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Introduction

The theory of topological algebras has its first roots in the famous works by
Gelfand on‘“normed rings” of 1939 (see [6, 7, 8, 9]) followed by about fifteen
years of successful activity on this subject which culminated in the publication
of the book dealing with the commutative theory and its applications. From
there the theory of normed and Banach algebras gained more and more im-
portance (see [10] for a thorough account) until, with the development of the
theories of topological rings and topological vector spaces, the investigation of
general topological algebras became unavoidable. On the one hand, there was
a great interest in better understanding which are the advantages of having
in the same structure both the properties of topological rings and topologi-
cal vector spaces. On the other hand it was desirable to understand how far
one can go beyond normed and Banach algebras still retaining their distin-
guished features. The need for such an extension has been apparent since the
early days of the theory of general topological algebras, more precisely with
the introduction of locally multiplicative convex algebras by Arens in [1] and
Michael in [21] (they introduced the notion independently). Moreover, it is
worth noticing that the previous demand was due not only to a theoretical
interest but also to concrete applications of this general theory to a variety of
other disciplines (such as quantum filed theory and more in general theoretical
physics). This double impact of the theory of topological algebras is probably
the reason for which, after almost 80 years from its foundation, this is still an
extremely active subject which is indeed recently enjoying very fast research
developments.
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Chapter 1

General Concepts

In this chapter we are going to consider vector spaces over the field K of real
or complex numbers which is given the usual euclidean topology defined by
means of the modulus.

Brief reminder about algebras over a field

Let us first recall the basic vocabulary needed to discuss about algebras.

Definition 1.1.1. A K—algebra A is a vector space over K equipped with an
additional binary operation which is bilinear:

AxA — A
(a,b) — a-b

called vector multiplication.

In other words, (A, +,-) is a ring such that the vector operations are both
compatible with the multiplication by scalars in K.

If a K—algebra has an associative (resp. commutative) vector multipli-
cation then it is said to be an associative (resp. commutative ) K—algebra.
Furthermore, if a K—algebra A has an identity element for the vector multi-
plication (called the unity of A), then A is referred to as unital.

Examples 1.1.2.
1. The real numbers form a unital associative commutative R—algebra.
2. The complex numbers form a unital associative commutative R—algebra.
3. Given n € N, the polynomial ring R[x1,...,xy,] (real coefficients and n
variables) equipped with pointwise addition and multiplication is a unital
associative commutative R—algebra.
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4. The space C(X) of K—wvalued continuous function on a topological space

X equipped with pointwise addition and multiplication is a unital asso-
ctative commutative K—algebra.

. Given n € N, the ring R™"™ of real square matrices of order n equipped

with the standard matriz addition and matrixz multiplication is a unital
associative R—algebra but not commutative.

. The set of quaternions H := {a + bi + ¢j + dk : a,b,c,d € R} equipped

with the componentwise addition and scalar multiplication is a real vector
space with basis {1,1,7,k}. Let us equip H with the Hamilton product
which is defined first on the basis elements by setting

il=1=1-i, j-1=1=1-4, k-1=1=1-k, *=j2=k=-1
ij =k, ji=—k, jk=i, kj=—i, ki=j, ik=—j,

and then it is extended to all quaternions by using the distributive prop-
erty and commutativity with real quaternions. Note that the multiplica-
tion formulas are equivalent to i = j?> = k? = ijk = —1.

Then H is a unital, associative but mon-commutative R—algebra since
e.g. ij =k but ji = —k.

. The three-dimensional Fuclidean space R® equipped with componentwise

addition and scalar multiplication and with the vector cross product
A as multiplication is a non-unital, non-associative, non-commutative

R—algebra. Non-associative since e.g. (i Nj)Nj =kANj = —i but
iN(GANJ) =1iN0 = 0, non-commutative since e.g. i Nj = k but
JNi = —k and non-unital because if there was a unit element u then for

any © € R3 we would have u A x = x = x Au, which is equivalent to say
that x is perpendicular to itself and so that x = 0. (Here i = (1,0,0),
j=1(0,1,0) and k = (0,0,1) ).

If we replace the vector cross product by the componentwise multiplica-
tion then R3 becomes a unital associative commutative R—algebra with
unity (1,1,1).

Recall that:

Definition 1.1.3. Let A be a K—algebra. Then
1. A subalgebra B of A is a linear subspace of A closed under vector mul-

tiplication, i.e. Vb,b' € B, bV € B.

2. A left ideal (resp. right ideal) I of A is a linear subspace of A such that

Va € ANbe I, abe I (resp. Ya € A,¥b e I, ba € I. An ideal of A is
a linear subspace of A which is simultaneously left and right ideal of A.
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3. A homomorphism between two K—algebras (A,-) and (B,*) is a linear
map ¢ : A — B such that ¢(a - b) = p(a) *x p(b) for all a,b € A. Its
kernel Ker(p) is an ideal of A and its image p(A) is a subalgebra of
B. A homomorphism between two unital K—algebras has the additional
property that p(14) = 1p where 14 and 1p are respectively the unit
element in A and the unit element in B.

4. The vector space A1 = K x A equipped with the following operations:

(A a) + (p,b) :i= AN+ p,a+b), VA ueK,a,be A

p(A @) = (pA, pa), VA, p € K,a € A
(A a) - (uyb) == (A, Ab + pa + ab), YA\, pe K a,be A
is called the unitization of A.

Proposition 1.1.4. A K—algebra A can be always embedded in its unitization
Ay which is a unital algebra.

Proof. 1t is easy to check that A; fulfils the assumptions of K—algebra and
that the map
e:A— Aj,a— (0,a)

is an injective homomorphism, i.e. a monomorphism. The unit element of
Aj is given by (1,0) as (A\,a) - (1,0) = (N\,a) = (1,0) - (N, a), VA € K,a € A.
Identifying a and e(a) for any a € A, we can see A as a subalgebra of A;. [

Definition and main properties of a topological algebra

Definition 1.2.1. A K—algebra A is called a topological algebra (TA)if A
18 endowed with a topology T which makes the vector addition and the scalar
multiplication both continuous and the vector multiplication separately contin-
uous. (Here K is considered with the euclidean topology and, Ax A and K x A
with the corresponding product topologies.)

If the vector multiplication in a TA is jointly continuous then we just
speak of a TA with a continuous multiplication. Recall that jointly continuous
implies separately continuous but the converse is false in general. In several
books, the definition of TA is given by requiring a jointly continuous vector
multiplication but we prefer here the more general definition according to [18].

An alternative definition of TA can be given in connection to TVS. Let us
recall the definition:
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Definition 1.2.2. A vector space X over K is called a topological vector space
(TVS)if X is provided with a topology T which is compatible with the vector
space structure of X, i.e. T makes the vector addition and the scalar multi-
plication both continuous. (Here K is considered with the euclidean topology
and, X x X and K x X with the corresponding product topologies.)

Then it is clear that

Definition 1.2.3. A topological algebra over K is a TVS over K equipped
with a separately continuous vector multiplication.

Therefore, TAs inherit all the advantageous properties of TVS. In the
following we will try to characterize topologies which make a K—algebra into
a TA. To do that we will make use of the results already available from the
theory of TVS and see the further properties brought in by the additional
structure of being a TA.

In this spirit, let us first recall that the topology of a TVS is always trans-
lation invariant that means, roughly speaking, that any TVS topologically
looks about any point as it does about any other point. More precisely:

Proposition 1.2.4.

The filter ' F(z) of neighbourhoods of x in a TVS X coincides with the family
of the sets O + x for all O € F(o), where F(o) is the filter of neighbourhoods
of the origin o (i.e. neutral element of the vector addition).

(see [15, Corollary 2.1.9]]). This result easily implies that:

Proposition 1.2.5. Let X, Y be two t.v.s. and f: X =Y linear. The map
f is continuous if and only if f is continuous at the origin o.

Proof. (see [15, Corollary 2.1.15-3]]). O

Thus, the topology of a TVS (and in particular the one of a TA) is com-
pletely determined by the filter of neighbourhoods of any of its points, in
particular by the filter of neighbourhoods of the origin o or, more frequently,
by a base of neighbourhoods of the origin 0. We would like to derive a criterion
on a collection of subsets of a K—algebra A which ensures that it is a basis of
neighbourhoods of the origin o for some topology ™ making (A, 7) a TA. To
this aim let us recall the following result from TVS theory:

L A filter on a set X is a family F of subsets of X which fulfils the following conditions:
(F1) the empty set § does not belong to F
(F2) F is closed under finite intersections
(F3) any subset of X containing a set in F belongs to F
(c.f. [15, Section 1.1.1])).
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Theorem 1.2.6. A filter F of a vector space X over K is the filter of neigh-
bourhoods of the origin for some topology T making X into a TVS iff

1. The origin belongs to every set U € F

2.YUeF,IVeFst. V4+VCU

3. YU € F, VA € K with A # 0 we have AU € F

4. YU € F, U s absorbing.

5. VYU € F, AV € F balanced s.t. V C U.

Proof. (see [15, Theorem 2.1.10]). O

Recall that:

Definition 1.2.7. Let U be a subset of a vector space X.
1. U is absorbing (or radial) if Vz € X Jp > 0 s.t. VA € K with [N\ < p
we have A\x € U.
2. U is balanced (or circled) if Vo € U, VA € K with |\| < 1 we have
A eU.

(see also [15, Examples 2.1.12, Proposition 2.1.13]).
A first interesting consequence of Theorem 1.2.6 for TA is that

Lemma 1.2.8. For a TVS to be a TA with continuous multiplication it is
necessary and sufficient that the vector multiplication is jointly continuous at
the point (0, 0).

Proof.

If A is a TA with continuous multiplication, then clearly the multiplication is
jointly continuous everywhere and so in particular at (0,0). Conversely, let
A be a TVS with multiplication M jointly continuous at the point (o, 0) and
denote by F(o) the filter of neighbourhoods of the origin in A. Let (o0,0) #
(a,b) € Ax A and U € F(o). Then Theorem 1.2.6 guarantees that there
exists V' € F(o) balanced and such that V +V +V C U. Moreover, the joint
continuity of the multiplication at (o, 0) gives that there exists Uy, Us € F(0)
such that U;Uy C V. Taking W := Uy N Uy we have WW C V. Also, since
W is absorbing, there exists p > 0 s.t. for all A € K with |A] < p we have

ifp<1
Xa €W, \be W, Fore:_{ i ;Z;l , we have both |0] < 1 and |0] < p.
P
Hence,
(a+0W)(b+ W) ab + abW + Wob + 0*°WW C ab + WW + WW + 6*V

-
C ab+V+V+V Cab+U.

We showed that 3N € F (o) such that M ~1(ab+U) 2 (a+ N) x (b+ N) which
proves that joint continuity of M at the point (a,b). O
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We are now ready to give a characterization for a basis? of neighbourhoods
of the origin in a TA (resp. TA with continuous multiplication).

Theorem 1.2.9. A non-empty collection B of subsets of a K—algebra A is a
basis of neighbourhoods of the origin for some topology making A into a TA if
and only if

a) B is a basis of neighbourhoods of o for a topology making A into a TVS.
b) VUeBNac A VW € B s.t. aVCU and Wa CU.

Proof.
Let (A,7) be a TA and B be a basis of neighbourhoods of the origin of A.
Then (A, 7) is in particular a TVS and so (a) holds. Also by definition of TA,
the multiplication is separately continuous which means for any a € A the
maps L,(y) = ay and R,(y) = ya are both continuous everywhere in A. Then
by Proposition 1.2.5 they are continuous at o, i.e. YU € B,Va € A, AV,W € B
st. VCL;YU)and W C R;Y(U), i.e. aV C U and Wa C U, that is (b).
Conversely, suppose that B is a collection of subsets of a K—algebra A
fulfilling (a) and (b). Then (a) guarantees that there exists a topology 7 having
B as basis of neighbourhoods of o and such that (A4, 7) is a TVS. Hence, as
we have already observed, (b) means that both L, and R, are continuous at o
and so by Proposition 1.2.5 continuous everywhere. This yields that the vector
multiplication on A is separately continuous and so that (A,7) is a TA. [

Theorem 1.2.10. A non-empty collection B of subsets of a K—algebra A is
a basis of neighbourhoods of the origin for some topology making A into a TA
with continuous multiplication if and only if

a) B is a basis of neighbourhoods of o for a topology making A into a TVS.
b’)) YU eB,IVeBst VV CU.

Proof. (Sheet 1). O

Examples 1.2.11.

1. Every K—algebra A endowed with the trivial topology T (i.e. 7= {0, A})
is a TA.

2A family B of subsets of X is called a basis of a filter F if
1. BCF
2. VAe F,3BeBst. BCA
or equivalently if VA, B € B,3C € Bs.t. C C AN B (c.f. [15, Section 1.1.1])
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2. Let S be a non-emptyset and KS be the set of all functions from S to
K equipped with pointwise operations and the topology w of pointwise
convergence (or simple convergence), i.e. the topology generated by

B :={W.(z1,...,2n) :n€Nyzy,...,2, € S, >0},

where We(zy,...,x,) == {f € K% : f(x;) € B(0),i = 1,...,n} and
B.(0) = {k € K : |k| < ¢e}. Then (K w) is a TA with continuous
multiplication. Indeed, for anyn € Nyz1,...,x, € S,e > 0 we have that

Wz, o)W a2, xn) ={fg: f(2:),9(zi) € B z(0),i=1,...,n}
C{h:h(z;) € B:(0),i=1,...,n}
=We(z1,...,20).

As it is also easy to show that (K%, w) is a TVS, the conclusion follows
by Theorem 1.2.10.

Two fundamental classes of TA are the following ones:

Definition 1.2.12 (Normed Algebra). A normed algebra is a K—algebra A
endowed with the topology induced by a submultiplicative norm ||-||, i.e. ||zy| <
lz(l[llyll, Yo,y € A.

Definition 1.2.13 (Banach Algebra). A normed algebra whose underlying
space is Banach (i.e. complete normed space) is said to be a Banach algebra.

Proposition 1.2.14. Any normed algebra is a TA with continuous multipli-
cation.

Proof.

Let (A,|| - ]|) be a normed algebra. It is easy to verify that the topology
7 induced by the norm || - || (i.e. the topology generated by the collection
B := {B:(0) : € > 0}, where B.(0) := {z € A : ||z]| < €}) makes A into a
TVS. Moreover, the submultiplicativity of the norm || - || ensures that for any
e > 0 we have: B z(0)B, z(0) C Bc(0). Hence, B fulfills both a) and b’) in
Theorem 1.2.10 and so we get the desired conclusion. O

Examples 1.2.15.

1. Let n € N. K" equipped with the componentwise operations of addi-
tion, scalar and vector multiplication, and endowed with the supremum
norm ||| = max;—1__n |z;| for all x == (z1,...,2,) € K" is a Banach
algebra.
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2. Let n € N. The algebra R™™ of all real square matrices of order n
equipped with the following norm is a Banach algebra:

A
|A]| := sup M,VA e R™",
zekn\(o} |7
where | - | is the usual euclidean norm on R™. Indeed, from the previous
ezample it is easy to see that (R™*" || -[|) is a Banach space. Also, for
any A, B € R™"™ we have that:
|A(Buz)| | B
[AB|[ = sup ———=<[A] sup —— =[A|B].
seR™\{o}  |T| zeRM\{o} |7

3. Let (X, T) be a topological space and C.(X) the set of all K—valued con-
tinuous functions with compact support. If we equip C.(X) with the

pointwise operations and the supremum norm || f|| := sup,cx |f(z)|, then
(Ce(X), |l - 1) s a Banach algebra.

Before coming back to general TA, let us observe a further nice property
of normed and so of Banach algebras, which will allow us to assume w.l.o.g.
that in a unital normed algebra the unit has always unitary norm.

Proposition 1.2.16. If (A,p) is a unital normed algebra with unit 14, then
there always exists a subultiplicative norm q on A equivalent to p and such
that q(14) = 1.

Proof. Suppose that p(14) # 1 and define

q(a) := sup p(am)y Va € A.
zeA\{o} P(T)

Immediately from the definition, we see that ¢(14) = 1 and p(ay) < q(a)p(y)
for all a,y € A. The latter implies at once that

p(a) = p(ala) < q(a)p(1a), Ya € A (1.1)

and

g(ab) = sup P o g AR s Vabe A (1.2)

zeA\fo} P(T) T zeavfoy P(T)

Moreover, since p is submultiplicative, we have that for all a € A

qgla) < sup —F——— =
(a) veA\fo} D(T)

The latter together with (1.1) guarantees that ¢ is equivalent to p, while (1.2)
its submultiplicativity. O
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So far we have seen only examples of TA with continuous multiplication.
In the following example, we will introduce a TA whose multiplication is sep-
arately continuous but not jointly continuous.

Example 1.2.17.

Let (H,(-,-,)) be an infinite dimensional separable Hilbert space over K. De-
note by || - || the norm on H defined as ||z||g := \/{x,z) for all x € H, and
by L(H) the set of all linear and continuous maps from H to H. The set L(H)
equipped with the pointwise addition a, the pointwise scalar multiplication m
and the composition of maps o as multiplication is a K—algebra.

Let 1., be the weak operator topology on L(H), i.e. the coarsest topology
on L(H) such that all the maps Ey, : L(H) = K, T — (Tz,y) (x,y € H) are
continuous. A basis of neighbourhoods of the origin in (L(H),Ty) is given by:

By = {Ve(xi,yi,n) e >0,neNz1,...,2n,Y1,...,yn € H},

where Ve(zi,yi,n) :={W € L(H) : |Wz;,y;)| <e,i=1,...,n}.

o (L(H),1y) is a TA.
Foranye >0, neN, x1,...,%n,Y1,---,Yn € H, using the bilinearity of the
inner product we easily have:

=y

-
Il
—

S 9
Ve (@i, yisn) X Ve (i, yi,n) = {(Tv )+ [(Twi,yi| < 5, (i, yi)| < 5}

{(T55) - (T + S)zi, yi)| < e}

IN
DL

-
Il

|
—
5

,S) (T + S) € Ve(wi,yisn)}
(Ve(ws, yi,m)),

|
®
L

B1(0) x Ve(wi,yi,n) = [ |[{(AT) € K x L(H) : A < 1, (T, yi)| < e}

D=1

@
Il
—_

< {ONT) « (D), yi)| < e} = m™ (Ve(@i, yi,n))

which prove that & and m are both continuous. Hence, (L(H),Ty) is a TVS.
Furthermore, we can show that the multiplication in (L(H),T,) is sepa-

rately continuous. For a fired T € L(H) denote by T* the adjoint of T and

set zi :=T*y; fori=1,...,n. Then

ToVi(zi,ziyn) = {ToS:|(Sxi,zi)| <ei=1,...,n}

- {W € L(H) : |<Wl’1,yz>’ < €,i = 17 v 7n} = V;-I(ajiayian)a
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where in the latter inequality we used that
(T o S)zi, yi)| = KT (Sz), yi)| = [(Swi, T yi)| = [(Swi, 2i)| <e.

Similarly, we can show that V.(x;, z;,n) o T C V.(z;,y;,n). Hence, By, fulfills
a) and b) in Theorem 1.2.9 and so we have that (L(H),Ty) is a TA.

e the multiplication in (L(H),Ty) is not jointly continuous.

Let us preliminarily observe that a sequence (Wj)jen of elements in L(H)
converges to W € L(H) w.r.t. Ty, in symbols W; ™% W, if and only if for
all z,y € H we have (Wiz,y) — (Wax,y)®. As H is separable, there exists
a countable orthonormal basis {ex}ren for H. Define S € L(H) such that
S(e1) :=o0 and S(ex) := egx—1 for all k € N with k > 2. Then the operator

Tn::S":<So---OS>, neN (1.3)
—

n times

is s.t. T, ™8 0 as n — . Indeed, Vxr € H, A\, € K : xzzgozl)qgek 4 s0

[Thz| = Z AeT(er) Z Ak€k—n
k=n+1 k=n+1
= Z>ﬂc+n€k Z Arinl? = Z |Ak|?—=0, as n — oo
k=1 k=n+1

which implies that (T,x,y) — 0 as n — oo since |[(Tnx,y)| < [|[Tnx||yll-

Moreover, the adjoint of S is the continuous linear operator S* : H — H
such that S*(ex) = eg+1 for all k € N. Hence, for any n € N we have that
T = (S™)* = (8*)" and we can easily show that also T ™% o. In fact, for
any z,y € Hwe have that (T} z,y)| = [(z, Toy)| < ||| Thy| — 0 as n — oc.
However, we have S*S = I where I denotes the identity map on H, which
giwves in turn that T oT,, = I for any n € N. Hence, for any n € N and any
z,y € H we have that (T o Tp)z,y) = (x,y) and so that T o T, % o as
n — 0o, which proves that o is not jointly continuous.

3Indeed, we have

W, W <<= Ve>0neNua,yucHIFEN:Y>5W, —W € Ve(xs,yi,n)
= Ve>0,neNz,y € H I eN:Vj> 5 {(W; — W)z, y:)| < e
< VnEN,xi,yi6H,<(ijW)xi,yi)%0, as j — o0
— Vz,y€ H, (W; —W)z,y) =0, as j — oo.

4Recall that if {hi}icr is an orthonormal basis of a Hilbert space H then for each y € H
Y= er( hiyhi and [lyl|> = 32, c; [(y, ha)|? (see e.g. [22, Theorem IL6] for a proof)

10
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Let 15 be the strong operator topology or topology of pointwise con-
vergence on L(H), i.e. the coarsest topology on L(H) such that all the maps
E,:L(H)— H,Tw— Tx (r € H) are continuous. A basis of neighbourhoods
of the origin in (L(H),Ts) is given by:

Bs :={Uc(ziyn) :e >0,neNjzy,...,x, € H},

where Ug(zi,n) :=={T € L(H) : |Txi|lg <e,i=1,...,n}.

o (L(H),7s) is a TA.
For any r > 0, denote by By(0) (resp. Br(0)) the open unit ball centered at o
in H (resp. at 0 in K). Then for anye >0, n €N, z1,...,z, € H we have:

Us(zi,n) x Ug(xi,n) = {(T,S) : Txj, Sz; € Bg(0),1= 1,...,n}
C {T,8): (T + S)xi||lg <ei=1,...,n}
= {(T,8): (T +8) € U(xs,n)} = a  (Us(zi,n))

Bi(0) x Us(zi,n) = {(NT) €K x LH): [N <1,|Taillg <ei=1,....n)
C LT |ONDasllg <ei=1,...,n} = m~ (Us(as,n))

which prove that a and m are both continuous.

Furthermore, we can show that the multiplication in (L(H),Ts) is sepa-
rately continuous. Fized T € L(H), its continuity implies that T~1(Bc(0)) is
a neighbourhood of o in H and so that there exists n > 0 such that By(o) C
T~Y(B.(0)). Therefore, we get:

ToUy(xzi,n) = {ToS:S5¢eL(H) with Sx; € By(o),i=1,...,n}
C {(WelL(H): Wx; € B:(0o),i=1,...,n}
= Ug(l'i,N),

where in the latter inequality we used that

(T o S)z; = T(Sz;) € T(By(0)) C T(T~*(B:(0))) C B:(o).
Similarly, we can show that Uy(x;,n) o T C U(x;,n). Hence, Bs fulfills a)
and b) in Theorem 1.2.9 and so we have that (L(H), 7s) is a TA.

e the multiplication in (L(H),Ts) is not jointly continuous

It is enough to show that there exists a neighbourhood of the origin in (L(H), Ts)
which does not contain the product of any other two such neighbourhoods.
More precisely, we will show 3¢ > 0, Jxg € H s.t. YVer,e9 > 0, Vp,q € N,

11
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Vi, ..., Zp, Y1, .., Yg € H we have Uz, (x;,p) 0 Usy (yi, q) € Us(20), i.e. there
exist A € Uz, (z4,p) and B € Ug,y(yi,q) with Bo A ¢ U.(x).

Choose 0 < e <1 and xg € H s.t. ||xol| = 1. For any 1,62 > 0,p,q € N,
T1yeoosTpyY1,--.,Yq € H, take

0<d<—2 (1.4)
max ||yl
i=1,...,q
and n € N such that
HTn(wk)H <6€1,f0’f’k‘: 17"'apa (15)

where Ty, is defined as in (1.3). (Note that we can choose such an n as we
showed above that ||Tjz| — 0 as j — 00). Setting A := T, and B := 0T}; we
get that:

1 (1.5)
Azl = 5Tl < a1, fork=1,....p

and
* 4) (1.4) .
1Byill = 0l T5yill = ollyill < ea, fori=1,....q.
Hence, A € U, (x;,p) and B € U,,(yi,q) but Bo A ¢ U.(x0) because

1(B o A)xoll = (T3 Tn)woll = [lzoll = 1 > &

Note that L(H) endowed with the operator norm ||-|| is instead a normed
algebra and so has jointly continuous multiplication. Recall that the operator
norm is defined by ||T|| := sup %, VI'e L(H).

zeH\{o} "

Hausdorffness and unitizations of a TA

Topological algebras are in particular topological spaces so their Hausdorfness
can be established just by verifying the usual definition of Hausdorff topolog-
ical space.

Definition 1.3.1. A topological space X is said to be Hausdorff or (T2) if
any two distinct points of X have neighbourhoods without common points; or
equivalently if two distinct points always lie in disjoint open sets.

However, a TA is more than a mere topological space but it is also a TVS.
This provides TAs with the following characterization of their Hausdorfness
which holds in general for any TVS.



