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1.1

Chapter 1

Special classes of topological vector spaces

In these notes we consider vector spaces over the field K of real or complex
numbers given the usual euclidean topology defined by means of the modulus.

Metrizable topological vector spaces

Definition 1.1.1. A t.v.s. X is said to be metrizable if there exists a metric
d which defines the topology of X .

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

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

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

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

To say that the topology of a t.v.s. X is defined by a metric d means that
for any x € X the sets of all open (or equivalently closed) balls:

B.(z):={ye X :d(z,y) <r}, Vr>0

forms a basis of neighbourhoods of z w.r.t. to the original topology on X.
There exists a completely general characterization of metrizable t.v.s..

Theorem 1.1.2. A t.v.s. X is metrizable if and only if X is Hausdorff and
has a countable basis of neighbourhoods of the origin.

One direction is quite straightforward. Indeed, suppose that X is a metriz-
able t.v.s. and that d is a metric defining the topology of X, then the collection
of all Bi(o) with n € N is a countable basis of neighbourhoods of the origin
oin X. nMoreover, the intersection of all these balls is just the singleton {o},
which proves that the t.v.s. X is also Hausdorff (see Corollary 2.2.4 in TVS-I).
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The other direction requires more work and we are not going to prove it
in full generality but only for locally convex (l.c.) t.v.s., since this class of
t.v.s. is anyway the most commonly used in applications. Before doing it, let
us make another general observation:

Proposition 1.1.3. In any metrizable t.v.s. X, there exists a translation
mwvariant metric which defines the topology of X.

Recall that a metric d on X is said to be translation invariant if
dlx+z,y+ 2) =d(z,y), Va,y,z € X.

It is important to highlight that the converse of Proposition 1.1.3 does
not hold in general. Indeed, the topology 74 defined on a vector space X by
a translation invariant metric d is a translation invariant topology and also
the addition is always continuous w.r.t. 74. However, the multiplication by
scalars might be not continuous w.r.t. 74 and so (X, 74) is not necessarily a
t.v.s.. For example, the discrete metric on any non-trivial vector space X is
translation invariant but the discrete topology on X is not compatible with
the multiplication by scalars (see Interactive Sheet 1).

Proof. (of Theorem 1.1.2 and Proposition 1.1.3 for Lc. t.v.s.)

Let X be a l.c. t.v.s.. Suppose that X is Hausdorff and has a countable
basis {Up,n € N} of neighbourhoods of the origin. Since X is a l.c. t.v.s.,
we can assume that such a countable basis of neighbourhoods of the ori-
gin consists of barrels, i.e. closed, convex, absorbing and balanced sets (see
Proposition 4.1.13 in TVS-I) and that satisfies the following property (see
Theorem 4.1.14 in TVS-I):

Vi eN,Vp>0,3neN:U, C pUj.

We may then take
Vo=UnNn---NU,, VneN

as a basis of neighbourhoods of the origin in X. Each V,, is a still barrel,
Vht1 C V, for any n € N and:

VjieN,Vp>0,3neN:V, CpV, (1.1)

By Lemma 4.2.7 in TVS-I we know that for any n € N we have V,, C Up,, ,
where py, == {A > 0 : 2 € AV, } is the Minkowski functional associated to
Vi and Uy, = {x € X : py,(x) < 1}. Also, if x € Up,, then there exists a
sequence (\;)jen such that A\; > 0 and « € \;V}, for each j € N, and \; — 1
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as j — oo. This implies that % — x as j — oo and so x € V,, since V,, is
closed. Hence, we have just showed that for any n € N there is a seminorm p,,
(i.e. pn :=py,) on X such that V;, = {z € X : p,(z) < 1}. Then clearly we
have that (p,)nen is a countable family of seminorms generating the topology
of X and such that p, < p,41 for all n € N.

Let us now fix a sequence of real positive numbers {a;}jen such that
S j=1 G < 00 and define the mapping d on X x X as follows:

V,x,y € X.
Zjl“‘pjl'_ y)’ Y

We want to show that this is a metric which defines the topology of X.

Let us immediately observe that the positive homogeneity of the seminorms
pj gives that d is a symmetric function. Also, since X is a Hausdorff t.v.s.,
we get that {o} C NS Ker(p,) C NS, V,, = {0}, i.e. N2 Ker(p,) = {o}
This provides that d(m, y) = 0 if and only if 2 = y . We must therefore check
the triangular inequality for d. This will follow by applying, for any fixed
j€Nand z,y,2 € X, Lemma 1.1.4 below to a := pj(z —y), b := p;(y — 2)
and ¢ := pj(x — 2z). In fact, since each p; is a seminorm on X, we have
that the above defined a,b,c are all non-negative real numbers such that:
¢ =pi(w—2) =y —y+y—2) < pylx —y) +p;(y — =) = a+b. Hence, the
assumption of Lemma 1.1.4 are fulfilled for such a choice of a,b and ¢ and we
get that for each j € N:

ple—2)  _ ey pily—2)

L+pj(zx—2) ~ 14+pjlz—y) 1+pily—=2)

Since the a;’s are all positive, this implies that d(z,z) < d(z,y) + d(y, 2),

Vz,y,z € X. We have then proved that d is indeed a metric and from its
definition it is clear that it is also translation invariant.

To complete the proof, we need to show that the topology defined by
this metric d coincides with the topology initially given on X. By Hausdorff
criterion (see Theorem 1.1.17 in TVS-I), we therefore need to prove that for
any x € X both the following hold:

1.Vr>0,3neN:z+V, C B,(x)

2.VneN,Ir>0:B,(z) Cz+V,

Because of the translation invariance of both topologies, we can consider just
the case x = o.
Let us fix r > 0. As 3°77; a; < oo, we can find j(r) € N such that

Vr,y,z € X.

o0

Y o< % (1.2)

J=i(r)+1
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Using that p, < ppy1 for all n € N and denoting by A the sum of the series
of the a;’s, we get:

J(r) [e%s)
Z L prny + @) <P @) D4 <pin(@) Y a; = Apjy(x).  (13)
J j=1 7j=1

Combining (1.2) and (1.3), we get that if x € 53V}, i.e. if pj)(z) < 57,

then:
j(r)
d(x,0) :]Za'pj(x)+ i a~M < Apj( )(:13)4—i <r.
’ — Jl—i—pj(w) prn i jl—l—pj(x) I 2~

This proves that 55 Vi) € Br(o). By (1.1), there always exists n € N s.t.

Vi € 52 Vj(r) and so 1 holds. To prove 2, let us fix j € N. Then clearly

24V
p]( )

-7§dx,o, Vo € X.
YTty = 1)

As the a;’s are all positive, the latter implies that:
pj(z) < a;l(l +pj(x))d(x,0), Vo e X.

Therefore, if 2 € Ba; (0) then d(z,0) < % and so p;(z) < M, which

2
gives p;j(x) < 1. Hence, Baq; (0) C V; which proves 2. O
2

Let us show now the small lemma used in the proof above:

Lemma 1.1.4. Let a,b,c € RY such that ¢ < a+b then 14 < 195 + 1L+b'

Proof. W.lo.g. we can assume ¢ > 0 and a + b > 0. (Indeed, if ¢ = 0 or
a 4+ b = 0 then there is nothing to prove.)Then ¢ < a + b is equivalent to

—1
% % This implies that ( 1) ! < (1 + ﬁ) which is equivalent to:

c a+b a b a b
< = + < + .
l4¢ " 14a+b 1+a+db 1+a+b " 1+a 1+0b O

We have therefore the following characterization of l.c. metrizable t.v.s.:

Proposition 1.1.5. A locally convex t.v.s. (X, T) is metrizable if and only if
T can be generated by a countable separating family of seminorms.
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Let us introduce now three general properties of all metrizable t.v.s. (not
necessarily l.c.), which are well-known in the theory of metric spaces.

Proposition 1.1.6. A metrizable t.v.s. X is complete if and only if X is
sequentially complete.

Proof. (Exercise Sheet 1) O

(For the definitions of completeness and sequentially completeness of a
t.v.s., see Definition 2.5.5 and Definition 2.5.6 in TVS-I. See also Proposi-
tion 2.5.7 and Example 2.5.11 n TVS-I for more details on the relation between
these two notions for general t.v.s..)

Proposition 1.1.7. Let X be a metrizable t.v.s. and Y be any t.v.s. (not
necessarily metrizable). A mapping f : X — Y (not necessarily linear) is
continuous if and only if it is sequentially continuous.

Proof. (Exercise Sheet 1) O

Recall that a mapping f from a topological space X into a topological
space Y is said to be sequentially continuous if for every sequence {zp }nen
convergent to a point x € X the sequence { f(zy)}nen converges to f(z) in Y.

The proof that continuity of f : X — Y always implies its sequentially
continuity is pretty straightforward and holds under the general assumption
that X and Y are topological spaces (see Proposition 1.1.39 in TVS-I). The
converse does not hold in general as the following example shows.

Example 1.1.8.

Let us consider the set C([0, 1]) of all real-valued continuous functions on [0, 1].
This is a vector space w.r.t. the pointwise addition and multiplication by real
scalars.  We endow C([0,1]) with two topologies which both make it into a
t.v.s.. The first topology o is the one give by the metric:

@)~ ()
dre)= [ pEE=E g e,

The second topology T is instead the topology generated by the family (Pw)xe[o,l}
of seminorms on C([0,1]), where

pm(f) = ’f($)|a Vfe C([Ov 1])

We will show that the identity map I : (C([0,1]),7) — (C([0,1]),0) is sequen-
tially continuous but not continuous.
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o [ is sequentially continuous
Let (fn)nen be a sequence of elements in C([0,1]) which is T—convergent to
fe€cC(0,1]) as n — oo, i.e. |fo(z) — f(z)| = 0, Vz € [0,1] as n — oco. Set

_fn(@) = f(=)]
gn(z) = T+ @) = f@)] Vz € [0,1], Vn € N.

Then |gn(x)| < 1, Vx € [0,1], Vn € N and g,(z) — 0, Vx € [0,1] as n — oo.
Hence, by the Lebesgue dominated convergence theorem, we get fol gn(x)dz — 0
as n — 0o, that is, d(fn, f) — 0 as n — oo, i.e. the sequence (I(fn))nen s
o—convergent to f as n — oo.
e [ is not continuous
Suppose that I is continuous at o € C([0,1]) and fix ¢ € (0,1). Then there
exists a neighbourhood N of the origin in (C([0,1]),7) s.t. N C I"Y(B%(0)),
where B2(0) := {f € C([0,1]) : d(f,0) < €}. This means that there erist
neN, zy,...,z, €[0,1] and § > 0 s.t.

o0y, © Bo), (1.4)
i=1
where Up, = {f € C([0,1]) « [f(z:)] <1}
Take now fi(z) := k(x —x1)---(z — x,), Vk € N,Vz € [0,1]. Then fi €
C([0,1]) for all k € N and fr(x;) =0< 6 for alli=1,...,n. Hence,

fioe (F €C0,1)): f@)] < 6} = (8T, C Blo), vkeN  (15)
i=1 =1
> i)

Then |hi(z)| < 1, Vz € [0,1], Yk € N and hi(z) — 1Vz € [0,1] \ {z1,..., 25}
as k — oco. Hence, by the Lebesque dominated convergence theorem, we get
fol hi(z)dx — fol ldz =1 as k — oo, that is, d(fg, f) — 1 as k — oo. This
together with (1.5) gives tha € > 1 which contradicts our assumption ¢ € (0, 1).

By Proposition 1.1.7, we then conclude that (C([0,1]), T) is not metrizable.

Proposition 1.1.9. A complete metrizable t.v.s. X is a Baire space, i.e. X
fulfills any of the following properties:

(B) the union of any countable family of closed sets, none of which has interior
points, has no interior points.

(B’) the intersection of any countable family of everywhere dense open sets is
an everywhere dense set.
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Note that the equivalence of (B) and (B’) is easily given by taking the
complements. Indeed, the complement of a closed set C' without interior
points is clearly open and we get: X \ (X \ C) = C = () which is equivalent
to X\ C = X, ie. X \C is everywhere dense.

Example 1.1.10. 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 Buaire space. Indeed, for any q € Q the subset {q} is closed and has empty
interior in Q, but Ugeg{q} = Q which has interior points in Q (actually its
interior is the whole Q).

Before proving Proposition 1.1.9, let us observe that the converse of the
proposition does not hold because there exist Baire spaces which are not
metrizable. Moreover, the assumptions of Proposition 1.1.9 cannot be weak-
ened, because there exist complete non-metrizable t.v.s and metrizable non-
complete t.v.s which are not Baire spaces.

Proof. of Proposition 1.1.9

We are going to prove that Property (B’) holds in any complete metrizable
t.v.s.. Let {Q}ren be a sequence of dense open subsets of X and let us denote
by A their intersection. We need to show that A intersects every non-empty
open subset of X (this implies that A is dense, since every neighbourhood of
every point in X contains some open set and hence some point of A).

Let O be an arbitrary non-empty open subset of X. Since X is a metrizable
t.v.s., there exists a countable basis {Uj }ren of neighbourhoods of the origin
which we may take all closed and s.t. Ugy1 C Ug for all £ € N. As © is
open and dense we have that O N€); is open and non-empty. Therefore, there
exists 1 € O Ny and k1 € Nsit. 21 + Uy, € ONQy. Let us denote by
G the interior of x; + Uy, , which is non-empty since it contains z; (Indeed,
x1 + Uy, is a neighbourhood of z; and so there exists an open set V' such that
x1 € V C 21 + Uy, i.e. z1 belongs to the interior of x1 + Uy, ).

As €5 is dense and G is a non-empty open set, we have that G Ny
is open and non-empty. Hence, there exists zo € G1 N Qs and ko € N s.t.
22+ Uk, € G1NQs. Let us choose k2 > k1 and call G2 the interior of xg + Uy,,
which is non-empty since it contains x2. Proceeding in this way, we get a
sequence of non-empty open sets G := {G}};eny with the following properties
for any [ € N:

1. G;Cyno

2. Gip1 € Gy

3. G; Cx;+ Uy,
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Note that the family G does not contain the empty set and Property 2 implies
that for any G;, Gy € G the intersection G; N G = Gax(ry € G- Hence, G
is a basis of a filter F in X'. Moreover, Property 3 implies that

VZGN,GZ—GZ - Ukl _Ukl (1.6)

which guarantees that F is a Cauchy filter in X. Indeed, for any neighbour-
hood U of the origin in X there exists a balanced neighbourhood of the origin
such that V — V C U and so there exists kK € N such that U, C V. Hence,
there exists [ € N s.t. k; > [ and so Uy, € Uy. Then by (1.6) we have that
Gi—G CUy, —U,, CV -V CU. Since G; € G and so in F, we have got
that F is a Cauchy filter.

As X is complete, the Cauchy filter F has a limit point z € X, i.e. the filter
of neighbourhoods of x is contained in the filter F. This implies that z € G
for all [ € N (If there would exists [ € N s.t. x ¢ G then there would exists a
neighbourhood N of z s.t. NNG; = 0. As G; € F and any neighbourhood
of x belongs to F, we get () € F which contradicts the definition of filter.)
Hence:

ze((GCcon(u=0nA.
leN leN

'Recall that a basis of a filter on X is a family G of non-empty subsets of X such that
VG1,G2 € G,3G3 € G s.t. G3 C G1 NGa.
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1.2. Fréchet spaces

Fréchet spaces

Definition 1.2.1. A complete metrizable locally convexr t.v.s. is called a
Fréchet space (or F-space).

Note that by Theorem 1.1.2 and Proposition 1.1.9, any Fréchet space is in
particular a Hausdorff Baire space. Combining the properties of metrizable
t.v.s. which we proved in Exercise Sheet 1 and the results about complete
t.v.s. which we have seen in TVS-I, we easily get the following properties:

e Any closed linear subspace of an F-space endowed with the induced

subspace topology is an F-space.

e The product of a countable family of F-spaces endowed with the product

topology is an F-space.

e The quotient of an F-space modulo a closed subspace endowed with the

quotient topology is an F-space.
Examples of F-spaces are: Hausdorff finite dimensional t.v.s., Hilbert spaces,
and Banach spaces. In the following we will present two examples of F-spaces
which do not belong to any of these categories. Let us first recall some stan-
dard notations. For any = = (x1,...,74) € R? and a = (a4, ..., a4) € N, we
define 2 := (" ---2?. For any f € Ng, the symbol D? denotes the partial

derivative of order |3| where |3] := Zle Bi, i.e.

DF olBl ob 9B

Oxy'---0x* Ozt Oz

Example: C*(Q) with 2 C R? open.

Let © C R? open in the euclidean topology. For any s € Ny, we denote by
C*(Q2) the set of all real valued s—times continuously differentiable functions
on €, i.e. all the derivatives of order < s exist (at every point of Q) and are
continuous functions in . Clearly, when s = 0 we get the set C(£2) of all
real valued continuous functions on €2 and when s = co we get the so-called
set of all infinitely differentiable functions or smooth functions on ). For any
s € Np, C*(2) (with pointwise addition and scalar multiplication) is a vector
space over R.

Let us consider the following family P of seminorms on C*(2)

Pm.kx (f) := sup sup ’(D/Bf)(:r)
pend TEK

1BI<m

, VK C Q compact,Vm € {0,1,...,s}.

(Note when s = oo we have m € Ny.) The topology 7p generated by P is
usually referred as C*-topology or topology of uniform convergence on compact
sets of the functions and their derivatives up to order s.
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1) The C*-topology clearly turns C*(2) into a locally convex t.v.s., which is
evidently Hausdorff as the family P is separating (see Prop 4.3.3 in TVS-I).
Indeed, if pp, k(f) =0, Vm € {0,1,...,s} and VK compact subset of Q then
in particular pg ;1 (f) = |f(z)] = 0 Vz € Q, which implies f =0 on .

