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A unitary representation of a, possibly infinite dimensional, Lie group G is called semi-
bounded if the corresponding operators idm(z) from the derived representations are
uniformly bounded from above on some non-empty open subset of the Lie algebra g.
In the first part of the present paper we explain how this concept leads to a fruitful
interaction between the areas of infinite dimensional convexity, Lie theory, symplec-
tic geometry (momentum maps) and complex analysis. Here open invariant cones in
Lie algebras play a central role and semibounded representations have interesting con-
nections to C*-algebras which are quite different from the classical use of the group
C*-algebra of a finite dimensional Lie group. The second half is devoted to a detailed
discussion of semibounded representations of the diffeomorphism group of the circle, the
Virasoro group, the metaplectic representation on the bosonic Fock space and the spin
representation on fermionic Fock space.
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1. Introduction

In the unitary representation theory of a finite dimensional Lie group G a central
tool is the convolution algebra L (G), resp., its enveloping C*-algebra C* (G, whose
construction is based on the Haar measure, whose existence follows from the local
compactness of G. Since the non-degenerate representations of C*(G) are in one-
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to-one correspondence to continuous unitary representations of G, the full power of
the rich theory of C*-algebras can be used to study unitary representations of G.



40 K.-H. Neeb

To understand and classify irreducible unitary representations, the crucial methods
are usually based on the fine structure theory of finite dimensional Lie groups,
such as Levi and Iwasawa decompositions. Both methods are no longer available
for infinite dimensional Lie groups because they are not locally compact and there
is no general structure theory available.

However, there are many interesting classes of infinite dimensional Lie groups
which possess a rich unitary representation theory. Many of these representations
show up naturally in various contexts of mathematical physics ([15,55, 56,81, 88,
18,90, 94, 4]). The representations arising in mathematical physics, resp., Quan-
tum Field Theory are often characterized by the requirement that the Lie algebra
g = L(G) of G contains an element h, corresponding to the Hamiltonian of the
underlying physical system, for which the spectrum of the operator i - dm(h) in the
“physically relevant” representations (7, H) is non-negative. These representations
are called positive energy representations (cf. [92,10,88,21]).

To develop a reasonably general powerful theory of unitary representations of
infinite dimensional Lie groups, new approaches have to be developed which do
neither rest on a fine structure theory nor on the existence of invariant measures.
In this note we describe a systematic approach which is very much inspired by the
concepts and requirements of mathematical physics and which provides a unifying
framework for a substantial class of representations and several interesting phenom-
ena. Due to the lack of a general structure theory, one has to study specific classes of
representations. Here we focus on semibounded representations. Semiboundedness
is a stable version of the positive energy condition. It means that the self-adjoint
operators idm(x) from the derived representation are uniformly bounded below for
all z in some non-empty open subset of g. Our long term goal is to understand
the decomposition theory and the irreducible semibounded representations by their
geometric realizations.

The theory of semibounded unitary representations combines results, concepts
and methods from several branches of mathematics: the theory of convex sets
and functions in locally convex spaces, infinite dimensional Lie theory, symplec-
tic geometry (momentum maps, coadjoint orbits) and complex geometry (infinite
dimensional Kéhler manifolds and complex semigroup actions). In Secs. 2-5 below,
we describe the relevant aspects of these four areas and recall some basic results
from [67,68]. A crucial new point is that our approach provides a common func-
tional analytic environment for various important classes of unitary representations
of infinite dimensional Lie groups. That it is now possible to study semibounded
representations in this generality is due to the recent progress in infinite dimensional
Lie theory with fundamental achievements in the past decade. For a detailed survey
we refer to [66]. A comprehensive exposition of the theory will soon be available in
our monograph with Gléckner [25].

For finite dimensional Lie groups semibounded unitary representations are well
understood. In [60] they are called “generalized highest weight representations”
because the irreducible ones permit a classification in terms of their highest weight
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with respect to a root decomposition of a suitable quotient algebra (see Remark 5.5
for more details on this case). This simple picture does not carry over to infinite
dimensional groups.

We now describe our setting in some more detail. Based on the notion of a
smooth map between open subsets of a locally convex space one obtains the concept
of a locally convex manifold and hence of a locally convex Lie group (cf. [66,57,25]).
In Sec. 3, we discuss some key examples. Let G be a (locally convex) Lie group and g
be its Lie algebra. For a unitary representation (7, H) of G, we write 7%(g) := 7(g)v
for its orbit maps and call the representation (7, H) of G smooth if the space

H* :={veH:m" € C*(G,H)}

of smooth vectors is dense in H. Then all operators idmw(x), x € g, are essentially self-
adjoint and crucial information on their spectrum is contained in the momentum set
I of the representation, which is a weak-*-closed convex subset of the topological
dual g’. It is defined as the weak-*-closed convex hull of the image of the momentum
map on the projective space of H>:

B P(H™) — g with & ([u])(z) = %W

As a weak-*-closed convex subset, I, is completely determined by its support

for [v] = Co.

functional
Spig — RU{oo}, sx(x) =—inf(I;, x) = sup(Spec(idr(x))).

It is now natural to study those representations for which s;, resp., the set I,
contains the most significant information, and these are precisely the semibounded
ones. As we shall see in Remark 4.8, the geometry of the sets I is closely connected
to invariant cones, so that we have to take a closer look at infinite dimensional Lie
algebras containing open invariant convex cones W which are pointed in the sense
that they do not contain any affine line.

For finite dimensional Lie algebras, there is a well-developed structure theory of
invariant convex cones ([36]) and even a characterization of those finite dimensional
Lie algebras containing pointed invariant cones ([58, 74]; see also [60] for a self-
contained exposition). As the examples described in Sec. 6 show, many key features
of the finite dimensional theory survive, but a systematic theory of open invariant
cones remains to be developed. A central point of the present note is to exploit
properties of open invariant cones for the theory of semibounded representations,
in particular to verify that certain unitary representations are semibounded. In
Sec. 7, we discuss two aspects of semiboundedness in the representation theory of
C*-algebras, namely the restrictions of algebra representations to the unitary group
U(A) and covariant representations with respect to a Banach—Lie group acting by
automorphisms on A.

Section 8 is devoted to a detailed analysis of invariant convex cones in the Lie
algebra V(S') of smooth vector fields on the circle and its central extension, the
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Virasoro algebra vit. In particular we show that, up to sign, there are only two open
invariant cones in V(S'). From this insight we derive that the group Diff(S'), of
orientation preserving diffeomorphisms of S! has no nontrivial semibounded unitary
representations, which is derived from the triviality of all unitary highest weight
modules ([26]). As one may expect from its importance in mathematical physics,
the situation is different for the Virasoro group Vir. For Vir we prove a convexity
theorem for adjoint and coadjoint orbits which provides complete information on
invariant cones and permits us to determine the momentum sets of the unitary
highest weight representations. In particular, we show that these, together with
their duals, are precisely the irreducible semibounded unitary representations. Our
determination of the momentum sets uses the complex analytic tools from Sec. 5,
which lead to a realization in spaces of holomorphic sections on the complex mani-
fold Diff (S') 4 /S!. This manifold has many interesting realizations. In string theory
it occurs as a space of complex structures on the based loop space C>° (S, R) ([13]),
and Kirillov and Yuriev realized it as a space of univalent holomorphic functions
on the open complex unit disc ([44, 46]). Its close relative Diff(S!)/PSLy(R) can
be identified with the space of Lorentzian metrics on the one-sheeted hyperboloid
(cf. [48]), which leads in particular to an interpretation of the Schwarzian derivative
in terms of a conformal factor.

In Secs. 9 and 10 we continue our discussion of important examples with the
automorphism groups Sp(H) of the canonical commutation relations (CCR) and
O(H) of the canonical anticommutation relations (CAR). Geometrically, Sp(H)
is the group of real linear automorphisms of a complex Hilbert space H preserv-
ing the imaginary part w(z,y) := Im(z,y) of the scalar product and O(H) is the
group of real linear automorphisms preserving its real part 3(z,y) := Re(z,y)
(cf. [14]). Section 9 is dedicated to the Fock representation of the (CCR). Here we
start with the unitary representation (W, S(H)) of the Heisenberg group Heis(H)
on the symmetric/bosonic Fock space S(H). The group Sp(H) acts naturally by
automorphisms «y on Heis(H) and W o a, is equivalent to W if and only if g
belongs to the restricted symplectic group Sp,.(H), i.e. its antilinear part gs is
Hilbert—Schmidt. Since the Fock representation of Heis(H) is irreducible, this leads
to a projective representation of Sp,..(H) on S(H). We write Sp,..(H) for the
corresponding central T-extension; the metaplectic group ([91,96], [88, Sec. 5]).
Using a quite general smoothness criterion (Theorem A.4), we show that this
group carries a natural Banach-Lie group structure and that its canonical uni-
tary representation on S(H) (the metaplectic representation) is smooth. From
an explicit formula for the corresponding Lie algebra cocycle, we derive a natu-
ral presentation of this group as a quotient of a semidirect product. We further
show that the metaplectic representation is semibounded and determine the cone
of semibounded elements. The combined representation of the semidirect product
Heis(H) x §f)reS(H) is also semibounded and irreducible, and, using the tools from
Sec. 5, we show that its momentum set is the closed convex hull of a single coadjoint
orbit.
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In Sec. 10 we then turn to the (CAR), for which we consider the representation
on the fermionic Fock space A(H). Here we likewise obtain a projective representa-
tion of the restricted orthogonal group Oyes(H) ([97]). With completely analogous
arguments we then show that the corresponding central extension Opes(H) is a
Lie group, the metagonal group, whose representation on A(H) (the spin repre-
sentation) is smooth and semibounded. We also prove that the momentum set of
the even spin representation is the weak-*-closed convex hull of a single coadjoint
orbit. Our discussion of the bosonic and fermionic Fock representations are very
much inspired by the construction of the metaplectic representation in [103] and
the presentation in [77]. For finer results on cocycles and connections to physics
we refer to [49,84,88]. For a more detailed discussion of the metaplectic and the
metagonal group, see [104] and [63, Sec. IV.2].

The example of the orthogonal group O,es(H) is particularly instructive because
it shows very naturally how semibounded representations enter the scene for infi-
nite dimensional analogs, such as Oyes(H), of compact groups, for which one rather
expects to see bounded representations such as the spin representation of O (H)
(cf. [59]). In many cases, such as for O;(H), the class of groups with bounded repre-
sentations is too restrictive to do justice to the underlying geometry. What makes
the larger groups more interesting is the rich supply of exterior automorphisms
and the existence of nontrivial central extensions encoding relevant geometric
information.

As our examples show, the process of second quantization, i.e. passing from a
one-particle Hilbert space to a many-particle space, destroys norm continuity for
the representation of the automorphism groups. What survives is semiboundedness
for the centrally extended groups acting on the many-particle spaces. This is closely
related to the fact that Lie groups of non-unitary maps on a Hilbert space H, such as
SP,es(H) have unitary representations on the corresponding many-particle spaces.
In physics language this means that “unphysical symmetries” of the one-particle
Hilbert space may lead to symmetries of the many-particle space (cf. [84]). In the
context of finite dimensional Lie groups, the analogous phenomenon is that non-
compact matrix groups have nontrivial infinite dimensional unitary representations.

We hope that the detailed discussion of three major classes of representations
in Secs. 8-10 demonstrate the close interactions between convex geometry, com-
plex analysis and Lie theory in the context of semibounded unitary representa-
tions. Presently, this theory is still in its infancy, but a general picture appears
to evolve. One major point is that understanding semibounded unitary represen-
tations requires a good deal of knowledge on open invariant cones in the cor-
responding Lie algebra g and, what is closely related, information on the set
0leq Of semi-equicontinuous coadjoint orbits Oy, i.e. orbits for which the function
2 +— sup Oy () is bounded on some non-empty open subset of g. Note that for any
semibounded representation the momentum set I, is contained in gl,,. In many
important cases, the methods developed in Sec. 5 provide a complete description
of I; in terms of generating coadjoint orbits.
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The main new results and aspects presented in this paper are:

e Section 5 provides tools to verify that unitary representations can be realized in
spaces of holomorphic sections of line bundles and to calculate their momentum
sets. Here Theorem 5.11 is the key tool.

e The smoothness of the action of a Banach—Lie group on the space of smooth
vectors proved in [71] is applied in our context in two essential ways. In Sec. 4,
it provides a Hamiltonian action on P(H*) for a unitary representation of a
Banach—Lie group, and in Sec. 7 it relates a C*-dynamical system (A, H, «) and
corresponding covariant representations satisfying a spectral condition to semi-
bounded representations of semidirect product Lie groups of the form U(A>)xH.
This leads in particular to the remarkable conclusions in Theorem 7.7, which are
based on elementary properties of invariant cones.

e The analysis of the convexity properties of adjoint and coadjoint orbits of V(S?)
and vit is new. It leads in particular to an identification of the class of irreducible
semibounded representations with the unitary highest weight representations and
their duals (Theorem 8.22).

e The insights that the Fock representations of Sp,.(H) and Oes(H) are semi-
bounded seems to be new, and so are the results on adjoint and coadjoint orbits
of the corresponding Banach—Lie groups.

For finite dimensional groups, the first systematic investigation of unitary repre-
sentations (m, H) for which the cone {x € g: s (z) < 0} is nontrivial for non-compact
simple Lie groups (which are necessarily hermitian by [105]) has been undertaken
in the pioneering work of G. Olshanski ([76]). Based on the powerful structure
theory for invariant cones developed in [36] by Hofmann, Hilgert and Lawson, we
were eventually able to develop a general theory for semibounded representations of
finite dimensional Lie groups, including a classification and a disintegration theory
([60]). We hope that one can also develop a similarly rich theory of complex semi-
groups and holomorphic extensions, so that C*-algebraic tools become available
to deal with direct integrals of semibounded representations. In [67] we undertook
some first steps in this direction, including a complete theory for the Abelian case
(cf. Theorem 5.2). What is needed here is a good theory of analytic vectors, which
becomes a tricky issue for infinite dimensional Lie groups. Up to now, existence
of analytic vectors is only known for very special classes of groups such as cer-
tain direct limits ([85]) and the canonical commutator relations in Quantum Field
Theory ([82,34]).

If K is a compact simple Lie group and £(K) := C*(S', K) the corresponding
loop group, then the group T, := T = R/Z acts smoothly by rotations on L£(K)
and also on its canonical central extension EN(K ) by T, which leads to the “smooth
version” Z(K )= Z(K ) x T of affine Kac—-Moody groups. For these groups positive
energy representations are defined by requiring the spectrum of the generator of T,
to be bounded below in the representation. Similarly, one defines positive energy
representations of the group Diff(S'), of orientation preserving diffeomorphisms
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of the circle. Various aspects of the theory of irreducible positive energy repre-
sentations were developed in [88,27,81,100,101], but only in [81, Secs. 9.3, 11.4;
Proposition 11.2.5] one finds some attempts towards a decomposition theory.

Positivity conditions for spectra also play a key role in Segal’s concept of phy-
sical representations of the full unitary group U(H) of a Hilbert space H, endowed
with the strong operator topology ([89]). Here the positivity requirements even
imply boundedness of the representation, discrete decomposability and even a
classification of the irreducible representations.

2. Semi-Equicontinuous Convex Sets

Let E be a real locally convex space and E’ be its topological dual, i.e. the space of
continuous linear functionals on E. We write (o, v) = a(v) for the natural pairing
E' x E — R and endow E’ with the weak-#-topology, i.e. the coarsest topology for
which all linear maps

n: B =R, ny(a):=av)
are continuous. For a subset X C E’, the set
B(X):={v e E: inf(X,v) > —oc0}
is a convex cone which coincides with the domain of the support function
sx: E—RU{oo}, sx(v):=—inf(X,v) =sup(X, —v)

of X in the sense that B(X) = sy'(R). As a sup of a family of continuous linear
functionals, the function sx is convex, lower semicontinuous and positively homo-
geneous.

Definition 2.1. We call a subset X C E’ semi-equicontinuous if sx is bounded
on some non-empty open subset of E (cf. [68]). This implies in particular that
the cone B(X) has interior points and even that sy is continuous on B(X)° ([67,
Proposition 6.8]).

If the space E is barreled, which includes in particular Banach and Fréchet
spaces, we have the following handy criterion for semi-equicontinuity. We only have
to apply [67, Theorem 6.10] to the lower semicontinuous function sx.

Proposition 2.2. If E is barreled, then X C E’ is semi-equicontinuous if and only
if B(X) has interior points.

Remark 2.3. (a) The notion of semi-equicontinuity generalizes the notion of
equicontinuity, which is equivalent to sx being bounded on some 0-neighborhood
of F. In fact, the boundedness of sx on some symmetric 0-neighborhood U = —U
means that there exists a C' > 0 with sx(+v) < C for v € U. This is equivalent to
la(v)| < C for v € U, € X, which means that X is equicontinuous.
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(b) If Y := conv(X) denotes the weak-*-closed convex hull of X, then sx =
sy, and, using the Hahn—-Banach Separation Theorem, Y can be reconstructed
from sy by

Y ={a€eFE:(VveB(Y))al) >inf(Y,v) = —sy(v)}.

If, in addition, the interior B(Y)° is non-empty, then we even have
Y ={a€FE:(YveBY)")a) >inf(Y,v) = —sy(v)}
([67, Proposition 6.4]).
Definition 2.4. (a) For a convex subset C' C E we put
lim(C):={z € E:C+x CC}
and
H(C):=1lm(C)N—=1im(C) :={x € E:C+ 2 =C}.

Then lim(C') is a convex cone and H(C) a linear subspace of E.
(b) A convex cone W C E is called pointed if H(W) = {0}.
(c) For a subset C C E,

C*:={a € F:a(C) CR;}
is called the dual cone and for a subset X C E’, we define the dual cone by
X*:={ve E:(X,v) CR,}.
Examples 2.5. (a) If FE is a Banach space, then the unit ball
X i={ac Bl <1}

in E’ is equicontinuous because the Hahn-Banach Theorems imply that sx(v) =
lv]| for v € E.

(b) If ) # Q C E is an open convex cone, then its dual cone Q* is semi-
equicontinuous because we have sq- = 0 on Q = (Q*)* and sg- = oo on the
complement of this closed cone.

We have just seen that open convex cones lead to semi-equicontinuous sets.
There is also a partial converse:

Remark 2.6. Let X C E’ be a semi-equicontinuous set and E := E @ R. For
the set

X :=X x {1} CE' we then have sg(v,t) =t + sx(v),

so that the boundedness of sx on some non-empty open subset of E implies that
the interior of the dual cone X* C E is non-empty. In view of Example 2.5(b), this
means that X is semi-equicontinuous if and only if it can be embedded into the
dual of some open convex cone in E.
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The following observation shows that semi-equicontinuous convex sets share
many important properties with compact convex sets (cf. [67, Proposition 6.13]):

Proposition 2.7. Let X C E’ be a non-empty weak-+-closed convex subset and
v € E such that the support function sx is bounded above on some neighborhood of
v. Then X is weak-+-locally compact, the function

N X = R, () :=av)
is proper, and there exists an extreme point o € X with a(v) = min(X, v).

We conclude this section with some elementary properties of convex subsets of
locally convex spaces.
The following lemma ([12, Corollary 11.2.6.1]) is often useful:

Lemma 2.8. For a convex subset C' of a locally convex space E the following
assertions hold:

(i) C° and C are convez.

(i) ¢’ =C° and if CO# 0, then CO=C.

Lemma 2.9. If ) # C C E is an open or closed convex subset, then the following
assertions hold:

(i) im(C) =1lim(C) is a closed convex cone.

(ii) Im(C) ={v € E:v =lim,, o0 tnCn, cn € C,t,, — 0,t, > 0}. If tjc; — v holds
for a net with t; >0 and t; — 0 and ¢; € C, then also v € im(C).

(i) If c€ C and d € E satisfy ¢+ Nd C C, then d € lim(C).

(iv) ¢+ Rd C C implies d € H(C). In particular, H(C) = {0} if and only if C
contains no affine lines.

(v) H(C) is closed and the subset C/H(C) C E/H(C) contains no affine lines.

(vi) B(C)* =1im(C) and B(C)* = H(C).

Proof. (cf. [67, Proposition 6.1]) (i) If C is open, then C' = (C)° by Lemma 2.8,
and thus x + C C C is equivalent to  + C' C C. In particular, im(C) is closed.

(ii) If ¢ € C and 2 € lim(C), then ¢+ nz € C for n € N and L(c+nz) — .
If, conversely, z = lim¢;c; with t; — 0,¢; > 0,¢; € C, and ¢ € C, then (1 —t;)c+
tjc; — ¢+ € C implies that C + 2 C C, i.e. z € lim(C) = lim(C).

(iii) In view of L(c+nd) — d, (ii) implies d € lim(C).

(iv) immediately follows from (iii).

