
Appendix A

Galois Connections

Let M be a partially ordered set, with order relation ⊆. A closure on M is
a map X �→ X from M to M such that: (i) X ⊆ X ; (ii) X = X ; (iii) X ⊆ Y
implies X ⊆ Y . An element X ∈ M is said to be closed whenever X = X .
Let C(M) be the set of all closed elements of M, with the induced order.
Then if M is a complete lattice (see Section 1.1.2), so is C(M) with respect
to the lattice operations (N ⊆ C(M))
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Let now L and M be two partially ordered sets. A Galois connection
[160,Bir66] between L and M is a pair of maps α : L →M and β : M→ L,
such that (we write Xα := α(X) and Y β := β(Y ):

(i) both α and β reverse order,
(ii) S ⊆ Sαβ for each S ∈ L and T ⊆ T βα for each T ∈M.

It follows from the definition that S �→ Sαβ (resp. T �→ T βα) is a closure on
L (resp. M).

From now on, we will assume that both L and M are complete lattices.
So are then the two sets of closed elements C(L) and C(M). Furthermore, α
(resp. β) is a lattice anti-isomorphism of C(L) onto C(M) [resp. C(M) onto
C(L)], that is, for every subset N ⊆ C(L), one has
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326 A Galois Connections

and similarly for β. Actually [165], in the case where both L and M are
complete lattices, the two maps α and β are not independent: α generates a
Galois connection if, and only if, it satisfies the single condition (A.1); β is
then uniquely determined and given by

T β =
∨

Xα�T
X.

Further insight into the structure of Galois connections can be found in
the paper of Shmuely [178]. Two points are of interest for us.

(1) Galois correspondences between the complete lattices L andM are in 1-1
correspondence with certain subsets of L×M, called G-ideals. Since the
latter form a complete lattice with the natural order inherited L×M, it
follows that the set of all Galois maps α : L →M that generate a Galois
connection also form a complete lattice.

(2) Every Galois connection between L and M can be generated by a binary
relation, that is a subset Υ ⊆ L×M; for instance Υ = {(S, T ) : T � Sα}.
Conversely, every binary relation Υ ⊆ L×M generates a Galois connec-
tion, namely the one that corresponds to the minimal G-ideal generated
(by lattice operations) by Υ, (0L, 1M) and (1L, 0M) where 0, resp. 1, de-
notes the smallest, resp. largest, element of the lattice indicated.

Next we specialize the discussion to the case L = M = P(S), the complete
lattice of all subsets of a given set S. If we assume furthermore that α = β
(such an α is called an involution), the resulting self-dual Galois connection
on P(S) is exactly what was called compatibility on S in Definition 1.1.4.
Indeed α = β is equivalent to the corresponding binary relation Υ being
symmetric: (X,Y ) ∈ Υ if and only if (Y,X) ∈ Υ , which we can write, as
usual, X#Y (with # ≡ α = β). The closed elements of P(S) are precisely
the assaying subspaces, which constitute the complete lattice F(S,#). The
map # of F(S,#) onto itself is an involution and a lattice anti-isomorphism.
Property (1) above means that the set Comp(S) of all compatibilities on S is
in a 1-1 correspondence with the set of all symmetric G-ideals of P(S)×P(S)
and the latter is a complete lattice with respect to the order inherited from
P(S) × P(S). That order is exactly the notion of the weak comparability
(“weakly finer”, etc.) introduced in Section 1.5. Property (2) yields the notion
of generating subset for a Galois connection. These are exactly our generating
subsets, discussed in Section 1.4.

Finally, we come back to the linear case. Let V be a vector space and # a
linear compatibility on V . By the very definition, the relation f#g (f, g ∈ V )
is equivalent to [f ]#[g], where [f ] is the one-dimensional subspace generated
by f . Thus we may take as complete lattice L(V ) the set of all vector sub-
spaces of V . A linear compatibility on V is the same thing as a self-dual
(or involutive) Galois map on L(V ). The whole discussion above then goes
through.
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Note. For lattice theory, we refer to Birkhoff [Bir66]. For Galois connections,
see also Ore [160], Pickert [165] or Shmuely [178]. The consideration of
Galois connections in the pip-space context was first made in Antoine–
Gustafson [20].