2) (C*(Q2), Tp) is metrizable.

By Proposition 1.1.5, this is equivalent to prove that the C*-topology can be
generated by a countable separating family of seminorms. In order to show
this, let us first observe that for any two non-negative integers m; < mo < s
and any two compact K1 C Ky C €2 we have:

Pmi, K, (f) < Pma, Ko (f)? Vf € CS<Q)

Then the family {p, x : K C 2 compact} generates the C*—topology on C*(€2).
Moreover, it is easy to show that there is a sequence of compact subsets
{Kj}jen of Q such that K; C K;i for all j € N and Q = UjenK;. Then
for any K C € compact we have that there exists j € N s.t. K C K; and
80 ps, i (f) < psi; (f), Vf € C°(2). Hence, the countable family of seminorms
{ps,i; : j € N} generates the C*—topology on C*(§2) and it is separating. In-
deed, if ps k,(f) = 0 for all j € N then for every x € 2 we have x € K; for
some i € N and so 0 < |f(x)| < ps.k,(f) = 0, which implies |f(x)| = 0 for all
x €, ie f=0on .

3) (C*(2), Tp) is complete.
By Proposition 1.1.6, it is enough to show that it is sequentially complete.
Let (f,)ven be a Cauchy sequence in C¥(Q), i.e.

Vm < s,VK C € compact, Ve > 0,3IN € Ns.t. Vi, v > N : pp, g (fu—fu) < e.

(1.7)
In particular, for any x € Q by taking m = 0 and K = {z} we get that the
sequence (f,(z))yen is a Cauchy sequence in R. Hence, by the completeness
of R, it has a limit point in R which we denote by f(z). Obviously x — f(x) is
a function on 2, so we have just showed that the sequence (f,),en converges
to f pointwise in €2, i.e.

Vo e Q,Ve > 0,3M, € Ns.t. V> M, : |fu(z) — f(z)] <e. (1.8)

Then it is easy to see that (f,),en converges uniformly to f in every compact
subset K of 2. Indeed, we get it just passing to the pointwise limit for 4 — oo
in (1.7) for m = 0. 2

*Detailed proof: Let e > 0. By (1.7) for m = 0, 3N € Ns.t.Vu,v > N : |fo(z)— fu(z)] <
£,Vz € K. Now for each fixed z € K one can always choose a p. larger than both N and
the corresponding M, as in (1.8) so that |f,, (z) — f(z)| < §. Hence, for all v > N one gets
that |f,(z) = f(2)| < [fu (@) = fuo (@) + | fuo (2) = f(2)| <&,V € K.
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As (f,)ven converges uniformly to f in every compact subset K of €, by
taking this subset identical with a suitable neighbourhood of any point of €2,
we conclude by Lemma 1.2.2 that f is continuous in €.

o If s = 0, this completes the proof since we just showed f, — f in the

C%—topology and f € C(f).

e If 0 < s < oo, then observe that since (f,),en is a Cauchy sequence
in C*(Q2), for each j € {1,...,d} the sequence (%fu)ueN is a Cauchy
sequence in C571(£2). Then proceeding as above we can conclude that,
for each j € {1,...,d}, the sequence (% fv)ven converges uniformly on

every compact subset of Q to a function ¢U) € C*~1(Q) and by Lemma
1.2.3 we have that ¢¥) = % f. Hence, by induction on s, we show that
(fv)ven converges to f € C*(Q2) in the C*—topology.

o If s = 0o, then we are also done by the definition of the C*°-topology. In-
deed, a Cauchy sequence (f,),en in C*°(2) it is in particular a Cauchy
sequence in the subspace topology given by C*(2) for any s € N and
hence, for what we have already showed, it converges to f € C*(Q2) in
the C*—topology for any s € N. This means exactly that (f,),en con-
verges to f € C*°(Q) in the in C*°—topology.

Let us prove now the two lemmas which we have used in the previous proof:

Lemma 1.2.2. Let A C R? and (f,)yen in C(A). If (f,)ven converges to a
function f uniformly in A then f € C(A).

Proof.
Let zyp € A and € > 0. By the uniform convergence of (f,),en to f in A we
get that:

AN e Nst. Vv > N |fu(y) — f(y)| < =, Vy € A

w| ™

Fix such a v. As f, is continuous on A, we obtain that
30 > 0 s.t. Vo € A with |z — 29| < 0 we have |f,(z) — fu(z0)] <

Therefore, Vx € A with |z — zg| < § we get

[f (@) = f(xo)| < |f(x) = fo(@)| + [fu(2) = fu(zo)| + | fu(20) = flzo)| <&

11
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Lemma 1.2.3. Let A C R? and (f,)ven in CH(A). If (f,)en converges to a
function f uniformly in A and for each j € {1,...,d} the sequence (%f,,),,eN

converges to a function g9 uniformly in A, then
; 0
U= Zf,¥je{l,...,d}
9= o fviefl,....d}
This means in particular that f € C1(A).

Proof. (for d =1, A = [a,b])
By the fundamental theorem of calculus, we have that for any x € A

fla) = fu() = [ 50 (1.9

By the uniform convergence of the first derivatives to g(!) and by the Lebesgue
dominated convergence theorem, we also have

/ %fl,(t)dt — / gM(t)dt, as v — . (1.10)

Using (1.9) and (1.10) together with the assumption that f, — f unformly in
A, we obtain that:

f(2) — fla) = / "0y,

a

Le. (2f)(z)=gW(z),Vz € A O

Example: The Schwartz space S(R%).

The Schwartz space or space of rapidly decreasing functions on R is defined
as the set S(R?) of all real-valued functions which are defined and infinitely
differentiable on R? and which have the additional property (regulating their
growth at infinity) that all their derivatives tend to zero at infinity faster than
any inverse power of x, i.e.

S(RY) := {f € C®°(RY) : sup |z*(D°f)(x)| < o0, Vo, € Ng}.

zcRd

(For example, any smooth function f with compact support in R is in S(R?),
since any derivative of f is continuous and supported on a compact subset of
R%, so (D f(z)) has a maximum in R? by the extreme value theorem.)
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The Schwartz space S (Rd) is a vector space over R and we equip it with
the topology 7o given by the family Q of seminorms on S(R%):

ami(f) = sup sup (1+ |a])* (D) f ()

pend zER4
|BI<m

Note that f € S(R?) if and only if ¥m, k € No, gm x(f) < oo.
The space S(R?) is a linear subspace of C>®(R%), but 7¢ is finer than the
subspace topology induced on it by 7p where P is the family of seminorms
defined on C*(RY) as in the above example. Indeed, it is clear that for any
f € S(RY), any m € Ny and any K C R% compact we have py, i (f) < gm.o(f)
which gives the desired inclusion of topologies.

, Vm, k € Ng.

1) (S(R?),7g) is a locally convex t.v.s. which is also evidently Hausdorff since
the family Q is separating. Indeed, if ¢, x(f) = 0, Vm, k € Ny then in partic-
ular go o(f) = sup,ega | f(x)| = 0, which implies f = 0 on R

2) (S(R%), 19) is a metrizable, as Q is countable and separating (see Propo-
sition 1.1.5).

3) (S(R%), 7o) is a complete. By Proposition 1.1.6, it is enough to show that
it is sequentially complete. Let (f,),en be a Cauchy sequence S(R?) then a
fortiori we get that (f,),en is a Cauchy sequence in C*°(R?) endowed with the
C>—topology. Since such a space is complete, then there exists f € C*°(R?)
s.t. (fu)ven converges to f in the the C®°—topology. From this we also know
that:
VB e N¢, vz e R4, (DPf,)(x) = (DPf)(z) as v — oo (1.11)

We are going to prove at once that (f,),cn is converging to f in the 7o
topology (not only in the C*—topology) and that f € S(R?).

Let m,k € Ng and let € > 0. As (f,),en is a Cauchy sequence in S(R?),
there exists a constant M s.t. Vv, > M we have: ¢p(f, — fu) < €. Then
fixing 8 € N with |3] < m and 2 € R? we get

(14 [2)* |(DP£) (@) = (D f) (@) e,
Passing to the limit for ;1 — oo in the latter relation and using (1.11), we get
(L+ |o)* | (D f,)(@) = (D7 F)(@)| < &

Hence, for all v > M we have that ¢, x(f, — f) < € as desired. Then by the
triangular inequality it easily follows that

Vm, k € No, gmi(f) < 00, ie. f€S(RY).

13
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Inductive topologies and LF-spaces

Let {(Eq,Ta) : @ € A} be a family of locally convex t.v.s. over the field K of
real or complex numbers (A is an arbitrary index set), E a vector space over
the same field K and, for each a € A, let g, : £, — E be a linear mapping.
The inductive topology Tinq on E w.r.t. the family {(Eq, 7o, ga) : @ € A} is
the locally convex topology generated by the following basis of neighbourhoods
of the origin in E:

Bing: = {U C E convex, balanced, absorbing : Ya € A, g5 }(U) is
a neighbourhood of the origin in (Eq, 74)}-

Hence, the space (F, i) is a Lc. t.v.s. Indeed, B;,q is a family of absorbing
and absolutely convex subsets of E such that
a) V U,V € Bing, UNV € Bypg, since g; 1 (UNV) = g (U)N g1 (V) is
a neighbourhood of the origin in (E,,7,) (as finite intersection of such
neighbourhoods).
b) V p>0,YU € Bina, pU € Bing, since g, 1(pU) = pg, 1 (U) which is a neigh-
bourhood of the origin in (E,, 7,)(as a dilation of such a neighbourhood).
Then Theorem 4.1.14 in TVS-I ensures that 7;,4 makes E into a l.c. t.v.s.
Note that 7,4 is the finest locally convex topology on E for which all the
mappings g, (o € A) are continuous. Suppose there exists a locally convex
topology 7 on E s.t. all the g,’s are continuous and 7;,q € 7. As (E,7)
is locally convex, there always exists a basis of neighbourhood of the origin
consisting of convex, balanced, absorbing subsets of £. Then for any such a
neighbourhood U of the origin in (E,7) we have, by continuity, that g;*(U)
is a neighbourhood of the origin in (E,, 7,). Hence, U € B;,q and so T = Tpq.
It is also worth to underline that (E,7;,4) is not necessarily a Hausdorff
t.v.s., even when all the spaces (F,, 7o) are Hausdorff t.v.s..

Example 1.3.1. Let (X, 1) be a l.c. Hausdorff t.v.s., M a non-closed subspace
of X and ¢ : X — X/M the quotient map. Then the inductive limit topology
on X/M w.r.t. (X,7,¢) (here the index set A is just a singleton) coincides
with the quotient topology on X /M, which is not Hausdorff since M is not
closed (see Proposition 2.3.5 in TVS-I).

Proposition 1.3.2. Let E be a vector space over the field K endowed with
the inductive topology Ting w.r.t. a family {(Eq, Ta, ga) : o € A}, where each
(Ew,Ta) 18 a locally convex t.v.s. over K and each g4 : Eo, — E is a linear map.
A linear map u from (E, Ting) to any locally convex t.v.s. (F,T) is continuous
if and only if for each o € A the map wo g : Eo — F is continuous.
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Proof. Suppose u is continuous and fix a € A. Since g, is also continuous, we
have that u o g, is continuous as composition of continuous mappings.
Conversely, suppose that for each a € A the mapping u o g, is continuous.
As (F, ) is locally convex, there always exists a basis of neighbourhoods of
the origin consisting of convex, balanced, absorbing subsets of F'. Let W be
such a neighbourhood. Then, by the linearity of u, we get that u=1(W) is a
convex, balanced and absorbing subset of E. Moreover, the continuity of all
u 0 g, guarantees that each (u o g,)~1(W) is a neighbourhood of the origin in
(Ea,Ta), ie. g3t (u™t(W)) is a neighbourhood of the origin in (E,,7s). Then
u~t (W), being also convex, balanced and absorbing, must be in B;,q and so
it is a neighbourhood of the origin in (E, 7;,4). Hence, u is continuous. O

Let us consider now the case when we have a total order < on the index
set A and {E, : @ € A} is a family of linear subspaces of a vector space F
over K which is directed under inclusion, i.e. £, C Eg whenever a < 3, and
st. F = UaEA FE,. For each a € A, let i, be the canonical embedding of
E, in E and 7, a topology on E, s.t. (E4,7s) is a locally convex Hausdorff
t.v.s. and, whenever a < (3, the topology induced by 73 on E, is coarser
than 7,. The space E equipped with the inductive topology 7;,q w.r.t. the
family {(Eq, Ta,ia) : @ € A} is said to be the inductive limit of the family
of linear subspaces {(Eq, 7o) : o € A}.

An inductive limit of a family of linear subspaces {(Fq, 7o) : a € A} is
said to be a strict inductive limit if, whenever o < 3, the topology induced
by 74 on E, coincides with 7.

There are even more general constructions of inductive limits of a family
of locally convex t.v.s. but in the following we will focus on a more concrete
family of inductive limits which are more common in applications. Namely,
we are going to consider the so-called LF-spaces, i.e. countable strict induc-
tive limits of increasing sequences of Fréchet spaces. For convenience, let us
explicitly write down the definition of an LF-space.

Definition 1.3.3. Let {E, : n € N} be an increasing sequence of linear
subspaces of a vector space E over K, i.e. E,, C E,y1 for alln € N, such that
FE = UneN E,. For each n € N let 1,, be the canonical embedding of E,, in E
and (E,,m,) be a Fréchet space such that the topology induced by T,+1 on E,
coincides with T, (i.e. the natural embedding of E, into E,11 is a topological
embedding). The space E equipped with the inductive topology Ting w.r.t. the
family {(Ey, Tn,in) : n € N} is said to be the LF-space with defining sequence
{(En,m) :n € N}

15
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A Dbasis of neighbourhoods of the origin in the LF-space (F,7;,q) with
defining sequence {(E,, 7,) : n € N} is given by:

{U C E convex, balanced, abs. : Vn € N, UN E,, is a nbhood of o in (E,,m,)}.

Note that from the construction of the LF-space (E,Tinq) with defining
sequence {(Ep,T,) : n € N} we know that each E,, is topologically embedded
in the subsequent ones, but a priori we do not know if FE, is topologically
embedded in F, i.e. if the topology induced by 7;,4 on E, is identical to
the topology 7, initially given on FE,,. This is indeed true and it will be a
consequence of the following lemma.

Lemma 1.3.4. Let X be a locally convex t.v.s., Xy a linear subspace of X
equipped with the subspace topology, and U a convexr neighbourhood of the
origin in Xg. Then there exists a convex neighbourhood V' of the origin in X
such that VN Xy =U.

Proof.

As X carries the subspace topology induced by X, there exists a neighbour-
hood W of the origin in X such that U = W N Xj. Since X is a locally convex
t.v.s., there exists a convex neighbourhood Wy of the origin in X such that
Wo C W. Let V be the convex hull of U UWj. Then by construction we have
that V is a convex neighbourhood of the origin in X and that U C V which
implies U = U N Xy C VN Xyp. We claim that actually V N Xg = U. Indeed,
let x € VNXy; asz €V and as U and W are both convex, we may write
r=ty+(1—t)zwithyecUzeWyandte[0,1]. Ift=1,thenz=yec U
and we are done. If 0 < ¢ < 1, then z = (1 — t)~!(x — ty) belongs to X, and
soz € WonNXg C Wn Xy = U. This implies, by the convexity of U, that
x € U. Hence, VN Xy CU. O

Proposition 1.3.5.
Let (E, Tinq) be an LF-space with defining sequence {(Ey,,) : n € N}. Then

Tind | En = Tn, Yn € N.

Proof.
(C) Let V € B;j4. Then, by definition, for each n € N we have that VN E,,
is a neighbourhood of the origin in (E,, 7,). Hence, Ting | En C 7, Vn € N.
(2) Given n € N, let U,, be a convex, balanced, absorbing neighbourhood
of the origin in (F,, 7,). Since E, is a linear subspace of F,, 1, we can apply
Lemma 1.34 (for X = FE,11, Xo = E, and U = U,) which ensures the
existence of a convex neighbourhood U, 1 of the origin in (F,41, Tht1) such
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that U,+1 N E, = U,. Then, by induction, we get that for any & € N there
exists a convex neighbourhood U, of the origin in (FEj,4k, Th+x) such that
Up+r N Epyg—1 = Upsr—1. Hence, for any £ € N, we get Uy, N E

U,. If we consider now U := Uiil Upig, then UNE, = U, and U is a
neighbourhood of the origin in (F,7;,4). Indeed, for any m € N we have
UNEn, =Uiey Untk N Em = Ure—p Untk N Ery, which is a countable union
of neighbourhoods of the origin in 7, as for k > m —n we get n+ k > m and
SO Ttk | Em = 7. We can then conclude that 7, C 7jnq | By, ¥V € N. ]

Corollary 1.3.6. Any LF-space is a locally convex Hausdorff. t.v.s..

Proof. Let (E, Tinq) be the LF-space with defining sequence {(E,, ) : n € N}
and denote by F(0) [resp. F,(0)] the filter of neighbourhoods of the origin in
(E, Ting) [resp. in (E,, 7,)]. Then:

Nv- mm<U ) U Nons=U N th=to)

VeF(o) VeF neN neNVeF (o neN U, €Fn (o)

which implies that (E, 7,4) is Hausdorff by Corollary 2.2.4 in TVS-I. O

As a particular case of Proposition 1.3.2 we easily get that:

Proposition 1.3.7.
Let (E,Ting) be an LF-space with defining sequence {(E,,m,) : n € N} and
(F,7) an arbitrary locally convex t.v.s..
1. A linear mapping u from E into F is continuous if and only if, for each
n € N, the restriction u [ E, of u to E, is continuous.
2. A linear form on E is continuous if and only if its restrictions to each
FE,, are continuous.

Note that Propositions 1.3.5 and 1.3.7 and Corollary 1.3.6 hold for any
countable strict inductive limit of an increasing sequence of locally convex
Hausdorff t.v.s. (even when they are not Fréchet).