(v) The closedness of H(C) = lim(C) N —1lim(C) follows from (i). Therefore the
quotient topology on E/H(C) is Hausdorff, so that the quotient topology turns
E/H(C) into a locally convex space. Let ¢: E — E/H(C') denote the quotient
map. If y +Rd C ¢(C) = C/H(C) is an affine line and y = ¢(x),d = ¢(c), then
z+Re C ¢~ (C/H(C)) = C implies ¢ € H(C) by (iv), which leads to d = ¢(c) = 0.
Hence C'/H(C') contains no affine lines.
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(vi) From
C={veE: (Vae B(0)) a(v) >infa(0)}

(a consequence of the Hahn-Banach Separation Theorem), we derive that B(C)* C

lim(C) = lim(C). Conversely, im(C') C B(C)* follows immediately from ¢ +
lim(C') C C for each ¢ € C. m|

Remark 2.10. If X C FE’ is semi-equicontinuous, then B(X) has interior points, so
that H(X) C B(X)! = {0} (Lemma 2.9(vi)) implies H(X) = {0}, i.e. X contains
no affine lines. If, conversely, H(X) = {0} and dimV < oo, then it follows from
[60, Proposition V.1.15] that X is semi-equicontinuous. Therefore closed convex
subsets of finite dimensional vector spaces are semi-equicontinuous if and only if
they contain no affine lines.

For later applications, we record the following fact on fixed point projections
for actions of compact groups.

Proposition 2.11. Let K be a compact group acting continuously on the complete
locally convex space E by the representation m: K — GL(E).

(a) If Q C E is an open or closed K -invariant convex subset, then € is invariant
under the fixed point projection

p0) = [ (ko dus(h),

where pg is a normalized Haar measure on K.
(b) If C C E' is a weak-+-closed convex K -invariant subset, then C is invariant
under the adjoint

PO = Ap(v)) = /K A ()o) dyurg ()
of p.

Proof. (a) The existence of the integrals defining the projection p follows from the
completeness of E (cf. [39, Proposition 3.30]). Let A € B(2) C E’ be a continuous
linear functional bounded below on 2.

If Q is open, we then have A\(w(k)v) > inf A(Q2) for every k € K, so that

Ap(v)) = /K A (k)v) dpg (k) > inf A(2).

In view of the Hahn-Banach Separation Theorem, this implies that p(v) € Q
(Remark 2.3(b)). If p(v) € 09, then [12, Proposition I1.5.2.3] implies the exis-
tence of A € B(Q) = B(Q) with A(p(v)) = min A(Q) = inf A\(Q2), a contradiction.
Therefore p(v) € Q' =0 (cf. Lemma 2.8).

If © is closed, then the preceding argument implies A(p(v)) > inf A(Q2), and
hence that p(v) € Q by the Separation Theorem.
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(b) Now let C' C E’ be weak-#-closed and G-invariant. For each v € E and
A € C, we then have

PN(®) = Ap)) = /K A (ko) dpge (k) > inf(C, ),

so that the Hahn-Banach Separation Theorem shows that p'(\) € C. O

3. Infinite Dimensional Lie Groups

In this section we provide the definition of a locally convex Lie group and present
several key examples that will show up later in our discussion of semibounded
representations.

Definition 3.1. (a) Let E and F be locally convex spaces, U C FE open and
f:U — F a map. Then the derivative of f at x in the direction h is defined as

df(z)(h) = (Onf)(x) : f(z +th) = lim %(f(x +1th) — f(x))

= @l

whenever it exists. The function f is called differentiable at x if df(xz)(h) exists for
all h € E. It is called continuously differentiable, if it is differentiable at all points
of U and

df:U x E— F, (z,h)— df(z)(h)

is a continuous map. Note that this implies that the maps df(x) are linear (cf. [25,
Lemma 2.2.14]). The map f is called a C*-map, k € N U {oco}, if it is continuous,
the iterated directional derivatives

djf(l‘)(hl,. . .,hj) = (8hj (9h1f)($)

exist for all integers j < k,z € U and hy,...,h; € E,and allmaps &’ f: Ux EJ — F
are continuous. As usual, C°°-maps are called smooth.

(b) If E and F are complex locally convex spaces, then a map f is called complex
analytic if it is continuous and for each z € U there exists a 0-neighborhood V' with
x4+ V C U and continuous homogeneous polynomials G;: E — F' of degree k such
that for each h € V' we have

k=0

as a pointwise limit ([9]). The map f is called holomorphic if it is C* and for
each € U the map df(z): E — F is complex linear (cf. [57, p. 1027]). If F is
sequentially complete, then f is holomorphic if and only if it is complex analytic
(cf. [24], [9, Theorems 3.1 and 6.4]).

(¢) If E and F are real locally convex spaces, then we call f real analytic,
resp., C¥, if for each point « € U there exists an open neighborhood V' C E¢ and a
holomorphic map fc: V — Fg with fclunv = flunv (cf. [57]). The advantage of this
definition, which differs from the one in [9], is that it works nicely for non-complete
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spaces, any analytic map is smooth, and the corresponding chain rule holds without
any condition on the underlying spaces, which is the key to the definition of analytic
manifolds (see [24] for details).

Once one has introduced the concept of a smooth function between open subsets
of locally convex spaces, it is clear how to define a locally convex smooth manifold. A
(locally convex) Lie group G is a group equipped with a smooth manifold structure
modeled on a locally convex space for which the group multiplication and the
inversion are smooth maps. We write 1 € G for the identity element and A, (z) = gz,
resp., pg(x) = xg for the left, resp., right multiplication on G. Then each x € T1(G)
corresponds to a unique left invariant vector field z; with x;(g) := T1(A\g)z, 9 € G.
The space of left invariant vector fields is closed under the Lie bracket of vector
fields, hence inherits a Lie algebra structure. In this sense we obtain on g := 77 (G) a
continuous Lie bracket which is uniquely determined by [z, y]; = [x;, yi] for z,y € g.
We shall also use the functorial notation L(G) := (g, [, ]) for the Lie algebra of
G and, accordingly, L(yp) = T1(¢): L(G1) — L(G2) for the Lie algebra morphism
associated to a morphism ¢: Gy — G2 of Lie groups. Then L defines a functor
from the category of locally convex Lie groups to the category of locally convex
topological Lie algebras. The adjoint action of G on L(G) is defined by Ad(g) :=
L(c,), where ¢ (z) = gzg~'. This action is smooth and each Ad(g) is a topological
isomorphism of L(G). The coadjoint action on the topological dual space L(G) is
defined by

Ad*(g)a == a o Ad(g) !

and the maps Ad*(g) are continuous with respect to the weak-+-topology on L(G)’,
but in general the coadjoint action of G is mot continuous with respect to this
topology. If g is a Fréchet, resp., a Banach space, then G is called a Fréchet-, resp.,
a Banach—Lie group.

A smooth map exp : L(G) — G is called an exponential function if each curve
vz (t) := expg(tx) is a one-parameter group with . (0) = z. The Lie group G is said
to be locally exponential if it has an exponential function for which there is an open
0-neighborhood U in L(G) mapped diffeomorphically by exp; onto an open subset
of G. All Banach-Lie groups are locally exponential ([66, Proposition IV.1.2]). Not
every infinite dimensional Lie group has an exponential function ([66, Ex. 11.5.5]),
but exponential functions are unique whenever they exist.

In the context of unitary representation theory, the exponential function permits
us to associate to each element x of the Lie algebra a unitary one-parameter group
7z (t) = m(expg tx). We therefore assume in the following that G has an exponential
function.

Examples 3.2. Here are some important examples of infinite dimensional Lie
groups that we shall encounter below.
(a) (Unitary groups) If A is a unital C*-algebra, then its unitary group

UA) :={gec A:ig'g=ygg" =1}
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is a Banach-Lie group with Lie algebra
u(A) ={x € Aiz* = —z}.

In particular, the unitary group U(H) = U(B(H)) of a complex Hilbert space H is
of this form, and we write u(H) for its Lie algebra.

As we shall see below (Definition 7.4), in some situations one is forced to consider
more general classes of algebras: A locally convex topological unital algebra A is
called a continuous inverse algebra if its unit group A* is open and the inversion
! is continuous. This condition already implies that A*, endowed with
the canonical manifold structure as an open subset, is a Lie group (cf. [24]). If, in
addition, A is a complex algebra and * a continuous algebra involution, then

U(A):={ge Aig'g=ygg" =1}

is a closed subgroup, and even a submanifold, as is easily seen with the Cayley
transform c(z) = (1 —x)(1+2)~!. It defines an involutive diffeomorphism of some
open neighborhood of 1 onto some open neighborhood of 0 satisfying ¢(z)* = ¢(x*)
and c¢(z7!) = —c(x). In particular, ¢(g) is skew-hermitian if and only if g is unitary,
and since U(A) is a subgroup of A*, this argument shows that it actually is a Lie
subgroup.

(b) (Schatten class groups) If H is a real or complex Hilbert space and B,(H)
denotes the p-Schatten ideal (p > 1) with the norm [|Al|, := tr((A* A)P/2)Y/P | then

Up(H) := U(H) N (1 + B,(H))
is a Banach—Lie group with Lie algebra

u,(H) :==u(H) N By(H)

map a — a”

(cf. [56,65]).
(¢) (Restricted groups) If P is an orthogonal projection on H and G C GL(H)
a subgroup, then we call

Ghres := {9 € G:[g, P] € Bo(H)}

the corresponding restricted group. Using the fact that Bo(H) is invariant under
left and right multiplication with elements of G, it is easy to see that this is indeed
a subgroup, and in many cases it carries a natural Banach—Lie group structure.
Writing H = im(P) @ ker(P) and, accordingly, operators on H as (2 X 2)-matrices,
then

g= C Z) € Gres & b,c € By(H).

In particular, we have the restricted unitary group
Ures(H, P) := {g € U(H): [g, P] € B2(H)}.

(d) If H is a complex Hilbert space, then the scalar product (-, -) (always assumed
to be linear in the first component), defines two real bilinear forms

B(z,y) == Re(r,y) and w(z,y):=Im(z,y) = Re(z, Iy),
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where 3 is symmetric and w is skew-symmetric. Writing Hg for the underlying real
Banach space, we thus obtain the symplectic group

Sp(H) := Sp(Hgr,w) := {g € GL(Hr): Vv,w € Hr)w(gv, gw) = w(v,w)}
= {9 € GL(Hr): 9" Ig = I}

and the orthogonal group

O(H) := O(Hg, 8) :={g € GL(Hg): Vv, w € Hg) B(gv, gw) = B(v,w)}
= {9 € GL(Hr):9 g = 1}.

There are two important variants of these groups, namely the Hilbert—Lie groups
Spy(H) :=Sp(H) N (1 4 B2(He)), O2(H) := O(H) N (1 + B2(Hr))
and the restricted groups
SPres(M) := {g € Sp(H):[9, 1] € Ba(He)}
and
Ores(H) :={g € O(H):[g,I] € B2(Hr)},

where [v := jv denotes the complex structure on Hgr defining the complex Hilbert
space H.

The groups Sp(Hg,w) and O(Hg, ) play a key role in Quantum Field The-
ory as the automorphism groups of the canonical commutation relations (CCR)
and the canonical anticommutation relations (CAR) (cf. [14]). However, only the
corresponding restricted groups, resp., their central extensions, have corresponding
unitary representations (cf. Secs. 9 and 10).

(e) The group Diff (M)°P of diffeomorphisms of a compact manifold M is a Lie
group with respect to the group structure defined by ¢ -1 := 1) o . Its Lie algebra
is the space V(M) of smooth vector fields on M with respect to the natural Lie
bracket. The use of the opposite group simplifies many formulas and minimizes the
number of negative signs. In particular, it implies that the exponential function is
given by the time 1-flow and not by its inverse. As we shall see below, this convention
also leads to simpler formulas because the action of Diff (M)°P by pullbacks is a left
action.

(f) If K is a Lie group and M is a compact manifold, then the space C*°(M, K)
of smooth maps is a Lie group with Lie algebra C°° (M, €), where ¢ is the Lie algebra
of K.

(g) A domain D in the complex Banach space V' is said to be symmetric if there
exists for each point © € D a biholomorphic involution s, € Aut(D) for which
is an isolated fixed point, or, equivalently T, (s,) = —id. It is called a symmetric
Hilbert domain if, in addition, V' is a complex Hilbert space. Then the group Aut(D)
of biholomorphic automorphisms of D carries a natural Banach—Lie group structure
(cf. [43, Sec. V], [102], [61, Theorem V.11]).
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Here is a typical example. If H 1 are two complex Hilbert spaces and Ba(H4, H_)
is the Hilbert space of Hilbert—Schmidt operators from H to H_, then

D= {Z S BQ(H+,H_): ||ZH < 1}

is a symmetric Hilbert domain, where || - || denotes the operator norm, which is
smaller than the Hilbert—Schmidt norm || -||2. In particular, D is unbounded if both
spaces are infinite dimensional. On the Hilbert space K := H_ & H; we define a
hermitian form by v((v, w), (v, w")) := (v,v") — (w,w’) and write

UMy, H-) :=={g € GL(K): (Vz,y € K)v(g97, 9y) = v(x,y)}

for the corresponding pseudo-unitary group. From the projection P(v_,vy) :=
(v—,0) we now obtain a restricted pseudo-unitary group

Ures(H4, H-) = {g € UM, H-):l[g, P]l|2 < oo}

(cf. (c) above), and this group acts on D by

gz — (i Z) 2= (a2 b)(ez 4 d) L.

The subgroup T1 of Ues(H,, H_) acts trivially, and we thus obtain an isomorphism
Ures (H+ 5 H7 )/T]. = AHt(D)O

(combine [43, Sec. 5] on the automorphisms of the completion with respect to the
operator norm with the extension result in [61, Theorem V.11]).

(h) In (g), the case H = Hy = H_ is of particular interest because it leads
to two other series of irreducible symmetric Hilbert domains generalizing the oper-
ator balls in symmetric, resp., skew-symmetric matrices. Let ¢ be an antilinear
isometric involution on H and define 7 := oz*c for z € B(H). Then the map
tH— K,v— %(v,av) is an antilinear isometric embedding whose image is an
orthogonal direct sum K = «(H) @ it(H), so that K = (Hgr)c as Hilbert spaces,
where the complex conjugation on K is given by 7(v,w) = (ow, ov). By complex
linear extension, we thus obtain an embedding ~: Sp(H) — GL(K), whose image
preserves the real subspace ((H) and the complex bilinear skew-symmetric form wg
obtained by complex bilinear extension of w(x,y) = Im(x,y). Since the complex
bilinear form

wc((l‘, y)’ (xl7 yl)) = <$, Uy/> - <xl’ 0y>
on [ satisfies
we((z,01), (y,0y)) = (z,y) — (y, 2) = 2ilm(z,y) = 2iw(z,y),

the subgroup v(Sp(H)) is contained in Sp(XC,wc). From the fact that it also com-
mutes with 7 one easily derives that it also preserves the canonical hermitian form
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Y((z,y), (@', y')) = (x,2') — (y,y’), and this leads to an isomorphism
Sp(H) = v(Sp(H)) = U(H,H) N Sp(K, we) (1)
(cf. [63, Remark 1.2], [72, Sec. IV]). This in turn leads to isomorphisms
SPres(H) = Ures(H, H) N Sp(K, we)
and
w2 { (1 _Ur)iacutr0b =0T D). @
From that one further derives that Sp,.(H) acts by holomorphic automorphisms
on the symmetric Hilbert domain
Dy:={2€ Ba(H): 2" =2, ||z|| < 1}
by fractional linear transformations, and we thus obtain isomorphisms
SPres(H)/{#+1} = Aut(D)o and  Sp,e(H)/U(H) = Ds.
(i) For the complex symmetric bilinear form
Be((@,y), (@,9) = (@, 00) + (', o)
we similarly obtain
O(H) = U(H, H) N O(K, fic) 3)
which in turn leads to
Ores(H) = Ures(H, H) N O(K, fc)

and
0res(H) = {(_‘; —ZT> racu(H),bT = —be Bg(H)} . (@)

Since we shall need it several times in the following, we recall some basic facts
on the adjoint and the coadjoint action on a centrally extended Lie algebra.

Remark 3.3. Let g = R @, g be a central extension of the Lie algebra g defined
by the 2-cocycle w, i.e.

[(z,2), (2, 2")] = (w(x,2’), [x,2']) for 2,2 € R,z,2" € g.
Then the adjoint action of g factors through a representation adg: g — der(g), given
by adg(z)(z,y) = (w(z,y), [x,y]), which implies that g — g¢', 2 — i,w = w(z,-) is a
1-cocycle.

If G is a corresponding Lie group to which the action of g on g integrates as a
smooth linear action, then it is of the form

Adz(9)(2,y) = (2 + Ou(9)(Ad(9)y), Ad(9)y) = (z — B9~ ") (y), Ad(9)y), (5)

where ©,:G — ¢’ is a l-cocycle with T7(0,)z = i,w. The uniqueness of the
representation of G' on g follows from the general fact that, for a connected Lie
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group, smooth representations are uniquely determined by their derived represen-
tations ([66, Remark I1.3.7]). The existence for simply connected G follows from [64,
Proposition VIL6]. The corresponding dual representation of G on g’ 2 R x g’ is
then given by

Adg(9)(z, @) = (2, Ad"(g)a — 20,(g))- (6)

As these formulas show, the passage from the adjoint and coadjoint action of g
to the G-action on g is completely encoded in the cocycle ©,: G — g'.

4. Momentum Sets of Smooth Unitary Representations

In this section we introduce the concept of a semibounded unitary representation
of a Lie group G. A key tool to study these representations is the momentum map
®:P(H>) — g’. According to Theorem 4.5, this map is also a momentum map in
the classical sense of differential geometry, provided G is a Banach—Lie group.

Definition 4.1. A unitary representation of G is a pair (7, H) of a complex Hilbert
space H and a group homomorphism 7m: G — U(H). It is said to be continuous if
the action map G x H — H, (g,v) — 7(g)v is continuous, which, since G acts by
isometries, is equivalent to the continuity of the orbit maps 7¥: G — H, g — 7(g)v.
We write

H® = {v e H:n” € C®(G,H)}

for the subspace of smooth vectors. The representation (7, H) is said to be smooth
if H> is dense in H. On H* the derived representation dr of the Lie algebra
g = L(G) is defined by

dr(z)v := — m(expe tx)v

t=0

(cf. [62, Remark IV.2]). If (7, H) is smooth, then the invariance of H> under 7(G)
implies that the operators idw(x), € g, on this space are essentially self-adjoint
(cf. [67, Lemma 5.6], [83, Theorem VIII.10]).

Remark 4.2. (a) If (7,H) is a smooth unitary representation, then the space
He = {v € H:n" € C(G,H)} 2 H™ of continuous vectors is dense, and since
this space is closed (by the uniform boundedness of 7(G)), it follows that H = H¢.
This in turn implies that the G-action on H is continuous. This means that smooth
representations are in particular continuous.

(b) If G is finite dimensional, then Garding’s Theorem asserts that every con-
tinuous unitary representation of G is smooth. However, this is false for infinite
dimensional Lie groups. The representation of the additive Banach—Lie group
G = L?([0,1],R) on H = L?*([0,1],C) by =n(g)f := € f is continuous with
H> = {0} (7).
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Definition 4.3. (a) Let P(H*) = {[v] := Cv:0 # v € H*} denote the projective
space of the subspace H* of smooth vectors. The map
) 1 {dm(z).v,v)
D P(H™ ! th &, =7
(=) = with (o)) (@) = -

is called the momentum map of the unitary representation 7. The right-hand side is
well defined because it only depends on [v] = Cv. The operator idm(x) is symmetric
so that the right-hand side is real, and since v is a smooth vector, it defines a
continuous linear functional on g. We also observe that we have a natural action of
G on P(H>) by g.[v] := [w(g)v], and the relation

m(g)dn(z)m(g)~" = dr(Ad(g))

immediately implies that @, is equivariant with respect to the coadjoint action of
Gong'.

(b) The weak-*-closed convex hull I, C g’ of the image of @, is called the
(convexr) momentum set of . In view of the equivariance of @, it is an Ad*(G)-
invariant subset of g’.

For the following theorem, we recall the definition of a Hamiltonian action:

Definition 4.4. Let 0: G x M — M be a smooth action of the Lie group G on the
smooth manifold M (neither is assumed to be finite dimensional) and suppose that
w is a G-invariant closed 2-form on M. Then this action is said to be Hamiltonian
if there exists a map J: g — C°°(M,R) for which dJ, = is(,)w holds for the derived
Lie algebra homomorphism ¢: g — V(M ), defined by (), = —T(1 ,)(c)(z,0). The
map &: M — ¢/, ®(m)(z) := Jy(m) is then called the corresponding momentum
map. Of particular interest are momentum maps which are equivariant with respect
to the coadjoint action.