Appendix B

Some Facts About Locally
Convex Spaces

In this appendix, we will recall some basic definitions and facts concerning
locally convex topological vector spaces (LCS), i.e., topological vector spaces
(TVS) which have a base of neighborhoods of zero consisting of convex sets,
or equivalently, spaces with a topology that can be defined in terms of a
family of seminorms. Our reference is the textbook of Köthe [Köt69], except
for the notation of the different topologies, where we follow Schaefer [Sch71].

B.1 Completeness

A LCS E[t] is complete if every Cauchy net has a limit in E; it is quasi-
complete if every closed bounded set in E[t] is complete; it is sequentially
complete if every Cauchy sequence has a limit in E. Of course, completeness
⇒ quasi-completeness ⇒ sequential completeness, and the three notions co-
incide for metrizable spaces, i.e., Banach or Fréchet spaces (a Fréchet space
is a complete metrizable LCS).

B.2 Dual Pairs and Canonical Topologies

Two vector spaces E,F form a dual pair 〈E,F 〉 if there is a bilinear form
〈·|·〉 on E × F , separating in both arguments: 〈e|f〉 = 0, ∀ f ∈ F, implies
e = 0, 〈e|f〉 = 0, ∀ e ∈ E, implies f = 0. For any LCS E, with dual E′, that
is, the space of continuous linear functionals on E, 〈E,E′〉 is a dual pair.
So is 〈E,E×〉, where E× denotes the space of continuous conjugate linear
functionals on E.

Given the dual pair 〈E,F 〉, the weak topology σ(E,F ) is the coarsest
topology on E for which the linear forms e �→ 〈e|f〉, f ∈ F , are continuous,
and in fact, for which the dual of E is F . It is locally convex and Hausdorff.
A basis of neighborhoods of zero consists of the sets So, where S runs over all
finite subsets of F , and So := {e ∈ E : |〈e|f〉| � 1, ∀ f ∈ F} is the (absolute)
polar of S ⊂ F . The weak topology on F, σ(F,E), is defined similarly.
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330 B Some Facts About Locally Convex Spaces

The Mackey topology τ(E,F ) can be defined as the finest topology on
E such that the dual is F (its existence is the content of the Mackey-Arens
theorem); a basis of neighborhoods of zero is given by the sets T o, where T
runs over all absolutely convex, σ(F,E)-compact subsets of F .

The strong topology β(F,E) is defined by the basis of neighborhoods
of zero {Uo} where U runs over all absolutely convex σ(F,E)-closed and
bounded subsets of F . We recall that a subset B of a LCS E is bounded if,
for every neighborhood of zero U , there is a ρ > 0 such that B ⊂ ρU .

A topology t(E) on E is called a topology of the dual pair 〈E,F 〉 if the
dual of E[t(E)] is F . Then one has, for any topology t(E) of the dual pair:

σ(E,F ) ≺ t(E) ≺ τ(E,F ) ≺ β(E,F ).

Thus, by definition, the Mackey topology is a topology of the dual pair, while
the strong one is not, in general. If we start with a given topology t(E) on E
we have the same inclusions with F = E′ (equivalently, with F = E×).1

In a dual pair 〈E,F 〉, several classes of subsets of E depend only on the
dual pair and not on the topology of E, i.e., they coincide for all topologies
of the dual pair. Such are: closed subspaces, convex closed subsets, dense and
total subsets, bounded subsets.

A LCS E[t] is barreled if t(E) = τ(E,E′) = β(E,E′). A metrizable LCS
always carries its Mackey topology, t(E) = τ(E,E′), but need not be barreled.
A complete metrizable LCS, i.e., a Banach or a Fréchet space, is always
barreled. The strong dual of a metrizable LCS is a complete (DF)-space. This
class, whose definition is quite technical, contains also all normed spaces (see
[Köt69, Sec. 29.3]).