1.3. Hausdorflness and unitizations of a TA

Proposition 1.3.2. For a TVS X the following are equivalent:

a) X is Hausdorff.

b) {o} is closed in X.

c¢) The intersection of all neighbourhoods of the origin o is just {o}.
d)Vo#z € X,3U € F(o)s.t. ¢ U.

Since the topology of a TVS is translation invariant, property (d) means
that the TVS is a (T1)5topological space. Recall for general topological spaces
(T2) always implies (T1), but the converse does not always hold (c.f. Exam-
ple 1.1.41-4 in [15]). However, Proposition 1.3.2 ensures that for TVS and so
for TAs the two properties are equivalent.

Proof.
Let us just show that (d) implies (a) (for a complete proof see [15, Proposi-
tion 2.2.3, Corollary 2.2.4] or even better try it yourself!).

Suppose that (d) holds and let z,y € X with  # y, i.e. z —y # o. Then
there exists U € F(0) s.t. x —y ¢ U. By (2) and (5) of Theorem 1.2.6, there
exists V € F(o) balanced and s.t. V +V C U. Since V is balanced V = -V
then we have V —V C U. Suppose now that (V +z)N(V +vy) # 0, then there
exists z € (V+2)N(V +y),ie z2=v+z=w+y for some v,w € V. Then
r—y=w—v €€V -V CU and so x —y € U which is a contradiction. Hence,
(V+2)n(V+y) =0 and by Proposition 1.2.4 we know that V + = € F(x)
and V +y € F(y). Hence, X is Hausdorf. O

We have already seen that a K—algebra can be always embedded in a unital
one, called unitization see Definition 1.1.3-4) . In the rest of this section, we
will discuss about which topologies on the unitization of a K—algebra makes
it into a TA. To start with, let us look at normed algebras.

Proposition 1.3.3. If A is a normed algebra, then there always exists a norm
on its unitization Ay making both Ay into a normed algebra and the canonical
embedding an isometry. Such a norm is called a unitization norm.

Proof.
Let (A,] - ||) be a normed algebra and A; = K x A its unitization. Define

Ik, @)l = [k] + llall, Yk € K,a € A,

5 A topological space X is said to be (T1) if, given two distinct points of X, each lies
in a neighborhood which does not contain the other point; or equivalently if, for any two
distinct points, each of them lies in an open subset which does not contain the other point.

13
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Then [|(1,0)]]1 = 1 and it is straightforward that || - ||; is a norm on A; since
| - | is a norm on K and || - || is a norm on A. Also, for any \,k € K,a,b € A
we have:

|(E,a)( N b)|l1 = ||(BX ka+ Ab+ ab)|1 = |kA| + ||ka + Ab + ab||

< [KlIAL+Ellall + Allol] + [lafllol] = [£I(AL+16]) + llall (1AL +{16]])
= ([K[+ llalDUAT+ ol = 1R a)[[[I(As )1
This proves that (A1, ||-||1) is a unital normed algebra. Moreover, the canonical

embedding e : A — Aj,a +— (0, a) is an isometry because ||e(a)|[1 = |0|+]al]| =
||a]| for all @ € A. This in turn gives that e is continuous and so a topological

embedding. O
Remark 1.3.4. Note that || - ||1 induces the product topology on Ay given by
(K, |-]) and (A,|| - ||) but there might exist other unitization norms on Ay not
necessarily equivalent to || - |1 (see Sheet 1, Ezercise 3).

The latter remark suggests the following generalization of Proposition 1.3.3
to any TA.

Proposition 1.3.5. Let A be a TA. Its unitization Ay equipped with the cor-
responding product topology is a TA and A is topologically embedded in Aj.
Note that Ay is Hausdorff if and only if A is Hausdorff.

Proof. Suppose (A, 7) is a TA. By Proposition 1.1.4, we know that the unitiza-
tion A; of A is a K—algebra. Moreover, since (K, |-|) and (A, 7) are both TVS,
we have that A; := K x A endowed with the corresponding product topology
Tprod is also a TVS. Then the definition of multiplication in A; together with
the fact that the multiplication in A is separately continuous imply that the
multiplication in A; is separately continuous, too. Hence, (A1, Tproq) is a TA.

The canonical embedding e of A in A; is then a continuous monomor-
phism, since for any U neighbourhood of (0,0) in (A1, Tproq) there exist e > 0
and a neighbourhood V of o in (A,7) such that B.(0) x V. C U and so
V = e }(B:(0) x V) C e }(U). Hence, (A,7) is topologically embedded
in (Al, Tpmd).

Finally, recall that the cartesian product of topological spaces endowed
with the corresponding product topology is Hausdorff iff each of them is Haus-
dorff. Then, as (K, |-|) is Hausdorff, it is clear that (A1, Tproq) is Hausdorff iff
(A,7) is Hausdorff. © O

5 Alternative proof:

A Hausdorff £22 {0} closed in Al ¥ {(0,0)} closed in A, &2 (A1, Tproa) Hausdorff.

14
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1.4. Subalgebras and quotients of a TA

If A is a TA with continuous multiplication, then A; endowed with the
corresponding product topology is also a TA with continuous multiplication.
Moreover, from Remark 1.3.4, it is clear that the product topology is not the
unique one making the unitization of a TA into a TA itself.

Subalgebras and quotients of a TA

In this section we are going to see some methods which allow us to construct
new TAs from a given one. In particular, we will see under which conditions
the TA structure is preserved under taking subalgebras and quotients.

Let us start with an immediate application of Theorem 1.2.9.

Proposition 1.4.1. Let X be a K—algebra, (Y,w) a TA (resp. TA with con-
tinuous multiplication) over K and ¢ : X — Y a homomorphism. Denote
by B, a basis of neighbourhoods of the origin in (Y,w). Then the collection
B := {p 1 (U) : U € B,} is a basis of neighbourhoods of the origin for a
topology T on X such that (X, 7) is a TA (resp. TA with continuous multipli-
cation).

The topology 7 constructed in the previous proposition is usually called
initial topology or inverse image topology induced by .

Proof.
We first show that B is a basis for a filter in X.

For any By, Bs € B, we have By = ¢~ }(U;) and By = ¢~ !(Us) for some
Uy,Uy € B,,. Since B, is a basis of the filter of neighbourhoods of the origin in
(Y,w), there exists Us € B, such that U3 C U; N Us and so Bz := ¢~ 1(Us) C
o Y (U) N~ Y(Uz) = By N By and clearly Bs € B.

Now consider the filter F generated by B. For any M € F, there exists
U € B, such that ¢~ }(U) C M and so we have the following:

1. oy € U and so ox € ¢ (oy) € o~} (U) = M.

2. by Theorem 1.2.6-2 applied to the TVS (Y, w), we have that there exists

V € B, such that V +V C U. Hence, setting N := ¢ (V) € F we
have N+ N C o Y (V+V)Cp 1 (U)= M.

3. by Theorem 1.2.6-3 applied to the TVS (Y,w), we have that for any
A € K\ {0} there exists V' € B, such that V. C AU. Therefore, setting
N := ¢ (V) € Bwe have N C o }(AU) = A¢~}(U) € AM, and so
AM € F.

4. For any * € X there exists y € Y such that » = ¢~ 1(y). As U is

absorbing (by Theorem 1.2.6-4 applied to the TVS (Y,w)), we have
that there exists p > 0 such that Ay € U for all A € K with |A| < p.

15
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This yields Ar = Ap~1(y) = ¢ 1(\y) € o~ }(U) = M and hence, M is
absorbing in X.
5. by Theorem 1.2.6-5 applied to the TVS (Y, w), we have that there exists
V € B, balanced such that V' C U. By the linearity of ¢ also ¢~1(V) is
balanced and so, setting N := ¢~ 1(V) we have N C o~ }(U) = M.
Therefore, we have showed that F fulfills itself all the 5 properties of Theorem
1.2.6 and so it is a filter of neighbourhoods of the origin for a topology 7 making
(X,7) a TVS.
Furthermore, for any z € X and any B € B we have that there exist
y € Y and U € B, such that z = ¢~ 1(y) and B = o~ }(U). Then, as (Y,w)
is a TA, Theorem 1.2.9 guarantees that there exist Vi, Vo € B, such that
yVi C U and Voy C U. Setting Ny := ¢~ 1(V1) and Ny := ¢~ 1(V3), we obtain
that N1, Ny € B and Ny = o Y(y)e 1 (V1) = ¢ 1 (yV1) C ¢ }(U) = B and
zNy = o7 (y)p ' (Va) = ¢ ' (yV2) € ¢ 1(U) = B. (Similarly, if (Y,w) is a
TA with continuous multiplication, then one can show that for any B € B
there exists N € B such that NN C B.)
Hence, by Theorem 1.2.9 (resp. Theorem 1.2.10) , (X, 7) is a TA (resp.
TA with continuous multiplication). O

Corollary 1.4.2. Let (A,w) be a TA (resp. TA with continuous multiplica-
tion) and M a subalgebra of A. If we endow M with the relative topology Tar
induced by A, then (M, Tar) is a TA (resp. TA with continuous multiplication).

Proof.

Consider the identity map id : M — A and let B, a basis of neighbourhoods
of the origin in (A,w) Clearly, id is a homomorphism and the initial topology
induced by id on M is nothing but the relative topology 7p; induced by A
since

{id ' (U):UeB,}={UNM:U € B,} = ru.

Hence, Proposition 1.4.1 ensures that (M, 7ps) is a TA (resp. TA with contin-
uous multiplication). O

With similar techniques to the ones used in Proposition 1.4.1 one can show:

Proposition 1.4.3. Let (X,w) be a TA (resp. TA with continuous multi-
plication) over K, Y a K—algebra and ¢ : X — Y a surjective homomor-
phism. Denote by B,, a basis of neighbourhoods of the origin in (X,w). Then
B:={pU):U € B,} is a basis of neighbourhoods of the origin for a topology
T on'Y such that (Y,7) is a TA (resp. TA with continuous multiplication).

Proof. (Sheet 2) O



1.4. Subalgebras and quotients of a TA

Using the latter result one can show that the quotient of a TA over an
ideal endowed with the quotient topology is a TA (Sheet 2). However, in the
following we are going to give a direct proof of this fact without making use of
bases. Before doing that, let us briefly recall the notion of quotient topology.

Given a topological space (X, w) and an equivalence relation ~ on X. The
quotient set X/~ is defined to be the set of all equivalence classes w.r.t. to
~. The map ¢ : X — X/~ which assigns to each x € X its equivalence class
¢(x) w.r.t. ~ is called the canonical map or quotient map. Note that ¢ is
surjective. Thequotient topology on X/ ~ is the collection of all subsets U of
X/~ such that ¢~}(U) € w. Hence, the quotient map ¢ is continuous and
actually the quotient topology on X/~ is the finest topology on X/~ such
that ¢ is continuous.

Note that the quotient map ¢ is not necessarily open or closed.

Example 1.4.4. Consider R with the standard topology given by the modulus
and define the following equivalence relation on R:

r~ye (x=yV{z,y} CZ).

Let R/~ be the quotient set w.r.t ~ and ¢ : R — R/~ the correspondent
quotient map. Let us consider the quotient topology on R/~. Then ¢ is not
an open map. In fact, if U is an open proper subset of R containing an integer,
then ¢~ (p(U)) = U UZ which is not open in R with the standard topology.
Hence, ¢(U) is not open in R/~ with the quotient topology.

For an example of not closed quotient map see e.g. [15, Example 2.3.3].

Let us consider now a K—algebra A and an ideal I of A. We denote by
A/I the quotient set A/~y, where ~ is the equivalence relation on A defined
by z ~y y iff # —y € I. The canonical (or quotient) map ¢ : A — A/I which
assigns to each = € A its equivalence class ¢(z) w.r.t. the relation ~7 is clearly
surjective.

Using the fact that I is an ideal of the algebra A (see Definition 1.1.3-2),
it is easy to check that:

1. if x ~y y, then V) € K we have Az ~1 Ay.

2. ifx ~yy, thenVz € A we have x + z ~7r y + 2.

3. if z ~;y, then Vz € A we have zz ~y yz and zx ~g zy .
These three properties guarantee that the following operations are well-defined
on A/I:

e vector addition: Vo(x),d(y) € A/I, p(x) + ¢(y) := d(x + y)
e scalar multiplication: VA € K, Vo(x) € A/I, A\p(x) := ¢(Ax)
e vector multiplication: V ¢(x),¢(y) € A/I, ¢p(x) - ¢(y) = ¢(xy)

17
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A/I equipped with the three operations defined above is a K—algebra which
is often called quotient algebra. Then the quotient map ¢ is clearly a ho-
momorphism. Moreover, if A is unital and I proper then also the quotient
algebra A/I is unital. Indeed, as I is a proper ideal of A, the unit 14
does not belong to I and so we have ¢(14) # o and for all z € A we get
B(2)6(14) = Blx - 1a) = $(w) = d(La - 2) = B(14)6(x).

Suppose now that (A,w) is a TA and I an ideal of A. Since A is in
particular a topological space, we can endow it with the quotient topology
w.r.t. the equivalence relation ~;. We already know that in this setting ¢ is a
continuous homomorphism but actually the structure of TA on A guarantees
also that it is open. Indeed, the following holds for any TVS and so for any TA:

Proposition 1.4.5. For a linear subspace M of a t.v.s. X, the quotient map-
ping ¢ : X — X /M is open (i.e. carries open sets in X to open sets in X/M)
when X/M is endowed with the quotient topology.

Proof.
Let V be open in X. Then we have

oMoV =V+M= ] (V+m).

meM

Since X is a t.v.s, its topology is translation invariant and so V + m is open
for any m € M. Hence, ¢~1(¢(V)) is open in X as union of open sets. By
definition, this means that ¢(V') is open in X/M endowed with the quotient
topology. ]

Theorem 1.4.6. Let (A,w) be a TA (resp. TA with continuous multiplica-
tion) and I an ideal of A. Then the quotient algebra A/I endowed with the
quotient topology is a TA (resp. TA with continuous multiplication).

Proof.

For convenience, in this proof we denote by a (resp. m) the vector addition
(resp. vector multiplication) in A/I and just by + (resp. -) the vector addition
(resp. vector multiplication) in A. Let W be a neighbourhood of the origin
o in A/I endowed with the quotient topology 7g. We first aim to prove that
a~1 (W) is a neighbourhood of (0,0) in A/I x A/I.

By definition of 7¢, ¢! (W) is a neighbourhood of the origin in (4, w)
and so, by Theorem 1.2.6-2 (we can apply the theorem because (A,w) is a
TA and so a TVS), there exists V neighbourhood of the origin in (4, w) s.t.
V +V C ¢~ 1(W). Hence, by the linearity of ¢, we get

a(@(V) x @(V)) = ¢(V +V) S o(¢7 (W) CW, ie. 6(V) xd(V) Ca™ (W).
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Since ¢ is also an open map, ¢(V) is a neighbourhood of the origin o in
(A/I,7g) and so a~1(W) is a neighbourhood of (0,0) in A/I x A/I endowed
with the product topology given by 7g. A similar argument gives the con-
tinuity of the scalar multiplication. Hence, A/I endowed with the quotient
topology is a TVS.

Furthermore, for any £ € A/I and any W neighbourhood of the origin in
(A/I,7qg), we know that & = ¢(x) for some z € A and ¢~ (W) is a neigh-
bourhood of the origin in (A,w). Since (A,w) is a TA, the multiplication
- in A is separately continuous so there exist Vi, V5 neighbourhoods of the
origin in (A,w) such that - V3 C ¢~ Y(W) and Vo -2 C ¢~ (W). Setting
Ny = ¢(V1) and Ny := ¢(Va), we get m(Z x Ni) = m(¢p(x) x ¢(V1)) =
d(z - Vi) C ¢p(¢~1(W)) C W and similarly m(Ny x &) C (¢~ 1 (W)) C W.
This yields that m is separately continuous as the quotient map is open and
so Ny, N are both neighbourhoods of the origin in (A/1, 7). O

Proposition 1.4.7. Let A be a TA and I an ideal of A. Consider A/I
endowed with the quotient topology. Then the two following properties are
equivalent:

a) I is closed

b) A/I is Hausdorff

Proof.

In view of Proposition 1.3.2, (b) is equivalent to say that the complement of
the origin in A/I is open w.r.t. the quotient topology. But the complement
of the origin in A/I is exactly the image under the canonical map ¢ of the
complement of I in A. Since ¢ is an open continuous map, the image under
¢ of the complement of I in X is open in A/ iff the complement of I in A is
open, i.e.(a) holds. O

Corollary 1.4.8. If A is a TA, then A/{o} endowed with the quotient topology
is a Hausdorff TA. A/{o} is said to be the Hausdorff TA associated with A.
When A is a Hausdorff TA, A and A/{o} are topologically isomorphic.

Proof.

First of all, let us observe that @ is a closed ideal of A. Indeed, since A is a
TA, the multiplication is separately continuous and so for all z,y € A we have
z{o} C {z -0} = {0} and {0}y C {0y} = {0}. Then, by Theorem 1.4.6 and
Proposition 1.4.7, A/{o} is a Hausdorff TA. If in addition A is also Hausdorff,
then Proposition 1.3.2 guarantees that {o} = {o} in A. Therefore, the quotient
map ¢ : A — A/{o} is also injective because in this case Ker(¢) = {o}.
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Hence, ¢ is a topological isomorphism (i.e. bijective, continuous, open, linear)
between A and A/{o} which is indeed A/{0}. O

Let us finally focus on quotients of normed algebra. If (A, ||-]|) is a normed
(resp. Banach) algebra and I a closed ideal of A, then Theorem 1.4.6 guar-
antees that A/I endowed with the quotient topology is a TA with continuous
multiplication but, actually, the latter is also a normed (resp. Banach) alge-
bra. Indeed, one can easily show that the quotient topology is generated by
the so-called quotient norm defined by

q(¢(z)) :=inf |z +y|, VxeA
yel

which has the nice property to be submultiplicative and so the following holds.

Proposition 1.4.9. If (A,|| - ||) is a normed (resp. Banach) algebra and I
a closed ideal of A, then A/I equipped with the quotient norm is a normed
(resp. Banach) algebra.

Proof. (Sheet 2) O



2.1

Chapter 2

Locally multiplicative convex algebras

Neighbourhood definition of Imc algebras

In the study of locally multiplicative convex algebras a particular role will be
played by multiplicative sets. Therefore, before starting the study of this class
of topological algebras we are going to have a closer look to this concept.

Definition 2.1.1. A subset U of a K—algebra A is said to be a multiplica-
tive set or m-set if U -U C U. We call m-convex (resp. m-balanced) a
multiplicative convez (resp. balanced) subset of A and absolutely m-convex a
multiplicative subset of A which is both balanced and convex.

The notions defined above are totally algebraic and so independent from
the topological structure with which the algebra is endowed.

Example 2.1.2.
e Any ideal of an algebra is an m-set.
o Fized an element a # o of an algebra, the set {a" : n € N} is an m-set.
e Given a normed algebra (A, | - ||) and an integer n € N, the open and
the closed ball centered at origin with radius % are both examples of
absolutely m-conver sets in A.

The following proposition illustrates some operations under which the mul-
tiplicativity of a subset of an algebra is preserved.

Proposition 2.1.3. Let A be a K—algebra and U C A multiplicative, then
a) The convex hull of U is an m-convex set in A.

b) The balanced hull of U is an m-balanced set in A.

¢) The convex balanced hull of U is an absolutely m-convex set in A.

d) Any direct or inverse image via a homomorphism is a m-set.

Proof. (Sheet 2) O
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Recall that

Definition 2.1.4. Let S be any subset of a vector space X over K. The convex
(resp. balanced) hull of S, denoted by conv(S) (resp. bal(S)) is the smallest
convex (resp. balanced) subset of X containing S, i.e. the intersection of all
convex (resp. balanced) subsets of X containing S. Equivalently,

conv(S) := {Z Aixi s x; € S, A €10, 1],2&- =1,ne¢€ N}

i=1 i=1

and the balanced hull of S, denoted by bal(S) as

bal(S):= | AS.
AeK,|\<1

The convex balanced hull of S, denoted by convy(S), is defined as the smallest
convex and balanced subset of X containing S and it can be easily proved that
convy(S) = conv(bal(5)).

Let us come back now to topological algebras.

Proposition 2.1.5. In any topological algebra, the operation of closure pre-
serves the multiplicativity of a subset as well as its m-convezity and absolute
m-converity.

Proof.
First of all let us show that the following property holds in any TA (A, 7):

VV,WCA V-WCVW. (2.1)

where the closure in A is here clearly intended w.r.t. the topology 7. Let
x€V,y €W and O € F(o) where F(0) denotes the filter of neighbourhoods
of the origin in A. As A is in particular a TVS, Theorem 1.2.6-2 ensures that
there exists N € F(0) s.t. N+ N C O. Then for each a € A, by Theorem
1.2.9, there exist N1, No € F(0) such that Nya C N and aNo C N. Moreover,
since # € V and y € W, there exist v € V and w € W s.t. v € x + N7 and
w € y + No. Putting all together, we have that

vwe (z+N)w = zw+ NwCzw+ N Cax(y+ No)+ N
= zy+axzNo+ N Caxy+ N+ N Cuzxy+O.

Hence, (xy + O) N VW # (), which proves that xy € VW. Therefore, if U is
an m-set in A then by (2.1) we get U - U C U -U C U, which proves that U
is an m-set.
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Suppose now that U is m-convex. The first part of the proof guarantees
that U is an m-set. Moreover, using that A is in particular a TVS, we have
that for any A\ € [0, 1] the mapping

or: AxA — A
(x,y) — X+ (1-Ny

is continuous and so ¢ (U x U) C ¢ (U x U). Since U is also convex, for any
A € [0,1] we have that ¢)(U x U) C U and so ¢\(U x U) C U. Putting all
together, we can conclude that o\ (U xU) = o\(U x U) C U, i.e. U is convex.
Hence, U is an m-convex set.

Finally, assume that U is absolutely m-convex. As U is in particular m-
convex, by the previous part of the proof, we can conclude immediately that
U is an m-convex set. Furthermore, since U is balanced and A has the TVS
structure, we can conclude that U is also balanced. Indeed, in any TVS the
closure of a balanced set is still balanced because the multiplication by scalar
is continuous and so for all A € K with |A\| < 1 we have AU CMNU CU. O

Definition 2.1.6. A closed absorbing absolutely convex multiplicative subset
of a TA is called a m-barrel.

Proposition 2.1.7. Fvery multiplicative neighbourhood of the origin in a TA
is contained in a neighbourhood of the origin which is an m-barrel.

Proof.

Let U be a multiplicative neighbourhood of the origin and define T'(U) :=

convy(U). Clearly, U C T(U). Therefore, T(U) is a neighbourhood of the

origin and so it is absorbing by Theorem 1.2.6-4). By Proposition 2.1.3-c),

convy(U) is an absolutely m-convex set as U is an m-set. Hence, Proposition

2.1.5 ensures that T'(U) is closed and absolutely m-convex, i.e. an m-barrel.
O

Note that the converse inclusion in Proposition 2.1.7 does not hold in
general. Indeed, in any TA not every neighbourhood of the origin (not even
every multiplicative one) contains another one which is a m-barrel. This means
that not every TA has a basis of neighbourhoods consisting of m-barrels.
However, this is true for any lmc TA.

Definition 2.1.8. A TA is said to be locally multiplicative convex (lmc) if it
has a basis of neighbourhoods of the origin consisting of m-convez sets.

It is then easy to show that
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Proposition 2.1.9. A locally multiplicative convex algebra is a TA with con-
tinuous multiplication.

Proof.

Let (A, 7) be an lmc algebra and let B denote a basis of neighbourhoods of the
origin in (A, 7) consisting of m-convex sets. Then (A, 7) is in particular a TVS
and for any U € B we have U - U C U. Hence, both conditions of Theorem
1.2.10 are fulfilled by B, which proves that (A,7) is a TA with continuous
multiplication. O

Note that any lmc algebra is in particular a locally convex TVS, ie. a
TVS having a basis of neighbourhoods of the origin consisting of convex sets.
Hence, in the study of this class of TAs we can make use of all the powerful
results about locally convex TVS. To this aim let us recall that the class
of locally convex TVS can be characterized in terms of absorbing absolutely
convex neighbourhoods of the origin.

Theorem 2.1.10. If X is a lc TVS then there exists a basis B of neighbour-
hoods of the origin consisting of absorbing absolutely convex subsets s.t.

a) VU VeB, W eBst. WCUNV

b) VU € B,Vp>0,3IW € B s.t. W C pU

Conversely, if B is a collection of absorbing absolutely convex subsets of a vec-
tor space X s.t. a) and b) hold, then there exists a unique topology compatible
with the linear structure of X s.t. B is a basis of neighbourhoods of the origin
in X for this topology (which is necessarily locally convez).

Proof.
Let N be a neighbourhood of the origin in the lc TVS (X, 7). The local
convexity ensures that there exists W convex neighbourhood of the origin in
(X,7) s.t. W C N. Moreover, by Theorem 1.2.6-5), there exists U balanced
neighbourhood of the origin in X s.t. U C W. Then, using that W is a
convex set containing U, we get conv(U) C W C N. Now conv(U) is convex by
definition, balanced because U is balanced and it is also a neighbourhood of the
origin (and so an absorbing set) since U C conv(U). Hence, the collection B :=
{conv(U) : U € By} is a basis of absorbing absolutely convex neighbourhoods
of the origin in (X, 7); here B;, denotes a basis of balanced neighbourhoods of
the origin in (X, 7). Observing that for any U, W € By, and any p > 0 we have
conv(UNW) C conv(U) Nconv(W) and conv(pU) C pconv(U), we see that B
fulfills both a) and b).