Theorem 4.5. Let (7, H) be a unitary representation of a Banach—Lie group G.
Then the seminorms

pn(v) = sup{[ldm(z1) - - dm(zn o2 € g, ||z <1}

define on H> the structure of a Fréchet space with respect to which the action
of G is smooth. Accordingly, the projective space P(H™) carries the structure of
a complex Fréchet manifold on which G acts smoothly by holomorphic maps. The
Fubini-Study metric on P(H) induces on P(H>) the structure of a weak Kdhler
manifold whose corresponding weak symplectic form  is given for any unit vector
v e H™ by

Qu(To(q)z, To(q)y) = —2Im(z,y) for z,y € v*,

where ¢: H\{0} — P(H>®),v — [v], is the canonical projection. With respect to
this symplectic form, the action of G on P(H®) is Hamiltonian with momentum
map P.
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Proof. The smoothness of the action of G on H> follows from Theorem A.2. This
implies that the natural charts defined by projections of affine hyperplanes define
on P(H*>°) a complex manifold structure for which G acts smoothly by holomorphic
maps (see [62, Proposition V.2] for details). Moreover, the Fubini-Study metric on
P(H) restricts to a (weak) Kéahler metric on P(H®°) which is invariant under the
G-action. It is determined by the property that the projection map ¢ satisfies for
any unit vector v and x,y € v the relation

(Tw(q)z, Tu(q)y) = (x,9).

In particular, we see that € defines a weak symplectic 2-form on P(H>) (cf. [53,
Sec. 5.3]). For = € g, the smooth function

1 {(dn(x)v,v
Hy (o)) = 147 @v,0)
i (v,v)
on P(H>) now satisfies for y € v+ and ||v|| = 1:

dH, ([v])(Tv(q)y) = 2Re(—idm(z)v,y) = 2Im{dm(z)v, y)

= —Qp)(Tu(g)ar ()v, To (q)y),

ie. dH, = ixQ for the smooth vector field on P(H*) defined by X([v]) :=
—T,(¢)dm(x)v = o(x)([v]). This means that the action of G on P(H>°) is Hamilto-
nian and ®,:P(H*) — ¢ is a corresponding momentum map. O

The main new point of the preceding theorem is that it provides for any Banach—
Lie group a natural analytic setup for which the momentum map ®, really is
a momentum map for a smooth action on a weak symplectic manifold. The corre-
sponding result for the action of the Banach—Lie group U(H) on P(H) is well-known
(cf. [53, Ex. 11.4(h)]).

A key property of the momentum set I is that it provides complete information
on the extreme spectral values of the operators idmr(x):

sup(Spec(idm(x))) = sr(z) = —inf(I;,z) forzeg (7)
(cf. [67, Lemma 5.6]). This relation immediately entails the equivalences
rxell e s(xr) <0« —idn(z) > 0. (8)

It is now natural to study those representations for which s;, resp., the set I,
contains the most significant information, which leads to the following concept:

Definition 4.6. A smooth unitary representation (w,H) of a Lie group G is said
to be semibounded if its momentum set I, is semi-equicontinuous, i.e. if

sx(x) = s1(x) = sup(Spec(idr(z)))

is bounded from above on some non-empty open subset of g. We call (7, H) bounded
if I, is equicontinuous.
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The representation (m,H) is said to satisfy the positive energy condition with
respect to some d € g if idw(d) > 0. It satisfies the positive energy condition with
respect to some convex cone C' C g, if ¢dw(z) > 0 holds for each z € C' (cf. [95]).

For a semibounded representation (m,H), the domain s *(R) of s, is a con-
vex cone with non-empty interior and s, is continuous on this open cone (cf. [67,
Proposition 6.8]). Since the momentum set I is invariant under the coadjoint
action, the function s, and its domain are invariant under the adjoint action. This
leads to two open invariant convex cones in g:

Wy i={x € g:ss(z) <0}’ = B(I;)° and O :={r € g:s,(x) <0},

where “0” denotes the interior of a set. Note that (8) implies that C; is the interior
of the dual cone I7.
We collect some basic properties of these two cones:

Proposition 4.7. For a smooth representation (7, H) of G, the following assertions
hold:

(i) If Cr # 0, then 7 is semibounded, and if i1 € dw(g), then the converse is also
true.

(i) If Cr # 0, then H(C) = kerdn. In particular, Cy. is pointed if and only if the
derived representation dm is injective.

(iii) Ifh C g is a subalgebra with the property that drly is a bounded representation,
then b C H(W,).

(iv) Let n: H — G be a morphism of Lie subgroups. If w is semibounded, then
7wy = won is semibounded if W NL(n)h # 0, and then I, = L(n)*IL;. In
particular, if H C G is a Lie subgroup, then the restriction 7y := 7|y of 7 to
H is semibounded if W N # 0, and then I, = I|y.

Proof. (i) If C, # 0, then the boundedness of s, on C, implies that 7 is semi-
bounded. Suppose, conversely, that 7 is semibounded and i1 € dn(g). Then there
exists an element x € g for which s, is bounded from above on a neighborhood
of by some M € R. Pick z € g with dn(z) = i1. Now s,(z + Mz) < 0 on this
neighborhood, so that C; # 0.

(ii) The relation C, = (I*)? implies that

Ir=0C, 9)

s

(Lemma 2.8). If C; is non-empty, then Lemma 2.9(i) implies that
H(Cr)=H(I;)=I;n-I;= LJ; = kerdm

because dm(x) = 0 is equivalent to Spec(idn(z)) C {0}.

(iii) That dr|y is bounded implies that all operators idn(z), « € b, are bounded,
sothat h C B(I;) C W, = lim(W,) (Lemma 2.9(i)), and since h = —b, the assertion
follows.
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(iv) From (7) it follows that sr,, = sxoL(7), and if WNL(v)h # 0, this function
is bounded on some non-empty open subset of h. Therefore 7y is semibounded.

Pick = € h with y := L(y)z € Wy. Then the evaluation map n§: I, — R,a
a(z), is proper by Proposition 2.7, and this map factors through the adjoint map
L(n):¢g" = b a— aoL(n):

nd =nloL(n): I — R.

Since the weak-#-topology on ’ is Hausdorff, [11, Chap. I, Sec. 10, Proposition 1.5]
implies that L(n)": I, — b’ is a proper map. In particular, its image is closed, hence
a weak-*-closed convex subset of h’. For each x € § we have

SUp(Iyy, &) = Sryy (—2) = sp(=L(n)x) = sup(Ir, L(n)z) = sup(L(n)'Ix, z),
so that the Hahn—Banach Separation Theorem implies that I, = L(n) L. O

Remark 4.8. If i1 ¢ dn(g), then we may consider the direct product Lie group
G:=Gx T, where we consider T as a subgroup of C*, with the exponential function
expr(t) = e on L(T) = R. Our representation m now extends trivially to a smooth
unitary representation of @, defined by

(g, t) :=tn(g).

Now g~ gx R, g =g’ xR, and the momentum map of 7 is given by

Dz([v]) = (P ([v]), 1),

so that Iz = I. x {1}. With Remark 2.6, we now see that 7 is semibounded if and
only if Cx # (). Note also that d7(0,1) = i1, so that Proposition 4.7(i) applies to
this representation.

Remark 4.9. (on bounded representations) (a) From [68, Theorem 3.1] we know
that a smooth representation (m,H) is bounded if and only if 7:G — U(H) is a
morphism of Lie groups, if U(H) is endowed with the Banach—Lie group structure
defined by the operator norm. In view of (7), the boundedness of (w, H) is equiv-
alent to the boundedness of all operators idr(z) and the continuity of the derived
representation dm: g — B(H) as a morphism of topological Lie algebras, where we
identify the operator dm(x) with its continuous extension to all of H.

(b) In [68, Proposition 3.5] it is also shown that if 7 is continuous with respect
to the norm topology on U(H), then 7 is automatically smooth if either G is locally
exponential or g is a barreled space. In particular, for Banach—Lie groups G the
bounded representations are precisely the norm-continuous ones. The concept of a
norm-continuous unitary representation also makes sense for arbitrary topological
groups, but the refined concept of semiboundedness does not; it requires the Lie
algebra for its definition.

(c) If (m,H) is a bounded unitary representation of a Lie group G, then the
closure b of d7(g) C u(H) is a Banach-Lie algebra, and H := (expyy) h) € U(H)
carries a natural Banach-Lie group structure with L(H) = § ([66, Theorem IV.4.9]).
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If G is connected, then m: G — U(H) factors through the inclusion map H — U(H)
of this Banach—Lie group. In this sense bounded representations are a “Banach
phenomenon” and all questions on this class of representations can be reduced to
Banach-Lie groups.

(d) If (w,H) is a bounded representation for which ker(dr) = I:- = {0}, then
|ldm(x)|| defines a G-invariant norm on g. If G is finite-dimensional, then the exis-
tence of an invariant norm implies that the Lie algebra g is compact. In particular,
all its irreducible representations are finite dimensional. However, in the infinite
dimensional context, there is a substantially richer supply of bounded unitary rep-
resentations. For a detailed discussion of bounded unitary representations of the
unitary groups U,(H) (Examples 3.2(b)), we refer to [59].

Example 4.10. Let H be a complex Hilbert space and consider U(H) as a Banach—
Lie group with Lie algebra u(H). Writing A < B for A,B € B(H) if B— A is a
positive invertible operator, we see that for the identical representation (w,H),
the cone

Cr ={x € u(H):iz < 0}

is non-empty. Since 7 is bounded, we also have W, = g. The same holds for all
representations (7®", H®™) on the n-fold tensor power of H.

The natural representations ms and m, of U(H) on the symmetric and antisym-
metric Fock spaces

S(H) 1= BnengS™(H) and  A(H) 1= Bpen, A™(H)

are direct sums of bounded representations, hence in particular smooth. They are
not bounded, as the restriction to the subgroup T1 already shows. However, the
relation C C C_,Cr, still implies that 7, and 7, are semibounded. We shall
use this simple observation later in our proof that the metaplectic and the spin
representation are semibounded (cf. Secs. 9 and 10).

We conclude this section with a convenient tool to verify the existence of eigen-
vectors for semibounded unitary one-parameter groups.

Proposition 4.11. Let (m,H) be a semibounded unitary representation of G and
d € Wy with expg(Ad) € Z(G) for some X € R*. Suppose that w(exps(Ad)) € T1,
which is in particular the case if w is irreducible. Then idn(d) is bounded from
above, has discrete spectrum, and there exists a smooth vector v € H® which is an
eigenvector for the largest eigenvalue of idm(d).

Proof. Replacing d by Ad, we may assume that A = 1. If « is irreducible, Schur’s
Lemma implies that 7(Z(G)) € T1 and thus in particular 7(expsd) € T1. Let
3 € R with (expd) = €’#1. Then e3™(¥)=1 = 1 50 that Spec(idn(d) + (1) C 277
is discrete.
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Let P, denote the orthogonal projection onto the eigenspace of idw(d) corre-
sponding to the eigenvalue 27n— (. This projection is given by the following integral

1 1
P, (v) :/0 ez’rmte*iww(exp(td))vdt:/0 et =07 (exp(td))v dt.

If v is a smooth vector for G, then the smoothness of the H-valued function

1
g 7(g)Pav) = / ¢HCmn=8) (g oxp(td) v dt
0

follows from the smoothness of the integrand as a function on R x G by differenti-
ation under the integral (cf. [25] for details). This implies that P, (H>) C H>.
Therefore the density of H* in H implies the density of P,(H*) in P,(H).
In particular, each non-zero eigenspace of dn(d) contains smooth vectors. Finally,
the boundedness of Spec(idr(d)) from above implies the existence of a maximal
eigenvalue. O

5. Aspects of Complex Analysis

As we have already seen in [68], a closer analysis of semibounded representa-
tions requires a good understanding of the related complex geometric structures.
Basically, the connection to complex analysis relies on the fact that if A is a
self-adjoint operator on a complex Hilbert space, then the associated unitary one-
parameter group y4(t) := €4 extends to a strongly continuous homomorphism
4:Cy := R+iR; — B(H), z — €"*4 (defined by a spectral integral) which is holo-
morphic on the open upper half plane if and only if Spec(A) is bounded from below.
It is this key observation, applied in various situations, that leads to a variety of
interesting tools and results, that we describe below.

Problem 5.1. If (7, H) is a semibounded unitary representation, then we have a
well-defined map

G x W, — B(H), (g,z)+— geid”(z),

and if G is finite dimensional and dw injective, then we know from [60] that the
product set Sy := G X Wy always carries a complex manifold structure, a holo-
morphic associative multiplication and an antiholomorphic involution (g,x)* =
(971, Ad(g)x), turning (Sx,*) into a complex involutive semigroup and T into a
holomorphic representation. In particular, 7(G x Wy) = n(G)e' ™ W=) s an involu-
tive subsemigroup of B(H). This structure is extremely useful in the theory of semi-
bounded representations and the related geometry. However, for infinite dimensional
groups, our understanding of corresponding analogs is still quite rudimentary.

As we shall see below, the preceding problem has a trivial solution for Abelian
groups.



62 K.-H. Neeb

5.1. The Abelian case

If E is a locally convex space, then its additive group G := (E, +) is a particularly
simple locally convex Lie group. Then L(G) = E as an Abelian Lie algebra, exps =
idg, and the coadjoint action is trivial.

For such groups semibounded representations can be understood completely
with classical methods, well known from the context of locally compact Abelian
groups. If X C E’ is a weak-*-closed convex semi-equicontinuous subset, then
Proposition 2.7 implies that it is locally compact, so that the space Cy(X) of
continuous complex-valued functions on X vanishing at infinity is a commutative
C*-algebra. Moreover, the interior B(X)? is a non-empty open convex cone in X,
so that S := E +iB(X)? is a tube domain in the complexification E¢. This open
subset of E¢ is a complex manifold, a semigroup with respect to addition, and
(x +iy)* := —x + 1y defines an antiholomorphic involution, turning it into a com-
plex involutive semigroup (cf. [67] for an extended discussion of this technique).
This leads to a holomorphic homomorphism of semigroups

1.8 = Col(X), A(w +iy)(a) = W)

(cf. Proposition 2.7), and one can show that every semibounded smooth represen-
tation (w,H) of G with I, C X “extends” holomorphically to S by 7(z + iy) :=
7(x)e’ ™) which in turn extends to a representation p of the C*-algebra Cp(X)
on H. Using this correspondence and the Spectral Theorem for C*-algebras, one
arrives at the following spectral theorem ([68, Theorem 4.1]):

Theorem 5.2. (Spectral Theorem for semibounded Representations) For every
regular Borel spectral measure P on X, the prescription w(v) := P(e"") (where the
right-hand side denotes a spectral integral) defines a semibounded smooth represen-
tation of G with I, C X. Conversely, any such semibounded representation has
this form for a uniquely determined regular Borel spectral measure P on X.

The preceding theorem provides a complete description of the semibounded
representation theory of Abelian Lie groups of the form (F,4+) and hence also
of quotients thereof. In particular, every connected Abelian Banach—Lie group is
such a quotient. For recent results concerning extremely general spectral theorems
for representations of commutative involutive algebras by unbounded operators we
refer to [99].

Remark 5.3. With Theorem 5.2 it is easy to see that the bounded unitary repre-
sentations of (E, +) are precisely those defined by spectral measures on (compact)
equicontinuous subsets of the dual space.

Similar characterizations are known for continuous isometric actions a: G —
Iso(E) of a locally compact Abelian group G on a Banach space E. One associates to
such a representation its Arveson spectrum Sp(«) C G and then the norm continuity
of a is equivalent to the compactness of its spectrum (79, Theorem 8.1.12]).
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Remark 5.4. The key point behind the Spectral Theorem 5.2 is that the semi-
boundedness provides a method to connect representations of (E,+) to representa-
tions of a commutative C*-algebra, so that the Spectral Theorem for commutative
Banach-x-algebras provides the spectral measure on X C E’.

In general, continuous unitary representations of locally convex spaces cannot
be represented in terms of spectral measures on E’. This is closely related to the
problem of writing the continuous positive definite functions 7%¥(x) := (w(x)v,v)
as the Fourier transform

Az) = / ) (o)

of some finite measure p on E’. If F is nuclear, then the Bochner—Minlos Theorem
([22]) ensures the existence of such measures and hence also of spectral measures rep-
resenting unitary representations. However, if F is an infinite dimensional Banach
space, then E is not nuclear ([22]), so that the Bochner-Minlos Theorem does not
apply. Therefore it is quite remarkable that nuclearity assumptions are not needed
to deal with semibounded representations.

5.2. Hilbert spaces of holomorphic functions

In general, the momentum set of a semibounded representation is not easy to com-
pute, but in many interesting situations it is the weak-x-closed convex hull of a single
coadjoint orbit @y C g’. Here our intuition is guided by the finite dimensional case,
which is by now well understood (cf. [60]).

Remark 5.5. For a finite dimensional connected Lie group G, semibounded uni-
tary representations are direct integrals of irreducible ones ([60, Sec. X1.6]) and the
irreducible ones possess various kinds of nice structures. Here the key result is that
for every irreducible semibounded representation (m,H) and x € B(I;)°, we can
minimize the proper functional 7, (a) = a(z) on the convex set I (Proposition 2.7).
One can even show that the minimal value is taken in ®([v]) for an analytic vector
v, and from that one can derive that v is an eigenvector for idm(x) (this is implicitly
shown in [60, Theorem X.3.8]). Combining this with finite dimensional structure
theory, based on the observation that the adjoint image of the centralizer Z¢(z)
has compact closure, one can show that if dr is injective, then H™ contains a dense
highest weight module of the complexification gc ([60, Theorems X.3.9 and XI.4.5]).

If [v)] € P(H™) is a highest weight vector for the highest weight representation
(7, Hy), then the corresponding G-orbit G[v,] has the remarkable property that
it is a complex homogeneous subspace of P(H*), and one can even show that it
is the unique G-orbit in P(H>) with this property ([60, Theorem XV.2.11)). Its
image Oy := @, (Gvy]) C g* is a coadjoint orbit satisfying

Oy = Ext(I,), I, =conv(O,) and Glvy]= @;Al((’),\) (10)

([60, Theorem X.4.1]), where we write Ext(C) for the set of extreme points of a
convex set C'. Moreover, two irreducible semibounded representations are equivalent
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if and only if the corresponding momentum sets, resp., the coadjoint orbits Oy
coincide ([60, Theorem X.4.2]).

In particular, a central feature of unitary highest weight representations is that
the image of the highest weight orbit already determines the momentum set as its
closed convex hull. It is therefore desirable to understand in which situations certain
G-orbits in P(H>) already determine the momentum set as the closed convex hull
of their image. As we shall see below, this situation frequently occurs if H consists
of holomorphic functions on some complex manifold, resp., holomorphic sections of
a line bundle.

Definition 5.6. Let M be a complex manifold (modeled on a locally convex space)
and O(M) the space of holomorphic complex-valued functions on M. We write M
for the conjugate complex manifold. A holomorphic function

K:MxM—C

is said to be a reproducing kernel of a Hilbert subspace H C O(M) if for each
w € M the function K, (z) := K(z,w) is contained in H and satisfies

(f,K.,)=f(z) forze M, feH.

Then H is called a reproducing kernel Hilbert space and since it is determined
uniquely by the kernel K, it is denoted Hg (cf. [60, Sec. 1.1]).

Now let G be a real Lie group and o: G x M — M, (g, m) — g -m be a smooth
right action of G on M by holomorphic maps. Then (g.f)(m) := f(g~t.m) defines
a unitary representation of G on a reproducing kernel Hilbert space Hx C O(M)
if and only if the kernel K is invariant:

K(g.z,9gw) = K(z,w) forz,we M,geqG.

In this case we call Hx a G-invariant reproducing kernel Hilbert space and write
(7 (9)f)(2) := f(g~'.2) for the corresponding unitary representation of G' on Hp.

Theorem 5.7. ([68, Theorem 2.7]) Let G be a Fréchet-Lie group acting smoothly by
holomorphic maps on the complex manifold M and Hx € O(M) be a G-invariant
reproducing kernel Hilbert space on which the representation is semibounded, so that
the cone Wy is not empty. If, for each x € Wy, the action (m,t) — exps(—tx).m
of R on M extends to a holomorphic action of the upper half plane CL (continuous
on C4 and holomorphic on its interior), then

Iry = COW((I),TK({[Km]: K, 7é O}))

Example 5.8. Here is the prototypical example that shows why x € W, is
closely related to the existence of a holomorphic extension of the corresponding
flow on M.

Let (m,’H) be a continuous unitary representation of G = R and H* be the
Fréchet space of smooth vectors on which G acts smoothly (Theorem A.2). Let
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M := H®> be the complex Fréchet manifold obtained by endowing H* with the
opposite complex structure. Then G acts on M by holomorphic maps and the
density of H* in H yields an embedding

t:H — OM), i(v)(m)= (v,m),

whose image is the reproducing kernel space Hy with kernel K(z,y) = (y,x).
With A := —idn(1) we then have 7(t) = ™4, and if Spec(A) is bounded from
below, then 7: C; — B(H), z — e defines a holomorphic extension of the unitary
representation to C4 (cf. [60, Theorem VI.5.3]). Since H is invariant under every
operator 7(z), it is easy to see that (z,m) — e *“m defines a holomorphic action
of C on M, extending the action of R given by (¢, m) +— w(—t)m.