The next theorem is instead typical of LF-spaces as it heavily relies on the
completeness of the t.v.s. of the defining sequence. Before introducing it, let
us recall the concept of accumulation point of a filter on a topological space
together with some basic useful properties.

Definition 1.3.8. Let F be a filter on a topological space X. A point x € X
is called an accumulation point of F if x belongs to the closure of every set
which belongs to F, i.e. x € M,VYM € F.

17
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Proposition 1.3.9. If a filter F of a topological space X converges to a
point x, then x is an accumulation point of F.

Proof. If x were not an accumulation point of F, then there would be a set
M € F such that z ¢ M. Hence, X \ M is open in X and contains x, so it
is a neighbourhood of . Then X \ M € F as F — x by assumption. But
F is a filter and so M N (X \ M) € F and so M N (X \ M) # 0, which is a
contradiction. O

Proposition 1.3.10. If a Cauchy filter F of a t.v.s. X has an accumulation
point x, then F converges to x.

Proof. Let us denote by F(0) the filter of neighbourhoods of the origin in X
and consider U € F(o0). Since X is a t.v.s., there exists V € F(o) such that
V+V CU. Then there exists M € F such that M — M C V as F is a Cauchy
filter in X. Being x an accumulation point of F guarantees that € M and
sothat (z +V)NM # 0. Then M — ((zx+V)NM) C M — M CV and
soM CV 4+ ((z+V)NM) CV +V+4+x CU-+z. Since F is a filter and
M € F, the latter implies that U + = € F. This proves that F(z) C F, i.e.
F = O]

Theorem 1.3.11. Any LF-space is complete.

Proof.

Let (E, Ting) be an LF-space with defining sequence {(E,, ;) : n € N}. Let F
be a Cauchy filter on (F, 7;nq4). Denote by Fg(o) the filter of neighbourhoods
of the origin in (F, 7;,4) and consider

G={ACE: ADM+YV forsome M € F,V € Fg(o)}.

1) G is a filter on E.

Indeed, it is clear from its definition that G does not contain the empty set
and that any subset of E' containing a set in G has to belong to G. Moreover,
for any Aj, Ay € G there exist My, My € F, V1, V5 € Fg(o) s.t. M1+ V) C Ay
and My + V5 C Ay; and therefore

A1N A O (My + V1) N (Mz+ Va) 2 (M N M) + (V1N Va).

The latter proves that A; N Ay € G, since F and Fg(o0) are both filters and so
MiNnMyeFand VNV, € .FE(O)
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2) GC F.
In fact, for any A € G there exist M € F and V € Fg(o) s.t.

ADM+VOM+{0}=M

which implies that A € F since F is a filter.

3) G is a Cauchy filter on E.

Let U € Fg(o). Then there always exists V € Fg(o) balanced such that
V+V -V CU. As F is a Cauchy filter on (E, 7;q), there exists M € F such
that M — M C V. Then

M+V)—(M+V)C(M-M)+(V-V)CV+V-VCU

which proves that G is a Cauchy filter since M +V € G.

It is possible to show (and we do it later on) that
dpeN:VAe G, ANE, #0. (1.12)
This property together with the fact that G is a filter ensures that the family
G, ={ANE,: AcG}

is a filter on E,. Moreover, since G is a Cauchy filter on (E,7;,q) and
since by Proposition 1.3.5 we have 7;,q | E, = 7p, G, is a Cauchy filter on
(Ep,7p). Hence, the completeness of E, guarantees that there exists z € E,
s.t. G, — x which implies in turn that z is an accumulation point for G,
by Proposition 1.3.9. In particular, this gives that for any A € G we have
r € ANE,” = ANE,"™ C A™ ie. = is an accumulation point for the
Cauchy filter G. Then, by Proposition 1.3.10, we get that G — x and so
Fe(x) C G C F. Hence, we proved that F — x € E. O

Proof. of (1.12)
Suppose that (1.12) is false, i.e. Vn € N, 3 A4, € G s.t. A, NE, = 0. By the
definition of G, this implies that

VneN, IM, € F, V, € Fg(o), s.t. (M, + V) N E, = 0. (1.13)

Since FE is a locally convex t.v.s., we may assume that each V,, is balanced,
convex, and such that V.1 C V,,. For each n € N, define

n—1
Wy, == conv (Vn U U (Ve N Ek)> .

k=1
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Moreover, if for some n € N there exists h € (W,, + M,,) N E,, then h € E,
and h € (W, + M,). Therefore, we can write h = x + w with x € M,, and
w e W, C conv(V,U(ViNE,_1)). As V,, and V4 N E,,_1 are both convex,
we get that h =z +ty+ (1 —t)z withz € M,,, y € V,,, z € V1N E,_; and
t €[0,1]. Then z+ty = h— (1 —t)z € E,, but we also have x +ty € M, +V,
(since V;, is balanced). Hence, z + ty € (M, + V,) N E,, which contradicts
(1.13), proving that

(Wn + M,)NE, =0,Yn €N.

Now let us define

W := conv (U (Vi N Ek)> .

k=1
As W is convex and as W N Ej contains Vi N Ej, for all Kk € N, W is a
neighbourhood of the origin in (E, 7,4). Moreover, as (V;,)nen is decreasing,
we have that for all n € N

n—1 o) n—1
W = conv (U VinEy) U JWn Ek)> C conv <U (Vi N Ey,) U vn> = W,.

k=1 k=n k=1

Since F is a Cauchy filter on (E, 7;,4), there exists B € F such that B—B C W
and so B— B C W,,,Vn € N. We also have that BN M, # (),Vn € N, as both
B and M, belong to F. Hence, for all n € N we get

B_(BmMn)gB_Bng

which implies
B C Wy, + (BN My) €Wy, + M,
and so
(1.13)
BNnE,C(W,+M,)NE, ="1.
Therefore, we have got that BN E,, = () for all n € N and so that B = (),
which is impossible as B € F. Hence, (1.12) must hold true. O

Example I: The space of polynomials

Let n € N and x := (x1,...,2,). Denote by R[x] the space of polynomials in
the n variables z1,...,x, with real coefficients. A canonical algebraic basis
for R[x] is given by all the monomials

x =zt apt, Ya=(aq,...,0p) € Nj.
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For any d € Ny, let R4[x] be the linear subpace of R[x] spanned by all
monomials x* with |af := Y | a; <d, i.e.

Ralx] := {f € R[x]|deg f < d}.

Since there are exactly (”ji'd) monomials x* with |a| < d, we have that
. (d+n)!
dlm(Rd[X]) = W,

and so that R4[x] is a finite dimensional vector space. Hence, by Tychonoff
Theorem (see Corollary 3.1.4 in TVS-I) there is a unique topology Tg that
makes Ry[x] into a Hausdorff t.v.s. which is also complete and so Fréchet (as it
topologically isomorphic to R4 Rdlz]) equipped with the euclidean topology).
As R[x] := [J;2,Rq[x], we can then endow it with the inductive topol-
08y Ting W.r.t. the family of F-spaces {(Rd[x], ) . d € NO}; thus (R[x], Tinag)
is a LF-space and the following properties hold (proof in Exercise Sheet 3):
a) Ting is the finest locally convex topology on R[x],
b) every linear map f from (R[x], 7j,4) into any t.v.s. is continuous.

Example IlI: The space of test functions

Let QCR? be open in the euclidean topology. For any integer 0 < s < oo, we
have defined in Section 1.2 the set C*(12) of all real valued s—times continuously
differentiable functions on §2, which is a real vector space w.r.t. pointwise
addition and scalar multiplication. We have equipped this space with the
C*-topology (i.e. the topology of uniform convergence on compact sets of the
functions and their derivatives up to order s) and showed that this turns C*(€2)
into a Fréchet space.

Let K be a compact subset of €2, which means that it is bounded and
closed in R? and that its closure is contained in ©. For any integer 0 < s < o0,
consider the subset C¥(K) of C*(Q2) consisting of all the functions f € C*(f)
whose support lies in K, i.e.

Co(K) == {f € C*(Q) : supp(f) C K},

where supp(f) denotes the support of the function f on 2, that is the closure
in Q of the subset {z € Q: f(z) # 0}.

For any integer 0 < s < oo, C3(K) is always a closed linear subspace
of C*(Q2). Indeed, for any f,g € CJ(K) and any A € R, we clearly have
f+g€C(Q) and \f € C5(Q2) but also supp(f +¢g) C supp(f) Usupp(g) C K
and supp(Af) = supp(f) € K, which gives f + g,A\f € CJ(K). To show
that C3(K) is closed in C*(12), it suffices to prove that it is sequentially closed
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as C*(Q) is a F-space. Consider a sequence (f;)jen of functions in C;(K)
converging to f in the C*—topology. Then clearly f € C*(£2) and since all the
f;j vanish in the open set Q \ K, obviously their limit f must also vanish in
Q\ K. Thus, regarded as a subspace of C*(2), C3(K) is also complete (see
Proposition 2.5.8 in TVS-I) and so it is itself an F-space.

Let us now denote by C3(2) the union of the subspaces C3(K) as K varies in
all possible ways over the family of compact subsets of €, i.e. CJ(2) is linear
subspace of C*(f2) consisting of all the functions belonging to C*(€2) which
have a compact support (this is what is actually encoded in the subscript c).
In particular, C2°(Q2) (smooth functions with compact support in ) is called
space of test functions and plays an essential role in the theory of distributions.

We will not endow C5(Q2) with the subspace topology induced by C*(£2),
but we will consider a finer one, which will turn C2(€2) into an LF-space. Let us
consider a sequence (Kj);cn of compact subsets of Q s.t. K; C Kj1,Vj € N
and |72, K; = Q. (Sometimes is even more advantageous to choose the
Kj’s to be relatively compact i.e. the closures of open subsets of {2 such that
K; C Kj1,¥j e Nand U2, K; = Q)

Then C3(Q) = UjZ, C3(Kj;), as an arbitrary compact subset K of Q is
contained in K; for some sufficiently large j. Because of our way of defining the
F-spaces CZ(Kj), we have that CJ(K;) C C3(Kj4+1) and C:(Kj4+1) induces on
the subset CJ(K;) the same topology as the one originally given on it, i.e. the
subspace topology induced on CZ(K;) by C*(€2). Thus we can equip C;(€2) with
the inductive topology Ti,q w.r.t. the sequence of F-spaces {C;(Kj), j € N},
which makes CZ(€2) an LF-space. It is easy to check that 7;,4 does not depend
on the choice of the sequence of compact sets K;’s provided they fill €.

Note that (CZ(£2), Ting) is not metrizable since it is not Baire (proof in
Exercise Sheet 3).

Proposition 1.3.12. For any integer 0 < s < oo, consider C:(€2) endowed
with the LF-topology Ting described above. Then we have the following contin-
uous injections:

C(Q) = C3(Q) = C7HQ), V0<s< oo

Proof. Let us just prove the first inclusion ¢ : C2°(2) — C3(€2) as the others
follows in the same way. As C°(Q) = 2, C2°(K) is the inductive limit
of the sequence of F-spaces (C2°(Kj));cy, Where (Kj)jen is a sequence of
compact subsets of €} such that K; C K;1,Vj € N and U;’il K; = Q, by
Proposition 1.3.7 we know that ¢ is continuous if and only if, for any 7 € N,
ej = 1 | CX(Kj) is continuous. But from the definition we gave of the
topology on each C:(Kj;) and C°(Kj), it is clear that both the inclusions
ij 1 CP(K;) — CI(K;) and s; : C3(K;) — Ci(€2) are continuous. Hence, for
each j € N, e; = s 04, is indeed continuous. O
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Projective topologies and examples of projective limits

Let {(Fq,Ta) : @ € A} be a family of locally convex t.v.s. over the field K of
real or complex numbers (A is an arbitrary index set). Let E be a vector space
over the same field K and, for each o € A, let f, : E — E, be alinear mapping.
The projective topology T7p,o; on E w.r.t. the family {(Eq, T, fa) : @ € A} is
the locally convex topology generated by the following basis of neighbourhoods
of the origin in E:

Byroj = { ﬂ ' (Uy) : F C Afinite, U, basic nbhood of o in (Eq, 7,), Vo € F} .
acF

Hence, (E, Tproj) is a locally convex t.v.s.. Indeed, since all (Eq,7,) are lo-

cally convex t.v.s., we can always choose the U,’s to be convex, balanced and

absorbing and so, by the linearity of the f,’s, we get that the corresponding

Bproj is a collection of convex, balanced and absorbing subsets of E such that:

a) Y U,V € Bproj, UNV € Bppoj, because U = (,cp fo'(Us) and V =
Nacc fa ' (Ua) for some F, G C A finite and some U, basic neighbourhoods
of the origin in (Ea, 7o) and so UNV = Nyerua fa - (Ua) € Bproj.

b) ¥V p>0,YU € Byroj, pPU € Byroj, since U = [ cp 1 (U,) for some F C A
finite and some U, basic neighbourhoods of the origin in (F,,7,) and so
PU = Naer foaH (pUa) € Byproj-

Then Theorem 4.1.14 in TVS-I ensures that 7,,,; makes E into a l.c. t.v.s.
Note that 7,,,; is the coarsest topology on E for which all the mappings f.

(o € A) are continuous. Suppose there exists another topology 7 on E such

that all the f,’s are continuous and 7 C 75,,j. Then for any neighbourhood U

of the origin in 7,,.,; there exists I’ C A finite and for each o € I there exists

U, basic neighbourhood of the origin in (E,, 7o) such that (,cp fo ' (Ua) C U.

Since the 7-continuity of the f,’s ensures that each f;!(U,) is a neighbour-

hood of the origin in 7, we have that U is itself a neighbourhood of the origin

in 7. Hence, 7 = Tpyo;.

Proposition 1.4.1. Let E be a vector space over K endowed with the projec-
tive topology Tproj w.r.t. the family {(Eq, Ta, fa) : @ € A}, where each (Eq, 7o)
s a locally convex t.v.s. over K and each f., a linear mapping from E to E,.
Then Tproj 15 Hausdorff if and only if for each 0 # x € E, there exists an
a € A and a neighbourhood Uy, of the origin in (Ey, o) such that fo(x) ¢ U,.

Proof. Suppose that (E,Tpro;) is Hausdorff and let 0 # « € E. By Propo-
sition 2.2.3 in TVS-I, there exists a neighbourhood U of the origin in E not
containing x. Then, by definition of 7,,,; there exists a finite subset F' C A
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and, for any a € F, there exists U, neighbourhood of the origin in (E,, 74)
8.t. Naer fo (Ua) C U. Hence, as x ¢ U, there exists a € F s.t. x ¢ f ' (Ua)
ie. fo(z) ¢ U,. Conversely, suppose that there exists an a € A and a neigh-
bourhood of the origin in (E,, 7,) such that fo(z) ¢ U,. Then = ¢ f71(Uy),
which implies by Proposition 2.2.3 in TVS-I that 7,,,; is a Hausdorff topology,
as f;1(Uy,) is a neighbourhood of the origin in (E, Tpo;) not containing z. [

Proposition 1.4.2. Let E be a vector space over K endowed with the pro-
jective topology Tproj w.r.t. the family {(Eq,Ta, fa) @ o € A}, where each
(Eo,Ta) 18 a locally conver t.v.s. over K and each f,, a linear mapping from
E to E,. Let (F,7) be an arbitrary t.v.s. and u a linear mapping from F into
E. The mapping u : I — E is continuous if and only if, for each o € A,
faou: F — E, is continuous.

Proof. (Exercise Sheet 3) O

Example I: The product of locally convex t.v.s

Let {(Ea,Ta) : @ € A} be a family of locally convex t.v.s. The product
topology Tprod 00 E =[], c 4 Ea (see Definition 1.1.20 in TVS-I) is the coarsest
topology for which all the canonical projections p, : F — E, (defined by
Pa(z) == x4 for any @ = (zg)geca € E) are continuous. Hence, 7,,4q coincides
with the projective topology on E w.r.t. {(Eq, Ta,Pa) : @ € A}.

Let us consider now the case when we have a directed partially ordered
index set (A, <), a family {(Eq, 7o) : @ € A} of locally convex t.v.s. over K
and for any @ < 8 a continuous linear mapping g.g : Eg — E,. Let E be
the subspace of [],c4 Fa whose elements © = (z4)aca satisfy the relation
To = gop(xs) whenever @« < 5. For any a € A, let f, be the canonical
projection p, : H,Be 4 Es — E, restricted to E. The space E' endowed with
the projective topology w.r.t. the family {(Fq, o, fo) : @ € A} is said to be
the projective limit of the family {(E,,7a) : @ € A} w.r.t. the mappings
{9ap 1,8 € A, < B} and {f, : @ € A}. If each fo(E) is dense in E, then
the projective limit is said to be reduced.

Remark 1.4.3. Given a family {(Eq,7a) : « € A} of locally convex t.v.s.
over K which is directed by topological embeddings (i.e. for any o, 5 € A there
existsy € A s.t. B, C E, and B, C Eg with continuous embeddings) and such
that the set E = ﬂaeA E, is dense in each E, we denote by i, the embedding
of E into E,. The directedness of the family induces a partial order on A
making A directed, i.e. o < B if and only if Eg C E,. For any o < 3, let us
denote by iqg the continuous embedding of Eg in E,. Then the set E endowed
with the projective topology Tproj w.r.t. the family {(Eq,Ta,ia) @ o € A}
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is the reduced projective limit of {(Eq, 7o) @ o € A} w.r.t. the mappings
{iap 1,8 € A,a < B} and {iq : @ € A}. For convenience, in such cases,
(E, Tproj) is called just reduced projective limit of {(Eq,Ta) : @ € A} (omitting
the maps as they are all natural embeddings).