The converse direction is left as an exercise for the reader. O

This theorem will be a handful tool in the proof of the following charac-
terization of lmc algebras in terms of neighbourhood basis.
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Theorem 2.1.11. Let A be a K—algebra. Then the following are equivalent:

a) A is an lmc algebra

b) A is a TVS having a basis of neighbourhoods consisting of m-barrels.

¢) There exists a basis for a filter on A consisting of absorbing absolutely
m-conver subsets.

Proof.

a) = b) If A is an lmc algebra, then we have already observed that it is a
lc TVS. Let F(o) be the filter of neighbourhoods of the origin in A and let
N € F(o). The TVS structure ensures that there exists V' € F(o) closed
s.t. V € N' and the local convexity allows to apply Theorem 2.1.10 which
guarantees that we can always find M € F(o0) absolutely convex s.t. M C V.
Finally, since A is an Imc algebra, we know that there exists C' € F(0) m-
convex s.t. C'C M. Using the previous inclusions we have that

T(C) :=conv,(C) C M CV =V CN.

(Note that the first inclusion follows from the fact that M is a convex and
balanced subset containing C'.) Hence, the conclusion holds because T'(C) is
an m-barrel set as C' is a multiplicative neighbourhood of the origin (see last
part of proof of Proposition 2.1.7).

b) = c) This is clear because every m-barrelled neighbourhood of the origin
is an absorbing absolutely m-convex subsets of A.

¢) = a) Suppose that M is a basis for a filter on A consisting of absorbing
absolutely convex m-subsets. Then it is easy to verify that the collection
M = {XU : U € M,0 < XA < 1} also consists of absorbing absolutely
m-convex subsets of A. Moreover, for any U,V € M we know that there
exists W e M st. W CUNW and so for any 0 < A, x < 1 we have that
W Co(UNV)=0UNGSV C AU NupV where 6 := min{\, u}. As oW € M
we have that a) of Theorem 2.1.10. Also b) of this same theorem is satisfied
because for any p > 0,0 < A <1 and U € M we easily get that there exists
M e M st. M C p(A\U) by choosing M = p(AU) when 0 < p < 1 and
M = AU when p > 1. Hence, M fulfills all the assumptions of the second part
of Theorem 2.1.10 and so it is a basis of neighbourhoods of the origin for a
uniquely defined topology 7 on A making (A, 7) a lc TVS. As every set in M
is m-convex, (A, 7) is in fact a Imc algebra. O

!Every TVS has basis of closed neighbourhoods of the origin.
Proof.
Let F(o0) be the filter of neighbourhoods of the origin in a TVS X and N € F(o0). Then
Theorem 1.2.6 guarantees that there exists V' € F(o) balanced such that V —V C N. If
x € V then (V +2)NV # () and so there exist u,v € V s.t. u+ z = v, which gives
r=v—u€V -V CN. Hence, VC N. O
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From the last part of the proof we can immediately see that

Corollary 2.1.12. If M is a basis for a filter on a K—algebra A consisting of
absorbing absolutely convex m-subsets, then there exists a unique topology T on
A both having M := {\U : U € M,0 < X\ < 1} as a basis of neighbourhoods
of the origin and making (A, T) an Imc algebra.

Theorem 2.1.11 shows that in an lmc algebra every neighbourhood of the
origin contains an m-barrel set. However, it is important to remark that not
every m-barrel subset of a topological algebra, not even of an Imc algebra,
is a neighbourhood of the origin (see Examples 2.2.19)! Topological algebras
having this property are called m-barrelled algebras.

Seminorm characterization of Imc algebras

In this section we will investigate the intrinsic and very useful connection
between lmc algebras and seminorms. Therefore, let us briefly recall this
concept and focus in particular on submultiplicative seminorms.

Definition 2.2.1. Let X be a K—wvector space. A function p : X — R is
called a seminorm if it satisfies the following conditions:

1. p is subadditive: Yx,y € X, p(x +y) < p(z) + p(y).

2. p is positively homogeneous: Yz € X, VYA € K, p(Az) = |A|p(x).
A seminorm on a K—algebra X is called submultiplicative if

Vr,y € X, p(zy) < p(x)p(y).

Definition 2.2.2. A seminorm p on a vector space X is a norm if p(z) =0
implies x = o (i.e. if p~{({0}) = {o}).
The following properties are an easy consequence of Definition 2.2.1.

Proposition 2.2.3. Let p be a seminorm on a vector space X. Then:
e p is symmelric, i.e. p(x) = p(—x), Vo € X.

p(o) = 0.

lp(z) —p(y)| < plz—y), Va,y € X.

p(z) >0, Ve X.

ker(p) is a linear subspace of X.

Examples 2.2.4.

a) Suppose X = R™ is equipped with the componentwise operations of addition,
scalar and vector multiplication. Let M be a linear subspace of X. For any
€ X, set

= inf —
qm () T;gMHw m|,
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where || - || is the Euclidean norm on R", i.e. qar(x) is the distance from
the point x to M in the usual sense. If dim(M) > 1 then qpr is a submulti-
plicative seminorm but not a norm (M is exactly the kernel of qpr). When
M = {o}, pp(+) and || - || coincide.

b) Let C(R) be the vector space of all real valued continuous functions on the
real line equipped with the pointwise operations of addition, multiplication
and scalar multiplication. For any a € R™, we define

pa(f) ‘= sup ’f(t)‘v VfGC(R)

—a<t<a

Then pq is a submultiplicative seminorm but is never a norm because it
might be that f(t) =0 for allt € [—a,a] (and so that p,(f) =0) but f # 0.
c) Let n > 2 be an integer and consider the algebra R™™™ of real square ma-
trices of order n. Then
q(A) == max [A;|, VA= (A4;)i;— € R™"
i,j=1,...,n §
is a mnorm (so in particular a seminorm) but it is not submultiplicative

because for example if A is the matriz with all entries equal to 1 then it is
easy to check that ||A?|| > ||A]|.

Seminorms on vector spaces are strongly related to a special kind of func-
tionals, i.e. Minkowski functionals. Let us investigate more in details such a
relation. Note that we are still in the realm of vector spaces with no topology!

Definition 2.2.5. Let X be a vector space and V a non-empty subset of X.
We define the Minkowski functional (or gauge) of V' to be the mapping:

py: X — R
r = py(z):=inf{A>0:2¢€\V}
(where py (x) = oo if the set {A > 0:x € AV} is empty).

It is then natural to ask whether there exists a class of subsets for which
the associated Minkowski functionals are actually seminorms, and in particular
submultiplicative seminorms in the context of algebras. The answer is positive
in both cases as established in the following lemma.

Notation 2.2.6. Let X be a vector space and p a seminorm on X. The sets
Uy={zeX:px)<1}andU, ={z e X :p(z) <1}.

are said to be, respectively, the open and the closed unit semiball of p.
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Lemma 2.2.7. Let X be a K—vector space (resp. K—algebra).

a) If V is a non-empty subset of X which is absorbing and absolutely convex
(resp. absolutely m-convex), then the associated Minkowski functional py
is a seminorm (resp. submultiplicative seminorm) and (}pv CV CUp,,.

b) If q is a seminorm (resp. submultiplicative seminorm) on X then both
qu and Uy are absorbing absolutely convex sets [resp. absolutely m-convez]
and for any absorbing absolutely convex (resp. absolutely m-convezr) V such
that (ofq CV CU; we have ¢ = py.

Proof.

a) Let V' be a non-empty subset of X which is absorbing and absolutely convex
and denote by py the associated Minkowski functional. We want to show that
py is a seminorm.

e First of all, note that py(x) < oo for all z € X because V' is absorbing.
Indeed, for any = € X there exists p, > 0 s.t. for all A € K with |A| < p,
we have Az € V and so the set {\A > 0:x € AV} is never empty, i.e. py
has only finite nonnegative values. Moreover, since o € V', we also have
that o € AV for any A € K and so py(0) =inf{A >0:0€ AV} =0.

e The balancedness of V' implies that py is positively homogeneous. Since
we have already showed that py (o) = 0 it remains to prove the positive
homogeneity of py for non-zero scalars. Since V is balanced we have
that for any x € X and for any &, A € K with £ # 0 the following holds:

A
(xr € AV if and only if x € @V. (2.2)

Indeed, V balanced guarantees that &V = [¢|V and so = € I?/\\V is

equivalent to &z € )\%V = AV. Using (2.2), we get that for any z € X

and for any ¢ € K with £ # 0:
py(xr) = inf{A>0:&x e \V}

= inf{A>O::ﬂ€|2\|V}

A A
= inf — >0: —V
in {‘5'15|> TE g }
— lelinf{u > 0: 2 € uV} = [€lpy (2).

e The convexity of V ensures the subadditivity of py. Take x,y € X.
By the definition of Minkowski functional, for every € > 0 there exist
A, >0 s.t.

)\<pv(x)+§ and z € AV
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and
€
p<pv(y) +5andyeuV.
Then, by the convexity of V, we obtain that ﬁV + ﬁ“uV CV,ie.

AV +uV C (A + p)V, and therefore x +y € (A + u)V. Hence:
pv(+y)=if{6>0:z+yedV}<A+pu<pv(z)+pv(y) +e

which proves the subadditivity of py since ¢ is arbitrary.
We can then conclude that py is a seminorm. Furthermore, we have the
following inclusions:
Upy €V C Upy.

In fact, if z € UD'pV then py(z) < 1 and so there exists 0 < A < 1s.t. z € AV.
Since V is balanced, for such A we have AV C V' and therefore z € V. On the
other hand, if z € V then clearly 1 € {\ > 0: z € AV} which gives py(z) <1
and so x € U, .

If X is a K—algebra and V' an absorbing absolutely m-convex subset of
X, then the previous part of the proof guarantees that py is a seminorm and
(O]pv C V C Up, . Moreover, for any a,b € X, the multiplicativity of V' implies
that {A>0:a € AVH{u>0:bepuV} C{d>0:abedV} and so

pyv(a)py(d) = Imf({A>0:acA\VH{u>0:be€uV})
> inf{d > 0:abec dV} = py(ab).

Hence, py is a submultiplicative seminorm.
b) Let us take any seminorm g on X. Let us first show that ﬁq is absorbing
and absolutely convex.
° [jq is absorbing.
Let x be any point in X. If g(x) = 0 then clearly = € ﬁq. If g(z) > 0,
we can take 0 < p < ﬁ and then for any A € K s.it. |\ < p the
positive homogeneity of ¢ implies that ¢(Az) = |A|q(z) < pg(z) < 1, i.e.
Az € [}q.
° lo]q is balanced.
For any = € f]q and for any A € K with |A\| < 1, again by the positive
homogeneity of ¢, we get: g(Az) = |Ag(x) < gq(x) <1lie Az e ﬁq.
° lo]q is convex.
For any z,y € l}q and any t € [0, 1], by both the properties of seminorm,
we have that g(tz + (1 —t)y) <tqx)+ (1 —t)q(y) <t+1—t=11ie.
te+ (1 —t)y € U,
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The proof above easily adapts to show that U, is absorbing and absolutely
convex. Also, it is easy to check that
P, (@) = a(2) = pu, (@), Vo € X. (2.3)

Since for any absorbing absolutely convex subset V of X s.t. ﬁq cCVvCcvu,
and for any z € X we have that

pu, (@) < py(@) < pg, (2).

by (2.3) we can conclude that py(z) = gq(z).

If X is a K—algebra and ¢ is submultiplicative, then the previous part
of the proof of b) applies but in addition we get that both [;'q and U, are
multiplicative sets. Indeed, for any a,b € ﬁq we have ¢(ab) < q(a)q(b) < 1,
ie. abe (qu and similarly for U,. O

In a nutshell this lemma says that: a real-valued functional on a K—vector
space X (resp. a K—algebra) is a seminorm (resp-submultiplicative seminorm,)
if and only if it is the Minkowski functional of an absorbing absolutely convex
(resp. absolutely m-convex) non-empty subset of X.

Let us collect some interesting properties of semiballs in a vector space,
which we will repeatedly use in the following.

Proposition 2.2.8. Let X be a K—uvector space and p a seminorm on X.
Then:

a) Yr >0, 0, :{xeX:p(w)<r}:fJ;p.
b)Vee X, o+U,={ye X :py—xz) <1}
¢) If q is also a seminorm on X, then p < q if and only if (7,1 - l?p.
d) Ifn € N and si,...,s, are seminorms on X, then their maximum s defined
as s(z) := max s;(x), Vo € X is also seminorm on X and Us = (i, Us,.
e

o

In particular, if X is a K—algebra and all s;’s are submultiplicative semi-
norms, then s(x) is also submultiplicative.

All the previous properties also hold for closed semballs.
Proof. (Sheet 3) O

Let us start to put some topological structure on our space and so to
consider continuous seminorms on it. The following result holds in any TVS
and so in particular in any TA.
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Proposition 2.2.9. Let X be a TVS and p a seminorm on X. Then the

following conditions are equivalent:

a) The open unit semiball ﬁp of p is an open neighbourhood of the origin and
coincides with the interior of U,.

b) p is continuous at the origin.

¢) The closed unit semiball Uy of p is a closed neighbourhood of the origin and
coincides with the closure of pr.

d) p is continuous at every point.

Proof.

a) = b) Suppose that ﬁp is open in the topology on X. Then for any
e > 0 we have that p~'(] —¢g,¢]) = {z € X : p(z) < ¢} = a(o]p is an open
neighbourhood of the origin in X. This is enough to conclude that p : X — RT
is continuous at the origin.

b) = ¢) Suppose that p is continuous at the origin, then U, = p~1([0, 1])
is a closed neighbourhood of the origin. Also, by definition ﬁp C Up and

SO (}p - 719 = U,. To show the converse inclusion, we consider z € X s.t.
p(x) = 1 and take (Ay)neny C (0,1) s.t. lim, oo Ay = 1. Then A,z € f]p and
lim,, s Apx = x since the scalar multiplication is continuous. Hence, x € ﬁp
which completes the proof of c).

¢) = d) Assume that ¢) holds and fix € X. Using Proposition 2.2.8 and
Proposition 2.2.3, we get that for any ¢ > 0: p~!([—e +p(z),p(z) +¢]) = {y €
X p(y) —px)| <e} D{y e X :p(y —x) < e} = a+ eUp, which is a closed
neighbourhood of z since X is a TVS and by the assumption ¢). Hence, p is
continuous at x.

d) = a) If p is continuous on X then a) holds because U, = p~*(] — 1,1[)
and the preimage of an open set under a continuous function is open. Also,
by definition (Ofp C Up and so U, = int ([afp) C int (Up). To show the converse
inclusion, we consider x € int (Up). Then p(z) < 1 but, since p(z) = Py, (x),

we also have that for any € > 0 there exists A > 0s.t. x € )\f]p and A < p(z)+e.
This gives that p(z) < A < 1+¢ and so p(x) < 1, i.e. = € U, which completes
the proof of a). O

Definition 2.2.10. Let X be a vector space and P := {p;ticr a family of
seminorms on X. The coarsest topology Tp on X s.t. each p; is continuous is
said to be the topology induced or generated by the family of seminorms P.

We are now ready to see the connection between submultiplicative semi-
norms and locally convex multiplicative algebras.
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Theorem 2.2.11. Let X be a K—algebra and P := {p;}icr a family of sub-
multiplicative seminorms. Then the topology induced by the family P is the
unique topology both making X into an Imc algebra and having as a basis of
neighbourhoods of the origin the following collection:

B:= {{LL’EX:pil(CL‘)§E,...,pin($)SE}:il,...7in€I,n€N,0<€§1}.

Viceversa, the topology of an arbitrary Imc algebra is always induced by a
family of submultiplicative seminorms (often called generating).

Proof.
Let us first observe that

n
B:{ﬂgUpij :neN,z’l,...,ineI,0<5§1}
j=1

and is a basis for a filter on X as it is closed under finite intersections. More-
over, by Proposition 2.2.8-a) and Lemma 2.2.7-b), we have that for any i € 1
the semiball €U, is absorbing and absolutely m-convex. Therefore, any ele-
ment in B is an absorbing absolutely m-convex subset of X as finite intersection
of sets having such properties. Hence, Corollary 2.1.12 guarantees that there
exists a unique topology 7 having B as a basis of neighbourhoods of the origin
and s.t. (X, 7) is an lmc algebra.

Since for any ¢ € I we have U,, € B, U, is a neighbourhood of the
origin in (X, 7), then by Proposition 2.2.9, the seminorm p; is 7—continuous.
Therefore, the topology 7p induced by the family P is by definition coarser
than 7. On the other hand, each p; is also 7p—continuous and so Uy, is a closed
neighbourhood of the origin in (X, 7p). Then B consists of neighbourhoods of
the origin in (X, 7p) which implies that 7 is coarser than 7p. Hence, 7 = 7p.

Viceversa, let us assume that (X, 7) is an lmc algebra. Then by Theo-
rem 2.1.11 there exists a basis A/ of neighbourhoods of the origin in (X, 7)
consisting of m-barrels. Consider now the family S := {py : N € N'}. By
Lemma 2.2.7-a), we know that each py is a submultiplicative seminorm and
that (opr C N C Upy. Now each py is 7—continuous because Uy, 2 N € N
and hence, 7s C 7. Moreover, each py is clearly 7s—continuous and so, by
Proposition 2.2.9, IOJPN is open in (X, 7s). Since [Z,N C N, we have that N
consists of neighbourhoods of the origin in (X, 7s), which implies 7 C 75. O

Historically the following more general result holds for locally convex tvs
and the previous theorem could be also derived as a corollary of:
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Theorem 2.2.12. Let X be a vector space and P := {p; }icr a family of semi-
norms. Then the topology induced by the family P is the unique topology both
making X into a locally convex TVS and having as a basis of neighbourhoods
of the origin the following collection:

B .= {{xEX:pil(a:)gs,...,pin(x)gs}:il,...,inel,nEN,O<8§1}.

Viceversa, the topology of an arbitrary locally convexr TVS is always induced
by a family of seminorms (often called generating).

Coming back to lmc algebras, Theorem 2.2.11 allows us to give another
characterization of such a class, namely: A TA is Imc if and only if its
topology is induced by a family of submultiplicative seminorms. This is very
helpful in establishing whether a given topological algebras is lmc or not as
we will see from the following examples.

Examples 2.2.13.

1. Normed algebras are clearly Imc algebras.

2. A seminormed algebra, i.e. a K—algebra endowed with the topology gen-
erated by a submultiplicative seminorm, is Imc.

3. The weak and the strong operator topologies on the space L(H) intro-
duced in Example 1.2.17 both make L(H) into a locally convez algebra
which is not Imc. Indeed, the weak operator topology 7, is generated by
the family of seminorms {pyy @ x,y € H} where p, (T) = [(Tx,y)|,
while the strong operator topology Ts is generated by the family of semi-
norms {py : © € H} where py(T) := ||Tz||. If (L(H),Ty) and (L(H), Ts)
were Imc algebras, then by Proposition 2.1.9 the multiplication should
have been jointly continuous in both of them but this is not the case as
we have already showed in Example 1.2.17.

4. Consider L¥([0,1]) = (1,5 LP([0,1]), where for each p > 1 we de-
fine LP([0,1]) to be the space of all equivalence 1classes of functions

f 10,1 = R such that || f]l, = (fol ]f(t)\pdt); < oo which agree
almost everywhere. The set L¥([0,1]) endowed with the pointwise oper-
ations is a real algebra since for any q,r > 1 such that % = % + 1 we

have '
1£9llp < I fllqllglls, Vs g € L2([0, 1]).

The algebra L¥([0,1]) endowed with the topology induced by the family
P:={|l-llp:p>1} of seminorms is a locally convex algebra. However,

(L¥([0,1]),mp) is not an lmc algebra because any m-convex subset U is
open in (L¥([0,1)),7p) if and only if U = L¥([0,1]) (Sheet 3).
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Let us conclude this section with a further very useful property of Imc
algebras.

Proposition 2.2.14. The topology of an Imc algebra can be always induced
by a directed family of submultiplicative seminorms.

Definition 2.2.15. A family Q := {q;}jes of seminorms on a vector space
X is said to be directed (or fundamental or saturated) if

VneNj1,...,dn€J,3j€ J,C >0 s.t. C'qj(sc)zkir}ax ¢, (x), Vo e X.
. (2.4)

To prove Proposition 2.2.14 we need to recall an important criterion to
compare topologies induced by families of seminorms.

Theorem 2.2.16.
Let P = {pi}icr and Q = {q;}jes be two families of seminorms on a K—wvector
space X inducing respectively the topologies Tp and Tg. Then Tp is finer than
To (i.e. 7o C 7p) iff

Vge QIneN,i,...,ip, €I, C >0 s.t. Cq(z)<  max pi, (), Vo € X.

=1,...,n

2.5
Proof. (2:5)
Let us first recall that, by Theorem 2.2.12, we have that
n
Bp :— { e, itseevin€ LneN,0 < e < 1}
k=1
and
n
Bo ::{ﬂqujk e jn€dnEN0<e< 1}.
k=1
are respectively bases of neighbourhoods of the origin for 7p and 7¢.
By using Proposition 2.2.8, the condition (2.5) can be rewritten as
n
Vg€ Q neN,iy,...in€l,C>0st. C(\U, CU,
k=1
which means that
Vge Q, 3B, e Bp st. B, CU,. (2.6)

since C' (), [o]pik € Bp.

Condition (2.6) means that for any ¢ € Q the set f]q is a neighbourhood
of the origin in (X, 7p), which by Proposition 2.2.9 is equivalent to say that ¢
is continuous w.r.t. 7p. By definition of 79, this gives that 79 C 7p. O
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This theorem allows us to easily see that the topology induced by a family
of seminorms on a vector space does not change if we close the family under
taking the maximum of finitely many of its elements. Indeed, the following
result holds.

Proposition 2.2.17. Let P := {p; }icr be a family of seminorms on a K—wvector
space (resp. submultiplicative seminorms on a K—algebra) X. Then we have

that Q := {maxieBpi : 0 # B C I with B finite } is a directed family of
seminorms (resp. submultiplicative seminorms) and Tp = 1o, where Tp and

Tg denote the topology induced on X by P and Q, respectively.

Proof.

First of all let us note that, by Proposition 2.2.8-d), Q is a family of seminorms.
On the one hand, since P C Q, by definition of induced topology we have
Tp C 7. On the other hand, for any ¢ € Q we have ¢ = maxp; for some

i€B
) # B C I finite. Then (2.5) is fulfilled for n = |B| (where |B| denotes the
cardinality of the finite set B), i1,. .., 1, being the n elements of B and for any

0 < C < 1. Hence, by Theorem 2.2.16, 7o C 7p. If X is a K—algebra and P
consists of submultiplicative seminorms, then O consists of submultiplicative
seminorms by the second part of Proposition 2.2.8-d).

We claim that O is directed.

Let n € Nand q1,...,q, € Q. Then for each j € {1,...,n} we have ¢; =

Max p; for some non-empty finite subset B; of I. Let us define B := U;'L:1 B;

1ED;

and q := mAX ;. Then ¢ € Q and for any C' > 1 we have that (2.4) is satisfied,
1€

because we get that for any x € X

Cq(x) > riréaécpi(w) = mmax (Eg%?pi(w)> = mmax gj ().

Hence, Q is directed.

We are ready now to show Proposition 2.2.14.

Proof. of Proposition 2.2.14

Let (X, 7) be an Imc algebra. By Theorem 2.2.11, we have that there exists
a family of submultiplicative seminorms P := {p;}ic; on X s.t. 7 = 7p. Let
us define Q as the collection obtained by forming the maximum of finitely
many elements of P, i.e. Q := {%aé{pi : ) # B C I with B finite } By
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Proposition 2.2.17, Q is a directed family of submultiplicative seminorms and
we have that 7p = 7¢. O

It is possible to show (Sheet 3) that a basis of neighbourhoods of the origin
for the lmc topology 7¢ induced by a directed family of submultiplicative
seminorms @ is given by:

By:={rUj:qe Q,0<r <1} (2.7)

Remark 2.2.18. The proof of Proposition 2.2.14 can be easily adapted to
show that the topology of a lc tvs can be always induced by a directed family
of seminorms Tg and that the corresponding (2.7) is basis of neighbourhoods
of the origin for 7g.

Example 2.2.19. Let Cy(R) the set of all real-valued bounded continuous func-
tions on the real line endowed with the pointwise operations of addition, mul-
tiplication and scalar multiplication and endowed with the topology T induced
by the family Q := {pa : a > 0}, where po(f) := sup_,<;<, | ()], Vf € Cp(R).
Since each pg is a submultiplicative seminorm (see Example 2.2.4-d)), the
algebra (Cp(R), 70) is Imc.

Note that Q is directed since for any n € N and any positive real numbers
ai,...,an we have that maxi=1, . npa;(f) = subicppp |f ()| = po(f), where
b :=max;—1,. na;, and so (2.4) is fulfilled. Hence, By as in (2.7) is a basis of
neighbourhoods of the origin for the lmc topology o .

The algebra (Cy(R),7g) is not m-barrelled, because for instance the set
M = {f € C(R) : sup;cg | f(t)| < 1} is an m-barrel but not a neighbourhood of
the origin in (Cp(R), 70). Indeed, no elements of the basis By of neighbourhoods
of the origin is entirely contained in M, because for any a > 0 and any
0 < r <1 the set rUp, also contains continuous functions bounded by r on
[—a, a] but bounded by C' > 1 on the whole R and so not belonging to M.