Remark 5.9. Suppose that ¢:V — M is a G-homogeneous holomorphic Hilbert
bundle, i.e. V carries a left action of G by holomorphic bundle automorphisms and
q(g.2) = g.q(z) for z € V, g € G. We write I'(V) for the space of holomorphic
section of V. Then G acts on I'(V) by (g.s)(m) := g.s(g~*.m). We are interested in
G-invariant Hilbert subspaces H C I'(V) on which G acts unitarily and for which
the evaluation maps ev,,: H — V,,, s — s(m), m € M, are continuous linear maps
between Hilbert spaces.

To see how Theorem 5.7 applies in this situation, we realize I'(V) by holomorphic
functions on the dual bundle V* whose fiber (V*),,, is the dual space of V,,,. Each s €
T'(V) defines a holomorphic function §(ay,) := @, (s(m)) on V* which is fiberwise
linear. We thus obtain an embedding ¥:T(V) — O(V*) whose image consists of
those holomorphic functions on V* which are fiberwise linear. Accordingly, ¥(H) C
O(V*) is a reproducing kernel Hilbert space. The natural action of G on V* is given
by (9.0m)(2g.m) = am (g 2g.m) for ay, € Vi, so that

U(g.s)(am) = am(g-s(g™"m)) = (g7 am)(s(g™".m)) = U(s)(g™".om)

implies that ¥ is equivariant with respect to the natural G-actions on I'(V) and
O(V*). Therefore the reproducing kernel K of Hy := U(H) C O(V*) is G-invariant,
and we are thus in the situation of Theorem 5.7. In addition, the fiberwise linearity
of the functions in Hg leads to K., = 2K, for « € V* and z € C*. If Hx # {0},
then the homogeneity of the bundle V implies that K, # 0 for every 0 # « €
V*. Writing P(V*) for the projective bundle associated to V* whose fibers are the
projective spaces of the fibers of V*, we therefore obtain a well-defined map

B:P(V*) — g, [am] = Py ([Ka,]) for am € VE\{0}.

Since this map is G-equivariant and G acts transitively on M, we obtain for each
mo € M:

O(P(V7)) = AdY(G)2(P(Vy,, ))- (11)
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If, in addition, the requirements of Theorem 5.7 are satisfied, i.e. the action
of the one-parameter-groups generated by —z € B(I,, )" on V, resp., V*, extend
holomorphically to C, we obtain

I, = conv(im(®)). (12)

If, in particular, V is a line bundle, i.e. the fibers are one-dimensional, then
P(V*) = M, and we obtain a G-equivariant map ®: M — g’ whose image is a single
coadjoint orbit O,.

Example 5.10. If H is a complex Hilbert space, then its projective space P(H)
is a complex Hilbert manifold. Moreover, there exists a holomorphic line bundle
q: Ly — P(H) with the property that for every nonzero continuous linear functional
a € H' we have on the open subset U, := {[v] € P(H): a(v) # 0} a bundle chart

Pa- (]L'H)|Ua — Ua x C

such that the transition functions are given by

o Y], 2)=([v o(v) or a !
provath2) = (bL5Y) for0£asen,

This implies that each 0 # v € H defines a linear functional on the fiber (IL3)(,] by

o' ([v],2) = a(v)z,
which further implies that (LH)E;} = [v], i.e. L}, is the tautological bundle over
P(H).
The complement of the zero-section of Ly is equivalent, as a C*-bundle, to the
projection H\{0} — P(H) by the map ¢, ([v], z) — f(v)v. This identification can
be used to show that the natural map

a(v)
W) for B(v) #£0

defines a linear isomorphism (see [62, Theorem V.4] for details).

As the group U(H) acts smoothly by holomorphic bundle isomorphisms on Ly,
this construction shows that the unitary representation 7*: U(H) — U(H’'), given
by 7*(g)a = a0 w(g)* can be realized in the space I'(ILy) of holomorphic sections
of ]L’H-

To realize the identical representation on H itself by holomorphic sections, we
simply exchange the role of H and H’, which leads to a U(H)-equivariant iso-
morphism H — I'(Ly).

BH = L) W) = 5" (D,

To simplify the applications of Theorem 5.7, we need a criterion for its appli-
cability. Here the main idea is that, since every Hilbert space H can be realized as
a space of holomorphic sections of the bundle Ly, we obtain similar realizations
from cyclic G-orbits in P(H) which are complex manifolds.

Theorem 5.11. (Complex Realization Theorem) (a) Let G be a Fréchet-Lie group
with Lie algebra g and H C G be a closed subgroup for which the coset space G/H



Semibounded Representations and Invariant Cones in Infinite Dimensional Lie Algebras 67

carries the structure of a complex manifold such that the projection ¢:G — G/H
is a smooth H-principal bundle and G acts on G/H by holomorphic maps. Let
2o = LH € G/H be the canonical base point and p C gc be the kernel of the
complez linear extension of the map g — Ty, (G/H) to gc, so that p is a closed
subalgebra of gc.

Let (w,H) be a unitary representation of G and dm:gec — End(H*) be the
complex linear extension of the derived representation. Suppose that 0 # v € H™
is an eigenvector for H and of the subalgebra p := {x + 1y =« — iy:x + iy € p} of
gc. Then the map

n:G/H = P(H)), gH — [1"(g)aw] = [ow om(g) 7], w(w) = (w,v),

is holomorphic and G-equivariant. If, in addition, v is cyclic, then we obtain a G-
equivariant injection H < I'(n*Lyy ), where n* Ly is a G-equivariant holomorphic
line bundle over G/H. If, in addition, G is connected, then 7 is irreducible.

(c) Suppose that, for each x € Wy, the flow (t,m) — expg(—tx)H extends
holomorphically to C. Then the momentum set is given by

I = comv(@(Glo])) = O (Oa, (1))

Proof. (a) First we observe that the map T:'H — H',v — «, is an antilinear
isometry and that the contragredient representation 7*(g)a := a o w(g)~!
unitary.

Next we recall that the smooth action of G on M := G/H defines a homo-
morphism g — Vo(M), the Lie algebra of holomorphic vector fields. Since M
is complex, Vo (M) is a complex Lie algebra, and, for each p € M, the sub-
space {X € Vo(M): X(p) = 0} is a complex subalgebra. This proves that p is
a Lie subalgebra of gc, and its closedness follows from the continuity of the map
gc — Ty (M) = g/b.

(b) Since v is a p-eigenvector, there exists a continuous linear functional A\:p — C

with dm(Z)v = A(2)v for z € p, so that we have for w € H and z € p the relation

is also

ay(zw) = (dr(z)w,v) = —(w,dm(Z)v) = —=\(2)ay, (w).
We conclude that «,, is an p-eigenvector. This implies that the tangent map
Ty (n): Tog (M) = Ta, ) (P(H'))

is complex linear, i.e. compatible with the respective complex structures. Since M is
homogeneous, T'(n) is complex linear on each tangent space, and this means that 7
is holomorphic. Therefore n*Ly/ is a holomorphic line bundle over M and we obtain
a G-equivariant pullback map H = I'(Ly) — I'(n*Ly). Its kernel consists of all
those sections vanishing on 7(M), which corresponds to the elements w € (7(G)v)*.
In particular, this map is injective if v is a cyclic vector.

That (7, H) is irreducible if G is connected follows from [60, Proposition XV.2.7].

(c) If © € Wy, then idr(z) is bounded from above, so that (z,a) + a o e*7(@)
defines a continuous action of C on H’ which is holomorphic on CY and satisfies
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(t,o) — 7 (expg(—tz))a (cf. Example 5.8). As 7 is G-equivariant and holomor-
phic, it is also equivariant with respect to the C-actions on M and the holomorphic
action on P(H’) by (z,[a]) — [a 0 e*3™(®)]. Therefore the C, actions on M and on
H' combine to a holomorphic action of C; on 1*ILy. Now we combine Theorem 5.7
with Remark 5.9 to obtain (¢). Here we only have to observe that the realization
of H by holomorphic sections of Ly leads on the dual bundle, whose comple-
ment of the zero-section can be identified with H"\{0}, to the evaluation functional
K., =v € H (cf. Example 5.10). |

Example 5.12. An important special case where the requirements of Theorem 5.11
are satisfied occurs if the G-action on the complex manifold M extends to a holo-
morphic action of a complex Lie group G¢ 2 G with holomorphic exponential
function.

If (w,H) is an irreducible representation of a compact Lie group G, then it
is finite dimensional and in particular bounded, so that 7 extends to a holomor-
phic representation 7: G¢ — GL(H). Since the highest weight orbit G[v,] is a
compact complex manifold, it is also invariant under the Ge-action on P(H), and
Theorem 5.11, applied to the maximal torus H C G, implies that I, = conv(Oy)
for O = ©,(G[v,]).

Remark 5.13. (a) If G is finite dimensional, then Theorem 5.7 applies to all
irreducible semibounded representations ([60, Proposition XII.3.6]), where G/H
is the highest weight orbit Glvx] € P(H)), and this eventually leads to I, =
W(O,i,\).

(b) We have already seen in (10) that, for finite dimensional groups, the highest
weight orbit G[vx] C P(H,) can be characterized as the inverse image of the set
Ext(Ir,) of extreme points of the momentum set (Remark 5.5). For the special case
where G is a compact group, one finds in [32] a different characterization of the
highest weight orbit as the set of all those elements for which the subrepresentation
of Sym?(H,) generated by v @ v is irreducible. It would be interesting to see if a
similar result holds in other situations.

If G is finite dimensional, for any [v] € G[vy] the orbit of [v ® v] is a complex
manifold (actually a holomorphic image of G[v,]), and from that one can derive
that the cyclic representation it generates is irreducible ([60, Proposition XV.2.7]).

Another interesting characterization of the highest weight orbit of an irreducible
representation of a compact Lie group is given in [19]. Starting with an orthonormal
basis i F1,...,iF, of the Lie algebra g with respect to an invariant scalar product,
one defines the invariant dispersion of a state [v] by

(AF)? = <Z(Fr — <Fr>)2> ., where (A) = for A= A"

T
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IfCc:=5%", F? is the corresponding Casimir operator, which acts on H as a multiple
c1 of the identity, one easily finds that

(AF)? = c—[|ox([])]?,

which is minimal if ||®,([v])| is maximal. As I, = conv(O,) holds for a coadjoint
orbit O, and the scalar product on g, resp., g’ is invariant, the orbit O is contained
in a sphere. Therefore the invariant dispersion (AF)? is minimal in a state [v] if
and only if ®.([v]) € Or = Ext(I:).

6. Invariant Cones in Lie Algebras

In this section we take a closer look at important examples of invariant convex
cones in Lie algebras.

6.1. Invariant cones in unitary Lie algebras

Examples 6.1. If H is a complex Hilbert space, then the Lie algebra u(H) of
skew-hermitian bounded operators contains the open invariant cone

Cuny = {z € u(H):iz < 0}

(cf. Example 4.10).
More generally, for any unital C*-algebra A, the Banach-Lie algebra u(A) =
{z € A:x* = —z} contains the open invariant cone

Cyay = {7 € u(A):iz < 0}.

6.2. Invariant cones in symplectic Lie algebras

Definition 6.2. If V is a Banach space and ¢: V' — R a continuous quadratic form,
then we say that q is strongly positive definite, written q > 0, if | /g defines a Hilbert
norm on V. In particular, we are asking for V' to be complete with respect to this
norm.

Now let (V,w) be a strongly symplectic Banach space (cf. Remark B.2) and
sp(V,w) C gl(V) be the corresponding symplectic Lie algebra. We associate to each
X € sp(V,w) the quadratic Hamiltonian Hx (v) := $w(Xv,v) and obtain an open
invariant cone by

Wep(viw) = {X € sp(V,w): Hx > 0}

which is non-empty if and only if V' is topologically isomorphic to a real Hilbert
space which carries a complex Hilbert space structure (-, -) with

w(v,w) =Im({v,w) forv,w eV

(cf. Proposition B.3, [1, Theorem 3.1.19]).



70 K.-H. Neeb

Definition 6.3. Actually sp(V,w) is a Lie subalgebra of the semidirect product
bsp(V,w) := heis(V,w) x sp(V,w),

where heis(V,w) = R@,, V is the Heisenberg algebra associated to (V,w), with the
bracket

[(270)7 (zlvv/)} = (w(v,v/),O).

Since every continuous linear functional on V' is of the form i,w, the discussion in
Remark B.2 implies that hsp(V,w) can be identified with the space of continuous
polynomials of degree < 2 on V', endowed with the Poisson bracket

{f,9} =w(Xy, Xy) whereix,w=4df.
Let Heis(V,w) := R x V be the Heisenberg group of (V,w) with the multiplication

1
(b 0) (¢ ) = (t+t' TR +v') |

Then the Jacobi group HSp(V, w) := Heis(V,w) % Sp(V,w) acts by o ((c, w, g),v) :=
w + gv on V and the corresponding derived action is given by o(z,w,x)(v) =
—w — Xw, so that

(id(z,w,m)w)v = _W(w + X, ) = —lyt+XoW.

Therefore this action is Hamiltonian with equivariant momentum map
1
O:H — hsp(V,w), ®(v)(c,w, A) = —c —w(w,v) — §w(Av,v)
(cf. [60, Proposition A.IV.15], where we use a different sign convention).

Lemma 6.4. The convex cone

W;;p(vw) ={(c,v,A) € hsp(V,w): (Vv € V)e+ w(x,v) + Ha(v) > 0, Hg > 0}

is open and invariant in the Banach-Lie algebra hsp(V,w). It is contained in the
larger open invariant cone

Whsp(vw) == {(c,v, A) € hsp(V,w): Ha > 0}.

‘o Tt
Proof. It is clear that W := Wbsp(\/,w)

show that it is open. If f(v) = ¢+ w(z,v) + $w(Av,v) is such that H, is strictly
positive, then df(v) = i,w + i4.w, which vanishes if and only if v = —A~1z. It

is an invariant convex cone. It remains to

follows in particular, that each such function has a unique minimal value which is
given by

f(=A™12) =c—w(x, A 2) + %w(x,A’lx) =c— %w(x,Ailx).

Therefore the condition f > 0 is equivalent to ¢ > %w(w,A‘lx), showing that W
is indeed open in hsp(V,w). O
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From now on we assume that H is a complex Hilbert space, V' = Hp is the
underlying real Banach space, and w(v,w) := Im{v,w) is the corresponding sym-
plectic form. Then Iv = iv is a complex structure on Hgr leaving w invariant. It
satisfies

w(Iv,v) = Im(iv,v) = ||v||% (13)
Formalizing this property leads to:

Definition 6.5. We call a real linear complex structure J: H — H w-positive if
w(Jv,w) is symmetric and positive definite and write Z,, for the set of w-positive
complex structures on H.

The following lemma is well known for the finite dimensional case, but it carries
over to infinite dimensional Hilbert spaces. It implies in particular that Z,, = Oy is
an adjoint orbit of the Lie algebra sp(H).

Lemma 6.6. The following assertions hold:

(i) Sp(H) Nsp(H) = {9 € GL(Hg):Ig"I = —g~! = g} is the set of complex
structures J on H for which w(Jv,w) is symmetric.

(ii) Z, = Ie? forp:={w €sp(H): [x = —2l} = {x € sp(H): 2" = x}.

(iii) The conjugation action of Sp(H) on I, leads to a diffeomorphism I, =
Sp(H)/U(H).

(iv) If A € sp(H) is such that Hy > 0, then there exists a unique w-positive
complex structure J on H commuting with A.

(v) T2 i= Ad(Spyea(H)] = {J € Tus || — J]ls < 00} = T (1 spyen (H).

Proof. (i) That w(Jv,w) is symmetric is equivalent to J € sp(H), and as J ! =
—J characterizes complex structures, (i) follows.

(ii) We have seen in (13) that I is w-positive. Let J be another w-positive
complex structure. Writing J = ue® according to the polar decomposition of Sp(H)
with u € U(H) and « € p ([63, Theorem 1.6(iv)]), we see that J? = —1 is equivalent
to u? = —1 (u is a complex structure) and uz = —ru (z is antilinear with respect
to w). If this is the case, then

2 2

w(Jv,v) = w(ue®v,v) = wle " ?ue® v, v) = w(ue® v, e/ v)

shows that J is w-positive if and only if w has this property. Since u is complex
linear, H decomposes into +i-eigenspaces H of w. Then w(uv, v) is positive definite
on Hy and negative definite on H_, so that the w-positivity implies u = I. This
proves (ii).

(iii) For g = ue® € Sp(H), the relation g='Ig = e %Ie* = Ie** shows that
Sp(H) acts transitively on Z,,. As U(H) is the stabilizer of I, (iii) follows from the
smoothness of the map J = Ie® — 2 = $log(J " J).
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(iv) Let (v,w)4 := w(Av,w) denote the real Hilbert structure on H defined by
A. Then

w(z,y) = w(A(A 2),y) = (A7 z,y)a

implies that A™! is skew-symmetric with respect to (-,-), and the same holds for
A itself. Therefore —A? > 0 and J := (—A2?)"'/24 is a complex structure leaving
(+,+)a invariant (cf. [1, Theorem 3.1.19]). Then

w(Jv,v) = w((—A%) "2 Av,v) = ((—A%)720,0) 4

is positive definite, so that J is w-positive.

If J’ is another w-positive complex structure commuting with A, then the con-
struction of J shows that it also commutes with J. Therefore JJ’ is an involution
and since J and J’ are w-positive, the —1-eigenspace of this involution is trivial,
which leads to J' = J.

(v) From the polar decomposition

SPres(H) = U(H) exp(pz)  with py := p N sp,eo(H) = {z € p:[|z]l2 < oo}

we derive that I} = IeP2. For the entire function F(z) := 52;1, we then have

Ie® — I = IF(z)z.

Since F'(x) is invertible for the real symmetric operator by the Spectral Mapping
Theorem, it follows that Ie® —1I is Hilbert—Schmidt if and only if x has this property.
For J = Ie® we also observe that

[[,J]=—e" —Ie"T=e"—¢e" =e “(1 —e*) = —e "F(22)2x,
so that [I, J] is Hilbert—Schmidt if and only if z is. This leads to Z'™® = Z,,Nsp . (H).
O

The following theorem is a useful tool when dealing with invariant cones in
symplectic Lie algebras.

Theorem 6.7. For the canonical open invariant cones in sp(H), $p,..(H) and
hsp(H) we have the following conjugacy results:

(1) Wepry = Ad(Sp(H))Cuery and Cyrgy = Weprg) N u(H).
(il) Wep,.. (1) = Wep(rt) N 5Pres(H) = Ad(Spres(H)) Cur)-
(iii) Wysp(ry = Ad(HSp(H))(R x {0} x Cyepy) for the corresponding Lie group
HSp(H) = Heis(H) x Sp(H).
(V) Whsp,. (1) = Waspr) N B8Pres(H) = Ad(HSp,o(H))(R x {0} x Cuz)) for
HSp, o (H) := Heis(H) X Sp,es(H)-

Proof. (i) If A € sp(H) is complex linear, then A* = —A, so that w(Av,v) =
Im(Av,v) = (—iAv,v). Therefore A € Wy, is equivalent to id < 0, ie.
Wapr) Nu(H) = Cuoy-
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For A € Wy ) we find with Lemma 6.6(iv) a J € Z,, commuting with A. For
any g € Sp(H) with J = Ad(g)I, whose existence follows from Lemma 6.6(iii), we
conclude that Ad(g) " A commutes with I, hence is contained in Wey(2) Nu(H) =
Cu(w)- This proves (i).

(ii) In view of Lemma 6.6(v), it suffices to show that for any A € W, (3 the
corresponding w-positive complex structure J = (—A2?)~/2 A4 from Lemma 6.6(iv)
is contained in Z'*, i.e. [I,J] is Hilbert-Schmidt. Since A? commutes with I, we
have [I,J] = (—A?)~Y/2[I, A], so that the invertibility of (—A?)~/2 implies that
A € sp,..(H) is equivalent to J € sp,..(H).

(iii) As we have seen in the proof of Lemma 6.4 above, for each element
(c,2,A) € Wygp(n), the Hamiltonian function f(v) = ¢ + w(z,v) + Ha(v) has
a unique minimum in —A~'z. Since the adjoint action of the Heisenberg group
Heis(H) € HSp(H) corresponds to a translation action on H, each adjoint orbit
Ox in Wygp(v,w) contains an element ¥ whose corresponding Hamiltonian function
is minimal in 0, so that Y € R x {0} x sp(H). In view of (i), each orbit in Wy, (vw)
meets the subalgebra R x {0} x u(H), and this proves (iii).

(iv) follows by combining the argument under (iii) with the proof of (ii). m|

6.3. Invariant Lorentzian cones

If (g, ) is a Lorentzian Lie algebra, i.e. 3 is an invariant Lorentzian form (which is
negative definite on a closed hyperplane), then each half of the open double cone
{z € g: B(x,z) > 0} is an open invariant cone in g.

Example 6.8. A particularly important example is g = sly(R) with S(z,y) =
—tr(zy). Indeed, the basis

o)) =)

is orthogonal with
B(xh + yu + zt,xh + yu + 2t) = =222 + 2% — 222

For g = sl3(R), the adjoint group coincides with the identity component SO(g, 5)o =
SO1,2(R)g, which implies that the adjoint and coadjoint orbits are the connected
components of the level surfaces of the associated quadratic form, and the 0-level
surface of isotropic vectors decomposes into the 0-orbit and two isotropic orbits
lying in the boundary of the double cone. This description of the adjoint orbits
implies in particular that there are precisely two nontrivial open invariant cones,
namely the connected components of the set {z: 3(z,z) > 0}.