A LCS E is bornological if every seminorm that is bounded on bounded
sets is continuous. Every metrizable space is bornological, but a bornological
space need not be barreled.

A barreled LCS E[t] is called a Montel space if every bounded subset of E is
relatively compact. A Montel space is necessarily quasi-complete and reflexive
(see below), and its strong dual is also a Montel space. An infinite dimensional
Banach space cannot be Montel. Typical examples are ω, ϕ,S(Rn),S×(Rn).

B.3 Linear Maps

Let E[t(E)], F [t(F )] be locally convex spaces with topologies t(E) and t(F )
and duals E′, F ′, respectively. Let α : E → F be a linear map. Consider the
following statements

1 In fact, all the statements that follow remain valid if one replaces the dual E′ by the
conjugate dual E×.
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(i) α is continuous from E[t(E)] into F [t(F )].
(ii) α is continuous from E[τ(E,E′)] into F [τ(F, F ′)].
(iii) α is continuous from E[σ(E,E′)] into F [σ(F, F ′)].
(iv) There exists a linear map α′ : F ′ → E′ such that

〈α(f)|g〉 = 〈f |α′(g)〉, ∀f ∈ E, g ∈ F ′.

(v) The sesquilinear form b(f, g) = 〈f |α′(g)〉 is separately continuous in each
of its arguments f ∈ E, g ∈ F ′.

Then (ii)-(v) are equivalent and (i) implies all of them. The map α′,
which is automatically Mackey and weakly continuous, is called the adjoint
or transposed map of α. For Banach or Fréchet spaces, the five statements
are obviously equivalent. This also happens if the spaces under consideration
are reflexive (see below).

B.4 Reflexivity

Given an LCS E, the canonical topologies σ(E′, E), τ(E′, E), β(E′, E) are
defined in the same way; thus, with the notation of Section 2.3:

E′|β ↪→ E′|τ ↪→ E′|σ .

By definition
(
E′|τ

)′ = E, but the dual of the strong dual, called the bidual,
E′′ = (E′|β)′ may be strictly larger than E. A LCS E is called semi-reflexive if
E′′ coincides with E as a vector space. E is called reflexive if, in addition, the
strong bidual E′′[β(E′′, E′)] := (E′|β)′|β coincides with E as a TVS. The two
notions are different in general, but they coincide for Fréchet spaces. In fact,
for a Fréchet or a Banach space E, the following properties are equivalent: (i)
E is reflexive, (ii) E is semi-reflexive; (iii) E is weakly quasi-complete; and
(iv) the strong dual E′|β is reflexive. Notice that an incomplete normed or
metrizable space can never be reflexive.

A dual pair 〈E,F 〉 is reflexive if each space is the strong dual of the other:
E|′β = F, F |′β = E. Equivalently, if E|τ and F |τ are both semi-reflexive,
or if they are both barreled: τ(E,F ) = β(E,F ) and τ(F,E) = β(F,E). In
a reflexive pair, both spaces are reflexive and quasi-complete for their weak
and their Mackey (= strong) topology.

B.5 Projective Limits

Let be given a vector space E, a family {Eα} of LCS and maps iα : E → Eα
such that, for every nonzero x ∈ E, there is some α with iα(x) 	= 0. Then
there is a coarsest topology on E that makes all the maps iα continuous; it is
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called the projective topology and E with this topology, Eproj := limα←− Eα , is
called the projective limit of {Eα} with respect to the maps iα. The projective
limit is said to be reduced if iα(E) is dense in Eα for each α (this can always
be achieved without restriction of generality). The following properties are
useful:

• Eproj is complete (resp. quasi-complete, sequentially complete) if every
Eα is.

• Given any LCS Y , a linear map t : Y → Eproj is continuous if, and only
if, each composed map tα = iα ◦ t : Y → Eα is continuous.

The following examples are important:

(i) Let E be a LCS, H a subspace of E. The subspace topology on H is the
projective topology with respect to the embedding i : H → E.