Example Il: The space of test functions

Let QCR? be open in the euclidean topology. The space of test functions
C°(Q), i.e. the space of all the functions belonging to C*°(€2) which have a
compact support, can be constructed as a reduced projective limit of the kind
introduced in Remark 1.4.3. Consider the index set

T :={t:= (t1,t2) : t1 € Ny, t2 € C(Q) withts(xz) > 1, V2 € Q}

and for each t € T, let us introduce the following norm on C°(€2):

olle == sup ta(x) Y (D) ()]

lor|<tq

For each t € T', let 2,(€2) be the completion of C°(2) w.r.t. || - ||; and denote
by 7 the topology induced by the norm ||-||;. Then the family {(Z:(Q), 7, ;) :
t € T} is directed by topological embeddings, since for any t := (t1,t2),s :=
(s1,82) € T we always have that r := (t; + s1,t2 + s2) € T is such that
2,(Q) C 2:(Q) and Z2,(2) C Z5(2). Moreover, we have that as sets

c2(2) = ) Z(9).

teT

Hence, the space of test functions C2°(€2) endowed with the projective topology
Tproj W.r.t. the family {(Z;(Q), 7¢,4) : t € T'}, where (for each t € T') i; denotes
the natural embedding of C2°(£2) into Z;(2) is the reduced projective limit of
the family {(2:(Q), ) : t € T'}.

Using Sobolev embeddings theorems, it can be showed that the space of
test functions C°(£2) can be actually written as projective limit of a fam-
ily of weighted Sobolev spaces which are Hilbert spaces (see [I, Chapter I,
Section 3.10]).

Open mapping theorem

In this section we are going to come back for a moment to the general theory of
metrizable t.v.s. to give one of the most celebrated theorems in this framework,
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the so-called open mapping theorem. Let us first try to motivate the question
on which such a theorem is based on.

Let X and Y be two t.v.s. over K and f : X — Y a linear map. Then
there exists a unique linear map f : X/Ker(f) — Im(f) making the following
diagram commutative, i.e.

Va e X, f(z) = f(o(x)). (1.14)
Xt smy) sy
& !
X/Ker(f)

where ¢ is the natural injection of Im(f) into Y, i.e. the mapping which to
each element y of Im(f) assigns that same element y regarded as an element
of Y; ¢ is the canonical map of X onto its quotient X /Ker(f) (since we are
between t.v.s. ¢ is continuous and open).
Note that
e f is well-defined.
Indeed, if ¢p(x) = ¢(y), i.e. © —y € Ker(f), then f(x —y) = 0 that is
£() = £(y) and so f(9(x)) = F(6()).
e f is linear.
This is an immediate consequence of the linearity of f and of the linear
structure of X/Ker(f).
e fis a one-to-one map of X/Ker(f) onto Im(f).
The onto property is evident from the definition of Im(f) and of f.
As for the one-to-one property, note that f(¢(z)) = f(¢(y)) means by
definition that f(x) = f(y), i.e. f(z —y) = 0. This is equivalent, by
linearity of f, to say that z —y € Ker(f), which means that ¢(x) = ¢(y).

Proposition 1.5.1. Let f : X — Y a linear map between two t.v.s. X andY .
The map f is continuous if and only if the map f is continuous.

Proof. Suppose f continuous and let U be an open subset in Im(f) (endowed
with the subspace topology induced by the topology on Y). Then f~1(U)
is open in X. By definition of f, we have f~1(U) = ¢(f~*(U)). Since the
quotient map ¢ : X — X/Ker(f) is open, ¢(f~1(U)) is open in X/Ker(f).
Hence, f~1(U) is open in X/Ker(f) and so the map f is continuous. Viceversa,
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suppose that f is continuous. Since f = f o ¢ and ¢ is continuous, f is also
continuous as composition of continuous maps. [

In general, the inverse of fi which is well defined on Im(f) since f is
injective, is not continuous, i.e. f is not necessarily open. However, combining
the previous proposition with the definition of f, it is easy to see that

Proposition 1.5.2. Let f : X — Y a linear map between two t.v.s. X
and Y. The map f is a topological homomorphism (i.e. linear, continuous
and open) if and only if f is a topological isomorphism (i.e. bijective topological
homomorphism,).

Now if Y is additionally Hausdorff and Im(f) finite dimensional, then
whenever f is continuous we have that f is not only continuous but also open
(see Theorem 3.1.1-c in TVS-I and recall that in this case Ker(f) is closed and
so X/Ker(f) is a Hausdorff t.v.s..). Hence, any linear continuous map from a
t.v.s. into a Hausdorff t.v.s. whose image is finite dimensional is also open.
It is then natural to ask for which classes of t.v.s. any linear continuous map
is also open. Of course, we are really interested in loosening the restriction of
the finite dimensionality of Im(f) but we do expect that in doing so we shall
give up some of the generality on the domain X of f. The open mapping
theorem exactly provides an answer to this question.

Theorem 1.5.3 (Open Mapping Theorem).
Let X and Y be two metrizable and complete t.v.s.. Every continuous linear
surjective map f: X =Y is open.

The proof consists of two rather distinct parts. In the first one, we make
use only of the fact that the mapping under consideration is onto and that
Y is metrizable and complete (and so Baire). In the second part, we take
advantage of the fact that both X and Y can be turned into metric spaces,
and that Y is also complete.

Proof. Since Y is metrizable and complete, it is a Baire t.v.s. by Proposi-
tion 1.1.9. This together with the fact that f : X — Y is linear, continuous,
onto map (and so Im(f) has non-empty interior) implies that the assumptions
of Lemma 3.7 below are satisfied and so we get that f(V) is a neighbour-
hood of the origin in Y whenever V is a neighbourhood of the origin in X.
This provides in particular that, for any r > 0 there exists p > 0 such that
B,(0) C f(By(0)) since X and Y are both metrizable t.v.s.. Since the met-
rics employed can be always chosen to be translation invariant (see Proposi-
tion 1.1.3), we easily obtain that the assumption (1.15) in Lemma 3.8 below

holds.
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Let U be a neighbourhood of the origin in X. Then there exists 5> 0s.t.
Bs(o) €U and so f(Bs(o)) € f(U). By applying (1.15) for r = 3, we obtain
that 3 p := ps > 0 s.t. By(o) € f(Bs(0)) and so, by Lemma 3.8, we have

B,(0) C f(Bs(0)) C f(U) since s > 5. Hence, f(U) is a neighbourhood of the
origin in Y. O

Lemma 1.5.4. Let X be a t.v.s., Y a Baire t.v.s. and f: X — Y a continuous
linear map. If f(X) has non-empty interior, then f(V') is a neighbourhood of
the origin in Y whenever V is a neighbourhood of the origin in X.

Proof. (see Exercise Sheet 1) O

Lemma 1.5.5. Let X be a metrizable and complete t.v.s. andY a metrizable
(not necessarily complete) t.v.s.. If f: X — Y is a continuous linear map
such that

¥r>0,3p, >0 st B, (f(z)) C f(B.(2)),¥z € X, (1.15)

then for any a > r we have that B, (f(x)) C f(Ba(z)) for all z € X.

Proof. Fixed a > r > 0, we can write a = Zi’f’:o ry With rg :=r and r,, > 0
for all n € N. By assumption (1.15), we have that

3 00 = pry = pr >0 s.t. By (f(2)) C f(By,(2)),Vz € X, (1.16)

and
¥Yn € N,3 p, :=p,, >0 st. B, (f(z)) C f(By,(2)),Vr € X. (1.17)

W.l.o.g. we can assume that (py,)nen is strictly decreasing and convergent to
ZEero.

Let € X and y € B, (f(xz)). We want to show that there exists a
point 2’ € Bg(z) such that y = f(2/). To do that, we shall construct a
Cauchy sequence (zy,)nen in X such that (f(x,))nen converges to y. Since X
is complete, this will imply that (2, ),en converges to a point 2/ € X, which
necessarily satisfies f(2') =y as f is continuous and Y Hausdorff. Of course,
we need to define the sequence (x,)nen in such a way that its limit point 2’
lies in B, ().

Since y € B, (f(x)) s C f( (7)), there exists x1 € By, (z) such that

1.17)
dy (f(z1),y) < p1. Then y € B, (f(x1)) ( C ' f(B,,(z1)) and so there exists
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x9 € By (1) such that dy (f(z2),y) < p2, i.e. y € Bp,(f(x2)). By repeatedly
applying (1.17), we get that for any n € N there exists z,4+1 € By, (x,) such
that dy (f(zp+1),y) < pns1- The sequence (x,)nen so obtained has all the
desired properties. Indeed, for any n € N, we have dx(zy, zp+1) < r, and so
for any m > 1 in N we get dx (x;, xm) < Z;”:_ll dx (zj,zj41) < D252 rj, which
implies that (z,)nen is a Cauchy sequence in X. Hence, by the completeness
of X, there exists / € X such that dx(x,,z) — 0 as n — oo and for any
n € N we get that

n—1
dx(z,2") < dx(z,71) +dx (21, 22) + - + dx(2n,2') < er + dx (2, 2").
=0

Hence, dx(z,2') < Z;’io r; = a. Furthermore, for any n € N, we have
0 <dy(f(zn),y) < pn — 0, which implies the convergence of (f(xy))nen to y
inY. O

The Open Mapping Theorem 1.5.3 has several applications.

Corollary 1.5.6. A bijective continuous linear map between two metrizable
and complete t.v.s. is a topological isomorphism.

Proof. Let X and Y be two metrizable and complete t.v.s. and f: X —» Y
bijective continuous and linear. Then, by the Open Mapping Theorem 1.5.3,
we know that f is open, i.e. for any U € Fx (o) we have that f(U) € Fy (o).
This means that the inverse f~!, whose existence is ensured by the injectivity
of f, is continuous. O

Corollary 1.5.7. A bijective linear map between two metrizable and complete
t.v.s. with continuous inverse is continuous and so a topological isomorphism.

Proof. Apply Corollary 1.5.6 to the inverse. O

Corollary 1.5.8. Let 1 and 1 be two topologies on the same vector space X,
both turning X into a metrizable complete t.v.s.. If 71 and 1o are comparable,
then they coincide.

Proof. Suppose that 7 is finer than 79. Then the identity map from (X, 1) to
(X, 72) is bijective continuous and linear and so a topological isomorphism by
Corollary 1.5.6. This means that also its inverse is continuous, i.e. the identity
map from (X, 72) to (X, 71) is continuous. Hence, 72 is finer than 7. O
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Corollary 1.5.9. Let p and q be two norms on the same vector space X. If
both (X,p) and (X,q) are Banach spaces and there exists C > 0 such that
p(x) < Cq(x) for all x € X, then the norms p and q are equivalent.

Proof. Apply Corollary 1.5.8 to the topologies generated by p and by ¢. [

A fundamental result which can be derived from the Open Mapping The-
orem 1.5.3 is the so called Closed Graph Theorem.

Theorem 1.5.10 (Closed Graph Theorem).
Let X andY be two metrizable and complete t.v.s.. Every linear map f : X —
Y with closed graph is continuous.

Recall that the graph of a map f: X — Y is defined by

Gr(f) = {(z.y) € X x ¥ 1y = f(a)}.

The Closed Graph Theorem 1.5.10 will follow at once from the Open Map-
ping Theorem 1.5.3 and the following general result.

Proposition 1.5.11.
Let X and Y be two t.v.s. such that the following property holds.

If G is a closed linear subspace of X XY and g: G — X is a (118)

continuous linear surjective map then g is open.

Then every linear map f : X — Y with closed graph is continuous.

Proof. Since X and Y are both t.v.s., X XY endowed with the product topol-
ogy is a t.v.s. and so the first and the second coordinate projections are both
continuous. As f : X — Y is linear, Gr(f) is a linear subspace of X x Y.
Hence, Gr(f) endowed with subspace topology induced by the product topol-
ogy, is itself a t.v.s. and the coordinate projections restricted to Gr(f), i.e.

p: Gr(f) — X and gq: Gr(f) — Y
(z,f(z)) = (z, f(z)) = [f(2),

are both continuous. Moreover, p is also linear and bijective, so there exists
its inverse p~! and we have that f = gop~!. Since p is a linear bijective and
continuous map, (1.18) ensures that p is open, i.e. p~! is continuous. Hence,
f is continuous as composition of continuous maps. ]
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Proof. of Closed Graph Theorem

Since X and Y are both metrizable and complete t.v.s., (1.18) immediately
follows from the Open Mapping Theorem 1.5.3. Indeed, if G is a closed linear
subspace of X XY, then G endowed with the subspace topology induced by the
product topology is also a metrizable and complete t.v.s. and so any g : G —
X linear continuous and surjective is open by the Open Mapping Theorem
1.5.3. As (1.18) holds, we can apply Proposition 1.5.11, which ensures that
every linear map f: X — Y with Gr(f) closed is continuous. O

The Closed Graph Theorem 1.5.10 and the Open Mapping Theorem 1.5.3
are actually equivalent, in the sense that we can also derive Theorem 1.5.3
from Theorem 1.5.10. To this purpose, we need to show a general topological
result.

Proposition 1.5.12. Let X and Y be two topological spaces such that'Y is
Hausdorff. Every continuous map from X toY has closed graph.

Proof. Let f : X — Y be continuous. We want to show that (X xY)\Gr(f) :=
{(z,y) € XXY :y # f(x)}isopen, i.e. for any (z,y) € (X xY)\Gr(f) we want
to show that there exists a neighbourhood W of x in X and a neighbourhood
U of y in Y such that (z,y) € W x U C (X xY)\ Gr(f).

As Y is Hausdorff and y # f(z), there exist U neighbourhood of y in Y
and V' neighbourhood of f(z) in Y such that U NV = (. The continuity
of f guarantees that f~'(V) is a neighbourhood of x in X and so we have
that (z,y) € f~1(V) x U. We claim that f~3(V) x U C (X x Y)\ Gr(f). If
this was not the case, then there would exist (#,7) € f~'(V) x U such that
(Z,7) ¢ (X xY)\ Gr(f). Hence, § = f(&) € f(f (V) CV andsojeUNV
which yields a contradiction. O

Proof. of Open Mapping Theorem 1.5.3 using Closed Graph Theorem 1.5.10
Let f be a linear continuous and surjective map between two metrizable and
complete t.v.s. X and Y. Then the map f: X/Ker(f) — Y defined in (1.14)
is linear bijective and continuous by Proposition 1.5.1. Then Proposition
1.5.12 implies that Gr(f) is closed in X/Ker(f) x Y endowed with the product
topology. This gives in turn that the graph Gr(f~!) of the inverse of f is
closed in Y x X/Ker(f), as Gr(f~!) = j(Gr(f) where j : X/Ker(f) x Y —
Y x X/Ker(f) is the homeomorphism given by j(a,b) = (b,a). Hence, f~! is
a linear map with closed graph and so it is continuous by the Closed Graph
Theorem 1.5.10. This means that f is open and so for any U neighbourhood
of the origin in X we have f(U) = f(¢(U)) is open, i.e. f is open. O
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The main advantage of the Closed Graph Theorem is that in many sit-
uations it is easier to prove that the graph of a map is closed rather than
showing its continuity directly. For instance, we have seen that the inverse of
an injective linear function with closed graph has also closed graph or that
the inverse of a linear injective continuous map with Hausdorff codomain has
closed graph. In both these cases, when we are in the realm of metrizable and
complete t.v.s., we can conclude the continuity of the inverse thanks to the
Closed Graph Theorem.
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Chapter 2

Bounded subsets of topological vector spaces

In this chapter we will study the notion of bounded set in any t.v.s. and
analyzing some properties which will be useful in the following and especially
in relation with duality theory. Since compactness plays an important role in
the theory of bounded sets, we will start this chapter by recalling some basic
definitions and properties of compact subsets of a t.v.s..

Preliminaries on compactness

Let us recall some basic definitions of compact subset of a topological space
(not necessarily a t.v.s.)

Definition 2.1.1. A topological space X is said to be compact if X is Haus-
dorff and if every open covering {Q;}icr of X contains a finite subcovering,
i.e. for any collection {Q;}icr of open subsets of X s.t. U;c; Qi = X there
exists a finite subset J C I s.t. |J;c ;9 = X.

By going to the complements, we obtain the following equivalent definition
of compactness.

Definition 2.1.2. A topological space X is said to be compact if X is Haus-
dorff and if every family {F;}icr of closed subsets of X whose intersection is
empty contains a finite subfamily whose intersection is also empty, i.e. for
any collection {F;}icr of closed subsets of X s.t. (V,c; F; = 0 there exists a
finite subset J C I s.t. (\;e; F5 = 0.

Definition 2.1.3. A subset K of a topological space X is said to be compact if
K endowed with the topology induced by X is Hausdorff and for any collection
{Qi}tier of open subsets of X s.t. |J;c; 4 2 K there exists a finite subset
JCI st Uje, 2 K.

Let us state without proof a few well-known properties of compact spaces.
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Proposition 2.1.4.

a) A closed subset of a compact space is compact.

b) Finite unions of compact sets are compact.

c) Let f be a continuous mapping of a compact space X into a Hausdorff
topological space Y. Then f(X) is a compact subset of Y.

In the following we will almost always be concerned with compact subsets
of a Hausdorff t.v.s. X carrying the topology induced by X (and so which are
themselves Hausdorff t.v.s.). Therefore, we now introduce a useful character-
ization of compactness in Hausdorff topological spaces.

Theorem 2.1.5. Let X be a Hausdorff topological space. X is compact if
and only if every filter on X has at least one accumulation point (see Defini-
tion 1.3.8).

Proof.