Remark 6.9. Other examples of Lorentzian Lie algebras arise as double extensions
from Lie algebras g”, endowed with an invariant scalar product x°: If D € der(g?, k")
is a continuous skew-symmetric derivation, then g := R x g x R is a Lie algebra
with respect to the bracket

[(z,,1), (2,2, t)] = (k*(Dx,2'),tDz’ —t'Dx + [z, 2'],0)
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and the continuous symmetric bilinear form
(2,2, 1), (2,2 1)) o= 2t + 2"t + £ (2, 2),

is easily seen to be invariant. The pair (g, x) is called a double extension of (g°, k°)
(cf. [54]).

Example 6.10. (a) If £ is a compact Lie algebra and g° := C°°(S',¢) is the
corresponding loop algebra, then we identify its elements with 2w-periodic functions
on R. With an invariant scalar product x¢ on £, we obtain the invariant scalar
product

27
KO(E,n) = / e €(1), (1)) dt

on g%, and the derivation D¢ := ¢ is skew-symmetric. The corresponding double
extension produces the (unitary forms) of the untwisted affine Kac-Moody Lie
algebras.

(b) If g¥ := uy(H) is the Lie algebra of skew-hermitian Hilbert—Schmidt oper-
ators on the Hilbert space H and A = —A* € u(H), then x°(x,y) := tr(zy*) =
—tr(zy) is an invariant scalar product on g° and one obtains a double extension
for the derivation D(z) := [A,z]. It is nontrivial if and only if A ¢ Ril + us(H)
(cf. [63]).

Problem 6.11. Classify infinite dimensional Lorentzian Lie algebras g which are
complete in the sense that for © € g with B(x,x) > 0 the orthogonal space is a
Hilbert space with respect to —3. The construction in Erxample 6.10(b) produces
interesting examples.

Finite dimensional indecomposable Lorentzian Lie algebras have been classified
by Hilgert and Hofmann in [35]. The simple result is that an indecomposable finite
dimensional Lorentzian Lie algebra is either sl (R), endowed with the negative of
its Cartan—Killing form, or a double extension of an Abelian Lie algebra, defined
by an invertible skew-symmetric derivation D ([36, Theorem I1.6.14]).

6.4. Invariant cones of vector fields

Example 6.12. Let g = V(S') = C*°(S)dy be the Lie algebra of smooth vector
fields on the circle S' = R/Z, where 0y := % denotes the generator of the right
rotations. Then

WV(SI) = {faei f> 0}
is an open invariant cone (cf. Sec. 7).
Example 6.13. The preceding example has a natural higher dimensional general-

ization. Let (M, g) be a compact Lorentzian manifold possessing a timelike vector
field T', i.e. gm(T'(m),T'(m)) > 0 for every m € M. Then

W ={XeVM):(VmeM)g(X,X)>09X,T)> 0}
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is an open convex cone in the Fréchet space V(M) and its intersection with the
subalgebra conf(M,g) of conformal vector fields is an open invariant cone. For
M = S! all vector fields are conformal and we thus obtain Example 6.12.

6.5. Invariant cones and symmetric Hilbert domains

Example 6.14. (a) We recall from Example 3.2(g) the concept of a symmetric
Hilbert domain and write G' := Aut(D), for the identity component of its automor-
phism group. We assume w.l.o.g. that D is the open unit ball of a complex Banach
space V' (cf. [42,43]). Let K = GNGL(V') be the subgroup of linear automorphisms
of D, i.e. the group of complex linear isometries of V and let ¢ = L(K) be its Lie
algebra. Then

We = {x € & e < 1}
is a pointed open convex cone in the subalgebra €, and
W= Ad(G)W;

is a pointed open invariant convex cone in g (cf. [61, Theorem V.9], and [105,
Theorem 5] for the finite dimensional case). By definition, this open cone has the
interesting property that every orbit in W meets €.

(b) Because they will also show up in the following, we take a closer look at
some characteristic examples. In Examples 3.2(g), we have seen that the group

G = Uyes(H4+, H_) acts naturally on the circular symmetric Hilbert domain D :=
{z € Ba(H+,H_):||z|| < 1}. Here the stabilizer of 0 is

K :=U(H_) x U(H,),

which acts by (a,d)z = azd~!. From the Hilbert space isomorphism Bo(H., H_)
H-@Hj, one now derives with

>~

e~ @ e || = [|e"~ [[[le™***|| = sup Spec(iz ) + sup Spec(—iz+.)
= sup Spec(iz_) — inf Spec(iz )
that
We={(x_,xy) €t =2u(H_) x u(H4): supSpec(iz_) < inf Spec(iz)},

and W = Ad(G)W¢ is the corresponding open invariant cone in g = u(Hy, H_).
Since the action of G on D is not faithful, this cone has a nontrivial edge H(W') =
Ri1l = L(T1).

(c) For Hy = H_ = H and the subgroup G = Sp,es(H) € Uyes(H4, H_), we
have K = U(H), corresponding to the pairs of the form (a,a™ ") € U(H) x U(H),
and, accordingly,

We = {{L‘ € U(H) 1 <K 0} = Cu(H)
(Examples 3.2(h) and 6.1). From Theorem 6.7(ii) it now follows that
W =Ad(G)We = Wy, (1) (14)
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6.6. A general lemma

The following lemma captures the spirit of some arguments in the previous con-
structions of invariant convex cones in Lie algebras in a quite natural way. F.i., it
applies to finite dimensional simple algebras as well as V(S).

Lemma 6.15. Suppose that the element d € g has the following properties:

(a) The interior Wiin of the invariant convex cone generated by Oq = Ad(G)d is
non-empty and different from g.

(b) There exists a continuous linear projection p:g — Rd which preserves every
open and closed convex subset.

(¢) There exists an element x € g for which p(Oy) is unbounded.

Then each non-empty open invariant cone W contains Wiin or —Wiin, and for
A € g the following are equivalent

(i) A€ gleg, i-e. Ox is semi-equicontinuous.

(ii) Oa(d) is bounded from below or above.
(i) A e Wr, U—Wr, .
Proof. If W C g is an open invariant cone, then p(W) C Rd contains an open half
line, so that (b) implies that W contains either d or —d. Accordingly, we then have
‘/Vmin g W or _‘/Vmin g w.

(iii) = (1): As Wiin is open, Wr. U —W7,
coadjoint orbits (Example 2.5(b)).

(i) = (ii): Let A € gl Since B(Oy)" is an open invariant cone, (a) implies that
it either contains d or —d, which is (ii).

(if) = (iii): Assume w.lo.g. that inf Oy(d) > —oo. We claim that Oy C W2, ,
which is equivalent to Oy (d) > 0.

To this end, we consider p € g’ defined by p(x) = p(x)d. Then —d & Whiin
and (b) imply that u € Wy, , so that u(O4) > 0. If u(Oy4) is bounded from
above, then £d € B(0,,), so that the invariance of the convex cone B(O,,) leads
to £Whin € B(O,,), and hence to g = B(O,,), contradicting (c¢). We conclude that
1(Oy) is unbounded. Applying (b) to the closed convex subset C' := conv(Oy,),
it follows that [1,00[-d C C, and hence that d € lim(C) (Lemma 2.9(iii)). As
lim(C) is an invariant cone, (a) entails Wi, C lim(C'). We finally conclude that
A € B(Oy) = B(C) Clim(C)* € Wy, (Lemma 2.9(vi)). m|

m

, consists of semi-equicontinuous

The preceding lemma applies in particular to finite dimensional simple non-
compact Lie algebras ([105]):

Proposition 6.16. For a finite dimensional simple non-compact Lie algebra g, the
following assertions hold:

(i) Every non-empty invariant convex subset C # {0} has interior points.
(ii) If g contains a proper open invariant convex cone, then there exist minimal
and maximal open invariant cones Wyin € Winax such that for any other open
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invariant cone W we either have
Wmin g W g Wmax or Wmin g _W g I/Vmax-

In this case the set of semi-equicontinuous coadjoint orbit in g’ coincides with

Wr)r:in U _Wr;in'
Proof. (i) If § # C # {0} is invariant and convex, then span(C) is a nonzero
ideal of g, hence equal to g. If the affine subspace generated by C' is proper, then
its translation space is a hyperplane ideal of g, contradicting the simplicity of
g. Therefore C' generates g as an affine space, hence has interior points because
dim g < oo and C' contains a simplex of maximal dimension.

(ii) Let g = €@ p be a Cartan decomposition of g and 3 := 3(£) be the center of ¢.
Then the existence of invariant cones implies that 3 = 34(¢) = Rd is one-dimensional
([105]). Therefore we have a fixed point projection p;:g — 3 with respect to the

adt and this projection preserves all open and

action of the compact subgroup e
closed invariant convex subsets (Proposition 2.11(a)). If p; (O, ) is bounded for every
x € g, then p;, considered as a linear functional on g, has a bounded orbit. As g is
simple, this implies that all coadjoint orbits are bounded, and this contradicts the
non-compactness of g. Therefore (a)—(c) in Lemma 6.15 are satisfied, which implies
that the set of semi-equicontinuous coadjoint orbits is W, U —-W* O

min min*

7. Connections to C*-Algebras

In this section we discuss two aspects of semibounded representation theory in the
context of C*-algebras. The first one concerns the momentum sets of restrictions
of representations of a unital C*-algebra A to its unitary group U(A), and the sec-
ond one concerns covariant representations for C*-dynamical systems defined by a
Banach-Lie group H acting on a C*-algebra A. Using the results from Appendix A,
it follows that covariant representations lead to smooth unitary representations of
the Lie group U(A>) x H, so that spectral conditions for covariant representa-
tions can be interpreted in terms of semibounded representations and the theory of
invariant cones in Lie algebras becomes available.

In this subsection A denotes a unital C*-algebra and U(A) its unitary group,
considered as a Banach-Lie group (Example 3.2(a)). We identify the state space

S(A) = {p e At p(1) = [l¢l| = 1} C {p € A p(u(A)) C iR}

of A with a subset of u(A)’ by mapping ¢ € S(A) to the real-valued functional
—iplyay € u(A)" (cf. [60, Sec. X.5] for more details).

7.1. Representations of the unitary group

If (m,’H) is a unitary representation of U(A) obtained by restricting an algebra
representation, then its momentum set is simply given by

Ir = {p € S(A): pkerm) = {0}} = S(A) N (ker m)t = S(7(A))
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(cf. [60, Theorem X.5.13]). In particular, the momentum set is completely deter-
mined by the kernel of the representation 7, resp., the C*-algebra m(A). This is
why representations with the same kernel are called physically equivalent in alge-
braic Quantum Field Theory ([31]).

In [20, Theorem 9.1] one finds a characterization of the separable C*-algebras A
of type I as those for which irreducible representations are determined by their ker-
nels, hence by their momentum sets. More generally, postliminal C*-algebras have
this property ([20, Theorem 4.3.7]). We conclude in particular that the existence
of separable C*-algebras A which is not of type I implies the existence of non-
equivalent irreducible representations (w1, H;1) and (w2, Ha) with ker mp = kerma,
and hence with I;, = I;,. We thus observe:

Theorem 7.1. Bounded irreducible unitary representations of Banach—Lie groups
are in general not determined up to equivalence by their momentum sets.

Proposition 7.2. (Momentum sets of irreducible representations) For irreducible
representations (w, H) of a C*-algebra A, the following assertions hold:

(i) U(A) acts transitively on P(H), so that O := im(P,) is a single coadjoint
orbit with I, = conv(Oy).
(i1) Or consists of pure states i.e. O C Ext(S(A)).
(iii) Two irreducible representations m and 7o are equivalent if and only if

O, = On,.

Proof. (i) [20, Theorem 2.8.3]

(ii) [20, Proposition 2.5.4]

(iii) (cf. [20, Corollary 2.8.6]) From the naturality of the momentum map it
follows that equivalent representations have the same orbits. The converse follows
from the fact that an irreducible representation can be recovered from any of its
pure states ¢ by the GNS construction, and states in the same U(.A)-orbit lead to
equivalent representations. O

In [8] these results are generalized to irreducible representations of U(A) occur-
ring in tensor products of algebra representations and their duals.

Examples 7.3. (a) If 7 is the identical representation of the C*-algebra A = B(H)
on H, then the corresponding momentum map is given by

= —itr(zh,),

where P, (w) = %v is the orthogonal projection onto [v]. Clearly, this representa-
tion is faithful and irreducible, so that I, = S(A). On the other hand, O = im(®,)
can be identified with the set of rank-one projections, as elements of the dual space
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A’. With the trace pairing, we can embed the subspace Herm;(H) of hermitian
trace class operators in to the dual A’. Then

Herm; (H) N S(A) = {S € Herm;(H): S > 0,tr S =1},
and the Spectral Theorem for compact hermitian operators implies that
Ext(S(A)) NHerm; (H) = ¢, (P(H))

is a single coadjoint orbit. However, since the Calkin algebra A/K (H) is nontrivial
if dimH = oo, A also has pure states vanishing on the ideal K(H) of compact
operators and U(H) does not act transitively on Ext(S(.A)).

(b) For the natural representation of G = U(H) on the symmetric powers S™(H),
the elements [v"], 0 # v € H, form a single G-orbit on which the complex group
GL(H) = A* acts holomorphically (Proposition 7.2(i)). Since

Pgn(my([v"]) = n®r([v]) for 0#ve™H,
it thus follows from Example 5.12 that
Isn(ﬂ.) =nl,. (15)

For a generalization to more general subrepresentations of H®", we refer to [8].

7.2. C*-dynamical systems

Definition 7.4. Let G be a topological group and A a C*-algebra. A C*-dynamical
system is a triple (A, G, «), where a:G — Aut(A),g — g, is a homomorphism
defining a continuous action of G on A.

Theorem 7.5. ([71]) If G is a Banach-Lie group and (A,G,«a) a C*-dynamical
system, then the space A> of smooth vectors is a Fréchet algebra with respect to
the locally convex topology defined by the seminorms

pn(a) == sup{||da(xy) - - - da(zy)all: z; € g, ||z:]] <1}, n € Ny,

and the action of G on A> is smooth. If, in addition, A is unital, then A> is a

continuous inverse algebra.

Now let (A, H,«) be a C*-dynamical system, where H is a Banach—Lie group
and A is a unital C*-algebra. Then U(A°) carries a natural Fréchet—Lie group
structure (cf. Example 3.2(a)), and we can form the semidirect product Lie
group G := U(A>®) x H.

For the proof of the following theorem, we record a general observation on
invariant cones.

Lemma 7.6. If W C g is an open invariant convex cone, then we have for each
element x € g satisfying (ad z)?> = 0 the relation [z,g] C H(W). In particular, x is
central if W is pointed.
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Proof. Let w € W. Then, for each t € R, we have w + Rz, w] = e®2d%yw C W, so
that [z,w] € H(W) (Lemma 2.9). Now g = W — W leads to [z,g] C H(W). If, in
addition, W is pointed, this implies that [z, g] = {0}, i.e. = € 3(g). O

Theorem 7.7. Let (7, p, H) be a covariant representation of (A, H,«), i.e. w is a
non-degenerate representation of A on H and p is a unitary representation of H
satisfying

m(agA) = p(g)m(A)p(g)~" for Ae A ge H.
Then the following assertions hold:

(i) The corresponding representation 7(a,h) := w(a)p(h) of G = U(A®) x H is
smooth if and only if p has this property.
(il) Wz = u(A®) x W, and 7 is semibounded if and only if p has this property if
and only if Cz # 0.
(iii) If A is commutative and 7T is semibounded, then the identity component Hy of
H acts trivially on w(A).

Proof. (i) For every H-smooth vector v € H, the smoothness of the map
U(A) x H — H,(a,g) — m(a)p(g)v follows from the smoothness of the action of
the Banach-Lie group U(A) on H. Since the inclusion U(A>) — U(A) is smooth,
it follows that every H-smooth vector is smooth for G, so that the corresponding
unitary representation m: G — U(H), (a, g) — m(a)p(g) of G is smooth whenever p
has this property.

(ii) Clearly i1 = dn(i1) € d7(g), so that 7 is semibounded if and only if C # 0
(Proposition 4.7). Since A acts by bounded operators, we have u(A*) C H(Wz),
and thus

Wz = u(A>) x (WznNh) =u(A>) x W,.

Therefore 7 is semibounded if and only if p is semibounded.

(iii) As u(A*) is an Abelian ideal of g, Lemma 7.6 implies that [u(.A>), ] C
H(C) = kerdm, i.e. that Hy acts trivially on the C*-algebra m(.A). O
Remark 7.8. A closely related fact is well known in the context of C*-dynamical
systems with the group H = R%. To explain the connection, let C C b’ be a
closed convex cone. Then we say that (m,p, H) satisfies the C-spectrum condi-
tion if —idp(x) > 0 for x € C*, i.e. I, C C. If C* has interior points, we have
just seen that the C-spectrum condition implies that 7 is semibounded, and if 7
is faithful and A is commutative, this can only happen if H acts trivially on A
(cf. [10, Theorem IV.6.2]). To obtain nontrivial situations, one has to consider non-
commutative algebras. Typical examples arise for any semibounded representation
(p,’H) of H for A:= K(H) (compact operators on ‘H) and ay(A4) := p(g)Ap(g) .
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Example 7.9. (a) If (p, H) is a smooth representation of G, then the corresponding
action of G on K(H) defined by a4(A) := p(9)Ap(g)~" also has a dense space
K(H)> of smooth vectors because for every pair (v,w) of smooth vectors the
corresponding rank-one operator P, ,,, defined by P, ., (z) := (z, w)v satisfies

g Py w = Pp(gyv,p(g)w

which easily implies that its orbit map is smooth.

(b) If H is a complex Hilbert space and A := CAR(H), then the canonical
action of the orthogonal group O(H) (of the underlying real Hilbert space) on A is
continuous and the subalgebra A% of smooth vectors is dense because it contains
a(H) and hence the x-subalgebra generated by this subset (cf. Sec. 10).

(¢) To find a similar situation for the CCR, is not so obvious because the Weyl
algebra CCR(H), i.e. the C*-algebra defined by the generators W(f), f € H, and
the Weyl relations

W(f)* =W(=f), W(HW(h)=e™ MW (f+h)

is a very singular object. The map W:H — CCR(H) is discontinuous, even on
every ray in ‘H ([14, Theorem 5.2.8]). Since the action of the symplectic group
Sp(H) preserves these relations, it acts by ay(W(f)) = W(gf) on CCR(H), but
this action is highly discontinuous (cf. Sec. 9).

It seems that one possible way out of this dilemma is to find suitable C*-algebras
consisting of operators with a more regular behavior than CCR(H). For interest-
ing recent results in this direction we refer to Georgescu’s work [23]. Another step
in this direction is the construction of a C*-algebra A for each countably dimen-
sional symplectic space whose representations correspond to those representations
of the corresponding Weyl relations which are continuous on each one-parameter

group ([29]).

8. The Virasoro Algebra and Vector Fields on S!

In this section we discuss invariant cones in the Lie algebra V(S!) of smooth vector
fields on the circle and its (up to isomorphy unique) nontrivial central extension
vir, the Virasoro algebra. For V(S') we show that, up to sign, there is only one
open invariant convex cone given by vector fields of the form f % with f > 0.
As is well known on the Lie algebra level, all unitary highest weight representa-
tions of V(S!), resp., the subalgebra of vector fields for which f is a finite Fourier
polynomial, are trivial. On the group level we show the closely related result that
all semibounded unitary representations of Diff (S') are trivial. This is the main
reason for the Virasoro algebra and the corresponding simply connected group
Vir playing a more important role in mathematical physics than Diff(S'), itself
(cf. [88,56,77]). For vit we prove a convexity theorem for adjoint and coadjoint
orbits which provides complete information on invariant cones and permits us to
determine the momentum sets of the unitary highest weight representations of Vir
and to show that they are semibounded.
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8.1. The invariant cones in V(S!)

We consider S' as the quotient R/277Z and identify smooth functions on S! with the
corresponding 27-periodic smooth functions on R, where the coordinate is denoted
by 6. Accordingly 0y := % is the vector field generating the rigid rotations of
S'. We write G := Diff(Sl)ip for the group of orientation preserving diffeomor-
phisms endowed with the group structure defined by ¢ - ¢ := 1 o ¢, so that
g = V(St) = C>°(S1)9y is its Lie algebra (cf. Examples 3.2(e)). We represent orien-
tation preserving diffeomorphisms of S' by smooth functions ¢: R — R satisfying
0(0 +271) = p(0) + 27 for € R and ¢’ > 0.

