if M separates
the points of X (compare this result with [4, Proposition 4.7, Proposition 4.8]).
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Some concrete examples of Korovkin subspaces of this form in regular vector

lattices are also presented in [4, Examples 4.9]; here we limit ourselves to notice that if
(E, 1) is a regular vector lattice on a locally compact Hausdorff space X and there exists
a strictly positive function fy € E such that f3, f§ € E, then the subspace generated
by {fo, f&, f3} is a Korovkin subspace in E for 7 if and only if fy is one-to-one.

We finally point out that, as in the space Cy(X,R), also in the gene-

ral setting of regular vector lattices, Stone-Weierstrass type results such as Corol-
lary 3.7, Theorem 4.6 and Theorem 4.7 are equivalent to a Korovkin-type result such
as [4, Proposition 4.7].
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