Suppose that X is compact. Let F be afilteron X and C := {M : M € F}. As
F is a filter, no finite intersection of elements in C can be empty. Therefore, by
compactness, the intersection of all elements in C cannot be empty. Then there
exists at least a point € M for all M € F, i.e. x is an accumulation point of
F. Conversely, suppose that every filter on X has at least one accumulation
point. Let ¢ be a family of closed subsets of X whose intersection is empty. To
show that X is compact, we need to show that there exists a finite subfamily
of ¢ whose intersection is empty. Suppose by contradiction that no finite
subfamily of ¢ has empty intersection. Then the family ¢’ of all the finite
intersections of subsets belonging to ¢ forms a basis of a filter 7 on X. By
our initial assumption, F has an accumulation point, say . Thus, x belongs
to the closure of any element of F and in particular to any set belonging to ¢’
(as the elements in ¢ clearly belong to F and are closed). This means that
belongs to the intersection of all the sets belonging to ¢’, which is the same as
the intersection of all the sets belonging to ¢. But we had assumed the latter
to be empty and so we have a contradiction. O

Corollary 2.1.6.
Any compact subset of a Hausdorff topological space is closed.

Proof.

Let K be a compact subset of a Hausdorff topological space X and let z € K.
Denote by F(x) the filter of neighbourhoods of x in X and by F(z) [ K the
filter in K generated by all the sets U N K where U € F(x). By Theorem
2.1.5, F(z) | K has an accumulation point x; € K. We claim that z; = =z,
which implies that K = K and so that K is closed. In fact, if z1 # x then
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the Hausdorffness of X implies that there exists U € F(z) s.t. X \ U is a
neighbourhood of z; and, thus, 1 ¢ U N K, which contradicts the fact that
x1 is an accumulation point of F(x) [ K. O

Corollary 2.1.7.

1) Arbitrary intersections of compact subsets of a Hausdor(f topological space
are compact.

2) Any bijective continuous map from a compact space to a Hausdorff space
18 a homeomorphism.

3) Let 11, 1 be two Hausdorff topologies on a set X. If 11 C 1o and (X, 12)
is compact then 11 = 3.

Proof.

1. Let X be a Hausdorff topological space and {K;};cr be an arbitrary
family of compact subsets of X. Then each K is closed in X by Corol-
lary 2.1.6 and so (),c; K; is a closed subset of each fixed K;. As K;
is compact, Proposition 2.1.4-a) ensures that (;c; K; is compact in K;
and so in X.

2. Let U be an open subset of a compact space X and f a continuous map
from X to a Hausdorff space Y. Since X \ U is closed in X and X is
compact, we have that X \ U is compact in X by Proposition 2.1.4-a).
Then Proposition 2.1.4-c) guarantees that f(X \ U) is compact in Y,
which implies in turn that f(X \ U) is closed in Y by Corollary 2.1.6.
Since f is bijective, we have that Y\ f(U) = f(X \U) and so that f(U)
is open. Hence, f~! is continuous.

3. Since 71 C 79, the identity map from (X, 72) to (X, 1) is continuous and
clearly bijective. Then the previous item implies that the identity from
(X, 1) to (X, 7o) is also continuous. Hence, 11 = 7. 0

Last but not least, let us recall the following two definitions.

Definition 2.1.8. A subset A of a topological space X is said to be relatively
compact if the closure A of A is compact in X.

Definition 2.1.9. A subset A of a Hausdorff t.v.s. E is said to be precompact
if A is relatively compact when viewed as a subset of the completion E of E.
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2.2 Bounded subsets: definition and general properties

Definition 2.2.1. A subset B of a t.v.s. E is said to be bounded if for every
U neighbourhood of the origin in E there exists A > 0 such that B C \U.

In rough words this means that a subset B of E is bounded if B can be
swallowed by any neighbourhood of the origin.

Proposition 2.2.2.
1. If every element in some basis of neighbourhoods of the origin of a t.v.s.
swallows a subset, then such a subset is bounded.
2. The closure of a bounded set is bounded.
Finite unions of bounded sets are bounded sets.
4. Any subset of a bounded set is a bounded set.

o

Proof. Let E be a t.v.s. and B C E.

1. Suppose that N is a basis of neighbourhoods of the origin o in E such
that for every N € N there exists Ay > 0 with B C AyN. Then, by
definition of basis of neighbourhoods of o, for every U neighbourhood of
o in FE there exists M € N s.t. M C U. Hence, there exists A\j; > 0 s.t.
B C Ay M C AU, ie. B is bounded.

2. Suppose that B is bounded in E. Then, as there always exists a basis
C of neighbourhoods of the origin in E consisting of closed sets (see
Corollary 2.1.14-a) in TVS-I), we have that for any C' € C there exists
A > 0s.t. BC AC and thus B C A\C = AC = \C. By Proposition 2.2.2-
1, this is enough to conclude that B is bounded in E.

3. Let n € N and By,..., B, bounded subsets of E. As there always
exists a basis B of balanced neighbourhoods of the origin in E (see
Corollary 2.1.14-b) in TVS-I), we have that for any V € B there exist
A,y Ay > 0 st B € NV forall 4 = 1,...,n. Then || B; C
U, NV C <z max )\i) V', which implies the boundedness of |J;-_, B;
by Proposition 2.2.2-1.

4. Let B be bounded in F and let A be a subset of B. The boundedness
of B guarantees that for any neighbourhood U of the origin in E there
exists A > 0 s.t. AU contains B and so A. Hence, A is bounded.

O

The properties in Proposition 2.2.2 lead to the following definition which
is dually corresponding to the notion of basis of neighbourhoods.
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Definition 2.2.3. Let E be a t.v.s.. A family {Ba}acr of bounded subsets
of E is called a basis of bounded subsets of E if for every bounded subset B
of E thereisa € I s.t. B C B,,.

This duality between neighbourhoods and bounded subsets will play an
important role in the study of the strong topology on the dual of a t.v.s.

Which sets do we know to be bounded in any t.v.s.?

e Singletons are bounded in any t.v.s., as every neighbourhood of the
origin is absorbing.

e Finite subsets in any t.v.s. are bounded as finite union of singletons.

Proposition 2.2.4. Compact subsets of a t.v.s. are bounded.

Proof. Let E be a t.v.s. and K be a compact subset of E. For any neigh-
bourhood U of the origin in £ we can always find an open and balanced
neighbourhood V' of the origin s.t. V' C U. Then we have

KQE:GnV.

n=0

From the compactness of K, it follows that there exist finitely many integers
ni,...,nr € Ng s.t.

K C UniV C <,n%ax nl> VvV C <,max m) U.
i1 i=1,...,r =

=1,...,7
Hence, K is bounded in FE. O

This together with Corollary 2.1.6 gives that in any Hausdorff t.v.s. a
compact subset is always bounded and closed. In finite dimensional Hausdorff
t.v.s. we know that also the converse holds (because of Theorem 3.1.1 in
TVS-I) and thus the Heine-Borel property always holds, i.e.

K compact < K bounded and closed.

This is not true, in general, in infinite dimensional t.v.s.

Example 2.2.5.

Let E be an infinite dimensional normed space. If every bounded and closed
subset in E were compact, then in particular all the balls centered at the origin
would be compact. Then the space E would be locally compact and so finite
dimensional as proved in Theorem 3.2.1 in TVS-I, which gives a contradiction.
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There is however an important class of infinite dimensional t.v.s., the so-
called Montel spaces, in which the Heine-Borel property holds. Note that
C>®(R%),C*(RY), S(R?) are all Montel spaces.

Proposition 2.2.4 provides some further interesting classes of bounded sub-
sets in a Hausdorff t.v.s..

Corollary 2.2.6. Precompact subsets of a Hausdorff t.v.s. are bounded.

Proof.

Let K be a precompact subset of a Hausdorff t.v.s. E and ¢ the canonical
embedding of E in its completion E. By Definition 2.1.9, the closure of i(K)
in E is compact. Let U be any neighbourhood of the origin in F. Since 7 is
a topological embedding, there is a neighbourhood U of the origin in E such
that U = UNE. Then, by Proposition 2.2.4, there is a number A > 0 such
that i(K) C A\U. Hence, we get

KCi(K)NECANINE=ANNAE=AUNE) =M. 0

Corollary 2.2.7. Let E be a Hausdorff t.v.s.. The union of a converging
sequence in E and of its limit is a compact and so bounded closed subset in E.

Proof. (Christmas assignment) O

Corollary 2.2.8. Let E be a Hausdorff t.v.s.. Any Cauchy sequence in F is
bounded.

Proof. By using Corollary 2.2.7, one can show that any Cauchy sequence S in
FE is a precompact subset of E. Then it follows by Corollary 2.2.6 that S is
bounded in E. O

Note that a Cauchy sequence S in a Hausdorff t.v.s. E is not necessarily
relatively compact in E. Indeed, if this were the case, then its closure in
FE would be compact and so, by Theorem 2.1.5, the filter associated to S
would have an accumulation point x € E. Hence, by Proposition 1.3.10 and
Proposition 1.1.31 in TVS-I, we get S — = € E which is not necessarily true
unless F is complete.

Proposition 2.2.9. The image of a bounded set under a continuous linear
map between t.v.s. is a bounded set.



2.3

2.3. Bounded subsets of special classes of t.v.s.

Proof. Let E and F be two t.v.s., f : E — F be linear and continuous, and
B C E be bounded. Then for any neighbourhood V of the origin in F, f~(V)
is a neighbourhood of the origin in E. By the boundedness of B in F, it follows
that there exists A > 0s.t. B C Af~1(V) and, thus, f(B) C A\V. Hence, f(B)
is a bounded subset of F'. O

Corollary 2.2.10. Let L be a continuous linear functional on a t.v.s. E. If
B is a bounded subset of E, then sup |L(z)| < oco.
rEB

Proof. By Proposition 2.2.9, we have that L(B) is bounded in K. Hence,
there exists A > 0 such that L(B) is contained in the closed ball of radius A
centered at the origin, i.e. for all x € B we have |L(z)| < A, which yields the
conclusion. O

Let us now introduce a general characterization of bounded sets in terms
of sequences.

Proposition 2.2.11. Let E be any t.v.s.. A subset B of E is bounded if and
only if every sequence contained in B is bounded in E.

Proof. The necessity of the condition is obvious from Proposition 2.2.2-4.
Let us prove its sufficiency. Suppose that every sequence contained in B
is bounded in E. If B is unbounded, then there exists a neighbourhood U of
the origin in F s.t. for all A > 0 we have B € \U. W.l.o.g. we can assume U
balanced. Then

VneN, Iz, € B s.t. z, ¢ nU. (2.1)

By assumption the sequence {z,},en is bounded and so there exists p > 0
s.t. {zntnen € wpU. Hence, there exists m € N with m > p such that
{Zn}nen € mU and in particular z,, € mU, which contradicts (2.1). Hence,
B must necessarily be bounded in FE. O

Bounded subsets of special classes of t.v.s.

In this section we are going to study bounded sets in some of the special classes
of t.v.s. which we have encountered so far. First of all, let us notice that any
ball in a normed space is a bounded set and thus that in normed spaces there
exist sets which are at the same time bounded and neighbourhoods of the
origin. This property is actually a characteristic of all normable Hausdorff
locally convex t.v.s.. Recall that a t.v.s. FE is said to be normable if its
topology can be defined by a norm, i.e. if there exists a norm || - || on E such
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that the collection {B, : r > 0} with B, := {z € FE : ||z|| < r} is a basis of
neighbourhoods of the origin in F.

Proposition 2.3.1. Let E be a Hausdorff locally convex t.v.s.. If there is a
neighbourhood of the origin in E which is also bounded, then E is normable.

Proof. Let U be a bounded neighbourhood of the origin in E. As F is locally
convex, by Proposition 4.1.12 in TVS-I, we may always assume that U is
open and absolutely convex, i.e. convex and balanced. The boundedness of
U implies that for any balanced neighbourhood V' of the origin in E there
exists A > 0 s.t. U C AV. Hence, U C nV for all n € N such that n > A,
ie. %U C V. Then the collection {%U}%N is a basis of neighbourhoods of
the origin o in E and, since E is a Hausdorff t.v.s., Corollary 2.2.4 in TVS-I
guarantees that

N %U = {o}. (2.2)

neN
Since F is locally convex and U is an open absolutely convex neighbourhood
of the origin, there exists a generating seminorm p on E s.t. U = {z € E :
p(z) < 1} (see second part of proof of Theorem 4.2.9 in TVS-I). Then p must
be a norm, because p(z) = 0 implies z € %U for all n € N and so z = 0 by
(2.2). Hence, E is normable. O

An interesting consequence of this result is the following one.

Corollary 2.3.2. Let E be a locally conver metrizable space. If E is not
normable, then E cannot have a countable basis of bounded sets in E.

Proof. (Exercise Sheet 5) O
The notion of boundedness can be extended to linear maps between t.v.s..

Definition 2.3.3. Let E, F' be two t.v.s. and f a linear map of E into F. f
is said to be bounded if for every bounded subset B of E, f(B) is a bounded
subset of F.

We have already showed in Proposition 2.2.9 that any continuous linear
map between two t.v.s. is a bounded map. The converse is not true in general
but it holds for two special classes of t.v.s.: metrizable t.v.s. and LF-spaces.

Proposition 2.3.4. Let E be a metrizable t.v.s. and let f be a linear map of
FE into a tv.s. F. If f is bounded, then f is continuous.
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Proof. Let f : E — F be a bounded linear map. Suppose that f is not
continuous. Then there exists a neighbourhood V' of the origin in F' whose
preimage f~!(V) is not a neighbourhood of the origin in E. W.lLo.g. we
can always assume that V is balanced. As F is metrizable, we can take a
countable basis {U,, },en of neighbourhood of the origin in F s.t. U, 2 Up41
for all n € N. Then for all m € N we have ~U,, Z f~*(V) i..

1
VmeN, Iz, € %Um s.t. f(zpm) € V. (2.3)

As for all m € N we have mz,, € U, we get that the sequence {mx,}men
converges to the origin o in E. In fact, for any neighbourhood U of the
origin o in F there exists n € N s.t. Uz C U. Then for all n > n we have
nx, € U, CUz C U, ie. {mxy,}men converges to o.

Hence, Proposition 2.2.7 implies that {m,, }men, is bounded in E and so,
since f is bounded, also {mf(xm)}men, is bounded in F. This means that
there exists p > 0 s.t. {mf(zm)}men, € pV. Then for all n € N with n > p
we have f(x,) € £V C V which contradicts (2.3).

O

To show that the previous proposition also hold for LF-spaces, we need to
introduce the following characterization of bounded sets in LF-spaces.

Proposition 2.3.5.

Let (E, Ting) be an LF-space with defining sequence {(Ey, Tn)}nen. A subset
B of E is bounded in E if and only if there exists n € N s.t. B is contained
m B, and B is bounded in E,,.

To prove this result we will need the following refined version of Lemma 1.3.4.

Lemma 2.3.6. Let Y be a locally convex space, Yy a closed linear subspace of
Y equipped with the subspace topology, U a convex neighbourhood of the origin
in Yy, and xg € Y with xy ¢ U. Then there exists a convex neighbourhood V
of the origin in'Y such that o ¢ V and VNYy=U.

Proof.

By Lemma 1.3.4 we have that there exists a convex neighbourhood W of the
origin in Y such that W N Yy =U. Now we need to distinguish two cases:
-If 9 € Yp then necessarily x¢g ¢ W since by assumption zo ¢ U. Hence, we
are done by taking V := W.

-If xo ¢ Yo, then let us consider the quotient Y/Yp and the canonical map
¢:Y - Y/Yy. AsYpis a closed linear subspace of Y and Y is locally convex,
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we have that Y/Y{ is Hausdorff and locally convex. Then, since ¢(xg) # o,
there exists a convex neighbourhood N of the origin o in Y/Yy such that
d(w) ¢ N. Set Q := ¢~1(N). Then € is a convex neighbourhood of the origin
in Y such that zp ¢ Q and clearly Yy C Q (as ¢(Yp) = o € N). Therefore,
if we consider V := QN W then we have that: V is a convex neighbourhood
of the origih in Y, VNYy=QnNWnNYy=WnYy=U and 29 ¢ V since

Proof. of Proposition 2.3.5

Suppose first that B is contained and bounded in some E,. Let U be an
arbitrary neighbourhood of the origin in £. Then by Proposition 1.3.5 we
have that U, := U N E, is a neighbourhood of the origin in F,. Since B is
bounded in E,,, there is a number A > 0 such that B C AU, C \U, i.e. B is
bounded in E.

Conversely, assume that B is bounded in E. Suppose that B is not con-
tained in any of the E,’s, i.e. Vn € N, Jz, € B s.t. z, ¢ E,. We will show
that the sequence {z;, },en is not bounded in E and so a fortiori B cannot be
bounded in FE.
Since 21 ¢ Ej but 1 € B C E and Fj is a closed linear subspace of (E, Tinq),
given an arbitrary convex neighbourhood Uj of the origin in F; we can ap-
ply Lemma 2.3.6 and get that there exists V5 convex neighbourhood of the
origin in E s.t. 1 ¢ Vo and Vo N Ey = Uy. As 74 | E2 = 72, we have that
Us := Vo N Ej is a convex neighbourhood of the origin in Fy s.t. 1 ¢ Uy and
UNEi=VonNEsNEL=VoNEL =Us.
Since x1 ¢ Us, we can once again apply Lemma 2.3.6 and proceed as above
to get that there exists Uj convex neighbourhood of the origin in Ej3 s.t.
x1 ¢ U and Uj N Ey = Us. Since z2 ¢ Ey we also have that %:1;2 ¢ E5 and so
%ZL'Q ¢ Uy. By applying again Lemma 2.3.6 and proceeding as above, we get
that there exists U} convex neighbourhood of the origin in Ej s.t. $zo ¢ UY
and Ug N Ey = Uy. Taking Uz := Uj N U4 we have that Us N By = Uy and
x1, %1'2 ¢ UQ.
By induction on n, we get a sequence {Up, },en such that for any n € N:

e U, is a convex neighbourhood of the origin in E,,

e U,=Unt1NE, (and so U, C Up11)

® Iy, %51327 ) %xn ¢ Un+1-
Note that:
Un == n+1ﬂEn == n+2ﬂEn+1ﬂEn == n+2ﬂE = n-‘,—kmEna \V/k‘ S N



2.3. Bounded subsets of special classes of t.v.s.

Consider U := U;’;l Uj, then for each n € N we have

UNE,=(JUnE,|ul |J U;nE, :UnU<UUn+kﬂEn>:Un,
j=1 j=n+1 k=1

i.e. U is a neighbourhood of the origin in (E, Tjpq)-

Suppose that {z;};en is bounded in £ and take a balanced neighbour-
hood V' of the origin in £ s.t. V C U. Then there exists A > 0 s.t.
{z;}jen € AV and so {z;}jen € nV for all n € N with n > A. In particular,
we have z, € nV and so 17”” € V C U, which contradicts the third property
of the Uj’s (ie. lnz, ¢= U2 Untj.-Uj2, 11 Uj = U since U; C Ujyq for all
J € N). Hence, {z;};en is not bounded in E and so B is not bounded in E.
This contradicts our original assumption and so proves that B C F,, for some
n € N.