In the following it will be convenient to consider the spaces
Fo(SY) :=C>(SH(dh)*, seR,

of s-densities on S. Here (df)* denotes the canonical section of the s-density bundle
of S! and G acts on F,(S') by pullbacks

" (u(dh)®) = (uo @) (p"d)” = (uo p)(¢')*(db)". (16)

The corresponding derived action of the Lie algebra V(S!) is given by the Lie
derivative

Lo, (u(d)”) = (fu' + s f'u)(df)". (17)

The space F; is the space of 1-forms and F_; = V(S!) is the space of vector fields
on which (16) describes the adjoint action. We have equivariant multiplication maps
Fs X Fy — Fsit, and an invariant integration map
2
I:F =R, fdd— f(0)do,
0

which leads to an invariant pairing F_; X F» — R, and hence to an equivariant
embedding

Fo= V(S =4

Its image is called the smooth dual of g. Identifying it with Fs, the coadjoint action
of G on ¢ corresponds to the natural action on Fs.
In view of (16), the adjoint action clearly preserves the open cone

Wv(gl) = {fagl f > O,f S COO(Sl)}

of all vector fields corresponding to positive functions. Since every positive function
f with fozﬂ fdf = 2m arises as ¢ for some ¢ € G, each G-orbit in Wy, g1y intersects
the (maximal) Abelian subalgebra t := Rdy. We also have a projection map

2

pea—t fogm 5o [ a0 = | Adl)(s00) dur (o).
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where T := exp(t) 2 T is the group of rigid rotations and pp the normalized Haar
measure on 7.

The following lemma provides some fine information on the convex geometry of
adjoint orbits in WV(Sl).
Lemma 8.1. The function x:Wysy — R, f0y — x(f) := Lfo%%de has the

27
following properties:

(i) It is smooth, G-invariant and strictly conver.

(ii) If the sequence (fn) in Wy sty converges to f € OWy sy, then x(fn) — oc.
(iii) x(f +9) < x(f) for f,g € Wy ).
(iv) For each ¢ > 0, the set I. := {x € Wy g): x(2) < 1} is an invariant closed
conver subset of g with lim(1.) = Wy s1). Its boundary is a single orbit

Oco, =01, = EXt(Ic) = {f S WV(SI)ZX(f) = 1}

Cc

which coincides with its set of extreme points and satisfies I, = conv(O.p, ).
(v) pe(Oca,) = pi(le) = [c,00[-0g and the only inverse image of the “minimal
value” cOy is the element cOy itself.

Proof. (i) The G-invariance of x follows immediately from the Substitution Rule.
The function y is convex because inversion is a convex function on R} and integrals
of convex functions are convex. It is smooth because on Wy,1) pointwise inversion
is a smooth operation (since C°°(S!,R) is a real continuous inverse algebra; [24]),
and integration is a continuous linear functional.

To verify that x is strictly convex, we observe that

27 27 1.2
) = 5= [ aad @G0 -1 [ &
which is positive definite for each f > 0.

(ii) Now we turn to the boundary behavior of x. Suppose that the sequence
(fn) in Wy g1y tends to a boundary point f € 0Wys1y. Then f(6y) = 0 for some
0o € [0,27[, and f > 0 implies that we also have f/(6y) = 0, hence f(0) < C(0—6p)>
in a compact d-neighborhood U of 6. Given ¢ > 0, we eventually have f, <
2C(0 — 6p)? + € on U (here we use C?-convergence), and therefore

2 ) > ——do > — df
) 2 /90_5 ROLEY e

Since fj 5 9% df = oo, the Monotone Convergence Theorem implies that

do, (18)

g 1
hm | segre =

and therefore that x(f,) — oco. It also follows that f027r % df = oo.

(iii) If f, g € Wy(st), then ﬁ < % implies the assertion.
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(iv) From (ii) we derive that I, is closed in g. Its invariance follows from the
invariance of x and its convexity from the convexity of x. The boundary of I is
a level set of x, and since every orbit in Wy,g1) meets R, 9p in a unique point
and X'M o, 1S injective, it follows that dI. = Ocg,. The fact that x is strictly
convex further implies that 01, C Ext(/.), and since the converse inclusion is trivial,
equality follows.

From (iii) we derive that Wy g1y C lim(/.), so that the closedness of lim(/.)
(Lemma 2.9(i)) implies that Wy g1y C lim(/.). Now equality follows from lim(I.) C
lim(Wy 1)) = Wy sty (Lemma 2.9(ii)).

To see that I. coincides with the closed convex hull D := conv(O.g, ), we first
observe that we trivially have D C I.. Next we note that dy is contained in the
3-dimensional subalgebra

s := span{1, cos(f),sin(0) }9p = sly(R)

corresponding to the action of SLy(R) on P;(R) = S'. In s the element 0y corre-
sponds to the matrix
" 0 1
- \-1 0)’

so that Example 6.8 implies that the corresponding group S := (exps) = PSLy(R)
satisfies p(Ad(S)dy) = [1,00[-0p (cf. Example 6.12) and from that we derive in
particular that

¢, 00[-:0p € pe(Ocay) € D, (19)

so that I, = Ad(G)([c, 00[-0p) leads to I. C D.

(v) We have already seen in (18) above that (Ohx)(c) = — 5 0% hdf, so that
py H(cp) is a tangent hyperplane of the strictly convex set I.. This implies that cdp
is the unique minimum of the linear functional —dx(c¢) on I. and hence that
pfl(cﬁg) NI.={coy}.

We also conclude that p¢(1.) C [c, 00[-0p, so that (v) follows from (19). O

Remark 8.2. The topological dual V(S')" of V(S') = C*°(S1)dyp naturally identi-
fies with the space of distributions on S'. Then each \ € Wg(gl) is a distribution
satisfying A(f) > 0 for f > 0, and this implies that A\ extends continuously from
C>°(S') to the Banach space C(S') and thus defines a (finite) positive Radon mea-
sure on St (cf. [87, Chap. I, Sec. 4, Theorem V]). This shows that the functionals
in W{;(Sl) satisfy a strong regularity condition.

Theorem 8.3. (Classification of open invariant cones in V(S')) The two open cones
+Wy sty are the only non-empty proper open invariant cones in V(SY).

Proof. Let C' C V(S') be a non-empty open invariant cone. Then C'is in particular
invariant under the adjoint action of the rotation group 7" = T, generated by the
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vector field d := 0y. Averaging over T, we see that either d or —d is contained in C'
(Proposition 2.11), which leads to Wy g1y € C or =Wy g1y C C.

Let us assume that Wy,s1y € C. Now we apply the same argument to the dual
cone C* C Wyq1 (Proposition 2.11(b)). If C'is proper, then C* contains a nonzero
functional A\, and then d € C leads to A(d) > 0. Averaging over T now leads to a
T-invariant functional A* € C* C Wy g, satisfying A*(d) = A(d) > 0. We conclude
that A\* is a positive multiple of the invariant measure p = dff on S' = R/277Z
(Remark 8.2), which corresponds to the constant function 1 € F», so that

Ad*(p)p = (¢')*p

follows from (16). For any fdy € C' we now find fo% ¥(0)2£(0) df > 0 for each posi-

tive function ¢ with fo% ¥(0) df = 27 (these are precisely the functions occurring as
¢ for an orientation preserving diffeomorphism), and this implies the correspond-
ing relation for all non-negative functions ¢ with the integral 2. If f(6y) < 0, then
we may choose 1) supported by the set {f < 0} and obtain a contradiction. This
proves that C' C Wy g1y and hence that C' = Wy,1) because Wy g1y = (WV(SI))O
(Lemma 2.8). |

Proposition 8.4. For A\ € V(S') the following are equivalent:

(i) Oy is semi-equicontinuous.
(ii) inf Ox(Jg) > —o0 or sup O (9y) < 0.

In particular, inf Ox(9y) > —oo implies Ox(0p) > 0.

Proof. We have to verify the assumptions of Lemma 6.15 for d := 0y. First,
Wy (s1y is the open convex cone generated by the orbit O4. Second, the projection
pi: g — Rd = t is the fixed point projection for the adjoint action of the circle group
T, hence preserves open and closed convex subsets (Proposition 2.11). Finally, we
recall from Lemma 8.1(v) that p(O4) = [1,00[d is unbounded. Now the assertion
follows from Lemma 6.15. |

Theorem 8.5. The quotient M := G/T of the group G = Diff(S*)y by the sub-
group T of rigid rotations carries the structure of a complex Fréchet manifold on
which G acts smoothly by holomorphic maps. Here the tangent space T,,(G/T) in
the base point xo = 1T is canonically identified with gc/p, where

p=1f0peC(S",Cp: f =D ane™, a, €C

n<0

For each element x € Wy 1), the flow on M defined by (t,gT') — exp(tx)gT extends
to a smooth flow on the upper half plane C which is holomorphic on (CS)_ X M.
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Proof. The complex structure on M has been discovered by Kirillov and Yuriev
(cf. [44,46,78]; see in particular [50] for rigorous arguments concerning the com-
plex Fréchet manifold structure). Complex structures always come in pairs, and
we therefore write M for the same smooth manifold, endowed with the opposite
complex structure.

According to [46], the complex manifold structure on M can be obtained by iden-
tifying it with the space Ficg of normalized regular univalent functions f:D — C,
where D is the open unit disc in C. These are the injective holomorphic maps
f:D — C extending smoothly to the closure of D and satisfying f(0) = 0 and
17(0) =1 (cf. [30, Sec. 6.5.6] for a detailed discussion). Here the complex structure
is determined by its action on Ty (G/T) = Tiap (Freg) = g/t

I[(e™ + e~ ™ 9g] = [(—ie™ +ie~"?)Dp] for n > 0.

Since each x € Wy, 1) is conjugate to a multiple of 0, it suffices to assume that
x = O is the generator of the rigid rotations of S'. In this case the action of the
one-parameter group T’ = expg(Rz) on Freq is given explicitly by

Rof=RaofoR_,, where Ryz=¢%z,a€R

(cf. [30, Proposition 6.5.14]). If Ima < 0, then |e~**| < 1, so that R,(D) C D
implies that R, f can still be defined as above, is continuous on C_ := —C4 and
depends holomorphically on « for Im o < 0. This implies the holomorphic extension
to C_ for the complex manifold M. For the manifold M we therefore obtain an
extension to C. O

The holomorphic extension of actions of one-parameter groups on G/T can
be carried much further. As shown by Neretin in [73], one even has a “complex
semigroup” containing G in its boundary which acts on G/T.

Below we shall use the preceding theorem to identify the momentum sets for
the unitary highest weight representations of virc.

Definition 8.6. For the following we recall some algebraic aspects of V(S'). In the
complexification V(S!)¢, we consider the elements

dy =18y, nez, (20)
satisfying the commutation relations
[dn, dm] = (0 — m)dnpm.

The standard involution on this Lie algebra is given by (f8)* = —fdp, so that
x* = —x describes the elements of V(S!). Note that d?, = d_,, and in particular
dfy = dp, so that dy = i0p is a hermitian element (cf. [41, p. 9]).

Theorem 8.7. All semibounded unitary representations of the group Diff (SY)y are
trivial.
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Proof. Let (m,H) be a semibounded unitary representation of G = Diff(S*)%.
Then W, # ), and in view of Theorem 8.3, we may w.l.o.g. assume that —0y €
~Wy sty € Wh, so that the spectrum of the image of dy := 0y € gc under the
derived representation is bounded from below. In view of expg(27midy) = 1, it is
contained in Z and Proposition 4.11 implies the existence of a smooth unit vector
v € H* which is an eigenvector for the minimal eigenvalue h of dy.

Now the relation [dy,d,] = —nd, implies that d,.v = 0 for each n > 0. For
n > 0 we then obtain

(d_pv,d_pv) = {d* ,d_pv,v) = (dpd_nv,v) = ([dn,d_p]v,v)
= 2n(dyv,v) = 2nh.

This implies in particular that h > 0 and that h = 0 implies d,v = 0 for each
n € Z. Now an easy direct calculation leads to

(d_onv,d_2,v) (d%,v,d_2,v)
(d_opv,d? vy (d*,v,d%, v)
([41, p. 90]; see also [26]). If h # 0, this expression is negative for sufficiently large
n, so that we must have h = 0. This means that g.v = {0}, and hence that v € H“
is a fixed vector (cf. [66, Remark I1.3.7]).

The preceding argument implies that each semibounded unitary representation
(m,’H) of G on a nonzero Hilbert space satisfies H® # {0}. Applying this to the
representation on the invariant subspace (H%)*, which is also semibounded, we
find that this space is trivial, and hence that H = H®, i.e. the representation is
trivial. O

0 < det ( ) = 4n3h*(8h — 5n)

Remark 8.8. A smooth unitary representation (7, H) of Diff(S!) is said to be a
positive energy representation if the operator —idm(9dp) has non-negative spectrum.
This means that dy € I;, so that Wy,1) C Iy leads to Wy(g1) € Cr, and therefore
is semibounded. Hence the preceding theorem implies in particular that all positive
energy representations of Diff(S!), are trivial.

Problem 8.9. It would be nice to have an analog of Theorem 8.7 for the universal
covering group G of G = Diff(S') ., which has the fundamental group m(G) = Z.
Then Oy generates a subgroup TCG isomorphic to R. Since this group is non-
compact, we cannot expect it to have eigenvectors, so that the argument in the proof
of Theorem 8.7 does not apply.

What we would need in this context is a suitable direct integral decomposition
with respect to the subgroup Z := Z(G) = Z. If (w, H) is a semibounded represen-
tation of G with (Z) C T1, i.e. 7 has a central character (which is a consequence
of Schur’s Lemma if 7 is irreducible), then Spec(dn(dp)) € A + Z for some A € R,
and the argument from above applies. This proves that all irreducible semibounded
representations of G are trivial.

We expect that a general semibounded representation of G has a direAct integral

decomposition H = | Z@ H, dp(x) with respect to some measure g on Z = T and
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that the semiboundedness of 7 implies that all representations 7, on the spaces H,
with central character y are semibounded, hence trivial, and this would imply that
all semibounded representations of G are trivial.

8.2. Invariant cones in the Virasoro algebra

In the analytic context, the Virasoro algebra is usually defined as the central exten-
sion vit = R @, V(S!) defined by the Gelfand—Fuchs cocycle

sar(gongn) = [ roan=3 [ g pigan= [T g e
In many situations, the cohomologous cocycle
w(100.90) = [ T £)9d0 = wor (00, 900) — & 02” fg = f'gdb
= war(f00,900) — N/, 9], (22)

with A\(fdy) = fo% fdo, turns out to be more convenient.

Remark 8.10. On the generators d,, = ie?9p € V(S)¢ from (20) we have

w(dp,d_p) = 2mi(n® —n). (23)
With the central element ¢ := (2474, 0) € i vir C vitg, we thus obtain the relation
3 _
[dus don] = (1= M)+ 80, - —C

if we identify d,, with the corresponding element (0,d,,) € vire ([41, p. 9]).
Since we shall need them in the following, we record some related formulas. First
we observe that

t:=Rc+Rd with ¢:= (1,0),d := (0,0p) (24)

is a maximal Abelian subalgebra of vir. The relation [dy, d,,] = —nd,, implies that
d, € virc is a root vector for the root v, € t¢ defined by

an(¢) =0 and ay(do) = —n.
In particular,
an([dn, d2)) = an([dn,d_n]) = 2nay,(do) = —2n* <0 for n # 0. (25)
We also observe that
(A, dp] = [d_pn,dn] = (W(d_pn,dp), —2ndy) = —i(2m(n® —n),2ndp)
= —2in(n(n® — 1), 0p). (26)

In view of the G-invariant pairing of the space F5 of 2-densities with vector
fields, the 1-cocycle g — ¢, x +— i w corresponds to the 1-cocycle

g—Fa, O (f" + f)(d0)*.
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To obtain a formula for the adjoint action of G = Diff(S*)?” on vir, we therefore
need a group cocycle G — Fy integrating this 1-cocycle (Remark 3.3).

Definition 8.11. The Schwarzian derivative
1o 3, I\2 m "y 2
assigns to ¢ € G a 2w-periodic smooth function. It satisfies the cocycle identity
S(p o) = (S(p)ov)- () + S(¥)
(cf. [78]), which means that it defines an Fp-valued 1-cocycle on G.
We easily derive that Tiq(S)(f) = f”, and therefore the modified Schwarzian

derivative

3(p) = S(9) + 5 (@2~ 1) = 5(0) + 9.5 — 5

is a cohomologous 1-cocycle with Tiq(S)(f) = f"" + f’ (cf. [88, Sec. 7]). Therefore
Remark 3.3 implies that the coadjoint action of G on the smooth dual R x Fy =
R x C°°(S) of vir is given by

Ad}(a,u) = (a, (uo @)(¢')* = aS()), (27)
whereas, in view of (16), the adjoint action on vit = R &, V(S!) 2 R x C>=(S!) is
given by

27
Mooy = (2= [ 80, (o) ().
We are especially interested in the adjoint action on the open convex cone

Winax = {(2, f) € vie: f > 0},

which is the inverse image of the positive invariant cone Wy g1y C V(S') under the
quotient map vit — V(S'), (z, f) — f. From the corresponding results for Wy s1),
we derive immediately that each orbit in Wy, intersects t.

0

Proposition 8.12. For each (z,f) € Wiax, the G-orbit of (z,f) meets t in a
unique element (B(z, f), a(z, f)), given by
df + = de —
/ x(f)

1
alz, f) = —= and [((z, :zz—/
& 5) x(f) & 5) 0 2f 2.Jo
For G = Diff(S')+ and T = exp(Rdy), the orbit map induces a diffeomorphism

F:G/TX (Wmaxmt) —>I/Vmax7 (QOT; (ﬁ,()l)) HAdtp(ﬁ7a)'

27 (f/)2 1 27 L

Proof. Let (z, f) € Wiax and assume that Ad,-1(z, f) = (B, a) € t, ie.

(8,0) = (z - OQN FS(@)do. (f - ') o @‘1> :
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Then ¢’ = & leads to ¢” = —ozjf—; and

1 f// f/2
o = ol +l = 0

=|Q

This leads to

¢ 2\¢ IE 22
M
T o2f2 f

= 0 the relation

?

so that we obtain with [[" f”d = f'(2x) — f'(0

27 - (
[ rsteyan - /0 ]

Next we use ¢’ = § to obtain

1 27 o 1 27 , 1 27

= flH=1)do = = ap' — fdf = — = fdo.

2 Jo 2 Jo 2 Jo
Combining all that, we get

27 2 27
(/) 1
ﬂzz—/ df + = / fdf —ra.
o 2f 0

We also obtain from ¢’ = % the relation x(f) = 27T 2” 1 7d0 = 2, sothat a = ﬁ

This proves the first assertion.
Since T fixes the subalgebra t pointwise, I is a well-defined smooth map. As a
manifold, we may identify G/T with the set

2
{QD/:QDEG}Z{hECOC(Sl):h>O7/ hd0:27r}.
0
As we have seen above, the inverse of I is given by

L7z, f) = (¢, (B(z, f), al2, ),

where ¢’ = % = T and this map is also smooth. Therefore I' is a diffeomor-

phism. O

The function 3 is rather complicated, but it can be analyzed to some extent
as follows. First we observe that for the probability measure p = % df Jensen’s
inequality and the convexity of the function % on the positive half line imply that

1 I 1
- Zdy = ==
f027rfd'u S/0 f :u X(f) Oé,

which implies that f02 " fdf > 2ma. Therefore the sign of 3(0, f) is not clear at all,
but we shall see below that 5(0, f) < 0.

Lemma 8.13. The function (8 is concave.
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Proof. To show that 3 is concave, we have to verify that 973 < 0 in each point of
Winax- Since 8 is Ad(G)-invariant and each orbit meets t, it suffices to verify this
at points (z, f), where f is constant, so that

«ﬁﬁxaf>=—f—{47lwﬁdo—waﬂx*»qy
Further,

O(x ") =—x20x and Gh(x7") =—x"2(0hx) +2x*(OX)?,

so that we obtain with x(f) = f~! (f is constant) and the formulas (18) in the
proof of Lemma 8.1 the relations

1

21 1 27
2 _ = 2
_W/o hdd and (8hx)(f)_ﬂf3/0 h2 do.

(Onx)(f) =

This leads further to
2 1 /2 o 2 3 1 o
- = h”df + 2 hdf
R0 =L [ iassor o ([ nas)

1 2 1 27 2
—_ _ 2 J—
_7rf< | hd9+27r</0 hd@)).

Putting everything together, we arrive at

2

2

27 27 27
f.(azﬁ)(z,f)z—/o o+ | h%@—%(/o hdo)

We thus obtain a rotation invariant quadratic form on C°°(S'), so that it is diagonal
with respect to Fourier expansion. Evaluating it in the basis functions cos(nf) and
sin(n#) immediately shows that it is negative semidefinite. m|

Theorem 8.14. (Convexity Theorem for adjoint orbits of vit) For each x €
Re+ R0y C t, we have
p(Oz) Cax+Cy  for Cp :=Ric+ Ry0p.
If x is not central, then we even have the equality
pe(conv(0,)) =z + C4.
Proof. By continuity of the projection py, it suffices to assume that = = (S, ap)
with a constant cg > 0, so that x € Wiax Nt. Then a(z) = ap and B(x) =

Bo. Further, p((O,) C conv(O,) (Proposition 2.11), so that the convexity of the
functions x = ! and —3 (Lemma 8.13) implies that for (3, &) € p(O.), we have

a>ap and (> f.