Hausdorff Imc algebras

In Section 1.3, we gave some characterization of Hausdorff TVS which can
of course be applied to establish whether an Imc algebra is Hausdorff or not.
However, in this section we aim to provide necessary and sufficient conditions
bearing only on the family of seminorms generating an lmc topology for being
a Hausdorff topology.
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Definition 2.3.1.
A family of seminorms P := {pi}icr on a vector space X 1is said to be sepa-
rating if

Ve e X\ {o},3iel st pi(x)#0. (2.8)

Note that the separation condition (2.8) is equivalent to
pi(z)=0,Viel =x=o0

which by using Proposition 2.2.8 can be rewritten as

m C[iji = {o}, (2.9)

i€l,c>0

since p;(xz) = 0 is equivalent to say that p;(z) < ¢, for all ¢ > 0.

It is clear that if any of the elements in a family of seminorms is actually
a norm, then the the family is separating.

Lemma 2.3.2. Let 7p be the topology induced by a separating family of semi-
norms P := (p;)icr on a vector space X. Then p is a Hausdorff topology.

Proof. ?

Let z,y € X be such that = # y. Since P is separating, we have that 3¢ € I
with p;(z —y) # 0. Then 3 e > 0 s.t. pi(z —y) = 2e. Take V,, := :L'+€(°]pi and
Vy =y+ eﬁpi. Since Theorem 2.2.12 guarantees that (X, 7p) is a TVS where
the set elofpi is a neighbourhood of the origin, V, and V,, are neighbourhoods
of z and y, respectively. They are clearly disjoint. Indeed, if there would exist
u € VyNVy then pi(z —y) = pi(z —u+u—y) < pi(z —u) +pi(u—y) <2,
which is a contradiction. O

Proposition 2.3.3.

a) A locally convex TVS is Hausdorff if and only if its topology can be induced
by a separating family of seminorms.

b) An lmc algebra is Hausdorff if and only if its topology can be induced by a
separating family of submultiplicative seminorms.

2 Alternative proof By Theorem 2.2.12, we know that (X, 7p) is a TVS and that Bp :=
{mZ:1 Eﬁpik ti,...,in € I,neN0<e < 1} is a basis of neighbourhoods of the origin.

Then (| B= [\ <U,, @

, = {o} and so Proposition 1.3.2 gives that (X, 7p) is Hausdorff.
BEBp i€1,e>0
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Proof.

a) Let (X, 7) be alocally convex TVS. Then we know that 7 is induced by a
directed family P of seminorms on X and that By := {rU, :p€ Q,0 <r <1}
(see Remark 2.2.18).

Suppose that (X, 7) is also Hausdorff. Then Proposition 1.3.2 ensures that
for any x € X with x # o there exists a neighbourhood V of the origin in X
s.t. 2 ¢ V. This implies that there exists at least B € By s.t. = ¢ B2 i.e.
there exist p € P and 0 < r < 1 s.t. = ¢ rUp. Hence, p(z) > r > 0 and so
p(x) # 0, i.e. P is separating.

Conversely, if 7 is induced by a separating family of seminorms P, i.e.
T = 7p, then Lemma 2.3.2 ensures that X is Hausdorff.

b) A Hausdorff Imc algebra (X, 7) is in particular a Hausdorff lc tvs, so
by a) there exists a separating family P of seminorms s.t. 7 = 7p. Since
(X, ) is an lmc algebra, Theorem 2.2.11 ensures that there exists Q family of
submultiplicative seminorms s.t. 7 = 7o. Hence, we have got 7p = 79 which
gives in turn that for any p € P there exist q1,q0 € Q and C1,Cy > 0 s.t.
Ciq1(x) < p(z) < Caga(z),Vr € X. This gives in turn that if g(z) = 0 for all
q € Q then we have p(z) = 0 for all p € P which implies x = 0 because P
is separating. This shows that Q is a separating family of submultiplicative
seminorms. Conversely, if 7 is induced by a separating family of submultiplica-
tive seminorms P, i.e. 7 = 7p, then Lemma 2.3.2 ensures that X is Hausdorff
and Theorem 2.2.11 that it is an Imc algebra. O

Examples 2.3.4.

1. Every normed algebra is a Hausdorff Imc algebra, since every submulti-
plicative norm is a submultiplicative seminorm satisfying the separation
property. Therefore, every Banach algebra is a complete Hausdorff Imc
algebra.

2. Every family of submultiplicative seminorms on a vector space containing
a submultiplicative norm induces a Hausdorff llmc topology.

3. Given an open subset Q of R? with the euclidean topology, the space C(Q)
of real valued continuous functions on  with the so-called topology of
uniform convergence on compact sets is a Imc algebra. This topology is
defined by the family P of all the submultiplicative seminorms on C(€2)

ven b
groen oy pi(f) == H?leél}%{|f($)|, VK C Q compact.

3Since By is a basis of neighbourhoods of the origin, 3 B € By s.t. B C V. If 2 would
belong to all elements of the basis then in particular it would be z € B and so also z € V,
contradiction.
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Moreover, (C(Q),Tp) is Hausdorff, because the family P is clearly sepa-
rating. In fact, if pi (f) = 0, VK compact subsets of 2 then in particular
P2y (f) = |f(2)| = 0, Vz € Q, which implies f =0 on Q.

The finest Imc topology

In the previous sections we have seen how to generate topologies on an algebra
which makes it into an Imc algebra. Among all of them, there is the finest one
(i.e. the one having the largest number of open sets).

Proposition 2.4.1. The finest Imc topology on an algebra X is the topology
induced by the family of all submultiplicative seminorms on X.

Proof.

Let us denote by S the family of all submultiplicative seminorms on the vector
space X. By Theorem 2.2.11, we know that the topology 7s induced by S
makes X into an lmc algebra. We claim that 75 is the finest lmc topology.
In fact, if there was a finer lmc topology 7 (i.e. 7s C 7 with (X, 7) lmc
algebra) then Theorem 2.2.11 would give that 7 is also induced by a family
P of submultiplicative seminorms. But then P C S and so 7 = 7p C 75 by
definition of induced topology. Hence, 7 = 7s. O

An alternative way of describing the finest Imc topology on an algebra
without using the seminorms is the following:

Proposition 2.4.2. The collection of all absorbing absolutely m-convex sets
of an algebra X is a basis of neighbourhoods of the origin for the finest lmc
topology on X.

Proof.

Let 742 be the finest Imc topology on X and M the collection of all absorbing
absolutely m-convex sets of X. Since M fulfills all the properties required in
Corollary 2.1.12, there exists a unique topology 7 which makes X into an
Imc algebra having as basis of neighbourhoods of the origin M. Hence, by
definition of finest lmc topology, 7 C Tyae. On the other hand, (X, Tiae) is
itself an lmc algebra and so Theorem 2.2.11 ensures that has a basis Bqz
of neighbourhoods of the origin consisting of absorbing absolutely m-convex
subsets of X. Then clearly B, is contained in M and, hence, Tjq, C 7. O

This result can be proved also using Proposition 2.4.1 and the correspon-
dence between Minkowski functionals and absorbing absolutely convex subsets
of X introduced in the Section 2.2.
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Corollary 2.4.3. FEvery K—algebra endowed with the finest lmc topology is
an m-barrelled algebra.

Proof.
Let U be an m-barrel of (X, 7,4, ). Then U is closed absolutely m-convex and
so it is a neighbourhood of the origin by the previous proposition. O

Using basically the same proofs, we could show the analogous results for
the finest lc topology, namely:

The finest lc topology on a K—vector space X is the topology induced by the
family of all seminorms on X or equivalently the topology having the collection
of all absorbing absolutely convexr sets of X as a basis of neighbourhoods of
the origin. Hence, every vector space endowed with the finest lc topology is a
barrelled space.

Recall that

Definition 2.4.4. A closed absorbing absolutely convex subset of a TVS is
called a barrel. A TVS in which every barrel is a neighbourhood of the origin
1s called barrelled space.

It is also important to remark that while the finest Ic topology on a
K—vector space (and in particular on a K—algebra) is always Hausdorff, the
finest lmc topology on a K—algebra does not have necessarily this property.

Proposition 2.4.5. Any K—vector space endowed with the finest lc topology
is @ Hausdorff TVS.

Proof.

Let X be any non-empty K—vector space and S the family of all seminorms
on X. By Proposition 2.3.3-a), it is enough to show that S is separating. We
will do that, by proving that there always exists a non-zero norm on X. In
fact, let B = (b;);cr be an algebraic basis of X then for any z € X there exist
a finite subset J of I and A\; € K for all j € J s.t. = . ; A;b; and so we
can define ||z|| := maxjcs|A;|. Then it is easy to check that || - || is a norm on
X andso | -] €S. O

Note that if X is a K—algebra, then the previous proof does not guar-
anteed the existence of a non-zero norm on X because, depending on the
multiplication in X, the norm || - || might be or not submultiplicative. In fact,
there exist algebras on which no submultiplicative norm can be defined. For
instance, if the algebra C(Y") of all complex valued continuous functions on a
topological space Y contains an unbounded function then it does not admit a
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submultiplicative norm (see Sheet 4). Actually, there exist algebras on which
no non-zero submultiplicative seminorms can be defined, e.g. the algebra of
all linear operator on an infinite dimensional complex vector space (see [20,
Theorem 3] ). The finest lmc topology on such algebras is the trivial topology
which is obviously not Hausdorff.

We conclude this section with a nice further property of the finest lmc
topology involving characters of an algebra.

Definition 2.4.6. Let A be a K—algebra. A character of A is a non-zero
homomorpism of A into K. The set of all characters is denoted by X (A).

Proposition 2.4.7. Every character on a K—algebra A is continuous w.r.t.
the finest lmc topology on A.

Proof. Let a: A — K be a character on A. For any € > 0, we denote by B.(0)
the open ball in K of radius € and center 0 € K, i.e. B.(0):={k € K: |k| <e}.
Set p(a) := |a(a)| for all @ € A. Then p is a submultiplicative seminorm on A
since for any a,b € A and A\ € K\ {0} we have that:

o pla+b) =[afa+b)| = [a(a) + ad)] < |ala)] + |a(b)| = p(a) + p(b)

e p(Aa) = [a(Aa)| = [Aa(a)| = [N|a(a)| = [Alp(a)

e plab) = |a(ab)| = |a(a)a(b)| = |a(a)|a(b)| = p(a)p(b)-
Then a™1(B-(0)) = {a € A : |a(a)| < e} = eU,, which is an absorbing abso-
lutely m-convex subset of X and so, by Proposition 2.4.2, it is a neighbourhood
of the origin in the finest lmc topology on X. Hence « is continuous at the
origin and so continuous everywhere in A. ]

With a proof similar to the previous one, we can deduce that

Proposition 2.4.8. Every linear functional on a K—wvector space X is con-
tinuous w.r.t. the finest lc topology on X.

Topological algebras admitting Imc topologies

In this section we will look for sufficient conditions on a TA to be an lmc
algebra. More precisely, we would like to find out under which conditions a
locally convex algebra (i.e. a TA which is a locally convex TVS) is in fact an
Imc algebra. The main result in this direction was proved by Michael in 1952
(see [21, Proposition 4.3]) and it is actually a generalization of a well-known
theorem by Gel’fand within the theory of Banach algebras (see [9]).

Theorem 2.5.1 (Michael’s Theorem). Let A be a lc algebra. If
a) A is m-barrelled, and
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b) there exists a basis M of neighbourhoods of the origin in A such that
Va € A,VU € M, 3\ > 0:aU C \U, (2.10)

then A is an Imc algebra.

Proof.
Let us first give the main proof structure and then proceed to show the more
technical details.

Claim 1 W.l.o.g. we can assume that M consists of barrels.
Consider the unitization A; of A equipped with the product topology (see
Definition 1.1.3 and Section 1.3). Denote by - the multiplication in A; and by
B1(0) := {k € K: |k| < 1}. Then the family {B1(0) x U : U € M} is a basis
of neighbourhoods of the origin (0,0) in A; and the following holds.

Claim 2 For any U € M, V(U) := {z € A : (0,z) - (B1(0) x U) C
(B1(0) x U)} is an m-barrel subset of A.
Then the assumption a) ensures that each V(U) is a neighbourhood of the
origin in A. Moreover, for any U € M, (1,0) € (B1(0) x U) and so

Vo € V(U),(0,z) = (0,2) - (1,0) € (B1(0) x U),

which provides that V/(U) C U. Hence, {V(U) : U € M} is a basis of neigh-
bourhoods of the origin in A consisting of m-barrels and so, by Theorem 2.1.11,
A is an lmc algebra.

Proof. Claim 1
If M is not already consisting of all barrels, then we can always replace it by
M := {conv,(U) : U € M}, because M is a basis of neighbourhoods of the
origin in A fulfilling (2.10).

In fact, since A is a lc TVS, then there exists a basis N of neighbourhoods
of the origin in A consisting of barrels. Then, since also M is a basis of
neighbourhoods of the origin in A, we have that:

YWeN,UeM:UCV.

As convy,(U) is the smallest closed convex balanced subset of A containing U
and V has all such properties, we get that convy(U) C V. Hence, M is a basis
of neighbourhoods of the origin in A.

Moreover, let a € A and U € M. By assumption b), we know that there
exists A > 0 such that aU C A\U. Now recalling that convy,(U) = conv(bal(U)),
we can write any x € conv,(U) as ¢ = Y i | p1;0;u; for some n € N, u; € U,
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pi € [0,1] with > p; = 1, and §; € K with |§;] < 1. Then for each
i€ {1,...,n} there exist @; € U such that:

ax = iuidiaui = i Wi AT = A iuz((sz@z)
i=1 i=1 i=1

and so ax € A - convy(U). Hence, a - conv,(U) C A - convy,(U). This together
with the separate continuity of the multiplication in A and the fact that the
scalar multiplication is a homeomorphism imply that

a-convy(U) C a-convp(U) C \-convy(U) = X - conv,(U).
This shows that M fulfills (2.10). O

Proof. Claim 2
Let Ue Mand V(U) :={x € A: (0,2)- (B1(0) x U) C (B1(0) x U)}. Then:
e V(U) is multiplicative.
For any a,b € V(U) we have
(0,ab)-(B1(0)xU) = (0,a)-(0,b)-(B1(0)xU) C (0,a)-(B1(0)xU) C (B1(0)xU),
ie. abe V(U).
e V(U) is closed.
Let us show that A\ V(U) is open, i.e. that for any x € A\ V(U) there
exists N € M such that xt + N C A\ V(U). If z € A\ V(U), then there exist
t € B1(0) and u € U such that (0,2)-(t,u) ¢ (B1(0)xU), i.e. tv+ux € A\U.
As U is closed, A\ U is open and so there exists W € M s.t.

te +ur+W C A\ U. (2.11)
Take N € M s.t. ulN C %W and N C %W (this exists because left multipli-
cation is continuous and M is basis of neighbourhoods of the origin). Then
x+ N C A\ U, because otherwise there would exists n € N such that z+n €
V(U) and so (0, n+x)-(t,u) € (B1(0)xU) that is nt+nu+xt+zu € U, which in
turns implies zt+xu € U —tN —uN C U—N—%W C U—%W—%W cCU-w,
ie. xt + xzu+ W C U which contradicts (2.11).
e V(U) is absorbing.
Let a € A. Then (2.10) ensures that there exists A > 0 s.t. aU C AU. Also,
since U is absorbing, there exists p > 0 such that a € pU. Take p := ﬁlu

Then for all k € K with |k| < p and for any (¢,u) € (B1(0) x U) we get that
kta + kau € ktpU + kAU C kpU + kAU = k(p + A\)U C U where in both
inclusions we have used that U is balanced together with || < 1 in the first
and |k(pu + N)| < p|pp + Al = 1 in the second. Hence, we have obtained that
(0, ka) - (t,u) = (0, kta + kau) € (B1(0) x U) which gives that ka € V(U).
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e V(U) is balanced.

Let a € V(U) and k € K with |k| < 1. Then

(0,ka) - (B1(0) x U) = k(0,a) - (B1(0) x U) C (kB1(0) x kU) C (B1(0) x U)
where in the last inclusion we used that both B;(0) and U are balanced.

e V(U) is convex.

Let a,b € V(U) and p € [0,1]. Then for any (t,u) € (B1(0) x U) we know
that (0,a) - (t,u) € (B1(0) x U) and (0,b) - (t,u) € (B1(0) x U), which give in
turn that at + au € U and bt + bu € U. Therefore, the convexity of U implies
that p(at + au) 4+ (1 — p)(bt + bu) € U and so we obtain

(0, pa + (1 = p)b) - (t,u) = (0, u(at + au) + (1 — p)(bt + bu)) € (B1(0) x U),
ie. pa+ (1 —p)be V(). O

O]

Let us present now a stronger version of Michael’s theorem, which has
however the advantage of providing a less technical and so more manageable
sufficient condition for a topology to be lmc. This more convenient condi-
tion actually identifies an entire class of TA: the so-called A-convex algebras
introduced by Cochran, Keown and Williams in the early seventies [5].

Definition 2.5.2. A K—algebra X is called A-convex if it is endowed with
the topology induced by an absorbing family of seminorms on X.

Definition 2.5.3. A seminorm p on a K—algebra X is called:
e left absorbing if Va € X, 3\ > 0 s.t. p(ax) < Ap(z),Vr € X.
e right absorbing if Va € X,3\ > 0 s.t. p(za) < Ap(z),Vr € X.
e absorbing if it is both left and right absorbing.

Proposition 2.5.4. Fvery A-convex algebra is a lc algebra.

Proof.

Let (X,7) be an A-convex algebra. Then by definition 7 = 7p where P is
a family of absorbing seminorm. Hence, by Theorem 2.2.12, (X, 7) is an lc
TVS. It remains to show that it is a TA. Let a € X and consider the left
multiplication ¢, : X — X,z — ax. Since any p € P is left absorbing, we
have that there exists A > 0 such that p(az) < Ap(zx) for all z € X and so
that %Up C ¢,;1(U,). Hence, £, is T—continuous. Similarly, one can prove the
continuity of the right multiplication. We can then conclude that (X, 7) is an
lc algebra. O
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Note that not every lc algebra is A-convex (see Sheet 4) but every lmc
algebra is A-convex as the submultiplicativity of the generating seminorms
implies that they are absorbing. Let us focus now on the inverse question of
establishing when an A-convex algebra is Imc.

Theorem 2.5.5. Every m-barrelled A-convex algebra is an Imc algebra.

Proof.

Let (X,7) be an m-barrelled A-convex algebra. By the previous proposi-
tion, we have that (X,7) is an lc algebra. Denote by P := {p; : i € I}
a family of absorbing seminorm generating 7. Then, by Proposition 2.2.17,
Q= {maxie gpi: 0 # B C I with B finite } is a directed family of semi-
norms such that 7 = 7g. Also, each g € Q is absorbing. Indeed, ¢ = max;cp p;
for some () # B C I with B finite and so for any ¢ € B and any a € X we
have that there exists A; > 0 such that p;(ax) < \jp(z) for all x € X. Hence,
for any a € X we get

Q(ax) = Il%aBsz(ax) < %aBX /\zpz(x) < )\rlréaé(pz(x) = Q(x)avx € X,
where A := max;ep ;. Then M = {eU, : ¢ € Q,0 < ¢ < 1} is a basis
of neighbourhoods of the origin for (X,7) and for each a € A,q € Q and
0 < e <1 we have that if x € aeU, then x = aecy for some y € U, and so
q(z) = qlacy) < eq(ay) < Xeq(y) < Ae ie. x € AeU,. Hence, we proved
that Va € A,Vq € Q,V0 < ¢ < 1,aeU,; C AeU, which means that M fulfills
condition b) in Theorem 2.5.1. Then (X, 7) satisfies all the assumptions of
Theorem 2.5.1 which guarantees that it is an lmc algebra. O

To conclude this section let us just restate the result by Gel’fand mentioned
in the beginning in one of the many formulation which reveals the analogy with
Michael’s theorem.

Theorem 2.5.6. If X is a K—algebra endowed with a norm which makes it
into a Banach space and a TA, then there exists an equivalent norm on X
which makes it into a Banach algebra.
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Chapter 3

Further special classes of topological algebras

Metrizable and Fréchet algebras

Definition 3.1.1. A metrizable algebra X is a TA which is in particular a
metrizable TVS, i.e. a TVS whose topology is induced by a metric.

We recall that a metric d on a set X is a mapping d : X x X — R*™ with
the following properties:

1. d(x,y) = 0 if and only if z = y (identity of indiscernibles);

2. d(z,y) = d(y,x) for all z,y € X (symmetry);

3. d(z,z) <d(x,y) +d(y,z) for all z,y,z € X (triangular inequality).

Saying that the topology of a TVS (X, 7) is induced by a metric d means
that for any « € X the sets of all open (or equivalently closed) balls:

By (z):={ye X :d(z,y) <r}, ¥Yr>0

forms a basis of neighbourhoods of x for 7.
There exists a completely general characterization of metrizable TVS.

Theorem 3.1.2. A TVS X is metrizable if and only if X is Hausdorff and
has a countable basis of neighbourhoods of the origin.

Note that one direction is quite straightforward. Indeed, suppose that X is
a metrizable TVS and that d is a metric defining the topology of X, then the
collection of all Bi (o) with n € Nis a countable basis of neighbourhoods of the
origin o in X. Mo?eover, the intersection of all these balls is just the singleton
{0}, which proves that the TVS X is also Hausdorff (see Proposition 1.3.2)
The other direction requires more work and we are not going to prove it in full
generality as it would go beyond the aim of this course (see e.g. [23, Chapter I,
Section 6.1] or [16, proof of Theorem 1.1] for a proof for locally convex TVS).
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However, we are going to use Theorem 3.1.2 to give a characterization of all
metrizable Imc algebras.

Theorem 3.1.3. Let A be a K—algebra. Then the following are equivalent:

a) A is a metrizable Imc algebra

b) Ais a TVS having a decreasing sequence of m-barrels with trivial intersec-
tion as a basis of neighbourhoods of the origin.

c) A is a TVS whose topology is generated by an increasing sequence of sub-
multiplicative seminorms which form a separating family.

The obvious analogous statement is true for metrizable lc algebras.

Proof.

a)=b) Suppose that (A, 7) is a metrizable lmc algebra. Then in particular
(A, 7) is a metrizable TVS and so by Theorem 3.1.2 it is Hausdorff and has
a countable basis {U,, : n € N} of neighbourhoods of the origin. As (A, 7)
is an Ilmc algebra, by Theorem 2.1.11, we can assume w.l.o.g. that each U,
is an m-barrel. Now for each n € Nset V,, := Uy N ---NU,. Then one can
easily verify that each V,, is still an m-barrel and clearly V11 C V,,. Hence,
the decreasing sequence {V,, : n € N} is a basis of neighbourhoods of the
origin in (A, 7) consisting of m-barrels. The Hausdorfness of (A, 7) implies,
by Proposition 1.3.2, that (1, oy Vi = {0}

b)=-c) Suppose that (A,7) is a TVS and that {V,, : n € N} is a basis
of neighbourhoods of the origin such that, for any n € N, V,, is an m-barrel,
Vi1 € Vi and (e Vi = {0}. Then Theorem 2.1.11 guarantees that (A, 7) is
an Imc algebra and the family S := {py;, : n € N} is a family of submultiplica-
tive seminorms generating 7 (see proof of Theorem 2.2.12). Actually, S is an
increasing sequence, since V,, 1 C V,, implies that py, < py, . ,. Moreover, we
have that {0} € e Upy, © et Vo = {0} and 50 Myergno Uy, = {0},
i.e. § is separating (c.f. (2.9)).

c)=-a) Suppose that (A4,7) is a TVS and that P := {p, : n € N} is a
separating increasing sequence of submultiplicative seminorm generating 7.
By Theorem 2.2.12 and Proposition 2.3.3, (A, 7) is a Hausdorff Imc algebra.
W.lo.g. we can assume that P is directed and so, by using Exercise 3 in Sheet
3, we have that {%U . :n € N} is a countable basis of neighbourhoods of the
origin. Then Theorem 3.1.2 ensures that (A, 7) is also a metrizable TVS and,
hence, a metrizable lmc algebra.

O

A special class of metrizable algebras are the so-called Fréchet algebras.
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Definition 3.1.4. A Fréchet algebra is a TA which is in particular a Fréchet
TVS, i.e. a complete metrizable lc TVS.

It is clear that every Fréchet algebra is a Hausdorff complete lc algebra
whose topology is induced by an increasing family of seminorms, but these
are not necessarily submultiplicative. If this is the case, we speak of Fréchet
Imc algebras.

Definition 3.1.5. A Fréchet lmc algebra is a complete metrizable lmc algebra.

As completeness is fundamental to understand the structure of a Fréchet
algebra, let us recall here some of the most important properties of complete
TVS (for a more detailed exposition about complete TVS see e.g. [15, Section
2.5] or [24, Part I, Section 5]).

Definition 3.1.6.
A TVS X is said to be complete if every Cauchy filter on X converges to a
point x of A.

It is important to distinguish between completeness and sequentially com-
pleteness.

Definition 3.1.7.
A TVS X is said to be sequentially complete if any Cauchy sequence in X
converges to a point in A.

Clearly, a TA is complete (resp. sequentially complete) if it is in particular
a complete (resp. sequentially complete) TVS. Remind that

Definition 3.1.8. A filter F on a TVS (X, T) is said to be a Cauchy filter if
VU € Flo)inX,AM € F: M — M C U, (3.1)

where F (o) denotes the filter of neighbourhoods of the origin o in (X, 7).

Definition 3.1.9. A sequence S := {xy, }nen of points in a TVS (X, 1) is said
to be a Cauchy sequence if

VU € Flo)inX,IN eN: zp, —xp, € U, Ym,n > N, (3.2)

where F (o) denotes the filter of neighbourhoods of the origin o in (X, ).