It remains to show that B is bounded in F,,. Let W,, be a neighbourhood
of the origin in F,,. By Proposition 1.3.5, there exists a neighbourhood W of
the origin in F such that W N E,, = W,,. Since B is bounded in F, there exists
@ >0st. B C uW and hence

B=BNE,CuWnE,=uWnE,) =uW,.
O

Corollary 2.3.7. A bounded linear map from an LF- space into an arbitrary
t.v.s. is always continuous.

Proof. (Exercise Sheet 5) O
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Chapter 3

Topologies on the dual space of a t.v.s.

In this chapter we are going to describe a general method to construct a whole
class of topologies on the topological dual of a t.v.s. using the notion of polar
of a subset. Among these topologies, usually called polar topologies, there
are: the weak topology, the topology of compact convergence and the strong
topology. In this chapter we will denote by:
e F a t.v.s. over the field K of real or complex numbers.
e E* the algebraic dual of F, i.e. the vector space of all linear functionals
on FE.
e [ its topological dual of E, i.e. the vector space of all continuous linear
functionals on F.
Moreover, given 2’ € E’, we denote by (2, x) its value at the point = of E, i.e.
(o', z) = 2/(z). The bracket (-,-) is often called pairing between E and E'.

The polar of a subset of a t.v.s.

Definition 3.1.1. Let A be a subset of E. We define the polar of A to be the
subset A° of E' given by:

A° = {x’ € E :sup (2, z)| < 1} :
z€A
Let us list some properties of polars:
a) The polar A° of a subset A of E is a convex balanced subset of E’.
b) If AC B C E, then B° C A°.
) (pA)° = ( JA°, Vp>0,VACE.
)
)

o

d) (AUB)°=A°NB°,VA,BCE.

e) If Aisaconein E, then A°={2' € E': (2/,2) =0,Vz € A} and A° is a
linear subspace of E’ . In particular, this property holds when A is a linear
subspace of F and, in this case, A° is called the orthogonal of A.
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Proof.

Let us show just property e) while the proof of a), b), ¢) and d) is left as an
exercise for the reader. Suppose that A is a cone, i.e. VA > 0, Vo € A, Ax € A.
Then 2/ € A° implies that |(z/,x)| < 1 for all z € A. Since A is a cone, we
must also have |[(z/,\z)| < 1 for all z € A and all A > 0. This means that
[(«/,z)| < § for all z € A and all A > 0, which clearly gives (z/,z) = 0 for all
z € A. Hence, A° C {2/ € E': (2/,2) =0, Vx € A}. The other inclusion is
trivial. In this case, it is easy to see that A° is a linear subspace of E’. Indeed:
Va',y € A°, Vr e A, V) ue K we have

'+ py x)y = XN z) + ply' 2y = X0+ p-0=0. -

Proposition 3.1.2. Let E be a t.v.s.. If B is a bounded subset of E, then the
polar B° of B is an absorbing subset of E’.

Proof.

Let 2/ € E'. As B is bounded in E, Corollary 2.2.10 guarantees that any
continuous linear functional 2’ on E is bounded on B, i.e. there exists a
constant M (z') > 0 such that sup,cp[(2’, )| < M(2'). This implies that for

any A € K with [\ < W we have \2’ € B°, since

sup [(Az’, z)| = || sup |2/, )| < -M(2') = 1.
sup [, )| = |\ sup (o, 0} < - M2

Polar topologies on the topological dual of a t.v.s.

We are ready to define an entire class of topologies on the dual E’ of F,
called polar topologies. Consider a family 3 of bounded subsets of E with the
following two properties:

(P1) If A,Be X, then 3C € ¥s.t. AUBCC.

(P2) If Ae ¥ and A € K, then 3B € ¥ s.t. AMAC B.

Let us denote by %° the family of the polars of the sets belonging to X, i.e.

Y :={A°: AeX}.
Claim: >° is a basis of neighbourhoods of the origin for a locally convex
topology on E’ compatible with the linear structure.

Proof. of Claim.
By Property a) of polars and by Proposition 3.1.2; all elements of ¥° are
convex balanced absorbing susbsets of E’. Also:
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1.V A°,B° € 3°,3C° € ¥° s.t. C° C A° N B°.
Indeed, if A° and B° in X° are respectively the polars of A and B in X,
then by (P1) there exists C' € ¥ s.t. AU B C C and so, by properties
b) and d) of polars, we get: C° C (AU B)° = A°N B°.

2. VA°e€¥°, Vp>0, 3B° € ¥°s.t. B°C pA°.
Indeed, if A° in 3° is the polar of A, then by (P2) there exists B € X
s.t. %A C B and so, by properties b) and c¢) of polars, we get that

B°C (%A) — pA°.
By Theorem 4.1.14 in TVS-I, there exists a unique locally convex topology on

E’ compatible with the linear structure and having X° as a basis of neighbor-
hoods of the origin. O

Definition 3.2.1. Given a family ¥ of bounded subsets of a t.v.s. E s.t. (P1)
and (P2) hold, we call X—topology on E’ the locally convex topology defined
by taking, as a basis of neighborhoods of the origin in E', the family X° of the
polars of the subsets that belong to . We denote by EY, the space E' endowed
with the YX-topology.

It is easy to see from the definition that (Exercise Sheet 6):
e The Y —topology on E’ is generated by the following family of semi-
norms:

{pa: A€ X}, where pa(z') := sgg |(z',z)|,V2' € E. (3.1)

e Define for any A € ¥ and € > 0 the following subset of E’:

W.(A) := {x' € E :sup|(x,z)| < E} .
€A

The family B := {W.(A4) : A € ¥, > 0} is a basis of neighbourhoods of
the origin for the ¥—topology on E’.

Let us introduce now some important examples of polar topologies.

The weak topology on E’

The weak topology on E’ is the Y —topology corresponding to the family ¥ of
all finite subsets of E and it is usually denoted by o(E’, E) (this topology is
often also referred with the name of weak*-topology or weak dual topology).
We denote by E/ the space E' endowed with the topology o(E’, E).
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A basis of neighborhoods of o(FE’, F) is given by the family
By :i={We(x1,...,2): r €Nxy,...,z, € E,e > 0}

where
We(zy,...,zp) ={a’ € B : |(a/,aj)| <e,j=1,...,r}. (3.2)

The topology of compact convergence on E’

The topology of compact convergence on E' is the X—topology corresponding
to the family ¥ of all compact subsets of E and it is usually denoted by
¢(E', E). We denote by E! the space E' endowed with the topology ¢(F’, F).

The strong topology on E’

The strong topology on E’ is the ¥ —topology corresponding to the family ¥ of
all bounded subsets of E and it is usually denoted by b(E’, E). As a filter in
E’ converges to the origin in the strong topology if and only if it converges to
the origin uniformly on every bounded subset of E (see Proposition 3.2.2), the
strong topology on E’ is sometimes also referred as the topology of bounded
convergence. When E’ carries the strong topology, it is usually called the
strong dual of E and denoted by Ej.

Let us look now at some general properties of polar topologies and how they
relate to the above examples.

Proposition 3.2.2. A filter F' on E' converges to an element ' € E' in the
Y-topology on E' if and only if F' converges uniformly to ' on each subset A
belonging to X, i.e. the following holds:

Ve>0,VAeX, I M € Fstsupl{a,z) — (y,z)| <e Vy € M. (3.3)
€A

This proposition explains why the Y —topology on E’ is often referred as
topology of the uniform converge over the sets of X.

Proof.

Suppose that (3.3) holds and let U be a neighbourhood of the origin in
the Y —topology on E’. Then there exists ¢ > 0 and A € ¥ s.t. W.(A) CU
and so

¥+ W.(A) Ca2' +U. (3.4)
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On the other hand, since we have that

SrW) = {o e B swllya)l <<
z€A

= {Z/EE/Z sup |(2' — 2/, z)| §5}, (3.5)
€A

the condition (3.3) together with (3.4) gives that
AM € F st. M Ca' + W.(A) Ca' +U.

The latter implies that ' + U € F’ since F' is a filter and so the family of all
neighbourhoods of 2’ in the ¥ —topology on E’ is contained in F/, i.e. F' — 2.
Conversely, if 7/ — 2/, then for any neighbourhood V of 2’ in the ¥—topology
on E’ we have V € F'. In particular, for all A € ¥ and for all € > 0 we have
' +W.(A) € F'. Then by taking M’ := 2/ + W.(A) and using (3.5), we easily
get (3.3). O

Remark 3.2.3. Using the previous result, one can easily show that sequence
{2, }nen of elements in E' converges to the origin in the weak topology if and
only if at each point x € E the sequence of their values {(x;,,x)},cn converges
to zero in K (see Exercise Sheet 6). In other words, the weak topology on E'
is nothing else but the topology of pointwise convergence in E, when we look
at continuous linear functionals on E simply as functions on E.

In general we can compare two polar topologies by using the following
criterion: If 31 and X9 are two families of bounded subsets of a t.v.s. E such
that (P1) and (P2) hold and 31 O X9, then the Xq-topology is finer than
the Yo-topology. In particular, this gives the following comparison relations
between the three polar topologies on E’ introduced above:

o(E'\E) C ¢(E',E) C b(E', E).

Proposition 3.2.4. Let ¥ be a family of bounded subsets of a t.v.s. E s.t.
(P1) and (P2) hold. If the union of all subsets in ¥ is dense in E, then EX;
is Hausdorff.

Proof. Assume that the union of all subsets in X is dense in E. As the
Y —topology is locally convex, to show that E{, is Hausdorff is enough to
check that the family of seminorms in (3.1) is separating (see Proposition 4.3.3
in TVS-I). Suppose that pa(z') = 0 for all A € X, then

sup |(z/,z)| =0, VA € X,
e A
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which gives
(2’ z) =0, YV € U A.
AeX

As the continuous functional 2z’ is zero on a dense subset of E, it has to be
identically zero on the whole E. Hence, the family {p4 : A € ¥} is a separating
family of seminorms which generates the X —topology on E’. O

Corollary 3.2.5. The topology of compact convergence, the weak and the
strong topologies on E' are all Hausdorff.

Let us consider now for any x € E the linear functional v, on E’ which
associates to each element of the dual E’ its “value at the point x”, i.e.

vy B = K
¥ = (2 x).
Clearly, each v, € (E’)* but when can we say that v, € (E%)'? Can we find
conditions on ¥ which guarantee the continuity of v, w.r.t. the ¥—topology?
Fixed an arbitrary € E, v, is continuous on EY; if and only if for any
e > 0, v, 1(B-(0)) is a neighbourhood of the origin in £’ w.r.t. the ¥—topology
(B-(0) denotes the closed ball of radius ¢ and center 0 in K). This means that

Ve>0,3AecX: A° Cou (B.(0) = {2/ € E': |(a',z)| <&}
ie.

(2, }x> <1,vz' € A°. (3.6)

€

Ve>0,34eX:

Then it is easy to see that the following holds:

Proposition 3.2.6. Let X be a family of bounded subsets of a t.v.s. E s.t.
(P1) and (P2) hold. If ¥ covers E then for every x € E the value at x is a
continuous linear functional on EX;, i.e. vy € (EY)'.

Proof. If E C |J ey, A then for any € £ and any € > 0 we have % € A for
some A € ¥ and so |(2/, 2z)| < 1 for all 2/ € A°. This means that (3.6) holds,
which is equivalent to v, being continuous w.r.t. the ¥—topology on E’. [

The previous proposition is useful to get the following characterization of
the weak topology on E’, which is often taken as a definition for this topology.

Proposition 3.2.7. Let E be a t.v.s.. The weak topology on E’ is the coarsest
topology on E’ such that, for all x € E, v, is continuous.
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Proof.

Since the weak topology o(E’, E) is by definition the ¥—topology on E’ cor-
responding to the family > of all finite subsets of F which clearly covers F,
Proposition 3.2.6 ensures that all v, are continuous on E’.! Moreover, if there
would exist a topology 7 on E’ strictly coarser that o(FE’, E) and such that all
v, were continuous, then in particular Ve > 0, Vr € N, Vx1,...,2,. € E, each
v, (B:(0)) would be a neighbourhood of the origin in (E',7) fori=1,...,r.
Hence, each W_(x1,...,x,) would be a neighbourhood of the origin in (E', 7),
since W (1, ..., %) = (Vi_; v5, (B:(0)) (cf. (3.2)). Therefore, any element of
a basis of neighborhoods of the origin in E! is also a neighbourhood of the
origin in (E’,7). This implies that the two topologies 7 and o(FE’, F) must
necessarily coincide. O

Proposition 3.2.6 means that, if 3 covers E then the image of E under the
canonical map
p: B — (B5)”
T = Uy

is contained in the topological dual of EY, i.e. ¢(E) C (E%). In general, the
canonical map ¢ : E — (E%;)" is neither injective or surjective. However, when
we restrict our attention to locally convex Hausdorff t.v.s., the following con-
sequence of Hahn-Banach theorem guarantees the injectivity of the canonical
map.

Lemma 3.2.8. If E is a locally convex Hausdorff t.v.s with E # {o}, then
for every o # xg € E there exists ' € E' s.t. (', x9) # 0, i.e. E' # {o}.

Proof. (see Interactive Sheet 3) O

Corollary 3.2.9. Let E be a non-trivial locally convex Hausdorff t.v.s and X
a family of bounded subsets of E s.t. (P1) and (P2) hold and ¥ covers E.
Then the canonical map ¢ : E — (EY) is injective.

Proof. Let 0o # xg € E. By Proposition 3.2.8, we know that there exists
2’ € E' s.t. vy(2') # 0 which proves that v, is not identically zero on E’ and
so that Ker(yp) = {o}. Hence, ¢ is injective. O

'Fixed = € E, one could also show the continuity of v, w.r.t. o(E’, E) by simply noticing
that |ve(2')| = pyey(2') for any 2’ € E’ and using Corollary 4.6.2. in TVS-T about continuity
of functionals on locally convex t.v.s.
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In the particular case of the weak topology on E’ the canonical map ¢ :
E — (E.)' is also surjective, and so F can be regarded as the dual of its weak
dual E/. To show this result we will need to use the following consequence of
Hahn-Banach theorem:

Lemma 3.2.10. Let Y be a closed linear subspace of a locally convex t.v.s.
X. IfY # X, then there exists f € X' s.t. [ is not identically zero on X but
identically vanishes on Y .

Proof. (see Exercise Sheet 6)

Proposition 3.2.11. Let E be a locally convex Hausdorff t.v.s. with E # {o}.
Then the canonical map ¢ : E — (E.) is an isomorphism.

Proof. Let L € (E.). By the definition of o(E’, E) and Proposition 4.6.1 in
TVS-I, we have that there exist F' C E with |F| < co and C > 0 s.t.

|L(2)| < Cpp(a') = C'sup (@', 2). (3.7)

Take M := span(F) and d := dim(M). Consider an algebraic basis B :=
{e1,...,eq} of M and for each j € {1,...,d} apply Lemma 3.2.10 to ¥ :=
span{B \ {e;}} and X := M. Then for each j € {1,...,d} there exists
fi + M — K linear and continuous such that (fj,ex) = 0 if k¥ # j and
(fj,ej) # 0. W.lo.g. we can assume (fj,e;) = 1. By applying the Hahn-
Banach theorem (see Theorem 5.1.1 in TVS-I), we get that for each j €
{1,...,d} there exists e; : F — K linear and continuous such that e;- = fj,
in particular (¢}, ex) = 0 for k # j and (e}, e;) = 1.

Let M’ := span{e},...,e}} C F', xp = 2?21 L(e})e; € M and for any
' € E' define p(2') := Z;l:l@c’,ej)e; € M'. Then for any 2/ € E' we get
that:

d
(@ ar) =Y L(¢j)(2, ej) = L(p(a")) (3.8)
j=1
and also
d
<:LJ - p(l',), 6k> = <x,a ek) - Z<xla €j><€;" ek> = <$/7 €k> - <$/, ek><ek> ek> =0
j=1
which gives
(2" —p(2"),m) = 0,Ym € M. (3.9)
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Then for all ' € E’ we have:

(3.7)
L' —p(a)] < Csup (2’ ~pla’). ) 9
xre

which give that L(2') = L(p(z')) (25 (' xr) = vy, (2'). Hence, we have
proved that for every L € (E.)’ there exists z1 € E s.t. p(xr) = vy, = L,
ie. p: E — (E.) is surjective. Then we are done because the injectivity of
¢ : E — (E.) follows by applying Corollary 3.2.9 to this special case. O

Remark 3.2.12. The previous result suggests that it is indeed more conve-
nient to restrict our attention to locally convex Hausdorff t.v.s. when dealing
with weak duals. Moreover, as showed in Proposition 3.2.8, considering locally
convexr Hausdorff t.v.s has the advantage of avoiding the pathological situation
in which the topological dual of a non-trivial t.v.s. is reduced to the only zero
functional (for an example of a t.v.s. on which there are no continuous linear
functional than the trivial one, see Exercise Sheet 6).