(ii) Let {Eα} be as above and E =
∏
αEα the product vector space, i.e.,

the set-theoretic product {x = (xα)}, xα ∈ Eα, with addition and scalar
multiplication defined componentwise. The product topology on E is the
projective topology with respect to the projection maps pα : E → Eα.

(iii) In a general projective limit, Eproj is isomorphic to a closed subspace
of the product

∏
α Eα. In the case considered here, {Eα} is a family

of vector subspaces of a given vector space V , each of which is itself a
LCS. Then Eproj = limα←− Eα is the subspace ∩αEα with the projective
topology. Eproj is metrizable if, and only if, the family {Eα} contains a
cofinal countable subfamily of metrizable spaces (this makes sense since
the subspaces are partially ordered by inclusion).

(iv) In particular, if the family {Eα} consists of a countable family {Hn, n ∈
N} of Hilbert spaces, with mutually consistent norms (see Section
2.2), then Eproj = limn←− Hn is called a countably Hilbert space. Such
spaces and their relation to pip-spaces have been studied by Antoine–
Karwowski [22].

(v) A countably Hilbert space Eproj = limn←− Hn is said to be nuclear if, for
everyHn, there is a largerHm such that the embedding Emn : Hn → Hm
is a nuclear (i.e., trace class) operator or, equivalently, a Hilbert-Schmidt
operator. Such nuclear spaces are precisely those in which the nuclear
spectral theorem holds true (see Section 7.1.1).

B.6 Inductive Limits

Let be given a vector space F , a family {Fκ} of LCS, with {κ} a directed set,
and maps jκ : Fκ → F . Then there is a finest topology on F that makes all
the maps jκ continuous; it is called the inductive topology and F with this
topology, denoted Find := lim κ−→ Fκ , is called the inductive limit of {Fκ} with
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respect to the maps jκ. The inductive limit is called strict if ν � κ implies
that Fν ↪→ Fκ and Fκ induces on Fν its original topology. Given any LCS, Y ,
a linear map t : Find → Y is continuous if, and only if, each composed map
tκ = t ◦ jκ : Fκ → Y is continuous. Again three cases are worth mentioning.

(i) If E is a LCS and H a closed subspace, the quotient topology on E/H is
the inductive topology with respect to the canonical surjection π : E →
E/H .

(ii) For any family {Fκ}, let F =
∑

κ Fκ be the direct sum, that is, the
subspace of

∏
κ Fκ consisting of elements with finitely many nonzero

coordinates;2 the direct sum topology on F is the inductive topology
with respect to the embeddings jκ : Fκ → F .

(iii) In particular, a LCS is called an (LF)-space if it can be represented as
a strict inductive limit of an increasing sequence of Fréchet spaces.

(iv) For a general inductive limit, Find is isomorphic to a quotient of
∑
κ Fκ.

B.7 Duality and Hereditary Properties

Let E be a LCS, H a closed subspace. The orthogonal space of H is H⊥ :=
{f ∈ E′ : 〈f |h〉 = 0, ∀h ∈ H}. H⊥ is a closed subspace of E′. Then the dual
of H is E′/H⊥, and the dual of E/H is H⊥.

As for canonical topologies, the hereditary properties are the following:

• The Mackey topology is inherited by quotients, but not by closed subspaces
in general:

τ(E,E′)|E/H = τ(E/H,H⊥), τ(E,E′)|H ≺ τ(H,E′/H⊥).

We do get equality for subspaces in two cases: if τ(E,E′)|H is metrizable,
or if H is a dense subspace (hence not closed).

• The weak topology is inherited both by quotients and closed subspaces,
whereas the strong topology is inherited by neither of them, in general.

Direct sums and products are dual to each other:

(∏
αEα

)′
proj

=
∑

αE
′
α ,(∑

κFκ
)′
ind

=
∏
κF

′
κ ,

and Mackey topologies go through:

(∏
αEα

)∣∣
τ

=
(∏

α Eα|τ
)
proj

and
(∑

κFκ
)∣∣
τ

=
(∑

κ Fκ|τ
)
ind

.