Proposition 3.1.10.
The filter associated with a Cauchy sequence in a TVS X is a Cauchy filter.
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Proof.

Let S be a Cauchy sequence. Then, recalling that the collection B := {S,, :
m € N} with Sy, := {z, € S : n > m} is a basis of the filter Fg associated
with S, we can easily rewrite (3.2) as

VU € Flo)inX,IN e N: Sy - Sy CU.

This immediately gives that Fg fulfills (3.2) and so that it is a Cauchy filter.
O

It is then not hard to prove that

Proposition 3.1.11.
If a TVS X is completem then A is sequentially complete.

Proof.

Let S := {z,}nen be a Cauchy sequence of points in A. Then Proposition
3.1.10 guarantees that the filter Fg associated to S is a Cauchy filter in A. By
the completeness of A we get that there exists x € A such that Fg converges
to . This is equivalent to say that the sequence S is convergent to x € A (see
[15, Proposition 1.1.29]). Hence, A is sequentially complete. O

The converse is false in general (see [15, Example 2.5.9]). However, the
two notions coincide in metrizable TVS, and so we have that

Proposition 3.1.12. A metrizable lc algebra is a Fréchet algebra if and only
if it is sequentially complete.

Another important property of Fréchet algebras is that they are Baire
spaces, i.e. topological spaces in which the union of any countable family
of closed sets, none of which has interior points, has no interior points itself
(or, equivalently, the intersection of any countable family of everywhere dense
open sets is an everywhere dense set). This is actually a consequence of the
following more general result:

Proposition 3.1.13. A complete metrizable TVS X is a Baire space.
Proof. (see [16, Proposition 1.1.8]) O
Example 3.1.14. An example of Baire space is R with the euclidean topology.

Instead Q with the subset topology given by the euclidean topology on R is not
a Baire space. Indeed, for any q € Q the subset {q} is closed and has empty
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interior in Q, but Ugeq{q} = Q which has interior points in Q (actually its
interior is the whole Q).

Corollary 3.1.15. FEvery Fréchet TVS is barrelled. In particular, every
Fréchet algebra is m-barrelled.

Proof.
Let (X,7) be a Fréchet TVS and V a barrelled subset of X. Then V is
absorbing and closed, so X = (J,cynV is a countable union of closed sets.
Hence, as Proposition 3.1.13 ensures that (X, 7) is a Baire space, we have
that there exists k¥ € N such that (kV) # (. This implies that there exists
T € (kV), i.e. there exists a neighbourhood N of the origin in (X, 7) such
that z + N C V. As (X, 7) is in particular an lc TVS, we can assume that N
is absolutely convex. Then we get
N= N N= (@+N)+(-o-N)CV+(-V)=V,

where in the last equality we used that V' is a barrel and so absolutely convex.
Hence, we can conclude that V' is a neighbourhood of the origin and so (X, 7)
is barrelled.

If (X, 7) is a Fréchet algebra, then it is in particular a Fréchet TVS and
so the previous part of the proof guarantees that every m-barrelled subset of
X is a neighbourhood of the origin, i.e. (X, 7) is an m-barrelled algebra. [

This result together with Theorem 2.5.1 (resp. Theorem 2.5.5) clearly pro-
vides that every Fréchet algebra having a basis of neighbourhoods of the origin
which satifies (2.10) (resp. every A-convex Fréchet algebra) is lmc. Propo-
sition 3.1.13 plays also a fundamental role in proving the following general
property of complete metrizable algebras and so of Fréchet algebras.

Proposition 3.1.16. Every complete metrizable algebra is a TA with contin-
uwous multiplication.

Proof.
Let A be a complete metrizable algebra. The metrizability provides the ex-
istence of a countable basis B := {W,, : n € N} of neighbourhoods of the
origin. We aim to show that for any n € N there exists m € N such that
Wi W, € W,

Fixed n € N, as we are in a TVS, there always exists a closed neigh-
bourhood V' of the origin such that V —V C W,. As for any b € A
the right multiplication r, : A — A,a — ab is continuous we have that
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r, H(V):={a € A:abe V}isclosed. Forany k € N, set Uy, := Moew,, T “Lv).
Then each Uy, is closed and' A = Uren Uk-

Since A is a Baire space by Proposition 3.1.13, we have that there exists
h € N such that Uh # (). Therefore, there exists x € Uh, i.e. there exists j € N
such that o + W) C U,. This in turn provides that

Uy-Up2x+W;—x—-W; =W; —W; O W;.

Since B is a basis for the filter of neighbourhoods of the origin, we can find
m € N such that W,,, € W; N W), and therefore

W Wy € W;Wy, C (U — Up)Wy, = U)Wy, — U)W, CV =V C W,

where in the last inclusion we have just used the definition of Uj. Hence, the
multiplication in A is jointly continuous. O

Example 3.1.17.
1) Let C*°(]0,1]) be the space of all real valued infinitely differentiable func-

tions on [0, 1] equipped with pointwise operations. We endow the algebra
C>([0,1]) with the topology Tp generated by P := {pn : n 6 No} with
Pu(f) 1= Sup,epo] (D™ £)(2)| for any f € C=([0,1]) (here D™ f denotes
the n—th derivative of f). P is a countable separating family of semi-
norms so that (C*([0,1]), 7p) is a metrizable lc algebra but the seminorms
in P are not submultiplicative since if for example we take f(t) :=t then
p1(f%) =2 >1=pi(f)p1(f). However, we are going to show that p can
be in fact generated by a countable separating family of submultiplicative
seminorms and so it is actually an Imc algebra. First, let us consider the
family R := {r, := maxj—o, . npj : n € No}. As each p, < ry, we have
that 7p = TR and also for all n € Ny, f,g € C*([0,1]) the following holds:

ra(fg) = max p;(fg) = max sup |(DY)fg)(z)|
J=0,.m J=0,-m 2e0,1]

< e Z( ) swp (DY) sup [(DFg) (o)

z€[0,1] z€[0,1]

< mex ] () Fpe(g)

< <max Z( )) 7)ralg) = 2"ra(f)rals).

!Clearly, each Uy C A and so Uken Ur € A. Conversely, if z € A, then the continuity of
the left multiplication implies that there exists j € N such that zW; C V and so x € r;l(V)
for all b € Wj, ie. z € UkEN Uy
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2)

Therefore, setting qn(f) := 2"rn(f) for any n € Ny and f € C*>(]0,1]), we
have that the family Q := {q, : n € No} is a countable family of submulti-
plicative seminorms such that 7o = Tr = Tp. Hence, (C*°([0,1]),7p) is a
metrizable Imc algebra. Actually, it is also complete and so a Fréchet Imc
algebra. Indeed, as it is metrizable we said it is enough to show sequen-
tially complete. Let (fn)nen be a Cauchy sequence in (C*°([0,1]), mp), i.e.
VYU € 7pdN € N s.t. fr, — fm € UVn,m > N. Thus,

Ve > OVk € NoIN € N:pp(fro — fm) <& Vn,m >N (3.3)
which yields

Ve > 03N € N: sup |fn(z) — fu(x)| <e Vn,m>N (3.4)
z€]0,1]

so that (fn(x))nen s a Cauchy sequence in R for all x € [0,1]. Since R is
complete for all x € [0,1] there exists y, € R s.t. fn(z) = yz as n — oo.
Set f(x) := y for all x € [0,1], then (fn)nen converges pointwise to f.
The latter combined with (3.4) yields that (fn)nen converges uniformly to f
which implies that f € C([0,1]) by [10, Lemma 1.2.2]. By (3.4) for k=1,
we get (DM f,)(2))nen is a Cauchy sequence in R for all x € [0,1] and
reasoning as above (DM f,)nen uniformly converges to some g on [0,1].
By [16, Lemma 1.2.3], g = DM f and so f € C'([0,1]). Proceeding by
induction, we can show that (D(j)fn)neN converges uniformly to DY f on

[0,1] and f € C7([0,1]) for all j € Ny, i.e.

Ve >03N eN: sup [DY)f,(z) — DY f(z)|<e Vn,m>N.
z€0,1]

Therefore, (fn)nen converges to f € C*°([0,1)) in 7p. Hence, completeness
18 proven.

Note that we could have first proved completeness and then used Corol-
lary 3.1.15 to show that (C*°(]0,1]),7p) is m-barrelled. Then, observing
that 7p = Tr and that the seminorms in R are all absorbing, we could
have applied Theorem 2.5.5 and concluded that (C*([0,1]),7p) is an Imc
algebra.

Let KN = {a = (an)nen : an € K} be the space of all K-valued sequences
endowed KN with the topology Tp generated by P := {p, : n € N} with
pn(a) = maxg<y |ag| for any a € KN (n € N). Since P is an increas-
ing family of submultiplicative seminorms and separating, (KN, 7p) is a
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metrizable Imc algebra by Theorem 3.1.3. Indeed, if a,b € KN, then
= < =
Pn(ab) = max |abi| < max |ag| max |bk| = pr(a)pn(b)

for all n € N. Further, if p,(a) =0 for all n € N, then

rlglgx|ak| =0,YneN=|ag| =0,Yk e N=a =0.

Moreover, (KN, 7p) is sequentially complete and so complete (prove it your-
self). Hence, it is a Fréchet Imc algebra.

8) The Arens—algebra L*([0,1]) := (1,5, LP([0,1]) endowed with the topology
Tp generated by P :={|| - ||, : p € N} is a Fréchet lc algebra which is not
Imc. We have already showed that it is an lc algebra but not lmc. Metriz-
ability comes from the fact that the family of seminorms is countable and
increasing (Hélder—inequality). Proving completeness is more complicated
which we will maybe see it later on.

Locally bounded algebras

The TAs we are going to study in this section were first introduced by W. Ze-
lazko in the 1960’s and provide non-trivial examples of TAs whose underlying
space is not necessarily locally convex (so they are neither necessarily lc alge-
bras nor Imc algebras) but they still share several nice properties of Banach
and/or lmc algebras.

Definition 3.2.1. A TA is locally bounded (1b) if there ezists a neighbourhood
of the origin which is bounded. Equivalently, a locally bounded algebra is a TA
which is in particular a locally bounded TVS (i.e. the space has a bounded
neighbourhood of the origin).

Recall that:

Definition 3.2.2. A subset B of a TVS X is bounded if for any neighbour-
hood U of the origin in X there exists X > 0 s.t. B C AU (i.e. B can be
swallowed by any neighbourhood of the origin).

This generalizes the concept of boundedness we are used to in the theory
of normed and metric spaces, where a subset is bounded whenever we can find
a ball large enough to contain it.



3.2. Locally bounded algebras

Example 3.2.3. The subset Q := [0,1]? is bounded in (R?, || - ||) as for any
e > 0 there exists A > 0 s.t. Q C AB-(0) namely, if ¢ > /2 take A\ = 1,

otherwise take A = g

Proposition 3.2.4. Fvery Hausdorff locally bounded algebra is metrizable.

Proof.

Let (A, 7) be a Hausdorff locally bounded algebra and F (o) its filter of neigh-
bourhoods of the origin. Then there exists U € F(o0) bounded. W.l.o.g. we
can assume that U is balanced. Indeed, if this is not the case, then we can
replace it by some V' € F(o) balanced s.t. V' C U. Then the boundedness of
U provides that VN € F(o) 3IA > 0s.t. U C AN and so V C AN, ie. V is
bounded and balanced.

The collection {%U : n € N} is a countable basis of neighbourhoods of
the origin 0. In fact, for any N € F(0) there exists A > 0 s.t. U C AN, i.e.
%U C N, and so %U - %U for all n > X as U is balanced. Hence, we obtain
that for any N € F(o) there exists n € N such that 2U C N. Then we can
apply Theorem 3.1.2 which gives that (A, 7) is a metrizable algebra. ]

The converse is not true in general as for example the countable product
of 1-dimensional metrizable TVS is metrizable but not locally bounded.

Corollary 3.2.5. Every complete Hausdorff lb algebra has continuous multi-
plication.

Proof. Since local boundedness and Hausdorffness imply metrizability, Propo-
sition 3.1.16 ensures that the multiplication is continuous. O

The concept of Ib TVS and so of Ib TA can be characterized through
extensions of the notion of norm, which will allow us to see how some results
can be extended from Banach algebras to complete 1b algebras.

Definition 3.2.6. Let X be a K-vector space. A map ||| : X — R* is said
to be a quasi-norm if

1.Vee X :||z]| =0 < =0,

2. Vo e XV e K: || z|| = |\ ||z]],

3. 3k = 1: |z +yll < k(] + lyl), Vo, y € X.

If k =1 this coincides with the notion of norm.

Example 3.2.7.
Let 0 < p < 1 and consider the space LP([0,1]) with || - ||, : LP([0,1]) — R*
1

defined by || f|lp == (fol |f(z)|P dx)? for all f € LP([0,1]). Then the Minkowski
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1=p
inequality does not hold but we still have that ||f +gll, <2 2 (|| f|| + |lg]]) for
all f,g € LP([0,1]) and so that || - ||, is a quasi-norm.

Proposition 3.2.8. Let (X,7) be a Hausdorff TVS. Then (X, 7) is b if and

only if T is induced by a quasi-norm on X.

Proof.
Assume that (X, 7) is Ib and F(o) is its filter of neighbourhoods of the origin.
Then there exists balanced and bounded U € F(o) and B := {aU : a > 0}
is a basis of neighbourhoods of the origin in (X, 7) because for any N € F(o)
there exists A > 0s.t. U C AN = B > %U C N. Consider the Minkowski
functional py(z) = inf{aw > 0 : © € aU}. In the proof of Lemma 2.2.7 we
have already seen that if U is absorbing and balanced, then 0 < py(z) < oo
and py(Ax) = |Apy(z) for all z € X and all A € K. If py(z) = 0, then
x € aU for all « > 0 and so z € (5 gaU = {o}, i.e. x = 0. Since X is a
TVS, 3V € F(o) st. V+V CU and also 3 a > 0st. aU CV as Bis
a basis of neighbourhoods. Therefore, aU +aU C V +V C U and taking
k > max{1, é}, we obtain U + U C éU C kU as U is balanced.

Let z,y € X and p > py(x),d > py(y), then z € pU,y € dU since U is
balanced, and so %,% € U. Thus,

T+Yy p o
= -+ ~eU+UCKkU.
p+6 p+dp p+do -

and we obtain x +y € k(p + 0)U which implies py(z + y) < k(p + ). As
p > pu(x) and 0 > py(y) were chosen arbitrarily, we conclude py(z + y) <
k(pu(z) + pu(y)). Hence, py is a quasi-norm.

Let BYY :={zx € X : py(z) < 1}. Then we have U C BV C (1 +¢)U for

all £ > 0. Indeed, if x € U, then py(z) < 1 and so z € BYV. If z € B}V, then
pu(x) <1 and so Ve >0 3 a with a < 1+4¢st. x € aU. This gives that
z € (1+¢)U as U is balanced and so aU C (1 +¢)U. Since {eBYY : ¢ > 0} is
a basis of 7, this implies 7 = 7.
Conversely, assume that 7 = 7, for a quasi-norm g on X and F9(o) its filter of
neighbourhoods of the origin. The collection B := {¢B] : ¢ > 0} is a basis of
neighbourhoods of the origin in (X, 7) (by Theorem 1.2.6). Let us just show
that VN € F9(o) 3V € F4(o) s.t. V+V C N. Indeed, 5-Bf + 5= B C Bf
because if x,y € B}, then

r+y) 1 k(q(x) +q(y)) _ 2k
q( 5% )—%q(ﬂy)é% <o
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and so L2 € B{. Then for all N € F9(o) there is some ¢ > 0 s.t. eBf C N
and so 5z B{ + 5z B{ C eBf C N. Since B is a basis for 74, for any N € F?(o)
there exists € > 0 s.t. eBf C N, which implies Bf C 1N. Therefore, Bf is

bounded and so 7, is a 1Ib TVS. O

Using the previous proposition and equipping the space in Example 3.2.7
with pointwise multiplication, we get an example of 1b but not lc algebra (see
Sheet 5). An example of lc but not b algebra is given by the following.

Example 3.2.9. Let K be any compact subset of (R, ||-||) and let us consider
the algebra C*°(K) of all real valued infinitely differentiable functions on K
equipped with pointwise operations. Using the same technique as in Eram-
ple 3.1.17, we can show that C*°(K) endowed with the topology Tr, generated
by the family {r, : n € No} where r,(f) := sup sup,eg |(DY) f)(z)| for
7=0,...,n

any f € C*(K), is a Fréchet Imc algebra, i.e. an lc metrizable and complete
algebra.

Denote now by C>*(R) the space of all real valued infinitely differentiable
functions on R and by C°(K) its subset consisting of all the functions f €
C>®(R) whose support lies in K, i.e.

Co(K) = {f € C*(R) : supp(f) C K},

where supp(f) denotes the support of the function f, that is the closure in
(R,]| - |I) of the subset {x € R : f(x) # 0}. Then il is easy to see that
CXP(K) = C®(K) and this is a linear subspace of C*(R). Indeed, for any
fyg €CP(K) and any A € R, we clearly have f+g € C°(R) and Af € C*(R)
but also supp(f +g) € supp(f)Usupp(g) C K and supp(Af) = supp(f) C K,
which gives f + g, A\f € C°(K).

Let C°(R) be the union of the subspaces C3°(K) as K wvaries in all possible
ways over the family of compact subsets of R, i.e. C°(R) consists of all the
functions belonging to C*°(R) having compact support (this is what is actually
encoded in the subscript “c”). In particular, the space C°(R) is usually called
space of test functions and plays an essential role in the theory of distributions.

Consider a sequence (Kj)en of compact subsets of R s.t. K; C Kj1,Vj €
N and 72, Kj = R. Then C*(R) = U2, C°(K;), as an arbitrary compact
subset K of R is contained in K for some sufficiently large j, and we have that
CX(Kj) C CX(Kjq1). For any j € N, we endow C°(K;) with the topology
7j := Tk, defined as above. Then (CZ°(Kj),Tk;) is a Fréchet Imc algebra and
Tj+1 leeo(x,)= Tj- Denote by Tina the finest lc topology on C°(R) such that
all the inclusions C2°(K;) C C(R) are continuous (Ting does not depend on
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the choice of the sequence of compact sets K;’s provided they fillR). Then it
is possible to show that (C°(R), Tind) is a complete lc algebra but not Baire.
Hence, Proposition 3.1.13 provides that (C2°(R), Ting) is not metrizable and so
not Ib by Proposition 3.2.4.

Definition 3.2.10. Let X be a K-vector space and 0 < a < 1. A map
q: X — R is an a-norm if

1.Vee X :qx) =0 <= =0,

2. Vo € XV e K: g(Az) = |A\|“q(x),

8. Vr,y € X :q(z+y) < q(x)+qy)

If a =1, this coincides with the notion of norm.

Definition 3.2.11. A TVS (X, 7) is a-normable if 7 can be induced by an
a-norm for some 0 < o < 1.

In order to understand how a—norms relates to 1b spaces we need to
introduce a generalization of the concept of convexity.

Definition 3.2.12. Let 0 < a <1 and X a K—wvector space.
o A subset V of X is a—convex if for any x,y € V we have tx + sy € V
for allt,s > 0 such that t* 4+ s* = 1.
o A subset V of X is absolutely a—convex if for any x,y € V we have
te + sy €V forallt,s € K such that |t|* + |s|* < 1.
o For any W C X, I'o(W) denotes the smallest absolutely a—convex sub-
set of X containing W, i.e.

FQ(W) = {Z:)\Z’wZ neNw, € WA €K S.t.z |>\i‘a < 1}.

i=1 i=1

Proposition 3.2.13. Let (X,7) be a TVS and 0 < o < 1. Then (X, 7) is
a—normable if and only if there exists an a—convex, bounded neighbourhood of
the origin.

Proof.
Suppose that 7 is induced by an a—norm ¢, i.e. the collection of all B} :=
{zr € X : q(x) < r} for all r > 0 is a basis of neighbourhoods of the origin
for 7. Then for any z,y € B{ and any t¢,s € K such that [¢t|* 4+ |s|* < 1 we
have that

qte +sy) < [t[%q(z) + |s|%q(y) < [t[* +|s|* <1,

i.e. BY is absolutely a—convex. Also, the definition of a—norm easily implies
that )
Vp > 0,Vz € BY, q(p=) = pg(x) < p
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and so that BY C p‘éBg. Hence, B{ is a bounded absolutely a—convex
neighbourhood of the origin.

Conversely, suppose that V' is an a—convex bounded neighbourhood of the
origin in (X, 7).

Claim 1: W.l.o.g. we can always assume that V' is absolutely a—convex.
Then, as we showed in the proof of Proposition 3.2.8, the Minkowski functional
py of V' is a quasi-norm generating 7. Hence, defining ¢(z) := py (z)*,Vz € X
we can prove that

Claim 2: ¢ is an a—norm.

Now V' C BY because for any z € V we have that ¢(z) < 1. Also, for any
z € B} we have that py(z) <1 and so for any £ > 0 there exists p > 0 s.t.
x€pVand p<py(x)+e <1+4+e. Thenz € pV C (14¢)V as V is balanced.
Then we have just showed that

Ve >0,VCBIC(1+¢)V,

which in turn provides that 7 is generated by g¢.
Let us now complete the proof by showing both claims.

Proof. of Claim 1
By assumption V' is a—convex bounded neighbourhood of the origin in (X, 7).
If V is also balanced, then there is nothing to prove as V' is already absolutely
a—convex. If V' is not balanced, then we can replace it with I', (W) for some
W balanced neighbourhood of the origin in X such that W C V' (the existence
of such a W is given by Theorem 1.2.6 as (X, 7) is a TVS). In fact, we can
show that T, (W) C V, which provides in turn that T', (W) is both bounded
and absolutely a—convex.

Let z € To(W). Then z = " ; \jw; for some n € N,w; € W, and some
Ai € Ksit. D00, | A]|* < 1. Take p > 0 such that p® =377 | |\;|* and for each

€e{l,....,n}set g = |§Z|p. Then

z = i )\iwi = i |/\i|£iwi. (3.5)
i=1 i=1

p

As p® <1, we have p < 1 and so |g;| < 1. Then by the balancedness of W,
(03

for each i € {1,...,n}, we get that e;w; € W C V. Since > ;| (%) =1

and V is a—convex, (3.5) provides that z € V.

Proof. of Claim 2
Since py is a quasi-norm on X, we have that Vo € X, py(x) > 0, which clearly
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implies that Vo € X, ¢(z) = py(z)® > 0. Moreover, we have that x = 0 if and
only if py(x) = 0, which is equivalent to g(x) = 0. The positive homogeneity
of py gives in turn that

Ve e X, VAeK, q(Ar) = py(Ax)* = |A%pv ()" = [A["q(). (3.6)

To show the triangular inequality for ¢, let us fix z,y € X and choose p,o € R™
such that p > py(z) and 0 > py(y). Then there exist A\, > 0 such that
xe ANV, A< pandy e uV, u <o. These together with the balancedness of
V imply that z € pV and y € oV. Hence, we have %,% € V and so, by the
a—convexity of V' we can conclude that

o

(b +0%)7

z+y p
(p* + %)

_l’_

gev
(pa+o-a) (o

x
p

Q=
Q=

Then py (Iﬂ/l) < 1 and so ¢ (W) < 1. Then, by using (3.6),
(p+o*)@ N (p@+o*)@

we get that <(1)1 -q(x+y) <1, that is ¢(x +y) < p*+ 0. Since this
peEto)a
holds for all p,oc € Rt such that p > py(z) and o > py(y), we obtain that

q(z +y) < pv(@)* +pv(y)®.
O
Corollary 3.2.14. Every a—normable TVS is Ib.

The converse also holds and in proving it the following notion turns out
to be very useful.

Definition 3.2.15. If (X, 7) is an b TVS, then for any balanced, bounded,
neighbourhood U of the origin in X we define
CWU):=inf{\:U+U C U}
The concavity module C(X) of X is defined as follows
C(X) :=inf{C(U) : Ubalanced, bounded, neighbourhood of o in X }.

Theorem 3.2.16. Let (X,7) be a TVS. Then (X, 7) is lb if and only if T is
induced by some a—norm for some 0 < a < 1.

Proof. The sufficiency is given by the previous corollary. As for the necessity,
it is possible to show that if (X, 7) is Ib then there exists a bounded a—convex
neighbourhood of the origin for all 0 < a < «q, where o := % (see
Sheet 5). Hence, the conclusion follows by Proposition 3.2.13. O
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In the context of lb algebras, it might happen that the a—norm defining
the topology is actually submultiplicative. This is actually the case if the
considered algebra is complete.

Definition 3.2.17. An a—normed algebra is a K—algebra endowed with the
topology induced by a submultiplicative a—norm.

Theorem 3.2.18. Any b Hausdorff complete algebra can be made into an
a—normed algebra for some 0 < a < 1.

Proof. Sketch
Let (X, 7) be a Hausdorff complete 1b algebra. For convenience let us assume
that X is unital but the proof can be adapted also to the non-unital case.
As (X, 1) is b, Theorem 3.2.16 ensures that the exists 0 < o < 1 such that
7 is induced by an a—norm ¢q. Consider the space L(X) of all linear continuous
operators on X equipped with pointwise addition and scaler multiplication and
with the composition as multiplication. Then the operator norm on L(X)
defined by [[4]| := supgex\ (o} o@) for all £ € L(X) is a submultiplicative

q(z)
a—norm. Since (X, ¢q) is complete, it is possible to show that it is topologically
isomorphic to (L(X),|| - ||). If we denote by ¢ such an isomorphism, we then

get that (X, p) with p(z) := ||p(z)|| for all x € X is an a—normed algebra. [

Proposition 3.2.19. Let (X, 7) be an lb Hausdorff TA. Show that if (X, )
has jointly continuous multiplication, then (X, 1) is a—normable.