The polar of a neighbourhood in a locally convex t.v.s.

Let us come back now to the study of the weak topology and prove one of
the milestones of the t.v.s. theory: the Banach-Alaoglu-Bourbaki theorem. To
prove this important result we need to look for a moment at the algebraic
dual E* of a t.v.s. E. In analogy to what we did in the previous section, we
can define the weak topology on the algebraic dual E* (which we will denote
by o(E*,E)) as the coarsest topology such that for any x € E the linear
functional w, is continuous, where

wy: E* — K
= (x¥z) =¥ (x). (3.10)
(Note that w, | E' = v,;). Equivalently, the weak topology on the algebraic
dual E* is the locally convex topology on E* generated by the family {gqp :
F C E, |F| < oo} of seminorms gp(x*) := sup,cp [(z*, z)| on E*. It is then
easy to see that o(E', E) = o(E*,E) | E'.

An interesting property of the weak topology on the algebraic dual of a
t.v.s. is the following one:

Proposition 3.3.1. If E is a t.v.s. over K, then its algebraic dual E* endowed
with the weak topology o(E*, E) is topologically isomorphic to the product of
dim(E) copies of the field K endowed with the product topology.
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Proof.

Let {e;}icr be an algebraic basis of F, i.e. Vo € E, 3{z;}icr € K4m(E) g,
T = Zie[ xie;. For any linear functions L : F — K and any x € E we then
have L(x) = > ,c; xiL(e;). Hence, L is completely determined by the sequence
{L(e;) }ier€ K4™(E)  Conversely, every element u:={u; };c; € K¥™E) uniquely
defines the linear functional L, on E via L,(e;) := u; for all ¢ € I. This
completes the proof that E* is algebraically isomorphic to K4m(E)  Moreover,
the collection {Wc(ei,,...,€;.): e>0,r €N iy,...,i € I}, where

We(eiy,---,ei,) i={2" € B : [(z%,¢;;)| < ¢, forj=1,...,r},

is a basis of neighbourhoods of the origin in (E*,o(E*, E)). Via the isomor-
phism described above, we have that for any € > 0, r € N, and 41,...,4, € I:

W€(6i17"‘76’i7‘) ~ {{Ui}z’el € Kdzm(E) : |Uw| <eg, fOI'j = 17"'7T}

= ﬁBa(O)x II K
j=1

IN{i1,.ir}
and so W(e;,,...,e;.) is a neighbourhood of the product topology Tpreq on
K#™(E) (recall that we always consider the euclidean topology on K). There-
fore, (E*,o(E*, E)) is topological isomorphic to (Kdim(E),Tpmd). O

Let us now focus our attention on the polar of a neighbourhood U of the
origin in a non-trivial locally convex Hausdorff t.v.s. E. We are considering
here only non-trivial locally convex Hausdorff t.v.s. in order to be sure to
have non-trivial continuous linear functionals (see Remark 3.2.12) and so to
make a meaningful analysis on the topological dual.

First of all let us observe that:

{z* € E*: sup|(z*,2)| <1} =U°:={2' € E' : sup|[(z/,2)] < 1}. (3.11)
zelU zelU

Indeed, since E/ C E*, we clearly have U°® C {z* € E* : sup,cy |(z*, z)| < 1}.
Moreover, any linear functional z* € E* s.t. sup,¢; |(2*, )| < 1 is continuous

on F and it is therefore an element of E’.
It is then quite straightforward to show that:

Proposition 3.3.2. The polar of a neighbourhood U of the origin in E is
closed w.r.t. o(E*, E).
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Proof. By (3.11) and (3.10), it is clear that U° = [,y w;'([~1,1]). On
the other hand, by definition of o(E*, E) we have that w, is continuous on

(E*,0(E*, E)) forall x € E and so each w, ! ([-1,1]) is closed in (E*,o(E*, E)).

Hence, U® is closed in (E*,0(E*, E)) as the intersection of closed subsets of
(E*,0(E", E)). O

We are ready now to prove the famous Banach-Alaoglu-Bourbaki Theorem

Theorem 3.3.3 (Banach-Alaoglu-Bourbaki Theorem).
The polar of a neighbourhood U of the origin in a locally convex Hausdorff
t.v.s. E # {o} is compact in E..

Proof.

Since U is a neighbourhood of the origin in E, U is absorbing in FE, i.e.
Vo€ E, AM, > 0s.t. M,z € U. Hence, for all z € E and all 2’ € U° we have
|(z', Myx)| <1, which is equivalent to:

1

Vee E,Va' e U°, |(z/,x)| < T

(3.12)

Moreover, for any = € F, the subset

1
Dg;i:{OKEK: |OZ§M}

xT

is compact in K w.r.t. to the euclidean topology.

Consider an algebraic basis B of E, then by Tychnoff’s theorem? the subset
P :=[],cp Dz is compact in (Kdim(E),Tpmd).

Using the isomorphism introduced in Proposition 3.3.1 and (3.11), we get
that

U° ~ {(<m*7‘r>)x€8 R ANS UO}

and so by (3.12) we have that U° C P. Since Corollary 3.3.2 and Proposi-
tion 3.3.1 ensure that U° is closed in (Kdim(E) , Tpmd), we get that U° is a closed
subset of P. Hence, by Proposition 2.1.4-1, U° is compact (Kdim(E),Tpmd)
and so in (E*,0(E*, E)). As U° = E' N U° we easily see that U° is compact
in (F',0(E'",E)). O

2Tychnoff’s theorem: The product of an arbitrary family of compact spaces endowed
with the product topology is also compact.
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We briefly introduce now a nice consequence of Banach-Alaoglu-Bourbaki
theorem. Let us start by introducing a norm on the topological dual space E’
of a seminormed space (E, p):

p):=  sup (@, )]
z€E:p(x)<1

P is usually called the operator norm on E'.

Corollary 3.3.4. Let (E,p) be a non-trivial normed space. The closed unit
ball in E" w.r.t. the operator norm p' is compact in E..

Proof. First of all, let us note that a normed space it is indeed a locally convex
Hausdorff t.v.s.. Then, by applying Banach-Alaoglu-Borubaki theorem to
the closed unit ball By (o) in (E, p), we get that (B1(0))° is compact in E.
The conclusion then easily follow by the observation that (Bl(o))o actually
coincides with the closed unit ball in (E’, p):

(Bi(0))” = {2’ e F': sup [(z',z)| <1}
z€B1(0)
= { el sup (2, 2)] <1}
zEE p(z)<1

= {d el p@E) <1}
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Chapter 4

Tensor products of t.v.s.

Tensor product of vector spaces

As usual, we consider only vector spaces over the field K of real numbers or
of complex numbers.

Definition 4.1.1.

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

map. B and F are said to be ¢-linearly disjoint if:

(LD) Foranyr e 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:

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

Recall that, given three vector spaces over K, a map ¢ : E X F — M is
said to be bilinear if:

Vg e B, ¢p: F — M is linear
y — é(xo,y)
and
Vy €F, ¢yo: E — M is linear.

z = ¢z, )

Let us give a useful characterization of ¢—linear disjointness.
Proposition 4.1.2. Let E, F, M be three vector spaces, and ¢ : E X FF — M
be a bilinear map. Then E and F are ¢p—linearly disjoint if and only if:
(LD’) For any r,s € N, x1,...,x, linearly independent in E and y1,...,Ys

linearly independent in F', the set {¢(zs,y;) :i=1,...,r, j=1,...,s}
consists of linearly independent vectors in M.
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Proof.

(=) Let z1,...,x, be linearly independent in E and yi,...,ys be linearly
independent in F'. Suppose that > ;_; > 7_; Aijd(2,y;) = 0 for some A;; € K.
Then, using the bilinearity of ¢ and setting z; := ijl Nijyj, we easily get
Soi_1 ¢(x4,2i) = 0. As the z;’s are linearly independent in E, we derive from
(LD) that all z;’s have to be zero. This means that for each i € {1,...,r} we
have Z;Zl Aijy; = 0, which implies by the linearly independence of the y;’s
that A;j =0forallie {1,...,r} and all j € {1,...,s}.

(<) Let r € N, {x1,...,2,} € E and {y1,...,y-} € F be such that
Yoi_q é(xi,yi) = 0. Suppose that the x;s are linearly independent and let
{z1,...,2s} be a basis of span{yi,...,y,}. Then for each i € {1,...,r} there
exist \j; € Ks.t. y; = Z;:l Aijz; and so by the bilinearity of ¢ we get:

T T S

0= Zgzﬁ(a:i,yj) = ZZ)\ij(b(xi,Zj). (4.1)
i=1 i=1 j=1

By applying (LD’) to the z;’s and zé-s, we get that all ¢(x;, z;)’s are linearly

independent. Therefore, (4.1) gives that A;j; = 0 for all i € {1,...,7} and all

je{l,...,s}andsoy; =0forall i € {1,...,7}. Exchanging the roles of the

x;’s and the y;’s we get that (LD) holds. O

Definition 4.1.3. 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.

We now show that the tensor product of any two vector 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) — x ® y.

Theorem 4.1.4. 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 following diagram is commutative.

ExF—,@

b A

M
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(c) If (M1, ¢1) and (Ma, p2) are two tensor products of E and F', then there is
a bijective linear map u such that the following diagram is commutative.

ExF -4 M,

<

My

Proof.

(a) Let H be the vector space of all functions from E x F' into K which vanish
outside a finite set (H is often called the free space of E x F'). For any
(z,y) € E x F, let us define the function e, ) : £ x F' — K as follows:

_J 1 if(z,w) = (z,y)
Clay) (2, W) = { 0 otherwise

Then By := {e(yy) : (7,y) € £ x F'} forms a basis of H and so Vh € H,
Iy €Kit h=3"_p ZyeF Azy€(z,y) With Az = 0 for all but finitely
many z’s in E and y’s in Y. Let us consider now the following linear
subspace of H:

n

N :=spanie, , " - Z aibje(z, y;)  nym € Nya;, by €K, (z5,y;) € EXF 5.
<'E1 airi,_zl bjyj>
= =

i=1 j=1

We then denote by M the quotient vector space H/N, by 7 the quotient
map from H onto M and by

¢p: ExXF — M
(z,y) = o(z,y) =7 (e(ay)) -
It is easy to see that the map ¢ is bilinear. Let us just show the linearity

in the first variable as the proof in the second variable is just symmetric.
Fixed y € F, for any a,b € K and any z1,z9 € E, we get that:

¢(am1 + bfL‘g, y) - a(b(l‘l, y) - b(b(l‘g, y) = 7 (e(azlerzQ,y)) —an (e(zl,y)> —br (eﬂﬁz,y))
= 7 (e(aﬂil-‘rbﬂlzay) T AC(gy,y) T be(lmy))
= O’

where the last equality holds since €4z, 4-bas,y) — @€(z, ) — 0€(zyy) € V.
We aim to show that (M, ¢) is a tensor product of £ and F'. It is clear
from the definition of ¢ that

span(¢(E x F)) = span(r(By)) = m(H) = M,
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i.e. (TP1) holds. It remains to prove that F and F are ¢—linearly dis-
joint. Let r € N, {z1,...,z,} € FE and {y1,...,y.} € F be such that
>oi_1 ¢(zi,yi) = 0. Suppose that the y;’s are linearly independent. For
any ¢ € E*, let us define the linear mapping A, : H — F by setting
Ap(e(zy)) == gp(ic)y. Then it is easy to check that A, vanishes on N, so it
induces a map A, : M — F s.t. Ay (n(f)) = A(f), V f € H. Hence, since
>oi1 #(xi,yi) = 0 can be rewritten as 7 (D7, €(,4,)) = 0, we get that

0= ALP <7T <Z 6(11,%))) =4, (Z 6(Ii,yi)> = Z A‘P(e(xiayi)) = Z P(i)yi-
=1 =1

i=1 i=1

This together with the linear independence of the y;’s implies p(x;) = 0
for all ¢ € {1,...,r}. Since the latter holds for all ¢ € E*, we have that
x; =0 for all i € {1,...,r}. Exchanging the roles of the z;’s and the y;’s
we get that (LD) holds, and so does (TP2) .

Let (M, ) be a tensor product of E and F, G a vector space and b :
E x F — G a bilinear map. Consider {zs}aca and {ys}scp bases of E
and F, respectively. We know that {¢(z4,ys) : @ € A, € B} forms a
basis of M, as span(¢(E x F')) = M and, by Proposition 4.1.2, (LD’) holds
so the ¢(xq,yp)’s for all & € A and all 5 € B are linearly independent.
The linear mapping b will therefore be the unique linear map of M into
G such that

Vae A, VB e B, b(é¢(2a,ys)) = b(Ta,ys)-

Hence, the diagram in (b) commutes.

Let (M, ¢1) and (Ma, ¢2) be two tensor products of E and F. Then using
twice the universal property (b) we get that there exist unique linear maps
u: My — Ms and v : My — M such that the following diagrams both

commute:

b2 b1

ExF ——— M, Ex F—— M;
e |
My M

Then combining u o ¢1 = ¢9 with v o po = ¢1, we get that u and v are
one the inverse of the other. Hence, there is an algebraic isomorphism
between M; and M. O
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It is now natural to introduce the concept of tensor product of linear maps.

Proposition 4.1.5. Let E, F, Ey, I} be four vector spaces over K, and let
u:FE — Fyandv: F — Fy be linear mappings. There is a unique linear map
of E® F into F1 ® Fy , called the tensor product of u and v and denoted by
u ® v, such that

(u@v)(z®y) =ulr)®v(y), VexeE VyeF.

Proof.
Let us define the mapping

b: ExF — EiQF
(z,y) = bz,y) :=u(x)@v(y),
which is clearly bilinear because of the linearity of u and v and the bilinearity
of the canonical map of the tensor product £y ® Fj. Then by the universal

property there is a unique linear map b: E ® F — E; ® Fy s.t. the following
diagram commutes:

ExF—s B oR
o
b

E®QF
ie. bz ®y) = b(x,y), V(z,y) € E x F. Hence, using the definition of b, we
get that b =u ®v. O
Examples 4.1.6.

1. Letnm e N, E=K" and F = K™. Then E® F = K" is a tensor
product of E and F whose canonical bilinear map ¢ is given by:
¢: ExXF — Knxm
<(xi)?:17(yj);'n:1> = (T 1<i<n1<j<m-

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

f®g: XxY — K
(z,y) = [f(x)gy)

Let E (resp. F') be the linear space of all functions from X (resp. Y')
to K endowed with the usual 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 is actually a tensor product of E and F (see Exercise Sheet 7).

Given X and Y open subsets of R™ and R™ respectively, we can use the
definitions in Example 2 above to construct the tensors C*(X) ® C!(Y) for any
1 < k,1 < oo. Then it is possible to show the following result (see e.g. [5,
Theorem 39.2] for a proof).

Theorem 4.1.7. Let X and Y open subsets of R™ and R™ respectively.
Then C°(X) @ C(Y) is sequentially dense in C°(X xY) endowed with the
C°—topology.

Topologies on the tensor product of locally convex t.v.s.

Given two locally convex t.v.s. E and F, there various ways to construct a
topology on the tensor product F ® F' which makes the vector space £ ® F
in a t.v.s.. Indeed, starting from the topologies on F and F', one can define a
topology on E ® F' either relying directly on the seminorms on E and F', or
using an embedding of F ® F' in some space related to E 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,
the most important of which is the so-called e—topology that is based on the
isomorphism between E @ F' and B(E., F)) (see Proposition 4.2.9).

m—topology

Let us define the first main topology on £ ® F which we will see can be
directly characterized by mean of the seminorms generating the topologies on
the starting locally convex t.v.s. E and F'.

Definition 4.2.1 (7—topology).

Given two locally conver t.v.s. E and F, we define the m—topology (or pro-
jective topology) on E ® F' to be the finest locally convez 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 ®, F'.

A basis of neighbourhoods of the origin in £ ®, F is given by the family:
By = {convy(Uy ® Vg) : Uy € Bg, Vg € Br},

where Bg (resp. Bp) is a basis of neighbourhoods of the origin in E (resp.
in F),Us @ V3 :={z @y €€ EQF : x € Uy,y € Vg} and convy(Uy ® V3) de-
notes the smallest convex balanced subset of E® F' containing U, ®Vj. Indeed,
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by Theorem 4.1.14 in TVS-I, the topology generated by B is a locally convex
topology F ® F' and it makes continuous the canonical map ®, since for any
Ua € Bg and Vj € Br we have that @ ! (convy(Uy ® V) 2 @ Uy @ V) =
Ua x Vg which is a neighbourhood of the origin in £ x F'. Hence, the topology
generated by B, is coarser than the m—topology. Moreover, the m—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
Uy € Bg and Vg € Bp s.t. Uy x Vg C ®~YC). Hence, U, ® Vg € C and so
convy(Uqy ® Vi) C convy(C) = C, which yields that the topology generated by
By is finer than the m—topology.

The m—topology on F ® F' can be described by means of the seminorms
defining the locally convex topologies on E and F'. Indeed, we have the fol-
lowing characterization of the m—topology.

Proposition 4.2.2. Let E and F be two locally convexr t.v.s. 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,qeQ}
where for anyp € P,q € 9,0 € E® I we define:
(p®q)(0) :=1inf{p>0: 0 € p convy(U, ® V,)}
with Uy :=={x € E:p(x) <1} and Vy:={y € F :q(y) <1}.
Proof. (Exercise Sheet 7) O

The seminorm p® g on £ ® F' defined in the previous proposition is called
tensor product of the seminorms p and q (or projective cross seminorm) and
it can be represented in a more practical way that shows even more directly
its relation to the seminorms defining the topologies on E and F'.

Theorem 4.2.3.