2 Some authors denote the direct sum as
⊕
κ Fκ
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Reduced projective limits and inductive limits are also dual to each other:

(limα←− Eα)′ = limα−→ E′
α

(lim κ−→ Fκ )′ = lim κ←− F ′
κ

(if the left-hand side is reduced).

Combining all the above results, we get finally that the Mackey topology on
a projective, resp. inductive, limit is finer than the projective, resp. induc-
tive, limit of the respective Mackey topologies, with equality if the former is
metrizable:

limα←− (Eα|τ ) ≺ (limα←− Eα)
∣∣∣
τ

lim κ−→ (Fκ|τ ) ≺ (lim κ−→ Fκ)
∣∣∣
τ

(equality if the left-hand side is metrizable)

where, with a slight abuse of language, the symbol ≺means that the topology
of the space on the left-hand side is coarser than that of the space on the
right-hand side.

Weak topologies go through projective limits only, and there is no general
result for strong topologies.



Epilogue

Now it is time to draw some conclusions for this volume. As we explained
in the Prologue, pip-spaces emerged as a common backbone underlying a
number of different structures, such as Rigged Hilbert spaces, Nested Hilbert
spaces, scales of Banach or Hilbert spaces, etc. The aim of all these construc-
tions is to bypass the inconvenients of the Hilbert space, and notably the
L2 spaces which are the natural environment of quantum mechanics. Indeed,
Hilbert space is too “narrow”, in the sense that it cannot accommodate many
useful objects (δ functions, distributions, plane waves, . . . ). At the same time,
it is too “large”, because it contains very singular functions, which result from
the requirement of completeness in the Lebesgue norm topology. Of course,
the way out of the dilemma is to go beyond Hilbert space, essentially to-
wards distribution theory. But this creates another problem, by creating two
different kinds of mathematical objects, namely, nice (test) functions and
continuous linear functionals on them. By contrast, the pip-space point of
view stays closer to the original Hilbert space, in the sense that there is a
unique vector space, with an inner product, defined for certain pairs only.
This is in fact the central point: the existence of an inner product between
two vectors is not a property of each of them separately, but a property of
the pair. Once this fact has been formalized in the form of a compatibility
relation on the vector space at hand, all the rest follows naturally.

As we have seen, the development of the subject, while indeed rooted in
the mathematical formulation of quantum mechanics, gets its own momen-
tum. Many concrete examples have been discussed, showing the versatility
of the concept of pip-space. Actually the latter brings in a clear mathemati-
cal advantage. Indeed, as for any procedure of mathematical abstraction, the
theory of pip-spaces puts at our disposal a series of techniques and mathe-
matical tools which are independent of the specific “example” we are dealing
with. We have emphasized the word “example”, since the family of spaces
that constitute any one of them has been in most cases the subject of an ex-
tensive literature in functional analysis. All examples discussed in Chapter 4
and in Chapter 8 enter in this category.

Yet many problems remain open, and we have occasionally stated some of
them. More fundamentally, the task ahead is to apply these ideas to concrete
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336 Epilogue

situations, in particular in the realm of signal processing. It is there that
ever more sophisticated types of function spaces emerge, generated by spe-
cific applications. They always come in families, indexed by one or several
parameters controlling smoothness, local or asymptotic behavior, etc. And
systematically the relevant objects are not the individual spaces, but the
family as a whole. This is precisely the idea of pip-spaces, and this is why we
thought that the time has come to review the formalism.
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[Tre67] F. Trêves, Topological Vector Spaces, Distributions and Kernels, Academic

Press, New York and London, 1967.
[Tri78a] H. Triebel, Interpolation Theory, Function Spaces, Differential Operators,

North-Holland, Amsterdam, 1978.
[Tri78b] H. Triebel, Function Spaces I–III, Birkhäuser, Basel, Boston, 1978, 1992, 2006.