Proof. (see Sheet 6) O

3.3 Projective limit algebras

The class of topological algebras which we are going to introduce in this section
consisits of algebras obtained as a projective limit of a family of TAs and
then endowed with the so-called projective topology associated to the natural
system of maps given by the projective limit construction. Therefore, we are
first going to introduce in general the notion of projective topology w.r.t. a
family of maps, then we will focus on the projective limit construction from
both an algebraic and topological point of view.

3.3.1 Projective topology

Let {(Fa,Ta) : @ € I} be a family of TVSs over K (I is an arbitrary index
set). Let E be a vector space over the same field K and, for each a € I, let
fa : E — E, be a linear mapping. The projective topology 7proj on E w.r.t.
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the family {(Fa,Ta), fa, I} is the coarsest topology on E for which all the
mappings f, (a € I) are continuous.

It is easy to check that (E, 7,.;) is a TVS and that a basis of neighbour-
hoods of the origin is given by:

Bproj := { ﬂ fojl(Ua) : F' C [finite, U, € B,,Va € F} , (3.7)
acF

where B, is a basis of neighbourhoods of the origin in (Ey, 7).

Remark 3.3.1. Note that the projective topology Tproj coincides with the ini-
tial topology given by the map

¥ E - (HaEIEa)
T = (fa(x))ael'

Recall that the initial topology is defined as the coarsest topology on E such that
© is continuous or equivalently as the topology on E generated by the collection
of all o= (U) when U is a neighbourhood of the origin in (Hael Ea,Tpmd).

Let us first introduce some properties of the projective topology in the
TVS setting.

Lemma 3.3.2. Let E be a vector space over K endowed with the projective
topology Tproj w.r.t. the family {(Eq, Ta), fa, I}, where each (Eq,Ty) is a TVS
over K and each fo, a linear mapping from E to E,. Let (F,T) be an arbitrary
TVS and g a linear mapping from F into E. The mapping g : F' — E is
continuous if and only if, for each o € I, fo 09 : F — E, is continuous.

Proof.

Suppose that g : ' — E is continuous. Since by definition of 7., all f,’s are

continuous, we have that for each o € I, f, 09 : F — E, is continuous.
Conversely, suppose that for each o € I the map foog : F — E, is

continuous and let U be a neighbourhood of the origin in (E,7p.j). Then

there exists a finite subset F' of I and for each o € F' there exists U, € B,

such that () cp fa ' (Ua) C U. Therefore, we obtain

g (U)2g" <ﬂ ft;l(Ua)> = (o' (fa'U) = [ (fac9) " (Ua),

acl acl acF

which yields that g~ (U) is a neighbourhood of the origin in (F,7) since the
continuity of all f, o g’s ensures that (f, 0g)~!(Uy) is a neighbourhood of the
origin in (F, 7). O
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Proposition 3.3.3. Let E be a vector space over K endowed with the pro-
jective topology Tproj w.r.t. the family {(Eq,Ta), fa, 1}, where each (Eq,Ta)
is a TVS over K and each f, a linear mapping from E to E,. Then Tp.oj
is Hausdorff if and only if for each 0 # x € E, there exists an o € I and a
neighbourhood U, of the origin in (Ey,Ta) such that fo(x) ¢ U,.

Proof.

Suppose that (E, 7p.;) is Hausdorff and let 0 # « € E. By Proposition 1.3.2,
there exists a neighbourhood U of the origin in E not containing x. Then, by
(3.7), there exists a finite subset F' C I and, for any « € F, there exists U,
neighbourhood of the origin in (Ey, 7o) 8.t. Naep fa ' (Ua) € U. Hence, as z ¢
U, there exists a € F s.t. ¢ f,1(Ua), ie. fo(z) ¢ U,. Conversely, suppose
that there exists @ € I and a neighbourhood V,, of the origin in (E,,7,)
such that f,(x) ¢ V,. Let B, be a basis of neighbourhoods of the origin in
(Ew,Ts). Then there exists U, € B, such that U, C V. Hence, = ¢ f;1(Uy,)
and [, 1 (Ua) € Bproj (see (3.7)), that is, we have found a neighbourhood of
the origin in (E, 7pro;) not containing x. This implies, by Proposition 1.3.2,
that 7,.0; is a Hausdorff topology. O

Coming back to the context of TAs, we have the following result.

Theorem 3.3.4. Let E be a K—algebra endowed with the projective topology
Tproj W.r.t. the family {(Eq,Ta), fa, I}, where each (Eq, 7o) is a TA over K
(resp. a TA with continuous multiplication) and each fo a homomorphism
from E to Eo. Then (E, Tproj) is a TA (resp. a TA with continuous multipli-
cation).

Proof.

As each (Eq, 7o) is a TVS, it is easy to verify that (E, 7p,0;) is a TVS. There-
fore, it remains to show that left and right multiplication are both continuous.
For any x € F, consider the left multiplication ¢, : £ — E. For each a € 1
we get that:

Vy € B, (faola)(y) = fa(zy) = fa(x)fa(y) = L1, @) (fa(y) = 1) Ofag(y))-

3.8
Since fo(z) € E, and (Fq, 7o) is a TA, we have that U@+ Ba — Eq is
continuous and so £y () © fo is continuous. Hence, by (3.8), we have that
fa 04, is continuous for all o € I and so by the previous lemma we have that
l, is continuous. Similarly, we get the continuity of the right multiplication
in E. Hence, (E, Tproj) is a TA.
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If each (Ey, 7o) is a TA with continuous multiplication, then by combining
Remark 3.3.1 and Proposition 1.4.1 we can conclude that (E, 7r0;) is a TA.
O

Proposition 3.3.5. Let E be a K—algebra endowed with the projective topol-
09Y Tproj w.r.t. the family {(Eq, Ta), fa, I}, where each (Eq,Tq) is an lc (Tesp.
Ime) algebra over K and each f, a homomorphism from E to E,. Then
(E, Tproj) is an lc (resp. Imc) algebra.

Proof.

By assumption, we know that each (E,,7,) is a TA and so Theorem 3.3.4
ensures that (E, Tpr;) is a TA, too. Moreover, as each (Eq, 7o) is an lc (resp.
Imc) algebra, there exists a basis B, of convex (resp. m-convex) neighbour-
hoods of the origin in (Ey, 7). Then the corresponding Byro; (see (3.7)) also
consists of convex (resp. m-convex) neighbourhoods of the origin in (E, 7p0).
In fact, any B € Byoj is of the form B = (1 cp 21 (U,) for some F C I finite
and U, € By, Vo € F. Since all the U, ’s are convex (resp. m-convex) and the
preimage of a convex (resp. m-convex) set under a homomorphism is convex
(resp. m-convex by Proposition 2.1.3-d)), we get that B is a finite intersection
of convex (resp. m-convex) sets and so it is convex (resp. m-convex). O

Corollary 3.3.6. Let (A,7) be an lc (resp. lmc) algebra and M a subalgebra
of A. If we endow M with the relative topology Tar induced by A, then (M, )
is an lc (resp. Imc) algebra.

Proof.

Recalling that 7); coincides with the projective topology on M induced by
id : M — A (see Corollary 1.4.2), the conclusion easily follows from the
previous proposition (applied for I = {1}, By = Aand 7y =7, E = M and
fi=1id). O

Corollary 3.3.7. Any subalgebra of a Hausdorff TA is a Hausdorff TA.

Proof. This is a direct application of Proposition 3.3.3 and Corollary 1.4.2. [

Example 3.3.8. Let {(E,,70) : a € I} be a family of TAs over K. Then
the Cartesian product F' = [[,c; Ea equipped with coordinatewise operation
is a K—algebra. Consider the canonical projections mo : F — E, defined
by mo(x) = 2o for any x = (v8)ger € F, which are all homomorphisms.
Then the product topology Tproa on F' is the coarsest topology for which all
the canonical projections are continuous and so coincides with the projective
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topology on F w.r.t. {(Ea,Ta),Ta : o € I} 2. Hence, by Theorem 3.5.4 we
have that (F, Tproa) is a TA.

Recalling that a cartesian product of complete Hausdorff TAs endowed
with the product topology is a complete Hausdorff TA and applying Proposi-
tion 3.3.5, Corollary 3.3.6 and Proposition 3.3.3 to the previous example, we
can easily prove the following properties

e any Cartesian product of lc (resp. lmc) algebras endowed with the prod-

uct topology is an lc (resp. lmc) algebra

e any subalgebra of a Cartesian product of lc (resp. lmc) endowed with

the relative topology is a TA of the same type

e a cartesian product of Hausdorff TAs endowed with the product topology

is a Hausdorff TA.

Projective systems of TAs and their projective limit

In this section we are going to discuss the concept of projective system (resp.
projective limit) first for just K-algebras and then for TAs.

Definition 3.3.9. Let (I,<) be a directed partially ordered set (i.e. for all
a, B € I there exists v € I such that « < and 8 < ). A projective system
of algebras {Eq, fas, I} is a family of K—algebras {E,,a € I} together with
a family of homomorphisms fog : Eg — E, defined for all o < 8 in I such
that fao is the identity on Eo and fog o fgy = fay for alla < 8 <7y, d.e. the
diagram

Ey

Ep fas E,

commutes.

2We could have also directly showed that the equivalence of the two topologies using
their basis of neighbourhoods of the origin. Indeed

(3.7)

Buroj = { () 7a'(Ua) : F C Ifinite, Ua € Ba,Va € F}

acF

= {HUQX [I E.: F C Ifinite, UaeBa,VaeF}—Bpmd.

acl a€l\F
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Definition 3.3.10. Given a projective system of algebras S := {Ey, fos, 1},
we define the projective limit of S (or the projective limit algebra associated
with &) to be the triple {Es, fa, I}, where

Es := {73 = (xa)ael € HEa Pl = faﬁ(xﬁ)v Va < B in I}

acl

and, for any o € I, fo 1 Es — E, is defined by fo = 7o [gs (where
Ty HBGI Eg — E, is the canonical projection, see Example 3.3.8).

It is easy to see from the previous definitions that Eg is a subalgebra of
[locr Eo. Indeed, for any z,y € Es and for any A € K we have that for all
a < [ in I the following hold

ATq + Yo = )\faﬁ(xﬁ) + faﬁ(y,é’) = faﬁ()‘xﬂ + yﬁ)

and
TalYa = faﬂ(mﬁ)faﬁ(yﬁ) = faﬁ(xﬁyﬁ)v

i.e. \x+y,ry € Es. Note that the f,’s are not necessarily surjective and also
that

fa:faﬁofﬁavagﬁ iIlI,

since for all z := (2q)acr € Es we have fo(2) = xa = fap(2g) = fap(fs(x)).
Also, we can show that {Es, fa, I} satisfies the following universal prop-
erty: given a K—algebra A and a family of homomorphism {g, : A — E,,a €
I'} such that go = fap 0 gp for all a < 3 in I, there exists a unique homomor-
phism ¢ : A — FEg such that g, = f, 0 ¢ for all a € I, i.e. the diagram

A

It

9B ES Ja

SN

commutes. In fact, the map ¢ : A — Es defined by ¢(a) := (ga(a))aer for
all @ € A is a homomorphism such that (f, o ¢)(a) = (¢(a))a = ga(a), for all
a € A. Moreover, if there exists ¢’ : A — Eg such that g, = f, o ¢’ for all
«a € I, then for all a € A we get

p(a) = (9ala))aer = ((fa 0 ¥')(a) e = ((¥(@))a) e = ¥'(a),

focﬁ

Ej E,
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ie. ¢ = pon A.
These considerations allows to easily see that one can give the following
more general definition of projective limit algebra.

Definition 3.3.11. Given a projective system of algebras S := {Ey, fop, 1},
a projective limit of S (or a projective limit algebra associated with S) is a
triple {E, ho, I}, where E is a K—algebra; for any o € I, hy : E — E, is a
homomorphisms such that ho = fagohg, Voo < B in I and the following uni-
versal property holds: for any K—algebra A and any family of homomorphism
{ga : A = Eq, 0 € I} such that go = fap o gp for all o < 5 in I, there exists
a unique homomorphism ¢ : A — E such that go, = hq 0 @ for all a € I.

It is easy to show that {F, h,, [} is unique up to (algebraic) isomorphisms,
ie. if {E, ho, I } fulfills Definition 3.3.11 then there exists a unique isomor-
phism between E and E. This justifies why in Definition 3.3.10 we have called
{Es, fa,I} the projective limit of S. (Indeed, we have already showed that
{Es, fa, I} fulfills Definition 3.3.11.)

The definitions introduced above for algebras can be easily adapted to the
category of TAs.

Definition 3.3.12. Let (I, <) be a directed partially ordered set. A projective
system of TAs {(Eq, 7o), fap, I} is a family of K-algebras {(Eq,Ta) : o € I}
together with a family of continuous homomorphisms fop : Eg — E, defined
for all o < 8 in I such that foq is the identity on Eo and fogo fay = fay for
all a < B <7, i.e. the diagram

£y

Ep fas E,

commutes. Equivalently, a projective system of TAs is a projective system of
algebras {Eq, fap, I} in which each E, is endowed with a topology 7o making
(Ea,Ta) into a TA and all the homomorphisms fuz continuous.

Definition 3.3.13. Given a projective system S := {(Eq, 7o), fap, I} of TAs,
we define the projective limit of S (or the projective limit TA associated with
S) to be the triple {(Es, Tproj); fa, I} where {Es, fo, I} is the projective limit
algebra associated with {Eq, fag, I} and Tpo; is the projective topology on Es
w.r.t. the family {(Eq,Ta), fa : o € I}.

Similarly, to the algebraic case, one could give the following more general
definition of projective limit TA.
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Definition 3.3.14. Given a projective system of TAs S := {(Ea, Ta), fas, 1},
a projective limit of S (or a projective limit TA associated with S) is a
triple {(E,T), ha, I} where (E,T) is a TA; for any o € I, hy : E — E4 is a
continuous homomorphism such that ho, = fop © hg, for all « < B in I; and
the following universal property holds: for any TA (A,w) and any family of
continuous homomorphism {go : A = Eqo, o € I} such that go = fop o gs for
all < B in I, there exists a unique continuous homomorphism ¢ : A — F
such that go, = ho 0 @ for all a € I.

It is easy to show that {(E,7), hq, I} is unique up to topological isomor-
phisms. We have already showed that Eg is an algebra such that the family
of all fo := 7y [Es (o € I) fulfills fo, = fop o fg, Vo < B in I. Endowing Es
with the projective topology Tproj W.r.t. {(Eqa, 7o), fa, I}, we get by Theorem
3.3.4 that (Es, Tproj) is a TA and that all f,’s are continuous. Also, for any
TA (A,w) and any family of continuous homomorphism {g, : A — E,,a € I}
such that g, = fag 0 gs for all @ < 8 in I, we have already showed that
¢ : A — Eg defined by ¢(a) := (ga(a))acr for all a € A is the unique ho-
momorphism such that g, = fo 0 @ for all & € I. But ¢ is also continuous
because for any U € Bpoj we have U = (o fa ' (Ua) for some F C I finite
and some U, € B, for all @ € F and so ¢ 1(U) = Nyep e H(fa'(Ua)) =
Nacr(fao ©)'(Ua) = Naer 9o (Ua) € B, Hence, {(Es, Tproj), fa, I} satis-
fies Definiton 3.3.14.

Remark 3.3.15.

From the previous definitions one can easily deduce the following:

a) the projective limit of a projective system of Hausdorff TAs is a Hausdorff
TA (easily follows by Proposition 3.3.3).

b) the projective limit of a projective system of Hausdorff TAs {(Eu,Ta), fa,8,1}
is a closed subalgebra of (I],c; Ea»Tprod) (see Sheet 6).

¢) the projective limit of a projective system of complete Hausdorff TAs is a
complete Hausdorff TA (see Sheet 6).

Corollary 3.3.16. A projective limit of Imc algebras is an Imc algebra.

Proof.
Let {(Eqa,Ta), fa,3, 1} be a projective system of Imc algebras. Then its pro-
jective limit {(Es, Tproj); fa, I} is an Imc algebra by Proposition 3.3.5. O

This easy corollary brings us to a very natural but fundamental question:
can any Imc algebra be written as a projective limit of a projective system of
Imc algebras or at least as a subalgebra of such a projective limit? The whole
next section will be devoted to show a positive answer to this question.
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Arens-Michael decomposition

This section will be devoted to the Arens-Michael decomposition theorem,
which was independently conceived by Arens and Michael in the early days
of the theory of TAs (1952). This result is so important because it provides a
device to reduce basic questions about Ilmc algebra to analogous ones for the
corresponding factor Banach algebras. Since the theory of Banach algebras
has been heavily studied, being able to reduce to Banach algebras is very
advantageous and so much desirable.

Before stating the Arens-Michael decomposition theorem, let us recall the
completion theorem for TVS and two useful lemmas about projective limit
algebras.

Theorem 3.3.17.

Let X be a Haudorff TVS. Then there exists a complete Hausdorff TVS X

and a mapping i : X — X with the following properties:

a) The mapping i is a topological monomorphism.

b) The image of X under i is dense in X.

c) For every complete Hausdorff TVS'Y and for every continuous linear map
f: X =Y, there is a continuous linear map f : X = Y such that the

diagram
I
A
1s commutative. Furthermore:

I) Any other pair (Xl,z'l), consisting of a complete Hausdorff TVS X
and of a mapping i1 : X — X| such that properties (a) and (b) hold
substz’tutmgf( with X1 and i with iy, is topologically isomorphic to (X, i).
This means that there is a topological isomorphism j ofX onto X1 such
that the diagram

Y

Db o

XLXI

LA

II) Given'Y and f as in property (c), the continuous linear map f 1S unique.

18 commutative.

Lemma 3.3.18. Let {(As, Tproj): Ga, J } be the projective limit of the projective
system S 1= {(Aa,Ta),9as, J} of TAs. Then a basis of neighbourhoods of the
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origin in (As, Tproj) s given by
Buroj = {92 (Va) : Vi € Ba,a € J},

where each By is a basis of neighbourhoods of the origin in (Aa, Ta)-

Proof.
By the continuity of the g,’s, we know that gpmj is a collection of neighbour-
hoods of the origin in (As, Tproj). We want to show that it is a basis.

By (3.7), we have that a basis of neighbourhoods of the origin in (As, Tpro;)
is given by

Bproj =1 () 95" (Vp) : F C Ifinite, Vs € Bg,V8 € F
BeF

As J is directed, for any finite subset F' of I there exists a € J such that
B <« for all B € F. Then we have that gg = ggo © go for all 8 € I and so

) 95" (Va) = () (98a090) " (Va) = () 9a (952 (VE) = 92" | [) 95a (Vi)
BeEF BEF BEF BEF

Set Wa = (ger gﬁj(Vg) Since for all 8 € F the map ggo : Aa — Ag is
continuous, we get that for all § € F' the set gg, (VB) is a neighbourhood of

the origin in (Aa,7) and so is W,. Then there exists V, € B, such that
Vo € W,. Hence, we obtain

() 95" (Vs) = 92" (Wa) 2 g5 (Va)
BeEF

and so we have showed that for any M € B),,; there exists M e Epmj such that
M C M, i.e. Bpjis a basis of neighbourhoods of the origin in (As, Tprej). O

Lemma 3.3.19. Let {(As, Tproj), ga, J } be the projective limit of the projective
system S := {(Aa;Ta); gap, J} of TAs and W a linear subspace of As. Then

el — ﬂ 9a ( ) = projlim(Sy),

aed

where 81 denotes the projective system {ga(W) . Gop [g L } of TAs (here

T

ga(W)'® is intended as endowed with the relative topology induced by To,).
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In particular, if W is closed in (As, Tproj) then
W = projlim(Ss) = projlim(Sy),

where Sy denotes the projective system {ga(W),gag lgs(W)s J} of TAs (here
9o (W) is intended as endowed with the relative topology induced by To,).

Proof.
Since S is a projective system of TAs, by Definition 3.3.12, we have that for
any a < 3 the map gog : Ag — A, is a continuous homomorphism fulfilling

Joa = id, Vo € J (3.9)

and
9ap © 98y = Gary, Voo < B < yin J. (3.10)

Also, by Definition 3.3.14 we have that for any o € J the map g, : As — Aa
is a continuous homomorphism such that

9o = gap ©gp, Va < [ in J. (3.11)

For any a € J, we have that go(W) C A, and so (3.9) provides that
Joa lgaw)= id [y, (w). Moreover, for any a < 8 < v in J, the relation
(3.11) implies that gg(g,(W)) C gg(W), which in turn gives that for any
x € gy(W):

o rg/@(W) (967 lg, (W) (x)) = 9ap(98,(7)) 329 9oy (T) = Gary lg, (W) (z).

Endowing each gg(W) with the subspace topology induced by 75, we have
that gag I, 5(W) is continuous for any a < § in J. Hence, we have showed that
S, is a projective system of TAs.

By the continuity of the g,g’s for all « < 3 in J, we also get that

(3.11)

98+(9:(W)) € gpy(9,(W)) "="gs(W),¥8 < y'in J (3.12)

Therefore, for any o < 8 <« in J and for any = € g,(W) we obtain that

(3.10)
=" 9or(2) = oy =iy (2)-

9o fgﬂ(w) (.gﬁ'y fgv(W) (x)> = gaﬁ(gﬁ’y(x))

Hence, we have showed that S; is a projective system of TAs, too.
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Then
projlim(S;) = {:c = (Za)acs : Ta € ga(W), Ya € J and
To = gap(zp), Va < fin J}
(312) {a: = (Za)acs : Ta € ga(W),a € J}

= {2€As:ga(x) € ga(W),Va € T} = [ 92" (9a(W))
acJ

and similarly projlim(S2) = Nucj 9a ' (ga(W)).

For any a € J, the continuity of g, provides that g,(W) C go(W) and so
W C g, (ga(W))). Hence,

W C () g2 (92(W))) = projlim(&)).
acJ

Conversely, suppose that = € projlim(S;). Then z € g;'(ga(W))) for all
a € J, that means g,(x) € go(W) for all & € J. Hence, for each o € J, we
have that for any neighbourhood V,, of the origin in (Ag,7,), the following
holds (ga(z) + Va) N ga(W) # 0 and so (x + g5 (Va)) N W # (). This gives by
Lemma 3.3.18 that for any U neighbourhood of the origin in (As, Tproj) the
sets  +U and W have non-empty intersection, i.e. 2 € W. We have therefore
showed that W = projlim(S;).

If W is closed, then W = W. However, we have

W cC ﬂ 9o (9a(W)) C ﬂ 9t (ga(W)) = projlim(S;) =W =W
acJ acJ

i.e. W = projlim(Sz) = projlim(Sy). O

Suppose now that (E,7) is a Hausdorff lmc algebra. Then, by Theo-
rem 2.1.11 there exists a basis M := {U,}aer of neighbourhoods of the
origin in (F,7) consisting of m-barrels. For each o« € I, let p, be the
Minkowski functional of U,. Then we have showed in Section 2.2 that {pa }acr
is a family of submultiplicative seminorms on FE generating 7. For each
a € I, we define N, := ker(p,) which is a closed ideal in (E,7). Then
we can take the quotient F, := F/N, and endow it with the quotient norm
do(pa(x)) = infyen, pa(r —y) where po : E — E, denotes the correspond-
ing quotient map. With a similar proof to the one of Proposition 1.4.9
we can prove that is (E,,¢,) is a normed algebra. Taking the completion

A

(Eo,da) of each (Ey,qq), we get a family of Banach algebras. If we denote
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by iq : Eq — E, the canonical injection (which is an injective continuous and
open homomorphism), then p,, := i,0p, is a continuous open homomorphism
For convenience, from now on we will just denote (E,, o) by E, and (Eq, o)
by E,

We define a partial order on I by setting:

a<f e Uz CU, & palx) <ps(z), Vo € X.

Then (I, <) is directed because M is a basis and so for any «, 5 € I we have
UoNUg € M, i.e. there exists v € I such that U, C U, NUg and so Uy C U,
and Uy, C Ug, ie. a <~y and 8 < . Also, for any o < 3 in I we have
Ng C N, and hence

faﬁl Eﬂ — Ea
:U—i—N,g — x4+ Ny

is a well-defined surjective homomorphism and the following holds

Pa = fapops, Va < Bin 1. (3.13)

Then all f,g’s are continuous homomorphisms and for any a < g < 7y in [
and any x € Eg, we have

fap(foy(x + Ny)) = fap(z + Ng) = v+ No = fory(z + N,),

Le. f ay — f aff © f By
Hence, {(Ea,qa), fap, 1} is a projective system of normed algebras. More-

over, for any o < 8 in I there exists faﬁ EB — E, continuous and linear
such that fag o 15 =1y 0 fag where i, (resp. ig) denotes the embeddlng of B,
(resp. Eg) in E, (resp. Ej). Then it is easy to check that {(Eu,da); fas, I}
is a projective system of Banach algebras.

We are ready now for the Arens-Michael decomposition theorem.