Let E and F be two locally convex t.v.s. and let P (resp. Q) be a family of
seminorms generating the topology on E (resp. on F). Then for any p € P
and any q € Q we have that the following hold.

a) Foralld e EQF,

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

b) Forallz € Eandy € F, (p®q)(x ®@y) = p(z)q(y).
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Proof.
a) As above, we set U, :={z € E:p(z) <1}, V,:={y € F : q(y) <1} and
Wyq := conuy(Up @ Vg). Let § € E® F and p > 0 such that § € pW,.

Let us preliminarily observe that the condition “¢ € pW,,, for some p > 07
is equivalent to:

N
0= > trry@yr with NeN, t; €K, zx € F and y € F s.t.
y (4.2)
k=1

If we set & := txxy and ng := yg, then we can rewrite the condition (4.2) as

N N
0=> & @newith Y p(&)a(n) < p.
k=1 k=1

Then inf {Ziv:lp(é’k)qwk) 0= & O, Sk EE e F,N € N} < p.
Since this is true for any p > 0 s.t. 6 € pW,,, we get:

inf {Zp(:pz)q(yz) 10 = Z:L’Z QRuyi, r; € BE,y; € F,r € N} < (p®q)().

i=1 i=1

Conversely, let us consider an arbitrary representation of 9, i.e.

N
0=> & @nwith & € E, n, € F, N € N.

k=1
Let p > 0 s.t. Zszlp(ﬁk)q(nk)gpande>O. Define
I={ke{l,....N}:p(&)a(nmk) # 0}
Iy:={ke{l,...,N}:p(&) =0}
Is:={ke{l,...,N}:p(&) = 0 and q(m;) # O}
Iy:={ke{l,...,N}:p(&) =0}

and set
o \V/k E -[17 .’Ek = p(ggk)v yk = qg;ck)’ tk = p(fk)‘](nk)
o Vk €Iy, my, = p(gfk), i = Yp(&)nk, t =

o Vk € I, xy = Tq(e)&r, Y = gy, th =
o Vk €Iy, wp =D&, yp =, t = 5
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Then Vk € {1,..., N} we have that p(xy) < 1 and g(yi) < 1. Also we get:

N
— gk: Nk i gk: E
kzltkCCk QY = ’;hp(ik)qu)p(&) ® en) + ;;12 N p(&r) ® 6 p(&k )Nk
ig Mk iﬁ
+ ,;IaN5q(nk)§k®Q(77k)+k%ZNe§k®nk

N
= ) Gomn="0
k=1

and

N

Stk = D pEalm) + D %

k=1 kel ke(I2UI3Uly)

e
= > p&)glm) + U U Ll
kel
N

< > opl&alm) +e<p+e.
k=1

Hence, by (4.2) we get that 6 € (p + &)Wp,. As this holds for any € > 0, we
have § € pW,,. Therefore, we obtain that (p ® ¢)(f) < p and in particular

(p® q)(0) < Sn_, p(€x)q(my). This yields that

N N
(p®q)(0) < inf{zp(fk)Q(ﬁk) 0= &®m, Sk €Ene€FN¢ N}-

k=1 k=1
b) Let x € F and y € F. By using a), we immediately get that
(P®q)(r®y) < plx)q(y).

Conversely, consider M := span{z} and define L : M — K as L(\z) := Ap(x)
for all A € K. Then clearly L is a linear functional on M and for any m € M,
ie. m = Az for some A € K, we have |L(m)| = |A|p(z) = p(Ax) = p(m).
Therefore, Hahn-Banach theorem can be applied and provides that:

J2' € B st (2, 2) = p(x) and [(z/,21)| < p(x1), Va1 € E. (4.3)
Repeating this reasoning for y we get that:

3y e F' sty y) = q(y) and (v, 41)] < q(y1), Vy1 € F. (4.4)
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Let us consider now any representation of x ® y, namely x @y = Zi\[zl T Q Yk
with z € B, yp € F and N € N. Then, combining Proposition 4.1.5 and the
second part of both (4.3) and (4.4), we obtain:

|2’ @1,z y)| < (2" @y, 2k @ y)|

P 4.1.5
e (2!, )] - [y, yn)|

(4.3) and (4.4)
<

M= TM= I

p(@r)q(w).
pst

Since this is true for any representation of x ® y, we deduce by a) that:

(2’ @y, z0y)| < (pq)(z0y).

The latter together with the first part of (4.3) and (4.4) gives:

p(@)q(y) = Ip(@)]-la(y)| = (&', 2)|- |, 9)| = [’ @ ¢,z @ y)| < (pRq)(z2&Y).

O

Proposition 4.2.4. Let E and F be two locally convex t.v.s.. E ®; F 1s
Hausdorff if and only if E and F are both Hausdorff.

Proof. (Exercise Sheet 7) O

Corollary 4.2.5. Let (E,p) and (F,q) be seminormed spaces. Then p ® q is
a norm on E® F if and only if p and q are both norms.

Proof.

Under our assumptions, the m—topology on F ® F' is generated by the single
seminorm p ® q. Then, recalling that a seminormed space is normed iff it is
Hausdorff and using Proposition 4.2.4, we get: (F ® F,p ® q) is normed <
E ®, F is Hausdorff & E and F are both Hausdorff < (E,p) and (F,q) are
both normed. O

Definition 4.2.6. Let (E,p) and (F,q) be normed spaces. The normed space
(E® F,p®q) is called the projective tensor product of E and F and p® q is
said to be the corresponding projective tensor norm.

In analogy with the algebraic case (see Theorem 4.1.4-b), we also have a
universal property for the space E @, F'.
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Proposition 4.2.7.

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 4.1.4-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. We first show that the m—topology fulfills (UP). Let (G, w) be a locally
convex space and b € B(E, F';G), then Theorem 4.1.4-b) ensures that there
exists a unique b: E® F — G linear s.t. bo¢ =b, where ¢ : ExXF - E® F
is the canonical mapping. Let U basic neighbourhood of the origin in G,
so w.l.o.g. we can assume U convex and balanced. Then the continuity of b
implies that there exist V' basic neighbourhood of the origin in £ and W basic
neighbourhood of the origin in E s.t. b(¢(V x W)) = b(V x W) C U. Hence,
d(V x W) C b1 (U) and so convy(¢(V x W)) C convy(b~(U)) = b1(U),
which shows the continuity of b : E @ F — (G,w) as convy(¢(V x W)) € By.

Let 7 be a locally convex topology on E ® F' such that the property (UP)
holds. Then (UP) holds in particular for G = (E' ® F, 7). Therefore, since in
the algebraic isomorphism given by Theorem 4.1.4-b) in this case the canonical
mapping ¢ : E X F' — E® F corresponds to the identity id : EQ F — E® F,
we get that ¢ : E X F' — FE ®; F has to be continuous.

ExF—2 yE®. F

b

E®; F

This implies that 7 is coarser than the m—topology. On the other hand, (UP)
also holds for G = (E' ® F, 7). Hence,

ExF—" 3 E®_ F

l

E®; F

since by definition of m—topology ¢ : F x F' — E ®, F is continuous, the
id: F® F - E ®; F has to be also continuous. This means that the
m—topology is coarser than 7, which completes the proof. ]
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Corollary 4.2.8. (E®, F) = B(E,F), where B(E, F) := B(E, F;K).

Proof. By taking G = K in Proposition 4.2.7, we get the conclusion. O

c—topology

The definition of e—topology strongly relies strongly relies on the algebraic
isomorphism between F ® F and the space B(E., F.) of continuous bilinear
forms on the product E x F of the weak duals of E and F' (see Section 3.2
for the definition of weak topology). More precisely, the following hold.

Proposition 4.2.9. Let E and F be non-trivial locally convex t.v.s. over K
with non-trivial topological duals. The space B(E., F.) is a tensor product of
E and F.

Proof.
Let us consider the bilinear mapping:
¢: ExF — B(E/F.)
(@,y) = oy : E;xF, — K (4.5)
@.y) = (@), y).
We first show that £ and F' are ¢-linearly disjoint. Let r,s € N, z1,...,z,

be linearly independent in F and v, ..., ys be linearly independent in F'. In
their correspondence, select! z/,..., 2. € E' and 9}, ...,y € F’ such that

(@, x5) = 6y, Ym,j € {1,...,r} and (v, yr) =0V, k € {1,...,5}.
Then we have that:

1 if m=jand n=k

0 otherwise. (4.6)

05, 90 @ ) = (h25) (g, ) = {

This implies that the set {¢(xj,yx) : 7 = 1,...,r, k = 1,...,s} consists of
linearly independent elements. Indeed, if there exists \j; € K s.t.

DS Nkd(aj,ye) =0
j=1 k=1
then for all m € {1,...,r} and all n € {1,...,r} we have that:

SN Ned(@i,ye) (@, yh) =0

j=1 k=1

1This can be done using Lemma 3.2.10 together with the assumption that E’ and F’ are
not trivial.
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and so by using (4.6) that all \,,,, = 0.
We have therefore showed that (LD’) holds and so, by Proposition 4.1.2,
E and F are ¢-linearly disjoint. Let us briefly sketch the main steps of the
proof that span(¢(E x F)) = B(E/., F.).
a) Take any ¢ € B(E!, F.). By the continuity of ¢, it follows that there exist
finite subsets A C E and B C F s.t. |o(2',y/)| < 1,Va' € A°, Vy € B°.
b) Set E4s := span(A) and Fp := span(B). Since E4 and Ep are finite
dimensional, their orthogonals (E4)° and (Fp)° have finite codimension
and so

E'xF' = (M'&(Ba)°)x (N'&(Fp)°) = (M'x N')&((Ea)°x F')&(E'x (Fp)°),

where M’ and N’ finite dimensional subspaces of E' and F’, respectively.
c) Using a) and b) one can prove that ¢ vanishes on the direct sum ((E£4)° x
F') @ (E' x (Fp)°) and so that ¢ is completely determined by its restriction
to a finite dimensional subspace M’ x N’ of E' x F”.
d) Let r := dim(E4) and s := dim(Fpg). Then there exist x1,...,z, € E4
and y1,...,ys € Fp s.t. the restriction of ¢ to M’ x N’ is given by

(@) = D> @z ).

i=1 j=1

Hence, by c), we can conclude that ¢ € span(¢p(E x F)).
O

The e—topology on F ® F' will be then naturally defined by the so-called
topology of bi-equicontinuous convergence on the space B(E.L,F.). As the
name suggests this topology is intimately related to the notion equicontinuous
sets of linear mappings between t.v.s..

Definition 4.2.10. Let X and Y be two t.v.s.. A set S of linear mappings
of X into Y is said to be equicontinuous if for any neighbourhood V of the
origin in Y there exists a neighbourhood U of the origin in X such that

VeSS, xelU = f(r)eV

e VieS, f(UYCV (or UC fFHV)).

The equicontinuity condition can be also rewritten as follows: S'is equicon-
tinuous if for any neighbourhood V' of the origin in Y there exists a neighbour-
hood U of the origin in X such that Ufes f(U) C V or, equivalently, if for any
neighbourhood V' of the origin in Y the set [ fest ~1(V) is a neighbourhood
of the origin in X.

69



4.

TENSOR PRODUCTS OF T.V.S.

70

Note that if S is equicontinuous then each mapping f € S is continuous
but clearly the converse does not hold.

A first property of equicontinuous sets which is clear from the definition
is that any subset of an equicontinuous set is itself equicontinuous. We are
going to introduce now few more properties of equicontinuous sets of linear
functionals on a t.v.s. which will be useful in the following.

Proposition 4.2.11. A set of continuous linear functionals on a t.v.s. X is
equicontinuous if and only if it is contained in the polar of some neighbourhood
of the origin in X.

Proof.

For any p > 0, let us denote by D, := {k € K : |k| < p}. Let H be an
equicontinuous set of linear forms on X. Then there exists a neighbourhood
U of the origin in X s.t. Usepy f(U) € Dy, Le. Vf € H, [(f,z)| <1,V €U,
which means exactly that H C U°.

Conversely, let U be an arbitrary neighbourhood of the origin in X and
let us consider the polar U° := {f € X' : sup,cr/ |(f,z)| < 1}. Then for any
p>0

VeUs [f,y)l <p, Vyepl,

which is equivalent to
U 1) D,.

feue

This means that U° is equicontinuous and so any subset H of U° is also
equicontinuous, which yields the conclusion. ]

Proposition 4.2.12. Let X be a non-trivial locally convex Hausdorff t.v.s..
Any equicontinuous subset of X' is bounded in X .

Proof. Let H be an equicontinuous subset of X’. Then, by Proposition 4.2.11,
we get that there exists a neighbourhood U of the origin in X such that
H C U°. By Banach-Alaoglu theorem (see Theorem 3.3.3), we know that
U°is compact in X/ and so bounded by Proposition 2.2.4. Hence, by Propo-
sition 2.2.2-4, H is also bounded in X . O

It is also possible to show, but we are not going to prove this here, that
the following holds.

Proposition 4.2.13. Let X be a non-trivial locally convex Hausdorff t.v.s..
The union of all equicontinuous subsets of X' is dense in X/ .

2Recall that non-trivial locally convex Hausdorff t.v.s. have non-trivial topological dual
by Proposition 3.2.8
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Now let us come back to the space B(X,Y’; Z) of continuous bilinear map-
pings from X XY to Z, where X,Y and Z are non-trivial locally convex t.v.s..
The following is a very natural way of introducing a topology on B(X,Y; Z)
and is a kind of generalization of the method we have used to define polar
topologies in Chapter 3.

Consider a family ¥ (resp. I') of bounded subsets of X (resp. Y') satisfying
the following properties:

(P].) If A;, Ay € X, then A3 € ¥ s.t. A1 U Ay C As.

(P2) If Ay € ¥ and A € K, then 345 € ¥ s.t. AA; C As.

(resp. satisfying (P1) and (P2) replacing ¥ by I'). The X-T-topology on
B(X,Y;Z), or topology of uniform convergence on subsets of the form A x B
with A € ¥ and B € T, is defined by taking as a basis of neighbourhoods of
the origin in B(X,Y; Z) the following family:

U:={UA,B;W): Ae X, Bel',W e Bz(o)},

where

UA,B; W) ={peB(X,Y;Z): p(A,B) C W}

and Byz(o0) is a basis of neighbourhoods of the origin in Z. It is not difficult

to verify that (c.f. [5, Chapter 32]):

a) each U(A, B; W) is an absorbing, convex, balanced subset of B(X,Y; Z);

b) the ¥-T-topology makes B(X,Y; Z) into a locally convex t.v.s. (by Theo-
rem 4.1.14 of TVS-I);

c) If Z is Hausdorff, the union of all subsets in ¥ is dense in X and the union
of all subsets in I' is dense in Y, then the X-TI-topology on B(X,Y;Z7) is
Hausdorff.

In particular, given two non-trivial locally convex Hausdorff t.v.s. E and F', we
call topology of bi-equicontinuous convergence on B(E! | F!) the ¥-T-topology
when Y is the family of all equicontinuous subsets of E and I' is the family
of all equicontinuous subsets of F’. Note that we can make this choice of X
and T, because by Proposition 4.2.12 all equicontinuous subsets of E’ (resp.
F’) are bounded in E! (resp. F!) and satisfy the properties (P1) and (P2).
A basis for the topology of bi-equicontinuous convergence B(E., F) is then
given by:
U:={U(A,B;e): AecX,BeT,e>0}

where

U(A,B;e) = {peB(E, F)):¢(AB)CD.}
= {p€eB(E,,F,):|p,y) <eVa' € AVy € B}
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and D, := {k € K : |k|] < ¢}. By using a) and b), we get that B(E/, F.)
endowed with the topology of bi-equicontinuous convergence is a locally convex
t.v.s.. Also, by using Proposition 4.2.13 together with c), we can prove that
the topology of bi-equicontinuous convergence on B(E., F!) is Hausdorff (as
E and F' are both assumed to be Hausdorff).

We can then use the isomorphism between £ ® F and B(E!, F!) provided

by Proposition 4.2.9 to carry the topology of bi-equicontinuous convergence
on B(EL,F.) over E®Q F.

Definition 4.2.14 (e—topology).

Given two mon-trivial locally convex Hausdorff t.v.s. E and F, we define
the e—topology on E ® F to be the topology carried over from B(E!,F.)
endowed with the topology of bi-equicontinuous convergence, i.e. topology of
uniform convergence on the products of an equicontinuous subset of E' and an
equicontinuous subset of F'. The space E @ F equipped with the e—topology
will be denoted by F Q. F'.

It is clear then F ®. F is a locally convex Hausdorff t.v.s.. Moreover, we
have that:

Proposition 4.2.15. Given two non-trivial locally convexr Hausdorff t.v.s. E
and F, the canonical mapping from E x F into E ®. F is continuous. Hence,
the m—topology s finer than the e—topology on E ® F.

Proof.

By definition of m—topology and e—topology, it is enough to show that the
canonical mapping ¢ from E x F into B(E., F.) defined in (4.5) is continuous
w.r.t. the topology of bi-equicontinuous convergence on B(E!, F!). Let € > 0,
A any equicontinuous subset of E’ and B any equicontinuous subset of F’,
then by Proposition 4.2.11 we get that there exist a neighbourhood N4 of the
origin in E and a neighbourhood Np of the origin in F' s.t. A C (N4)° and
B C (Np)°. Hence, we obtain that

¢ '(U(A,Bie)) = {(x,y) € ExF:¢(z,y) €U(A, B;e)}

{(m,y) EEXF:|p(x,y)(2,y) <eVa' € A VY € B}
{(z,y) e ExF: (2, 2)(y,y)| <e,Va' € A VY € B}
{(z,9) e Ex F: |, 2)(y,y)| < e, Va' € (Na)°,Vy € (Np)°}
ENAXNB,

x/
2 '

2
which proves the continuity of ¢ as e N4 X Npg is a neighbourhood of the origin

in £ xF. O
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