This means that p((Oz) C x + C.
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Now we assume that © = ¢+ adp with a > 0. In view of (25) in Remark 8.10,
Proposition C.3 implies that

pi(Oy) Do+ Ry, (2)[d, d,] =z + Ry, (—ix)i[d), dn)].
Further dy = i0p leads to au,(—iz) > 0, so that
pi(Or) 2z +RTi[d},d,], neN.
Next we recall from (26) that
ildY, dn) = 2n(m(n? —1),9) = 2n(n(n® — 1)c + d).

For n = 1 we obtain 2(0,0p), and for n — oo we have positive multiples of

(1, m&g) — ¢, so that the closed convex cone generated by the elements

ild},d,] is C4 = Ryc+ Ry d. This proves that
pi(conv(0;)) = conv(O,) Nt D x + Oy,

and our proof is complete. O

Note that the following theorem cannot be derived from the “general”
Lemma 6.15 because t is two-dimensional.

Theorem 8.15. (Classification of open invariant cones in vit) The following state-
ments classify the open invariant convex cones in vit:

(i) FEach proper open invariant convex cone in viv is either contained in Wax or
_‘/Vmax-

(ii) Each proper open invariant conver cone W C vit is uniquely determined by
C:=WntwviaW =Ad(G)C.

(iii) Let Crax := Wiax Nt. Then an open convex cone C C Cyax 18 the trace of an
invariant open convex cone if and only if C’?r ccC.

(iv) If Whin is the open invariant cone corresponding to Cyin := 027 then each
open invariant convex cone W C Wiax contains Wiin .

(v) An open invariant convex cone W is pointed if and only if C is pointed. In
particular, Wiin s pointed.

Proof. (i) Let W C vir be an open invariant convex cone. If 3(vit) N W = (), then
3(vit) + W is a proper cone, and therefore its image in V(S') is contained in Wy s1)
or —Wysty, so that W C Wiyax or W € —Whyax (Theorem 8.3). To verify (i), we
therefore have to show that ¢ ¢ C' := W N t. Suppose the converse. Then there
exists an € > 0 with x4 := ¢+t 0y € C. From Theorem 8.14 we derive that

pi(conv(0,, ) = x4 + Oy,
and, applying it also to —z_, we find that
pi(conv(O,_ ) =o_ — Cy.
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Since both sets are contained in C, we see that £C, C lim(C) = lim(O)
(Lemma 2.9), so that lim(C) = t, and thus 0 € C = t. As W is open, 0 € W
leads to W = vir.

(ii) follows from (i) and Proposition 8.12.

(iii) If C' = W Nt for an invariant open convex cone W, then C' C Cyax implies
that C' N 3(vit) = {0}. Therefore we have for x € C' the relation

(@ (0,) = + 4 € C,

and thus C, C lim(C) = C, which in turn yields clcc.
If, conversely, C’?r C C holds for an open convex cone C' C Cpax, then Cy C
lim(C) = C leads for each x € C to

Therefore

We = {z € viv:p(0,) CC} = () - pi H(O)

peG

is a convex invariant cone containing the subset Ad(G)C which is open by
Proposition 8.12. Hence W is an open invariant convex cone satisfying Wint = C.

(iv) follows immediately from (iii).

(v) If W is pointed, i.e. it contains no affine lines, then the same holds for
C := W nt If conversely, C' contains no affine lines, then H(W) is a closed
ideal of vir intersecting t trivially. Hence it is contained in [t, vit] and H(W)c is
adapted to the root decomposition with respect to tc. If it contains d,,, then its
x-invariance implies that it also contains d;, = d_,,, which leads to the contradiction
[dy,d_y] € H(W)c. This implies that H(W) = {0}, so that W is pointed. O

As a consequence of the preceding theorem, the cones Wy, resp., Wiax play
the role of a minimal, resp., maximal open invariant cone in vir. The existence
of minimal and maximal invariant cones is a well-known phenomenon for finite
dimensional hermitian Lie algebras (cf. [105] and Proposition 6.16).

Corollary 8.16. The smallest closed convex invariant cone in viv containing Oy is
the closure of Wiin-

Proof. If D C vir is a closed convex invariant cone, then dyp € D implies that
9p + C1 C D (Theorem 8.14), so that Cy C D (Lemma 2.9), and thus Wi, € D
by invariance. |

Remark 8.17. In view of the preceding theorem, the open invariant convex cones
in viv can be classified as follows. Since the closure of the cone C contains C} =
R c+R, 9y and is contained in Cpax = Re+R 0y, we have C = Ryc+R, (0 —ac)
for some a > 0 whenever C # Chin, Cinax-
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8.3. Semi-equicontinuity of coadjoint orbits of vit’

In this final section on the Virasoro algebra we apply the detailed results on invari-
ant cones to semibounded representations and semi-equicontinuous coadjoint orbits.
In particular, we show that the set g;eq of semi-equicontinuous coadjoint orbits
coincides with the double cone W, U —Wpx. . This in turn is used to show that

the unitary highest weight representations of the Virasoro group are precisely the
irreducible semibounded representations and to determine their momentum sets.

Proposition 8.18. For A € vit’ and d = (0,0y), the following are equivalent:

(i) Oy is semi-equicontinuous.
(ii) The convex cone B(Oy) contains Winax 0or —Wpax.
(iii) Ox(d) = MOy) is bounded from below or above.
(iv) Ae Wr,,U—-Wr,
) O

min min*

(v) Ox(d) >0 or A(Oq) <0

Proof. (i) = (ii): If O, is semi-equicontinuous, then the invariant convex cone
B(0,) has interior points and contains 3(vit). Therefore B(0,)?/3(vit) is an open
invariant convex cone in V(S'), hence contains Wy g1y or —Wys1) (Theorem 8.3).
This in turn implies that B(O,) contains either Wi ax or —Wiax.

(ii) = (i) follows from Proposition 2.2 because vit is a Fréchet space.

(ii) = (iii) follows from d € Wiax.

(iii) = (ii) follows from Rc C B(O)) and Wipax = Ad(G)(Re + Rid)
(Proposition 8.12).

(i) = (@{v): If AMc¢) = 0, then O, can be identified with a semi-
equicontinuous coadjoint orbit of V(S'), so that Proposition 8.4 implies that \ €

ety U =Wy in V(S')', which means that A € Wy, U —Wp,, in vir'.

If M(c) # 0, then O, is contained in the closed invariant hyperplane A + c¢*, so
that the construction in Remark 2.6 implies that the cone O} has interior points.
Clearly, this cone is proper, so that Theorem 8.15 implies that it either contains
Winin 0 —Winin, which in turn leads to A € W7, U —-WZ,. .

(iv) = (i): Since +Wy,, are open invariant cones, their duals are semi-
equicontinuous sets (Example 2.5(b)).

(iv) < (v): Since the closed convex invariant cone generated by d is Wy
(Corollary 8.16), Ox(d) > 0 is equivalent to A € W, . |

For any \ € t* = [t,g]* C ¢/, the fact that O, is constant on the central element
¢ = (1,0) implies that pe(Ox) C t* is a connected subset of the affine line

{pet:ulc) =)}y =A+ (" nech).

In particular, this set is convex.
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Proposition 8.19. If A € t*, then

(a) Ox(d) is bounded from below if and only if A\(d) > 0 and A(c) > 0. If this is the
case and X\ # 0, then

B(0))? = Whax and Wiin C OX.

(b) pe=(Oy) is contained in an affine half-line if and only if Oy is semi-
equicontinuous if and only if A(c)\(d) > 0.

Proof. (a) We recall from Theorem 8.14 that p¢(conv(Oq)) = d+ C. This implies
that A(Oy) is bounded from below if and only if A € (C})*, i.e. A(c), A(d) > 0.

Suppose that these conditions are satisfied and that A # 0. Then B(O,)°
is a proper open invariant cone, hence determined by its intersection with t
(Theorem 8.15). As this intersection contains d and is invariant under transla-
tion with Re, Theorem 8.15 implies that it coincides with C\,.x. This proves that
Winax = B(Ox)°. We have already seen above that A\ € C7 and since pe-(O,) is a
half-line constant on ¢ and bounded below on d, it follows that C. C O%, which
leads to Wiin C O3.

(b) We use Proposition C.3 to obtain with the notation of Remark 8.10

P (Ox) DA+ REN([d, dn])oun.
We also know that i[d}, d,] = 2n(m(n? — 1), dp), so that, for each n € N,
e (ON) DX =R A(7r(n? —1),0p)ic, =X —RTA(w(n? —1),0p)ia.
If pe+(Oy) is contained in a half-line, the signs of the numbers
Mr(n? —1),0y), n€N,

have to coincide, which is equivalent to A(d)A(¢) > 0. If, conversely, this condition is
satisfied, then (a) implies that O, (d) is semibounded, so that p¢ (Oy) is contained
in an affine half-line. O

Definition 8.20. We write Vir for the (up to isomorphism unique) simply con-
nected Lie group with Lie algeba vir.

A unitary representation (m, H) of Vir is called a highest weight representation if
there exists a smooth cyclic vector 0 # v € H> which is a t-eigenvector annihilated
by each d,,, n > 0. Then the corresponding eigenfunctional A € it* is called the
highest weight and v a highest weight vector.

Theorem 8.21. If (mx, H)) is a unitary highest weight representation of the simply
connected Lie group Vir with Lie algebra viv of highest weight \ € it*, then

Ado) =0 and M@ >0, (28)
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i.e. iA(0p) > 0 and iA(c) > 0. The representation (wx, Hy) is semibounded and its
momentum set is given by
I, =conv(O_;»).

For X\ # 0 we have

_Wmax = W7T,\ and — Wmin C Cﬂ',\'
Proof. First we use [41, Proposition 3.5] to see that the unitarity of the irreducible
highest weight module L(\) of vitc with highest weight A € it* implies (28). Actu-

ally, this follows from the simple observation that if vy is a highest weight vector
of unit length, then

0 < (d—nvr,d—poy) = (dZ,,d_pvx,vx) = ([dZ,,,d_n]vr, V))

3
= A([dn, d—n]) = A (Qndo + 2 = "6) >0
holds for each n € N.

The existence of a corresponding continuous unitary highest weight represen-
tation (my,H,) of the simply connected Lie group Vir with Lie algebra vit has
been shown by Goodman and Wallach [28]. A more general method of integration
which applies in particular to highest weight modules of Vir has been developed by
Toledano Laredo ([101, Theorem 6.1.1]). It is based on techniques related to regular
Lie groups, and [101, Corollary 4.2.2] implies in particular that the highest weight
vector vy is smooth. This vector is an eigenvector for the closed subalgebra of vitc
generated by tc and d,, n > 0.

Next we recall from Theorem 8.5 the complex manifold

M = Diff(S'), / exp(Rdy) = Vir/T,

where T := exp t C Vir is the subgroup corresponding to t. Since the tangent space
in the base point 2zp = 17T can be identified with vitc /p, p = tc + > <o Cdn,
Theorem 5.11 implies that the map

n:M — P(HY), g7 — [1}(g)w,]

is holomorphic. As v, is cyclic, we thus obtain a realization of the unitary represen-
tation (mx, H) in the space of holomorphic sections of the holomorphic line bundle
1" Loy, over M (cf. Theorem 5.11).%

From the highest weight structure of H, it follows that the set of tc-weights on
H, is given by A— Ny, so that idmy(9p) = dma(dp) is bounded from below. There-
fore the cone Ciax from the Classification Theorem 8.15 satisfies —Ciax € Wi,

which immediately leads to —Wax € Wy, . Since 9p ¢ Wi, , this cone is proper,

2An infinitesimal version of this construction can already be found in [47] and [45] contains various
formal aspects of the realization of the highest weight representations in spaces of holomorphic
functions, resp., sections of holomorphic line bundles on M.
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and the Classification Theorem thus implies the equality W, = —Wy,ax. With this
information we now apply Theorem 5.7 to determine the precise momentum set.

From Theorem 8.5 it now follows that, for each € Wiax = —Wx, = Wry,
the smooth action of the corresponding one-parameter group on M extends to a
holomorphic action of C, . Therefore Theorem 5.11(c) implies that I, is the closed
convex hull of the coadjoint orbit @, (Glv,]). In view of &, ([vr]) = —iX € t* C
vit’, this proves that I, = conv(O_;y). Now

C""A = (I;,\)O = (Oil)\)o 2 _‘/Vmin

follows directly from Proposition 8.19, and since Wiy, has interior points, (7wx, Hx)
is semibounded. O

For more details on the classification of unitary highest weight modules of vit, we
refer to [41]. We conclude this section with the following converse of Theorem 8.21:

Theorem 8.22. FEvery irreducible semibounded representation (w,H) of Vir is
either a highest weight representation or the dual of a highest weight representation.

Proof. We assume that the representation 7 is nontrivial, so that I, # {0}. Let
pe=: bit” — t* be the restriction map. If pi-(I;) = {0}, then t C I = kerdn and
thus vit = t+ [t, vit] C ker dr, contradicting the nontriviality of the representation.
Next we use Proposition 2.11 to conclude that {0} # p¢(Ir) € Ir. Then each
nonzero A € t* NI, has a semi-equicontinuous orbit, so that Oy(d) is bounded from
below or above, and in this case B(O))? = Wiax of —Wiax (Proposition 8.19).
This implies in particular that W, # vit, i.e. 7 is not bounded.

As the open invariant cone W is proper, Theorem 8.15(i) implies that W is
either contained in Wi or —Wiax. We assume the latter and claim that 7 is a
highest weight representation. In the other case, Wy« = —W,; C —Wjsax, so that 7
is the dual of a highest weight representation.

First we note that W, C —Wy,ax implies —Wpin € Wy As ¢ € H(W,) fol-
lows from dm(c) € iR1 (Schur’s Lemma), we obtain the relation Rec — Wiyin € Wi,
and therefore Winax = Whin + Re leads to W = —Wiax © —d. Hence the spec-
trum of idn(d) = dm(dp) is bounded from below. In view of exp(2nd) € Z(Vir),
Proposition 4.11 implies the existence of a smooth unit vector v € H> which is
an eigenvector for the minimal eigenvalue h of idmw(d). Then t = Rc+ Rd, v is a
t-eigenvector and [dy, d,] = —nd,, implies that d,.v = 0 for each n > 0. Therefore
(m,’H) is a highest weight representation. O

9. Symplectic Group and Metaplectic Representation

In this section we study the metaplectic representation (s, S(H)) of the central
extension Sp,.s(H) of Sp,.s(H) on the symmetric Fock space S(H). This repre-
sentation arises from self-intertwining operators of the Fock representation of the
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Heisenberg group Heis(H). We show that it is semibounded and determine the cor-
responding cone W _. For the larger central extension ﬁS\pres(H) of H » Sp,s(H),
the representation on S(H) is irreducible and semibounded and we show that its
momentum set is the weak-*-closed convex hull of a single coadjoint orbit.

9.1. The metaplectic representation

On the dense subspace S(H)o = Y., S"(H) of the symmetric Fock space S(H)
(cf. Appendix D) we have for each f € H the creation operator

a* (f)(frVeVfn) =V V-V f
This operator has an adjoint a(f) on S(H)o, given by

n

a(f)Q:O7 a(f)(fl\/"'vfn)zz<fj7f>fl\/"'\/fj\/"'\/fna

Jj=0

where fj means omitting the factor f;. Note that a(f) defines a derivation on
the algebra S(H)o. One easily verifies that these operators satisfy the canonical
commutation relations (CCR):

[a(f),a(g)] = 0, [a(f),a"(9)] = (g, /)1. (29)

For each f € H, the operator a(f) + a*(f) on S(H)o is essentially self-adjoint
([77, p. 70]), so that

W(f) = evaah+a(f) o U(H)
is a unitary operator. These operators satisfy the Weyl relations
WHOW() =W+ ™00, g fren.
For the Heisenberg group
Heis(H) := R x H,

with the multiplication
1
(t,0)(t',v) = (t ' gw(v,v), v+ v’) , w(v,v') = Im(v,v")

we thus obtain by W(t,f) := e"W(f) a unitary representation on S(H),
called the Fock representation. It is a continuous irreducible representation ([77,
Corollary 3.11]). That it actually is smooth follows from the smoothness of

(W (t, )Q,Q) = et 3I7I° (30)
and Theorem A.3.

Definition 9.1. The symplectic group Sp(H) acts via g.(¢,v) := (¢, gv) by auto-
morphism on the Heisenberg group, and since the unitary representation (W, S(H))
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is irreducible, there exists for each g € Sp(H), up to multiplication with T, at most
one unitary operator 7(g) € U(S(H)) with

ms(g)W(t, f)ms(9)” = W(t,gf) fort €R, feH. (31)

According to [96], such an operator exists if and only if g € Sp,(H) (cf. Exam-
ple 3.2(d)), which immediately leads to a projective unitary representation

Ts: Spres(H) - PU(S(H))’

determined by (31) for any lift 75(g) € U(S(H)) of Ts(g). Writing @ for the image
of u € U(H) in the projective unitary group PU(H), the corresponding pull-back

SPres(H) := T U(S(H)) = {(g,u) € Spes(H) x U(S(H)): T = Ts(9)}

is called the metaplectic group. It is a central extension of Sp,..(H) by T. We
shall see below that this group is a Lie group and that its canonical representation
ms(g,u) = u on S(H), the metaplectic representation, is smooth and semibounded.
Our strategy is to use Theorem A.4, which requires a suitable lift of 7.

Remark 9.2. From the relation dW(f) = \/Li(a(f) + a*(f)), we recover the anti-
linear and linear part of dW by

a(f) = —_(@W(f) +idW(If)), a*(f) = ——(@W(f) - idW(If)),
so that by (31)

T2 i3

ms(9)a(f)ms(9) ™! = %(dW(gf) +idW(glf)) = a(grf) +a*(g2f) =: a4(f),

where g = g1 + g2 is the decomposition into linear and antilinear parts.

Theorem 9.3. The topological group §[\)reS(H) is a Lie group and the metaplectic
representation is smooth. A Lie algebra cocycle n defining sp,..(H) as an extension
of 5p,es(H) by R is given by

1(w,9) = gotr((e, 1),

where xo denotes the antilinear component of x.

Proof. Step 1. We consider the unbounded operators a(f) and a*(f) on S(H)o C
S(H) and observe that CS2 is the common kernel of the annihilation operators a(f).
For g € Sp,..(H), we observe that 74 (g)< lies in the common kernel of the operators
ag(f) = ms(g)a(f)ms(g)~" (cf. Remark 9.2). If g is invertible, which is the case in
some open 1-neighborhood in Sp,.(H) (actually on the whole group), we consider
the antilinear operator T(g) := gag; ' for which a,(g; ' f) = a(f) + a*(T(g)f).
Therefore F' = 74(g)$2 is a solution of the following system of equations:

a(f)F =—a*(T(g)f)F for f € H. (32)
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Step 2. For each n € N, the subset a*(H)S™(H) is total in S™"1(H), which
implies that

{T € S (H): (Y f € H)a(f)T =0} = {0}. (33)
If an element F =Y  F, € S(H) with F,, € S"(H) satisfies (32), then
a(f)F1 =0, a(f)Fni1=—-a"(T(9)f)Fn—1 for f e H,neN. (34)

This implies F; = 0, and inductively we obtain with (33) Fary1 = 0 for k € Ny.
We also derive from (33) that F is completely determined by Fp, hence that the
solution space of (32) is at most one-dimensional.

If F' is a solution, we may w.l.o.g. assume that Fy = 2. Then F5 satisfies

a(f)Fy = —a™(T(9) /)= -T(9)f, [feH,

i.e. F; = —T(g) (Lemma D.3). This observation implies Shale’s result that only for
g € Spes(H), L. ||g2]l2 < 00, Eq. (31) has a solution 74(g) € U(S(H)).

Step 3. Combining Lemma D.3(i) with Remark D.2, we conclude that the
exponential series e T converges in S(H) for ||T(g)|l2 < 1, which holds on an

open 1-neighborhood in Sp,. (H). Since the operators a(f) act as derivations on
S(H)o, it follows that

a()e” T = —a(HT(G) Ve 7@ = ~T(g)f v e T = —a*(T(g) f)e T,

so that e~7(9) satisfies (32). We conclude that

—

()2 = c(g)e T, c(g) € C. (35)
Choosing the operators m5(g), g € Spyes(H), in such a way that
C(g) = <QQ’Q> = <7Ts(g)QaQ> > Oa

it follows that ¢(g) = He’T/(g\)H’l (ct. [77, p. 97]).
Step 4. Since the map g — T'(g) = gggl_1 is smooth in an identity neighborhood
and the map

{Acpa|Alla <1} = S(H), A—eA

is analytic (cf. Remark D.2 and the proof of Lemma 6.6(v) for p2), hence in partic-

~T(9) and hence also ¢(g) are smooth in an identity

ular smooth, it follows that e
neighborhood of Sp,..(H).
From (ms(9)*Q, Q) = (Q,75(g)Q) > 0 we further obtain 7s(g)* = 7s(¢g~!). This

implies that the map
(9,h) = (ms(9)ms (R)Q, Q) = (s (W), 75(9)" Q) = (ms (R)Q, s (971

is smooth in an identity neighborhood. Now Theorem A.4 implies that g;)res (H)isa
Lie group and that €2 is a smooth vector for the corresponding unitary representa-
tion, also denoted ms. Since Sp,..(H) acts smoothly on Heis(H), the space S(H)>
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of smooth vectors is invariant under Heis(H), so that the irreducibility of the Fock
representation of Heis(H) on S(H) ([77, Corollary 3.11]) implies the smoothness
of 7.