Theorem 3.3.20. Let (E,T) be a Hausdorff Imc algebra and M := {Uy}acr
a basis of neighbourhoods of the origin in (E,T) consisting of m-barrels. Con-
sider the projective system {Eq, fag, I} of normed algebras and the projective

system {Ea,ﬂ, I} of Banach algebras introduced above. Then there exist the
following topological monomorphisms

E — projlim{(Eq, o), fas, I} — projlim{(ﬁ]a,qa),fjﬁ,[} ~ F. (3.14)

If in addition (E,T) is complete, then the maps in (3.14) are all topological
isomorphisms. In this case, the expression E = projlim{(Eq, qa), fas, I} is
called the Arens-Michael decomposition of E w.r.t. M.
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Proof.
For convenience, let us denote by P and P the projective systems {Eq; fap, I}
and {Ea,fTB,I }, respectively.
For any z € E, let us define ¢(z) := (pa(2))4e;- Then ¢(E) C projlim(P).
Indeed, for any z € E and a < B in I we have
(3.13)

(¢(x)>a = pa(r) =" fap(pp(r)) = fap (((b(x))B) )

Then the following hold:
e ¢ is a homomorphism, as each p, is a homomorphism and projlim(P) is
equipped with coordinatewise operations. Let us just show that ¢ is multi-
plicative: for all z,y € E,

O(zy) = (pa(@Y)) aer = (Pa(2)pa(Y))aer = (Pa(2))aes (Pa(y))aer = G(2)D(y).-
e ¢ is injective, because
(@) =0= pa(x) =0, Va eIl = € Ny, Va€l=py(zx)=0, Va € I =z =0,

where in the last implication we used that E is Hausdorff and so {pa }acr is
a separating family of seminorms.
e ¢ is continuous, because Lemma 3.3.18 guarantees that for any neighbour-
hood U of the origin in projlim(P), there exist o € I and a neighbourhood V,
of the origin in E, such that f,'(Va) € U. Then p.(V,) = ¢ 1 (£, (Va)) C
¢~ 1(U) and so, by the continuity of p, we have that ¢~ (U) is a neighborhood
of the origin in F.
e ¢ is an open map. Indeed, recalling that M := {U,}aer is a basis of
neighbourhoods of the origin in (E,7), we can show that for any o € I the
set V = (pa (1U,) x [sen o Eg) N ¢(F) is a neighbourhood of the ori-
gin in projlim(P) such that V' C ¢(U,). Fix a € I. Then the openness
of p, implies that pa(%Ua) is a neighbourhood of the origin in E, and so
Pa (%Ua) X Hﬁel\{a} Ejg is a neighbourhood of the origin in Hwel E, endowed
with the product topology. Hence, V is a neighbourhood of the origin in
projlim(P).

Moreover, for any z := (z)yer € V we have that:
a) r € ¢(F), i.e. there exists y € E such that ¢(y) ==
b) To € pa (%Ua)
c) xg € Eg for all 8 # « in 1.
Then

po®) = Fald(®)) 2 fale) = 20 € po <1U“> ,
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which implies that there exists z € %Ua such that po(y) = pa(z). Therefore,
y = z + w for some w € N,, which gives in turn

1Pa(y) = pal(2)| < Paly — 2) < pa(w) =0,

and S0 pa(y) = pa(z) < & < 1,ie. y € U,. Hence, z @ o(y) € ¢(Uy), that
gives V C ¢(Uy).

We have then just showed that ¢ : E < projlim(P) is a topological
monomorphism.
Now, by using Theorem 3.3.17, we get that for any a < §in I the diagram

Es —"— Ej

faﬁl J/m

EQ%EQ

commutes, where i, and ig are topological monomorphisms such that i, (Ey) =
E, and ig(Eg) = Eg. Then [4, E.IIL.53, Corollary 1] ensures that there exists

a unique topological monomorphism j : projlim(P) < projlim(P) such that
the following diagram commutes

projlim(P) AN projlim(P)

f‘{ lfi& (3.15)

EQZ%EQ

Setting ¢ = j o ¢ we get a topological monomorphism from E to projlim(P

A~

)
and so ¥(E) is a linear subspace of projlim(P). Therefore, Lemma 3.3.19
provides that ¢ (F) = projlim(Q), where Q := {E(w(E)),fTB [m,l}.
By the commutativity of the diagram (3.15), we know that

TaW(E)) = [o(i(9(E))) = ialfa($(E))) = ia(pa(E)) = ia(Ea).

N

Hence, fo(¢¥(E)) = io(Es) = E, and so

- ~

Y(E) = projlim(Q) = projlim(P).
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This together with the fact that pro jlim(P) is complete (see Remark 3.3.15-c))
implies that F is topologically isomorphic to projlim(P) by Theorem 3.3.17-I).
Therefore, we have proved that

ES projlim(P) EN projlim(P) = E.

If in addition F is complete, then E = E and so ¢ and j must be also
isomorphisms. O

Using Remark 3.3.15, we can easily derive from Theorem 3.3.20 the fol-
lowing

Corollary 3.3.21.

a) Every Hausdorff lmc algebra can be topologically embedded in a cartesian
product of Banach algebras.

b) Every Fréchet Imc algebra is topologically isomorphic to the projective limit
of a sequence of Banach algebras.

Theorem 3.3.22. Let (E,7) be a Hausdorff complete Imc algebra and M :=

{Ua}acr a basis of neighbourhoods of the origin in (E,T) consisting of m-

barrels. Then:

a) E is unital if and only if each component of its Arens-Michael decomposi-
tion w.r.t. M is a unital Banach algebra.

b) x € E is invertible if and only if its image into each component of the its
Arens-Michael decomposition of E w.r.t. M is invertible.

Proof.
Let £ = projlim{Ea, fT,g, I} be the Arens-Michael decomposition of E w.r.t. M
(see Theorem 3.3.20).

a) Suppose that there exists u € E's.t. forally € E we have u-y = y = y-u.
For any « € 1, set uqy := p,(u) € E,. By the surjectivity of p,, , we know that
for any z, € E, there exists 2 € E such that Po(x) = x4 and so we get that:

Lo Ua = ﬁa(aj)pa(u) = ﬁa(‘r : u) = ﬁa(x) = Za

and similarly we obtain u,xs, = x4, i.€. each Ea is unital.

Conversely, suppose that for any « € I there exists u, € E, s.t. Y- Ug =
Yy =uq -y for all y € F,. Then u := (Ua)ae[ belongs to projlim{FE,, fap, I}
since for all @ < 8 in I and for all x, € E, we get:

To - fap(ug) = Pal(®) - fap(us) = fap(Ps(x)) - fap(us)
= [as(Pp(x) - ug) = fap(Ps(x)) = P (x) = Za,
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ie. fap(ug) = uq. As the multiplication in projlim{E‘a,m, I} is defined
coordinatewise, it is then clear that u := (uq)aer is the identity element of
the multiplication in projlim{Ea, fap, I}, which is therefore a unital algebra.

b) Suppose that u is the identity element of the multiplication in £ and
that « € F is invertible, i.e. there exists y € F s.t. x-y =u =y - x. For each
a € I, we have already showed that u, := p,(u) is the identity element of the
multiplication in E,. Hence, we have

pa(x) 'pa(y) = ﬁa(x ) y) = ﬁa(u) = Uaq;

i.e. p,(z) is invertible in E,.

Conversely, suppose that = € projlim{EAa,fTB, I} is s.t. for each a € I
the element p,(z) is invertible. Then for each o € I there exists yo € F,
st. 0,(T) - Yo = Ua = Yo - P, (x), where u, is the identity element of the
multiplication in E,. Now as we have already showed that u := (uq)aer is the
identity element of the (coordinatewise) multiplication in projlim{Ea, fap, I},
it is enough to prove that (ya)acs € projlim{Es, fas, I}. This is indeed true
since for all & < 8 in I the following holds

Pa(@) - fap(ys) = fas(Ps(@)) - fap(ys) = fap(s(®) - ys) = fap(us) = ya,

and, hence, fos(Y5) = Ya- O
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Chapter 4

Symmetric tensor algebras

As usual, we consider only vector spaces over the field K of real numbers or
of complex numbers. The aim of this section is to present a way to explicitly
construct an lmc algebra starting from the symmetric tensor algebra of a lc
TVS. For this purpose, we will preliminarily introduce the concept of tensor
product of vector spaces and then endow it with one of the many topologies
which can be defined when the starting space carries an lc structure.

Tensor product of vector spaces
Let us start with a notion which is central in the definition of tensor product.

Definition 4.1.1.

Let E, F, M be three vector spaces over K and ¢ : E x F' — M be a bilinear

map. E and F are said to be ¢p—linearly disjoint if:

(LD) For any r,s € N, x1,...,x, linearly independent in E and yi,...,ys
linearly independent in F', the set {¢(zi,y;) : i=1,...,r, j=1,...,s}
consists of linearly independent vectors in M.

or equivalently if:

(LD)’ Foranyr € N, any {z1,...,x,} finite subset of E and any {y1,...,yr}
finite subset of F s.t. Y.y ¢(xi,y5) = 0, we have that both the following
conditions hold:

o if x1,...,x, are linearly independent in E, thenyy =--- =y, =0
e if y1,...,y, are linearly independent in F', then x1 = --- =z, = 0.

Definition 4.1.2. A tensor product of two vector spaces E and F over K is
a pair (M, @) consisting of a vector space M over K and of a bilinear map
¢:ExF — M (canonical map) s.t. the following conditions are satisfied:
(TP1) The image of E X F spans the whole space M.

(TP2) E and F are ¢p—linearly disjoint.
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The following theorem guarantees that the tensor product of any two vec-
tor spaces always exists, satisfies the “universal property” and it is unique up
to isomorphisms. For this reason, the tensor product of £ and F' is usually
denoted by £ ® F' and the canonical map by (z,y) — =z ® y.

Theorem 4.1.3. Let E, F' be two vector spaces over K.

(a) There exists a tensor product of E and F'.

(b) Let (M, ¢) be a tensor product of E and F'. Let G be any vector space over
K, and b any bilinear mapping of E X F into G. There exists a unique
linear map b: M — G such that the diagram

ExF 5@

s

18 commutative.

(c) If (My, p1) and (Ma, ¢2) are two tensor products of E and F, then there
1$ a bijective linear map u such that the diagram

ExF -5 M,

=

18 commutative.

Proof. (see [16, Theorem 4.1.4]) O

Examples 4.1.4.

1. Let nym € N, E =K" and F = K™. Then FE® F = K" is a tensor

product of E and F whose canonical bilinear map ¢ is given by:

¢p: ExXF — K™
((xi)?zla(yj)gnzl) = (5Uiyj)1§ign,1gj§m-

2. Let X andY be two sets. For any functions f: X > Kandg:Y — K,

we define:

f®g: XxY — K
(,y) = [fl@)g(y)

Let E (resp. F') be the linear space of all functions from X (resp. Y') to
K endowed with the pointwise addition and multiplication by scalars. We
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denote by M the linear subspace of the space of all functions from X XY
to K spanned by the elements of the form f®g for all f € E and g € F.
Then M 1is actually a tensor product of E and F', i.e. M = E® F.

Similarly to how we defined the tensor product of two vector spaces we
can define the tensor product of an arbitrary number of vector spaces.

Definition 4.1.5. Letn € N withn > 2 and E, ..., E, vector spaces over K.

A tensor product of Eu,...,Ey, is a pair (M,®) consisting of a vector space

M over K and of a multilinear map ¢ : Ey X -+ X E, — M (canonical map)

s.t. the following conditions are satisfied:

(TP1) The image of E1 X --- X E,, spans the whole space M.

(TP2) Er,...,E, are p—linearly disjoint, i.e. for anyry,...,r, € N and for
any xli - ,xﬁ)

7

{qﬁ(:cﬁ),xg:)) :j1:1,...,r1,...,jn:1,...,rn}

consists of linearly independent vectors in M.

linearly independent in E; (i =1,...,n), the set

Recall that a map is multilinear if it is linear in each of its variables. As
for the case n = 2 it is possible to show that:
(a) There always exists a tensor product of Ey,..., Ey,.
(b) The universal property holds for F1 ® --- ® E,,.
(¢c) F1 ® -+ ® E,, is unique up to isomorphisms.

The m—topology on the tensor product of Ic TVS

Given two locally convex TVS E and F', there are various ways to construct
a topology on the tensor product E' ® F' which makes the vector space £ ® F'
in a TVS. Indeed, starting from the topologies on E and F', one can define a
topology on F ® F' either relying directly on the seminorms on E and F', or
using an embedding of £ ® F' in some space related to £ and F' over which
a natural topology already exists. The first method leads to the so-called
m—topology. The second method may lead instead to a variety of topologies,
which we are not going to investigate in this course.

Definition 4.2.1 (7—topology).

Given two locally convex TVS E and F, we define the m—topology (or projec-
tive topology) on E® F to be the finest locally convex topology on this vector
space for which the canonical mapping E X F — E ® F' is continuous. The
space E® F equipped with the m—topology will be denoted by E Q@ F.
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A basis of neighbourhoods of the origin in E ®, F' is given by the family:
B := {convb(Ua X Vg) : Uy € B, Vg S BF},

where Bg (resp. Bp) is a basis of neighbourhoods of the origin in E (resp.
in F), Uy ® Vg := {tQ@ye EQF: x € Uy,y € V3}. In fact, on the one
hand, the w—topology is by definition locally convex and so it has a basis
B of convex balanced neighbourhoods of the origin in £ ® F'. Then, as the
canonical mapping ¢ is continuous w.r.t. the m—topology, we have that for
any C € B there exist U, € Bg and Vg € Bp st. Uy x Vg C ¢*1(C).
Hence, Uy, ® V3 = ¢(Us x V3) € C and so convy(Uy ® V) C convy(C) = C
which yields that the topology generated by B, is finer than the m—topology.
On the other hand, the canonical map ¢ is continuous w.r.t. the topology
generated by By, because for any U, € Bg and V3 € Bp we have that
¢ (convy(Uy @ V3)) 2 ¢ H(Ua ® Vi) = U, x Vi3 which is a neighbourhood of
the origin in E' x F. Hence, the topology generated by B, is coarser than the
m—topology.

The m—topology on ¥ ® F' can be described by means of the seminorms
defining the locally convex topologies on E and F.

Theorem 4.2.2. Let E and F be two locally convex TVS and let P (resp. Q)
be a family of seminorms generating the topology on E (resp. on F'). The
m—topology on E ® F is generated by the family of seminorms

{p®q: peP,qc Q},

where for any p € P,q € Q,0 € E® F we define:

(p®q)(0) == inf{ZP(%)Q(yk) 0= 2, Ok, xx € B,y € Fyr € N} :
k=1 k=1

Proof. (see [16, Proposition 4.3.10 and Theorem 4.3.11]) O

The seminorm p® g on E ® F defined in the previous proposition is called
tensor product of the seminorms p and q (or projective cross seminorm,)

Proposition 4.2.3. Let E and F be two locally conver TVS. E Q@ F is
Hausdorff if and only if E and F are both Hausdorff.

In analogy with the algebraic case (see Theorem 4.1.3-b), we also have a
universal property for the space F @, F'.
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Proposition 4.2.4.

Let E, F be locally convex spaces. The m—topology on E Q. F is the unique

locally convex topology on E ® F such that the following property holds:

(UP) For every locally convex space G, the algebraic isomorphism between
the space of bilinear mappings from E X F into G and the space of all
linear mappings from E® F into G (given by Theorem 4.1.3-b) induces
an algebraic isomorphism between B(E, F;G) and L(E ® F;G), where
B(E, F;G) denotes the space of all continuous bilinear mappings from
ExF into G and L(EQF; G) the space of all continuous linear mappings
from E® F into G.

Proof. Let 7 be a locally convex topology on ¥ ® F' such that the property
(UP) holds. Then (UP) holds in particular for G = (E ® F, 7). Therefore, by
Theorem 4.1.3-b) the identity id : F ® F — E ® F is the unique linear map
such that the diagram

ExF - Ex. F

g

E®; F

commutes. Hence, we get that ¢ : F x F — E ®, F has to be continuous.
This implies that 7 C w by definition of m—topology. On the other hand,
(UP) also holds for G = (E ® F, ).

ExF - Ew. F

A

E®, F

Hence, since by definition of m—topology ¢ : E X ' — E ®, F' is continuous,
the id : F ®,; F — E ®, I has to be also continuous. This means that = C 7,
which completes the proof. ]

Tensor algebra and symmetric tensor algebra of a vs

Let V be a vector space over K. For any k € N, we define the k—th tensor

power of V' as
Vek Ve 0V
N——

k-times
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and we take by convention V&Y := K. Then it is possible to show that there
exists the following algebraic isomorphism:

Vn,meN, VO gyem~yemtm) (4.1)
We can pack together all tensor powers of V' in a unique vector space:

o0

(V) :=PVver.

k=0

We define a multiplication over T'(V') which makes it into a unital K—algebra.

First of all, let us observe that for any k € Ny there is a natural embedding
ir : VO — T(V). For sake of notational convenience, in the following we will
identify each g € V®* with ix(g). Then every element f € T(V) can be
expressed as f = Zg:o fr for some N € Ny and fj, € V& for k =0,...,N.
Using the isomorphism given by (4.1), for any j,k € N we can define the
following bilinear operation:

YOk  ®i N V@ (k+7)
(@ Qu),(w @ Quwj)) = 1@ QUOW - @ wj.
(4.2)
Hence, we get a multiplication - : T(V) x T(V) — T(V) just by defining for
all f,g € T(V), say f = Zé\f:o fr and g = Zj]\/iogj for some N, M € Ny,
fk S V®k7 9gj € V®j7

N M
Frg=>3 fr g
k=0 j=0
where fj, - g; is the one defined in (4.2). Then we easily see that:
a) - is bilinear on T(V) x T(V) as it is bilinear on each V&* x V7 for all
J,k € Np.
b) - is associative, i.e. Vf,g,h € T(V), (f-g)-h = f-(g-h). Indeed, if
f=Yiofes 9= Y5095 h = Xioh with N,M,S € No, fu € VEF,
g; € VI h e Ve then

S N S

N M M
(f'g)'hZZZZ(fk-gj)'hlZZZka'(gj'hl)Zf'(g'h),

=0 =0 1=0 k=0 j=0 =0

where we have just used that VE*+7) @ &l o y@(ktit) =~ 1@k ¢ yy@(+)
by (4.1).

c) 1 € K is the identity for the multiplication -, since K = V®? and for all
f=0tofs €T(V) we have 1- f =30 (1 fi) = Silo fr = /-



4.3. Tensor algebra and symmetric tensor algebra of a vs

Hence, (T'(V),-) is a unital K—algebra, which is usually called the tensor
algebra of V.

Remark 4.3.1. If {x;}icq is a basis of the vector space V', then each element
of VOF can be identified with a polynomial of degree k in the non-commuting
variables {x;}icq and with coefficients in K. Hence, T'(V') is identified with
the non-commutative polynomial ring K(z;,i € Q).

Proposition 4.3.2. Let V be a vector space over K. For any unital K—algebra
(A, %) and any linear map f:V — A, there exists a unique K—algebra homo-
morphism f : T(V) — A such that the following diagram commutes

V%A
el

where i1 is the natural embedding of V.= V! into T(V).

b
(V)

Proof.
For any k£ € N, we define

fk c Vx-ooxV o — A
—_——
k times
(vl,...,vk) — f(vl)**f(vk)
which is multilinear by the linearity of f. For kK = 0 we define

fo: K — A
r = rlg.

By the universal property of V&* we have that there exists a unique linear
map op : VO = Ast. op(v1 @ @ug) = fr(vi,...,08) = flv1) *---* f(vg)
and for £ = 0 we have oo(r) = fo(r) = rla, Vr € K. Then, by the universal
property of the direct sum, we get that there exists a unique linear map
f:T(V) — Asuch that f(ip(v1 @ @) = op(v1 @ - - @ vg)

Vx'--xV%A

|

vk

%

(W)
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In particular, for k£ =1 we obtain that fli1(v)) = o1(v) = f(v).
It remains to show that f is a K—algebra homomorphism from T'(V) to
A. By construction of f, we clearly have that f is linear and

Fry) = fio(1)) = o0(1) = fo(1) = 1a.

Let us prove now that for any =,y € T(V) we get f(z-y) = f(z) * f(y). As f
is linear, it is enough to show that for any n,m € N, any z1,...,z, € V and
any yi,...,ym €V, we get

F@r® @zn) (@ Qym)) = f@21® - @an) * (1 @ @ ym). (4.3)

Indeed, by just applying the properties of f, we obtain that:

f@1® - @ap) =0n(01 @ @xp) = f(21) %+ * fzn)

and

Fr @ @ym) = om(yr1 @+ @ym) = flyr) - % f(Ym).
These together with the definition of multiplication in T'(V') give that:

J1 @ @un)* f1 © - @ym) = fla1) %% fl@n) * fy1) * - * f(ym)
= fl(t1®-- @) (N @~ @Ym))-

O]

Consider now the ideal I in (T'(V),-) generated by the elements v ® w —
w ® v, for all v,w € V. The tensor algebra T'(V') factored by this ideal I
is denoted by S(V) and called the symmetric (tensor) algebra of V. If we
denote by 7 the quotient map from T'(V) to S(V), then for any k& € Ny
and any element f = Y | f1 ® - ® fix € VE* (here n € N, f;; € V for
i=1,...,n,j7=1,...,k and n > 1) we have that

m (Zfil@"'@fik) :Zfil"'fik-
i=1 i=1

We define the k—th homogeneous component of S(V) to be the image of V®F
under 7 and we denoted it by S(V)g. Note that S(V)g =K and S(V); = V.

Hence, we have
(o]

S(V) =P sV

k=0

and so every element f € S(V') can expressed as f = Zgzo fx for some N € N,
fr € S(V) for k=0,...,N.



4.4

4.4. An lmc topology on the symmetric algebra of a lc TVS

Remark 4.3.3. If {z;}icq is a basis of the vector space V', then each element
of S(V)i can be identified with a polynomial of degree k in the commuting
variables {x;}icq and with coefficients in K. Hence, S(V') is identified with
the commutative polynomial ring Kx; : i € Q.

The universal property of S(V) easily follows from the universal property
of T(V).

Proposition 4.3.4. Let V' be a vector space over K. For any unital commu-
tative K—algebra (A, *) and any linear map 1) : V. — A, there exists a unique
K—algebra homomorphism 1 : S(V) — A such that the following diagram
commutes

V—>A

i/

ie. Y [y=1.
Corollary 4.3.5. Let V be a vector space over K. The algebraic dual V* of
V' is algebraically isomorphic to Hom(S(V), K).

Proof. For any a € Hom(S(V),K) we clearly have a [y€ V*. On the
other hand, by Proposition 4.3.4, for any ¢ € V* there exists a unique £ €
Hom(S(V),K) such that ¢ [y= £. O

An Imc topology on the symmetric algebra of a Ic TVS

Let V be a vector space over K. In this section we are going to explain
how a locally convex topology 7 on V' can be naturally extended to a locally
convex topology 7 on the symmetric algebra S(V') (see [11]). Let us start by
considering the simplest possible case, i.e. when 7 is generated by a single
seminorm.

Suppose now that p is a seminorm on V. Starting from the seminorm p
on V', we are going to construct a seminorm p on S(V) in three steps:

1. For k € N, let us consider the projective tensor seminorm on V&* see

Theorem 4.2.2, i.e.

“(g) = (p® - ®@p)g)

ktimes

p

mf{ngu k(ik) g—zgu@) " ® ik, 9ij €V, NEN}-
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2. Denote by 7 : VE* — S(V);, the quotient map 7 restricted to VE* and
define p;, to be the quotient seminorm on S(V);, induced by p®*, i.e.

pe(f) :=inf{p®"(g) : g € VEF, mi(g) = f}

N N
:inf{ZpUﬂ)---p(m f=) fu fufiy €V,N € N}-
=1 =1

Define p, to be the usual absolute value on K.
3. Forany h € S(V),say h = ho+---+hy, fr € S(V)i, k=0,...,¢, define

4

p(f) = pr(fr)-

k=0
We refer to p as the projective extension of p to S(V).

Proposition 4.4.1. p is a seminorm on S(V') extending the seminorm p on
V and p is also submultiplicative i.e. p(f -g) < p(f)p(g), Vf,g € S(V)

To prove this result we need an essential lemma:

Lemma 4.4.2. Leti,j € N, f € S(V); and g € S(V);. If k =i+ j then
pr(fg9) < pi(f)P;(9)-

Proof.