340 Bibliography

[vNe55] J. von Neumann, Mathematical Foundations of Quantum Mechanics, English
transl. of the original German edition (1933) by R.T. Byer, Princeton University
Press, Princeton, NJ, 1955.

[Wag97] E. Wagner, Eine Verallgemeinerung der GNS-Konstruktion für partielle *-
Algebren auf der Basis von B-Wichten, Diplomarbeit, Univ. Leipzig, 1997.

[War72] G. Warner, Harmonic Analysis on Semi-Simple Lie Groups. I , Springer-Verlag,
Berlin-Heidelberg-New York, 1972.

[Wie33] N. Wiener, The Fourier Integral and Certain of its Applications, Cambridge
Univ. Press, Cambridge (UK), 1933; reprinted in Dover, New York, 1958.

[Zaa61] A.C. Zaanen, Integration, 2nd. ed., Chap. 15; North-Holland, Amsterdam, 1961.

B. Articles
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[73] J. Dieudonné, Sur les espaces de Köthe, J. Anal. Math. (Jerusalem) I (1951),
81–115.

[74] M. Dörfler, H.G. Feichtinger, and K. Gröchenig, Time-frequency partitions for
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[94] P.A. Fillmore and J.P. Williams, On operator ranges, Adv. in Math. 7 (1971),
254–281.
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Publ. Res. Inst. Math. Sci., Kyoto Univ. 22 (1986), 151–175.

[136] K-D. Kürsten, On algebraic properties of partial algebras, Rend. Circ. Mat.
Palermo, Ser.II, Suppl. 56 (1998), 111–122.
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α-dual or Köthe dual, 17, 121, 129
conjugate, 1, 35
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Littlewood–Paley decomposition, 308
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projective, 3

strong, 125
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strong, 125
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*-algebra B(VI), 74, 200
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adjoint, 8, 59
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Hom(VI ), 70
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multiplication, 9, 62, 228
on Fock space, 64
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operators in RHS, 228

regular linear functional, 62
regular, Reg(V, Y ), Reg(V ), 68, 200
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symmetric, 80
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unitary group representation, 77
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197
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orthogonal projection, 21, 79, 88
Proj(V ), 88
totally orthogonal, 88

P
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16
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quantum field theory, 279

axiomatic Wightman approach, 280

Euclidean field theory, 283
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RHS approach, 281
Borchers or field algebra, 282
Fock space, 281

quantum mechanics, 257
pip-space approach, 265
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Dirac formalism, 257
principles, 257

RHS approach, 259
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complex scaling method, 275

phase space analysis , 273
Weinberg-van Winter formulation,
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singular interactions, 269
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time-asymmetric version, 277
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rigged Hilbert space (RHS), 176
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L(D,D×), L†(D), 228
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generalized eigenvector, 260
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nuclear spectral theorem, 260

partial multiplication in L(D,D×),
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S
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singular values, 124

space
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operators on, 118

Lp(X, μ), 131

α-modulation spaces, 313

ω, 6, 17, 214
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analyticity space, 133

Bargmann space E×, 19, 139

Bergman space, 147

as coorbit space, 321

Besov space

homogeneous, 310
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space, 320
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associated discrete Banach space,
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Fock-Bargmann space, 321
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as coorbit space, 321

Gel’fand-Shilov spaces, 189
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Feichtinger algebra S0, 305
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Sobolev spaces, fractional or general-

ized, 186
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van Winter space
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weighted �2 space, �2(r), 6, 121
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Wiener amalgam space, 296

subspace
pip-subspace, 79
maximal, 97
orthocomplemented, 21, 79
self-sufficient in linear forms, 91
topologically regular, 90

T

theorem

Generalized commutator, 86

Generalized KLMN, 82, 83

Generalized KLMN, quadratic form
variant, 87

KLMN, 81

nuclear spectral theorem, 260

topology
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Mackey, 35, 330

of compact convergence, γ, 114

of dual pair, 35, 329

strong, 35, 330
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transform
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discrete wavelet transform, 311
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