Let us consider a generic representation of f € S(V); and g € S(V);, ie.
f= prpl---fpi with fpp € Vfor k =1,...,7and g = quql-o-gqj with
gu€Viorl=1,....5. Then f-g=>  for " fpigqr " ggj, and so

Pr(f-9) <D p(for) - plfpi)p(gqr) - P(9g5)

p.q

= (Z p(fp1)- "p(fpi)> (Z p(gq1) - "p(gqj)> -

Since this holds for any representation of f and g, we get p,(fg) < p;(f)p;(9)-
[

Proof. (of Proposition 4.4.1).
It is quite straightforward to show that p is a seminorm on S(V'). Indeed
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e Let k € Kand f € S(V). Consider any representation of f, say we take
f=>ofj withn € Nand f; € S(V); for j = 0,...,n. Then using
the definition of » and the fact that p;, is a seminorm on S(V); we get:

plkf)=p Y _kfi | =D p;(kf;) = |k\2p] £i) = |klp(f).
j=0

e Let f,g € S(V). Consider any representation of f and g, say we take
f= Z ol 9 =209 withnmeN, fj e S(V); for j =0,...,n
and g; € S(V); for i = 0,...,m. Take N := max{n,m}. Then we can
rewrite f = Zé-v:ofj and g = Zij\iogi, where f; =0for j=n+1,...,N
and g; =0 fori=m+1,..., N. Therefore, using the definition of p and
the fact that p;, is a seminorm on S(V), we have

N
pf+g)=pD (fi+9) <Zp] (f5) +ij (g5) = P(f) + p(g).

j=0
Also, p; = p, so p restricted to V' coincides with p. Let us finally show that

p is submultiplicative. Let f = >31" fi, 9 =327 g;, fi € S(V)i, gj € S(V);
and set T := {0,...,m} x {0,...,n}. Then by using the definition of p, the
fact that pj, is a seminorm on S(V'); and Lemma 4.4.2 we obtain

m n m—+n m+n
S kg =p D) D L | =D m| D figs
=0 j=0 k=0 (z JET k=0 (i,5)€T
+5=k i+j=k
m—+n m—+n
<Zzpkf’bg] Zzpzfzpjgﬂ Zzplf“ojg]
=0 (i,j)eT k=0 (i,j)eT i=0 57=0
z+g:k i+j=k
m n
= (Zm(ﬂ)) > pilg) | =p(Hnlg)
=0 7=0

O

Let us now consider (S(V), p) and any other submultiplicative seminormed
unital commutative K—algebra (A,0). If a: (S(V),p) = (A,0) is linear and
continuous, then clearly o [v: (V,p) — (A, o) is also continuous. However,
if 1 : (V,p) — (A,0) is linear and continuous, then the unique extension v
given by Proposition 4.3.4 need not be continuous . All one can say in general
is the following lemma.
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Lemma 4.4.3. If ¢ : (V,p) — (A,0) is linear and continuous, namely 3
C > 0 such that o(¢p(v)) < Cp(v) V v € V, then for any k € N we have
e S(V)

o(¥(9)) < C*pr(9) ¥V g

Proof.
Let K € N and g € S(V)g. Suppose g = Zf\il gi1 - gik With g;; € V for

j=1,...,N. Then E(g) = sz\i1 ¥(gi1) -+ - ¥ (gix), and so

N N
)) <o (Z ¢(9¢1) gzk > Z le (w(gzk))
=1 i=1

N
<> Cplgin) -+ Cplgi) = C* Zp gi) -+~ plgir)-
As this holds for any representation of g, we get o(1(g)) < C*p.(g). O

Proposition 4.4.4. If ¢ : (V,p) — (A, o) has operator norm < 1, then the
induced algebra homomorphism v : (S(V),p) — (A,0) has operator norm
<o(1).

Recall that given a linear operator L between two seminormed spaces
(W1,q1) and (Wa, g2) we define the operator norm of L as follows:

IL}:= sup  qa(L(w)).

weWy
a1 (w)<1

Proof.

Suppose o #Z 0 on A (if this is the case then there is nothing to prove). Then
there exists a € A such that o(a) > 0. This together with the fact that o is a
submultiplicative seminorm gives that

o(1) > 1. (4.4)

Since [|¢|| < 1, we have that o(¢(v)) < p(v), Vv € V. Then we can apply
Lemma 4.4.3 and get that

VEeEN, g€ SV, o(¥(9)) < prl9) (4.5)
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Now let f € S(V), i.e. f=> 1", fr with f € S(V)k for k =0,...,m. Then
_ U )
o) =0 ( Bfi ) Z B(h)) +Zpk 5
k= =
)+ 2 i) <o Upo) + )il

(4.4) m m
—1—20 )P (fr) = o Z pie(fr) = a(1)p(f)-
=0

k=1
Hence, [|1] < o(1). O

Using the properties we have showed for the projective extension p of p
to S(V), we can easily pass to the case when V is endowed with a locally
convex topology 7 (generated by more than one seminorm) and to study how
to extend this topology to S(V) in a such a way that the latter becomes an
Imc TA.

Let 7 be any locally convex topology on a vector space V' over K and let
P be a directed family of seminorms generating 7. Denote by 7 the topology
on S(V') determined by the family of seminorms Q := {np: p € P, n € N}.

Proposition 4.4.5. 7 is an Imc topology on S(V) extending T and is the
finest Imc topology on S(V') having this property.

Proof. By definition of 7 and by Proposition 4.4.1, it is clear that Q is a di-
rected family of submultiplicative seminorms and so that 7 is an Imc topology
on S(V) extending 7.It remains to show that 7 is the finest lmc topology
with extending 7 to S(V). Let u an Imc topology on S(V) s.t. u [y= 7, i.e.
w extends 7 to S(V). Suppose that p is finer than 7. Let S be a directed
family of submultiplicative seminorms generating p and consider the identity
map id : (V,7) = (V,u [v). As by assumption p [y= 7, we have that id is
continuous and so by Theorem 4.6.3-TVS-I (applied for directed families of
seminorms) we get that:

VseS,IneN,IpeP: s(v) =s((id(v)) <np(v), Vve V.

Consider the embedding i : (V,np) — (S(V),q). Then ||i|| < 1 and so, by
Proposition 4.4.4, the unique extension i : (S(V),mp) — (S(V),s) of i is
continuous with [|7]| < ¢(1). This gives that

s(f) < s()np(f), ¥V f € S(V).

Hence, all s € F are continuous w.r.t. 7 and so u must be coarser than 7. [J
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Chapter 5

Short overview on the moment problem

In this chapter we are going to consider always Radon measures on Hausdorff
topological spaces, i.e. non-negative Borel measures which are locally finite
and inner regular.

The classical finite-dimensional moment problem

Let © be a Radon measure on R. We define the n—th moment of u as

mh ::/x”u(dm)
R

If all moments of u exist and are finite, then we can associate to p the sequence
of real numbers (mh )nen,, which is said to be the moment sequence of . The
moment problem exactly addresses the inverse question:

Problem 5.1.1 (The one-dimensional K —Moment Problem (KMP)).

Given a closed subset K of R and a sequence m = (my)nen, of real numbers,

does there exist a Radon measure i on R s.t. for anyn € Ny we have m,, = mh,

and p is supported on K, i.e.

my = / 2"u(dx) ,VYneNy and supp(u) CK?
R
n-th moment of u

If such a measure i does exist we say that u is a K—representing measure
for m or that m is represented by u on K.
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Note that there is a bijective correspondence between the set RNo of all
sequences of real numbers and the set (R[z])* of all linear functional from R[x]
to R.

RNo —  (R[z])*
(mn)neNo = Lm : R[l’] - R
p(a) =3pja’ = Li(p) = L pm;.
J J
(L(wn))neNo A L

In virtue of this correspondence, we can always reformulate the KMP in terms
of linear functionals

Problem 5.1.2 (The one-dimensional K —Moment Problem (KMP)).
Given a closed subset K of R and a linear functional L : R[z] — R, does there
ezists a Radon measure p on R s.1.

L(p) = /R p(x)u(de), ¥p € Rlz] and supp(u) C K ?

As before, if such a measure exists we say that p is a K—representing
measure for L and that it is a solution to the K —moment problem for L.

Clearly one can generalize the one-dimensional KMP to higher dimension
by considering R[x] := R[z1, ..., z4] for some d € N (see [15, Section 5.2.2]).

Problem 5.1.3 (The d-dimensional K —Moment Problem (KMP)).
Given a closed subset K of R? and a linear functional L : R[x] — R, does
there exists a Radon measure i on R? s.t.

Lip) = [ poouldx). ¥p € REx] and supply) € K7
It is then very natural to ask the following:

Questions
e What if we have infinitely many variables, i.e. we consider R[z; : i € (]
where (2 is an infinite index set?
e What if instead of real variables we consider variables in a generic
R—vector space V' (even infinite dimensional)?
e What if instead of the polynomial ring R[x] we take any unital commu-
tative R—algebra A?
All these possible generalization of the moment problem usually go under the
name of infinite dimensional moment problem.
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5.2.  Moment problem for commutative R—algebras

Moment problem for commutative R—algebras

In this section we are going to give a formulation of the moment problem
general enough to encompass all the possible generalizations addressed in the
previous section. Let us start by introducing some notation and terminology.

Given a unital commutative R—algebra A, we denote by X' (A) the char-
acter space of A (see Definition 2.4.6). For any a € A, we define the Gelfand
transform a : X(A) — R as a(a) := a(a), Va € X(A). We endow the char-
acter space X'(A) with the weakest topology Tx(4) s.t. all Gelfand transforms
are continuous, i.e. a is continuous for all a € A.

Remark 5.2.1. X(A) can be seen as a subset of R4 via the embedding:

a = m(@) = (a(a))gen = (@(a)sen -

If we equip R4 with the product topology Tprod, then it can be showed (see [19,
Section 5.7]) that Tx(ay coincides with the topology induced by w on X (A) from
(]RA,Tpmd), i.e.

Tx(A) = {71'_1(0) :0 € Tprod} .
The space (X(A),TX(A)) is therefore Hausdorff.

Problem 5.2.2 (The KM P for unital commutative R—algebras).
Given a closed subset K C X(A) and a linear functional L : A — R, does
there exist a Radon measure pn on X (A) s.t. we have

L(a) = / a(la)p(da),Ya € A and supp(p) C K7
X(A)

le

ap) = a| Y psx’ | =) alpga(a)™ - a(za)™
BeNd BeNd

= > ppa(@)? - alwg)’ = p(al@),. .., o(zq)).
BeNd

Conversely, for any y € R? we can define the functional ay : R[x] — R by
ay(p) := p(y) for any p € R[x], which is clearly a R—algebra homomorphism.
Hence, we have showed that X (R[x]) = R? and via this isomorphism we
have that, for any p € R[x], the Gelfand transform p is identified with the
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polynomial p itself. Using these identifications, we get that Problem 5.2.2 for
A = R[x] is nothing but Problem 5.1.3.
Let us come back to the general KMP 5.2.2. Fixed a subset K of X' (A),
we denote by
Pos(K):={a€ A:a>0on K}.
A necessary condition for the existence of a solution to the KMP 5.2.2 is clearly

that L is nonnegative on Pos(K). In fact, if there exists a K —representing
measure 4 for L then for all a € Pos(K') we have

L(a) = /X(A) a(a)p(da) >0

since u is nonnegative and supported on K and a is nonnegative on K.

It is then natural to ask if the nonnegativity of L on Pos(K) is also suf-
ficient. For A = R[x] a positive answer is provided by the so-called Riesz-
Haviland theorem (see [15, Theorem 5.2.5]). An analogous result also holds
in this general setting:

Theorem 5.2.3 (Generalized Riesz-Haviland Theorem). Let K C X' (A) closed
and L : A — R linear. Suppose there exists p € A such that p > 0 on K
and for all n € N the set {a € K : p(a) < n} is compact. Then L has a
K —representing measure if and only if L(Pos(K)) C [0, 4+00).

This theorem provides a complete solution for the K — moment problem
5.2.2 but it is somehow unpractical! In fact, it reduces the solvability of the
K—moment problem to the problem of characterizing Pos(K'). To approach
to this problem we will try to approximate elements in Pos(K) with elements
of A whose Gelfand transform is “more evidently” non-negative, e.g. sum of
even powers of elements of A. In this spirit we consider 2d—power modules of
the algebra A for d € N.

Definition 5.2.4 (2d—power module).
Let d € N. A 2d—power module of A is a subset M of A satisfying 1 €
M, M+ M C M and a>*M C M for each a € A.

In the case d = 1, 2d—power modules are referred to as quadratic modules.
We denote by > A%¢ the set of all finite sums > a?¢, a; € A. > A% is the
smallest 2d—power module of A.

Definition 5.2.5 (Generated 2d—power module).
Let {p;};cs be an arbitrary subset of elements in A (J can have also infinite
cardinality). The 2d—power module of A generated by {p;};cs is defined as

M::{00+01pj1+...+05pj53S€N,j1,...,j5EJ,O'Q,...,USEZAQd}.
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5.3. Moment problem for submultiplicative seminormed R—algebras

For any subset M of A, we set
Xy ={ae X(A):a(a) >0, Ya e M},

which is a closed subset of (X(A), Tx(a)). If M = S A% then Xy = X(A).
If M is the 2d—power module of A generated by {p;}jcs then Xy := {a €
X(A) :pj(a) >0, VjeJ}

Given a 2d—power module M, let us consider the Xj;—moment problem
for a linear functional L : A — R. If there exists a X s —representing measure
w for L, then it is clear that L(M) C [0,4o00) since M C Pos(Xj). Under
which assumptions does the converse hold?

The answer is positive when the module M is Archimedean. The main in-
gredient of the proof of this result is the the so-called Jacobi Positivstellensatz,
which holds for Archimedean power modules and provides that Pos(Xjs) C
M7, where @ is the finest locally convex topology on A. This inclusion to-
gether with Proposition 2.4.8 allows to get the desired conclusion by applying
of Hahn-Banach and Riesz-Haviland theorems.

Theorem 5.2.6. Let M be an archimedean 2d—power module of A and L :
A — R a linear functional. L has a Xp;—representing measure if and only if
L(M) C[0,40).

Proof. See [13, Corollary 2.6]. The conclusion can be also obtained as a con-
sequence of [11, Theorem 5.5]. O

A 2d—power module M in A is said to be archimedean if for each a € A
there exists an integer N such that N+a € M. If M is a 2d—power module of
A which is archimedean then X, is compact. The converse is false in general
(see [19, Section 7.3]).

Does Theorem 5.2.6 still hold when M is not Archimedean? Can we
find other topologies T rather than the finest lc topology ¢ on A such that
Pos(Xy7) € M so that we can get a similar result for 7—continuous linear
functionals on A? In order to attack those questions we are going to in-
vestigate the KMP for linear functionals on some special kind of topological
R—algebras.

Moment problem for submultiplicative seminormed
R—algebras

In this section we are going to present some results about Problem 5.2.2 when
A a submultiplicative seminormed R—algebra (for more details see [12]).
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Let A be a unital commutative R—algebra and ¢ be a submultiplicative
seminorm on an R—algebra A, i.e. o(a-b) < o(a)o(b) for all a,b € A (- denotes
the multiplication in A). The algebra A together with such a o is called a
submultiplicative seminormed R—algebra and is denoted by (A, o).

We denote the set of all o0—continuous R—algebra homomorphisms from
A to R by sp(c), which we refer to as the Gelfand spectrum of (A, o), i.e.

sp(o) :=={a € X(A) : a is 0 — continuous}.

We endow sp (o) with the subspace topology induced by (X(A), TX(A)). Then
one can show the following two results (see [12] for a proof).

Lemma 5.3.1.
For any submultiplicative seminormed R—algebra (A, o) we have:

sp(o) ={a € X(4) : |a(a)| < o(a) for alla € A}.

Corollary 5.3.2. The Gelfand spectrum of any submultiplicative seminormed
R—algebra (A, o) is compact.

An important closure result useful for the Problem 5.2.2 when A a submul-
tiplicative seminormed R—algebra was proved by M. Ghasemi, S. Kuhlmann
and M. Marshall in [12, Theorem 3.7]. We just state it here but we show in
details how this result helps to get better conditions than the ones provided
by the Generalized Riesz-Haviland theorem.

Theorem 5.3.3. Let (A, o) be a submultiplicative seminormed R—algebra and
M is a 2d—power module of A (not necessarily Archimedean). Then

M” = Pos(X; Nsp(0)).

Corollary 5.3.4. Let (A,0) be a submultiplicative seminormed R—algebra,
M is a 2d—power module of A and L : A — R a linear functional. L has a
representing measure supported on XprNsp(o) if and only if L is o— continuous
and L(M) C [0,400).

Proof.

(<) By our hypothesis and Theorem 5.3.3, L is nonnegative on Pos(X; N
sp(0)). Hence, by applying Theorem 5.2.3, L has a (X /Nsp(o))—representing
measure.!

! Note that we can apply the Generalized Riesz-Haviland Theorem since X s N sp(o) is
compact in (X(A),TX(A)). (This is a direct consequence of Corollary 5.3.2 and of the fact
that X is a closed subset of (X(A), Tx(a))).



5.4

5.4. Moment problem for symmetric algebras of lc spaces

(=) Suppose that L has a representing measure p supported on Xy Nsp(o).
Then for all b € M we have

L(b) = /X _— b(a)p(da) > 0

since p is nonnegative and supported on a subset of Xj;. Therefore, we have
got L(M) C [0, +00). Also, we have that for all a € A:

L@ < /X i@t

— / (@) u(de)
Xansp(o)

Lemmab5.3.1
2 / o(a)u(da) = o(a)u (Xps N sp(o))
X]wﬂE]J(O’)

Note that p (X Nsp(o)) is finite since p is Radon and X Nsp(o) compact.
Hence, L is o—continuous. ]

Moment problem for symmetric algebras of Ic spaces

In this section we are going to present some results about Problem 5.2.2 when
A is the symmetric algebra S(V') of a locally convex space V' over R (for more
details see [11]).

Let us start with the simplest case, i.e. when V is a R—vector space
endowed with a seminorm p. In Section 5.2, we have showed how to extend the
seminorm p to a seminorm p on S(V'), which we proved to be submultiplicative
by Proposition 4.4.1. Therefore, (S(V'),p) is a submultiplicative seminormed
R—algebra and so we can apply Corollary 5.3.4, obtaining the following result.

Proposition 5.4.1. Let (V, p) be a seminormed R-vector space, M a 2d—power

module of S(V) and L : S(V) — R a linear functional. L is p-continuous

and L(M) C [0,4+00) if and only if 3 on V*: L(f) = [ f(a)u(da) and
V*

suppp € Xy N E!””, where || - ||, denotes the operator norm on V*, i.e.

18l = sup ey 13(0)] and By i= {3 € V"3 13l < 1.
p(v)<

Proof.
By Proposition 4.4.1, we can apply Corollary 5.3.4 to (S(V),p) and obtain
that: L is p-continuous and L(M) C [0, 4o00) if and only if 3!y on X (S(V)):
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A~

L(f)= | f(a)u(da)and supp p C XpNsp(p). Now by Corollary 4.3.5 we
X(S(V))
know that Hom(S(V),R) = V* ie. X(S(V)) = V*. Using this isomorphism

we can get that sp(p) = E!'H” and so the desired conclusion.

Let us prove that sp(p) = Ewp. Suppose that o € sp(p). Then by
Lemma 5.3.1 we have that |a(f)] < p(f) ¥V f € S(V). Clearly this implies
that |a(v)] < p(v) Vo € V,so |laly ||, <1, ie. «a€ E'{'”p. Conversely,
suppose that 3 € V* s.t. ||3]|, < 1. Denote by 3 the unique extension of 3 to
an R-algebra homomorphism 3 : S(V) — R. Then, by Proposition 4.4.4, we
get that ||8]|z < 1 and so that [B(f)| < p(f) V f € S(V). Thus 8 € sp(p). O

We can generalize this result to (V, 7) locally convex TVS over R by using

Proposition 4.4.5, which provides an extension of 7 to an Imc topology T to
S(V).

Proposition 5.4.2. Let (V,7) be a Imc TVS over R whose topology is gen-

erated by a directed family of seminorms P. Let M be a 2d—power mod-

ule of S(V) and L : S(V) — R a linear functional. L is T-continuous

and L(M) C [0,400) if and only if 3'p on V*: L(f) = [ f(a)pu(de) and
V*

supp € Xy OEQ'””, for somen € N and p € P.

Proof.

By Proposition 4.4.5, we know that 7 is a lmc topology on S(V') generated
by the family Q := {mp : p € P, n € N}. Then Proposition 4.6.1 in TVS-I
guarantees that L is 7-continuous if and only if there exists ¢ € Q s.t. L is
g—continuous, i.e. there exists n € N and p € P s.t. L is np—continuous.
Thus we reduced to the case of one single seminorm and so we can apply
Proposition 5.4.1 and get that: L is 7-continuous and L(M) C [0, +o0) if and

only if 3!y on V*: L(f) = [ f(@)p(der) and supp pu € X QEM"". This
V*
yields the conclusion as E!'H"” = Eﬂ;”” : O

What happens when the assumption of continuity of L is weakened? Can
we get results for this moment problem for measures which are not compactly
supported? Some results in this direction have been obtained in [17] for the
case when V = C°(R?) endowed with the projective topology introduced
in Section 1.4. However, there are still many open questions concerning the
moment problem in this general framework and we are still far from a complete
understanding of the infinite dimensional moment problem.



Bibliography

R. Arens, The space L and convex topological rings, Bull. Amer. Math.
Soc. 52, (1946), 931-935.

V. K. Balachandran, Topological algebras. Reprint of the 1999 original.
North-Holland Mathematics Studies, 185. North-Holland Publishing Co.,
Amsterdam, 2000.

E. Beckenstein, L. Narici, C. Suffel, Topological algebras. North-
Holland Mathematics Studies, Vol. 24. North-Holland Publishing Co.,
Amsterdam-New York-Oxford, 1977.

N. Bourbaki, Iments de mathmatique, Thorie des ensembles, Nouvelle di-
tion (rimpression de I’dition Hermann), Masson diffusion C.C.L.S., 1970.

A. C. Cochran, R. Keown, C. R. Williams, On a class of topological
algebras. Pacific J. Math. 34 (1970),17-25.

I. Gelfand, On normed rings, C. R. (Doklady) Acad. Sci. URSS (N.S.)
25, (1939), 430-432.

I. Gelfand, To the theory of normed rings. II: On absolutely convergent
trigonometrical series and integrals, C. R. (Doklady) Acad. Sci. URSS
(N.S.) 25, (1939), 570-572.

I. Gelfand, To the theory of normed rings. III. On the ring of almost
periodic functions. C. R. (Doklady) Acad. Sci. URSS (N.S.) 25, (1939).
573-574.

I. Gelfand, Normierte Ringe, (German) Rec. Math. [Mat. Sbornik] N. S.
9 (51), (1941), 3-24.

I. Gelfand, D. Raikov and G. Silov, Commutative normed rings (Chelsea
1964), Russian edition 1960.

101



BIBLIOGRAPHY

102

[11]

[12]

M. Ghasemi, S. Kuhlmann, Closure of the cone of sums of 2d—powers in
real topological algebras, J. Funct. Analysis, 264 (2013), 413-427.

M. Ghasemi, S. Kuhlmann, M. Marshall, Application of Jacobi’s rep-
resentation theorem to locally multiplicatively convex topological R-
algebras, J. Funct. Analysis, 266, no. 2, (2014), 1041-1049.

M. Ghasemi, M. Marshall, Sven Wagner, Closure of the cone of sums
of 2d-powers in certain weighted ¢1-seminorm topologies, Canad. Math.
Bull. 57 no. 2 (2014), 289-302.

M. Ghasemi, M. Infusino, S. Kuhlmann, M. Marshall, Moment problem
for symmetric algebras of locally convex spaces, Integr. Equ. Oper. The-
ory (2018) 90:29.

M. Infusino, Lecture mnotes on topological wvector spaces I, Uni-
versitdt Konstanz, Summer Semester 2017, http://www.math.uni-
konstanz.de/ infusino/TVS-SS17/Note2017(July29).pdf.

M. Infusino, Lecture notes on topological vector spaces II, Univer-
sitdt Konstanz, Winter Semester 2017-2017, http://www.math.uni-
konstanz.de/ infusino/TVS-WS17-18/Note2017-TVS-II.pdf.

M. Infusino, T. Kuna, A. Rota, The full infinite dimensional moment
problem on semi-algebraic sets of generalized functions, J. Funct. Analy-
sis 267 no. 5 (2014),1382-1418.

A. Mallios, Topological algebras. Selected topics. 109. North-Holland
Publishing Co.1986.

M. Marshall, Positive Polynomials and Sums of Squares, 146, Math. Sur-
veys & Monographs, AMS, 2008.

M. J. Meyer, Some algebras without submultiplicative norms or positive
functionals. Studia Math. 116 (1995), no. 3, 299-302.

E. Michael, Locally multiplicatively-convex topological algebras, Mem.
Amer. Math. Soc., No. 11 (1952), 79 pp.

M. Reed, B, Simon, Methods of modern mathematical physics. 1. Func-
tional analysis. Second edition. Academic Press, Inc., New York, 1980.

H.H. Schaefer, M. P. Wolff, Topological vector spaces, second edition,
Graduate Texts in Mathematics, 3.

F. Tréves, Topological vector spaces, distributions, and kernels, Academic
Press, 1967.

W. Zelazko, Selected topics in topological algebras. Lecture Notes Series,
No. 31. Matematisk Institut, Aarhus Universitet, Aarhus,1971.


http://www.math.uni-konstanz.de/~infusino/TVS-SS17/Note2017(July29).pdf
http://www.math.uni-konstanz.de/~infusino/TVS-SS17/Note2017(July29).pdf
http://www.math.uni-konstanz.de/~infusino/TVS-WS17-18/Note2017-TVS-II.pdf
http://www.math.uni-konstanz.de/~infusino/TVS-WS17-18/Note2017-TVS-II.pdf

	Introduction
	General Concepts
	Brief reminder about algebras over a field
	Definition and main properties of a topological algebra
	Hausdorffness and unitizations of a TA
	Subalgebras and quotients of a TA

	Locally multiplicative convex algebras
	Neighbourhood definition of lmc algebras
	Seminorm characterization of lmc algebras
	Hausdorff lmc algebras
	The finest lmc topology
	Topological algebras admitting lmc topologies

	Further special classes of topological algebras
	Metrizable and Fréchet algebras
	Locally bounded algebras
	Projective limit algebras
	Projective topology
	Projective systems of TAs and their projective limit
	Arens-Michael decomposition


	Symmetric tensor algebras
	Tensor product of vector spaces
	The -topology on the tensor product of lc TVS
	Tensor algebra and symmetric tensor algebra of a vs
	An lmc topology on the symmetric algebra of a lc TVS

	Short overview on the moment problem
	The classical finite-dimensional moment problem
	Moment problem for commutative R-algebras
	Moment problem for submultiplicative seminormed R-algebras
	Moment problem for symmetric algebras of lc spaces

	Bibliography