Step 5. With Rema& A.6 we can now calculate a suitable cocycle n with
F(g) = ms(9)2 = c(g)e” 9 by

n(z,y) = 2Im(dF(1)z,dF (1)y) + i(dF(1)[x, y], Q).

As F(g) only depends on T'(g) = gagy ', we have F(gu) = F(g) for u € U(H),
which leads to dF'(1)x = 0 for x € u(H). Hence n(x,-) = 0 for x € u(H). For = € p,
we find with T'(exp x) = cosh(z) sinh(x)~! = tanh(z) the relation d7'(1)z = z, and
hence

dF(1)z = de(1) ()2 — 7.
Since ¢ is real-valued, this leads with Lemma D.3(ii) for x,y € py to
n(z,y) = 2Im{(de(1)(2)Q — Z,de(1)(y)Q — 7) = 2Im(Z, )

= T tr(ay) = 3 T tr((, ) = g=te([r, )

because the trace of the symmetric operator xy + yz is real and tr([z,y]) € iR. O

The content of the preceding theorem is essentially known (cf. [77,103,96]),
although all references known to the author only discuss the metaplectic represen-
tation as a representation of a topological group and not as a Lie group. In [77,
Theorem 3.19] and [49] one finds quite explicit formulas for group cocycles descri-
bing éBreS(H) as a central extension.

Remark 9.4. The metaplectic representation of G := §f)res(H) is not irreducible.
Since the representation of U(H) on each S™(H) is irreducible (Example 7.3), every
G-invariant subspace is the direct sum of some S™(H), n € No.

The preceding proof immediately shows that

T(G)Q C S (H) = Bren, 5™ (H)

and that all projections onto the subspaces S?"(H) are nonzero.

Using the fact that the operators in dm,(g) contain all multiplication operators
with elements A, A € py (cf. Lemma D.3), and their adjoints ([77)), it easily follows
that the representations of G' on the two subspaces S°V°"(H) and S°I9(H) are
irreducible.

9.2. The metaplectic group

In this subsection we describe a convenient description of the metaplectic group
Sp,es(H) as a Banach—Lie group. For further details we refer to [63]. First we recall
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from [63, Definition III.3] that
b
oo = {a= (4 1) e o) < UCH.H):

[1bll2, [lell2 < oo, [la = 1|1, [[d = 1|1 < OO}

carries the structure of a Banach—Lie group with polar decomposition

U (H) % p2 — Spya(H), p2 = {(f 8) =T € BQ(H)}

(cf. [63, Definition IV.7, Lemma IV.13]). The full unitary group U(H) acts
smoothly by conjugation on Sp, ,(H), so that we can form the semidirect product
Sp; o(H) x U(H), and the multiplication map

Ha: Spl,Q(H) A U(H) - Spres(H)7 (g?u) = gu

is a quotient morphism of Banach—Lie groups with kernel

N = {(g,g_l)ig c Ui(H)},
so that

SPres(H) = (Sp1,2(H) @ U(H))/N

(cf. [63, Definition IV.7]).

From the polar decomposition of Sp; o(H) we derive that m(Sp; o(H)) =
m(Ui(H)) = Z, hence the existence of a unique 2-fold covering group
q:Mp; 5(H) — Sp;»2(H). On the inverse image U1(H) of Uy(H) in Spy 2(H) we
then have a unique character

Vdet: Uy (H) — T  with L(v/det) = Q%_tr. (36)

Next we observe that the smooth action of U(H) on Sp; 5(H) lifts to a smooth
action on Mp; »(H). We also note that, for SU; (H) := ker(det), we have Uy (H) =
SU;(H)xT, where the determinant is the projection onto the second factor. Accord-
ingly, U1 (H) 2 SU;(H) x T with q(g,t) = (g,£2) and Vdet(g,t) = t.

Writing @ = x1+x4 for the decomposition of x € sp(H) into linear and antilinear
component, we recall from Theorem 9.3 that

~ . 1
5pres(H) =R 6977 5pres(H) with 77(‘%.7 y) = Q—itr([fﬁg, yQ])
This implies that
~ 1
5015(H) = ) = Ry s, (10), o) = (e, o)

2

is a homomorphism of Banach—Lie algebras. Here we use that

[z,y]1 = [v1,y1] + [22,92] and tr([z1,y1]) = 0.
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On the subgroup ﬁl(H) C Mp, 5(H), o integrates to the group homomorphism
06:Us(H) = Spres(H) € Spres(H) x U(S(H)).  a(g) = (a(g), Vdet(g)ms(9)),

so that the polar decomposition of Sp; ,(H) implies that o integrates to a morphism
of Banach-Lie groups og:Mp; o(H) — SP,ee(H). Combining this map with the
canonical inclusion U(H) — éBres(H), the equivariance of o under conjugation
with unitary operators implies the existence of a homomorphism

i Mpy 5 (H) % U(H) = Spreg(H). - (9,u) = 0 (g)u-
Proposition 9.5. The homomorphism p factors through an isomorphism
7i: (Mp, 5(H) % U(H))/Jer 1= Spyee(H)
of connected Banach—Lie groups with ker u = SU; (H).
Proof. If u(g,u) = 1, then o0g(g) = u~! implies that g € IAJl(H) with ¢(g) = u~t.
Now
2 = my(u(g, u))2 = Vdet(9)2
implies v/det(g) = 1. This shows that ker u = {(g,q(9)""):g € SU1(H)}, and the

assertion follows. O

The inverse image of the center Z = T of @reS(H) is
N :={(g,9(9)""):9 € Ur(H)}.
The inverse image U(H) of the subgroup U(H) in Sp,.(H) is of the form
U(H) = (U1(H) x U(H))/ kerp = Z x U(H). (37)

In particular, it splits as a central extension of Lie groups.

9.3. Semiboundedness of the metaplectic representation

In this subsection we show that the metaplectic representation (75, S(H)) of
g;)res (H) is semibounded and determine the open invariant cone Wr_ as the inverse
image of the canonical cone Wy, (3¢) in sp,(H).

We start with a closer look at adjoint orbits of the symplectic Lie algebra.

Lemma 9.6. If (V,w) is a finite dimensional symplectic space and X € sp(V,w)
is such that the Hamiltonian function Hx(v) = iw(Xv,v) is indefinite, then
conv(Ox) = sp(V,w).

Proof. Let g := sp(V,w). Then Proposition 6.16, combined with the uniqueness of
the open invariant cone in sp(V, w) up to sign (cf. [105]), implies that the set of semi-
equicontinuous coadjoint orbits coincides with the double cone VV;p % w)U—W;‘p (Vi)'
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Using the Cartan—Killing form to identify g with its dual, we accordingly see
that any semi-equicontinuous adjoint orbit is contained in the double cone

Wep(viw) U =Wep(viw),

i.e. the corresponding Hamiltonian function is either positive or negative.

Finally, we observe that if x € g satisfies conv(Q,) # g, then B(O,) is a nonzero
invariant cone and Proposition 6.16(i) implies that it has interior points. Therefore
O, is semi-equicontinuous because every finite dimensional space is barreled. O

Lemma 9.7. The subspace p := {X € sp(H): IX = —XI} contains no nontrivial
Lie algebra ideals, and the same holds for the subspace

p2 = {X € spy(H): IX = —XI} = pisp,.(H).

Proof. First we show that X € p and [X,[I, X]] = 0 implies X = 0. Realizing
sp(H) as a closed subalgebra of gl(Hc) = gl(H & H) (cf. Example 3.2(h)), we have

p:{<£* g):aT:aeB(H)} and I:(é _2)

For X = (0* o) this leads to

a

[X,[I,X]}:[(C?* g>7<_22a* 2éa)]:_4¢ (ag a‘ja).

If this operator vanishes, then a*a = 0 implies that a = 0, so that X = 0.

If i C p is a Lie algebra ideal, then we have for each X € i the relation
(X, [, X]] € inu(H) = {0}, so that the preceding argument shows that X = 0.
The same argument applies to ps = p N sp,.(H). O

Lemma 9.8. Let X € sp(H). Then the projection pe:sp(H) — u(H) onto the
C-linear component satisfies

pe(Ox) C{y € u(H):iy <0} = Cyey),

if and only if Hx > 0. A corresponding statement holds for sp ..(H).

Proof. Since p¢ is the fixed point projection for the action of the torus e®ad!,
it preserves the closed convex cones +{Z € sp(H): Hz > 0} (Proposition 2.11),
so that the relation Hx > 0 implies ipe(Ox) < 0 (Theorem 6.7(i)). Suppose,
conversely, that ipe(Ox) < 0. If Hx <0, then the preceding argument shows that
ipe(Ox) > 0, which leads to pe(Ox) = {0}, so that the closed span of Ox is an
ideal of g contained in p = ker pg. In view of Lemma 9.7, this leads to X = 0.

We may therefore assume that Hx is indefinite. Hence there exists a finite
dimensional complex subspace H; C H on which Hy is indefinite. Then we have a
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Hilbert space direct sum H = H; @ Hi and accordingly we write operators on H
as (2 x 2)-block matrices:
¥ - X1 Xio .
Xo1  Xoo

For v € H; we then have Im(Xwv,v) = Im(X11v,v), so that X1, € sp(H;) and Hx,,
is indefinite.

Identifying Sp(H;) in the natural way with a subgroup of Sp(H), Lemma 9.6
implies that conv(Ad(Sp(H1)X)) contains an element Y with Y3; = —i1. From

Pe(Y) pe(Y11) pe(Yi2) Yirn  pe(Yiz2)
E = pr—
pe(Yo1) pe(Ya2) pe(Ya1) pe(Yaz)
we now derive that ipe(Y) £ 0, contradicting our assumption on X . This completes
the proof of the first assertion.

Since Sp(H1) C Sp,es(H), the preceding argument also implies the assertion for
the restricted Lie algebra sp, . (H). O

Now we are ready to show that the metaplectic representation is semibounded.
We write

q. s/ijres (H) - §pres(H)

for the quotient map and 3 for its kernel. Since the central extension is trivial over
the subalgebra u(H) of sp,...(H), we have

U(H) =g~ (u(H)) =5 & u(K),

where the u(H)-complement is uniquely determined by the property that it is the
commutator algebra. Here we use that the Lie algebra u(H) is perfect (cf. [63,
Lemma 1.3]). Accordingly, we may identify u(#) in a natural way with a subalgebra

Of 5/1\31‘63 (H) ‘

Remark 9.9. The momentum set I, is completely determined by the restriction
of its support function s,, to Wy, = B(I,,)" (Remark 2.3(b)) which is invariant
under the adjoint action. We shall see below that q(Wr,) € W, (3, so that
Theorem 6.7(ii) leads to

W, C Ad(Sp,es(H)) (5 X Cury):

where 3 = R denotes the center. This in turn entails that I, is already determined
by the restriction of s, to 3 x Cy(3), which we determine below.

This restriction is the support function for the momentum set of the restriction
of 7, to the subgroup U(H) = T x U(H) (Proposition 4.7(iii)), which is a direct
sum of the representations on the subspaces S™(H), on which we have

ms(z,9)(v1 V- Vu,)=2zgv1 V---Vgu, foruv,...,v, €H.
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For the representation of U(H) on S™(H), the momentum set 15,57(2) is simply

given by

JU00 U

U
Sn(H) — nly,

(Example 7.3(b)), so that
107 — omw ( U {1} x nzg<H>> ,

neNg

which is a convex cone with vertex (1,0), and for z € u(H), we have

—t forix <0
sm.(b@) = oo else (38)

The representation of Sp..(H) on S(H) decomposes into two irreducible pieces
SVNH) = Bnen, 87 (H)  and  S°Y(H) = Spen, ¥ (H)
(Remark 9.4). Writing w4 for the corresponding representations, we obtain

1700 = 170 — cony ( U {1} x 2nI,5(H)>

neNp

and

190 — omw ( U {1} x @n+ 1)172”*)) .

neNy

Now it is easy to derive that Wy, = Wy , sx, = s , and that
Sx_(t,x) = —t + sup(Spec(iz)) for iz <O0.

Theorem 9.10. The metaplectic representation (w5, S(H)) of §[\)reS(H)) is semi-
bounded with

We, =Wa 00 =0 Wap,,00)-

Proof. From Example 4.10 we know that
sp.(x) <0 for x € Cypyy, sothat sq (t,2) = —t+ sq,(z) < 00
for (t,x) € 3 x Cy(p). From the invariance of s;, under the adjoint action and
Theorem 6.7(ii) it now follows that
Ad(Spres(H))(é X Cu('H)) = qil(Ad(Spres(H))Cu('H)) = qil(WspreS('H)) - B(Iﬂ-a)
(39)
(cf. Theorem 6.7(ii)). In particular, B(I,,) has interior points, so that s is semi-

bounded with Wﬁ?ﬂres(H) C Wh,.
To prove equality, we note that (38) in Remark 9.9 implies that

Wr, Nu(H) C{z € u(H): 57, (z) < oo} = {z € u(H):iz < 0} = Cyep).
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As W,_ is invariant under the projection pe: sp,..(H) — u(H) onto the fixed point
space of the compact group e®*4/ (Proposition 2.11), we obtain for each z € W,_

the relation ipe(Oy(5)) < 0, so that Lemma 9.8 leads to g(x) € Wy, (7). As Wy is
open and W;,, (3 coincides with the interior of its closure (Lemma 2.8), it follows
that

q(Wr,) € Wap, o (1)

Combining this with (39), we obtain ¢(Wx,) = Wep (3.
As the center 3 = R of sp,..(H) acts by multiples of the identity on S(H), we
have 3 C H(W,_), which finally leads to W, = ¢ (¢(Wy,)) = We (1) m|

9.4. The momentum set of the metaplectic representation

Now that we have determined the cone W, for the metaplectic representation, we
now apply the tools from Sec. 5 to determine the momentum set for the represen-
tation of the central extension ﬁS\pres(H) acting on S(H). In particular, we show
that the momentum set is the closed convex hull of a single coadjoint orbit.

Definition 9.11. We define ﬁS\pres(H) as the quotient of the semidirect product
Heis(H) %o Spres(H), (g, w)((t,0)) = (¢, gv),

by the central subgroup

S:={(t,(1,21)) ER x Z:e"2 =1} =R
which acts trivially on S(H). This means that ﬁS\pres(H) is a central extension of
H % Sp,.es(H) by T. The corresponding Lie algebra cocycle is given by

1
((v,2), (W, 2")) — Im{v,v") + n(z,2") = Im(v,v’) + §Imtr(:1c2x’2)

(cf. Theorem 9.3).

Remark 9.12. The representations W of Heis(H) and 7, of é?)reS(H) combine
to a representation, also denoted mg of ﬁS\preS(H) on S(H). Since (W,S(H)) is
irreducible, the extension to ﬁS\pres(H) is also irreducible. To see that it is smooth,
it suffices to show that the function

Heis(H) % Spres(H) = €, (h,g) = (W(R)7s(9)2, Q) = (ms(9)Q, W (h) ' Q)

is smooth (Theorem A.3). This follows from the smoothness of the vector € for
Heis(H) and Sp,.s(H) (cf. (30) and Theorem 9.3).

Proposition 9.13. The metaplectic representation (ws, S(H)) of ﬁS\pres(H) is
semibounded with

W, = ¢ Y(H x Wep_(3)) = Ad(HSP,oy (H)) (5 X Cugro))s

where q:@rGS(H) — H X sp,os(H) is the quotient map whose kernel is the center
3R,



108 K.-H. Neeb

Proof. Let
P:h5pres(H) = beis(H) 3 spo (M) — H X 5po(H), (L0, 7) — (v,2)
denote the quotient map, so that Theorem 6.7(iv) implies that
Whspp () =P (Wap,..00)) = Ad(HSD,os(H)) Wop,, (20)

Modulo the center, this relation leads to
H X Wep, (1) = AA(H X Spres (H))Wap, () = Ad(H X Spyes(H)) Cury- - (40)
From Theorem 9.10 we know that s, (z) is finite if 2 € 3 x Cy(5), so that (40)
implies that it is also finite if g(x) € H x W (1), i.e.
Wr, 27 H(H X Wep_ (1))

This already proves that 74 is semibounded because W has interior points (Propo-
sition 2.2). We further conclude that heis(H) C H(W,), so that we obtain with
Theorem 9.10 that

Wi, = beis(H) + (Wa, N 8Pes(H)) C beis(H) + ¢ (Wep, (1))
= q ' (H X Wap,_30))-

This proves the desired equality.
Finally, we note that (40) implies that every element € W  is conjugate to
an element y € q*I(Cu(H)), which means that y € 3 x Cy(3)- O

Theorem 9.14. The momentum set L., of the metaplectic representation of
HSp,os(H) is the closed convex hull of the coadjoint orbit of A := @, ([Q]), and
this linear functional is given by

At z) =t on hsp,e(H) = R (H 3 5ps(H)).

Proof. Since the metaplectic representation of G := ITS\pres(H) is irreducible, we
want to apply Theorem 5.11. For the subgroup K := U(H) C G with Lie algebra
t =3 @ u(H), we have

gc X pr Dtcdp_, where py =ker(adl Fil) @ ker(ad I F2i1),
I € u(H) is the multiplication with i on H,
beis(H)c =3c ®Hy ®H_, My :=ker(adl Fil) C He.

Since the Lie algebra ¢ of K is complemented by the closed subspace H & p2
in g, the coset space G/K carries the structure of a Banach homogeneous space.
Moreover, the closed K-invariant subalgebra tc @ p, determines on G/ K the struc-
ture of a complex manifold for which the tangent space in the base point can be
identified with gc/(fc + p+) = p— ([6, Theorem 6.1]).

Let Q € S°(H) C S(H) be the vacuum vector. Then € is a smooth vector
(Remark 9.12), which is an eigenvector for K. On S(H), the operator —idn([) is
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diagonal, and S™(H) is the eigenspace corresponding to the eigenvalue n. As —iad I
acts on p_ with the eigenvalues —1 and —2, it follows that dms(p_)2 = {0}, so that
Theorem 5.11 provides a holomorphic equivariant map

n:G/K —P(S(H)), g {(7ms(9)7'Q)

and a realization of (ms, S(H)) by holomorphic sections of a complex line bundle
over G/K. Since the representation (ms, S(H)) of G is irreducible, Q is a cyclic
vector.

It remains to show that for each x € W, the flow generated by —z on G/K
extends holomorphically to C,. Since every such element x is conjugate to an
element of 3 x Cy(3), we may w.l.o.g. assume that z € Cyy)-

To get more information on G/ K, we note that the choice of the complex struc-
ture implies that G/K contains Heis(H)/(K NHeis(H)) = H_ = 'H’ as a complex
submanifold. The translation action of Heis(H) by (¢,v).z := v + z on H factors
through an action of the additive group H and extends naturally to a holomorphic
action of the complexified group He = Hy x H_. As the G-action on G/K induces
a transitive action on the set of Heis(H)-orbits on G/K, the action of Heis(H)
extends to a holomorphic action of Heis(H)c on G/ K. Therefore the action of the
one-parameter group t — exp(—tx) extends to a holomorphic action of C4 on G/K
if and only if the same holds for the action on the quotient space Sp,.(H)/U(H).
As we have seen in Example 3.2(h), this space can be identified with the symmetric
Hilbert domain

Dy={2€By(H): 2" =2,22" < 1},

but here it is endowed with the opposite complex structure.

The group U(H) acts on Dy by u.z = uzu', and for & € Cy ) we obtain for our
choice of complex structure the relation e .z = evei® . Now |[e®®|| = [l || < 1
implies that the action of the one-parameter group ¢ — exp(—tz) extends to Cy,
and this completes the proof.

Finally, we derive from Theorem 5.11(b) that I, = conv(O,) holds for

AMz) = —i(dms(2)Q, Q).

On ¢ = u(H) we have A(t,z) = t, and X vanishes on pc because p_ annihilates €,
and (dms(p4+)$2, Q) = (Q, dms(p-)Q) = 0. This completes the proof. O

With similar and even easier arguments as in the proof of the preceding theorem,
we also obtain:

Theorem 9.15. The momentum set I + of the even metaplectic representation

(rf, SV (H)) of §[\)res(H) is the closed convex hull of the coadjoint orbit of
o, ([0).

Tra‘
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10. The Spin Representation

In this section we take a closer look at the spin representation (7., A(H)) of the
central extension Oyes(H) of Oyes(H) on the fermionic Fock space A(H). This rep-
resentation arises from self-intertwining operators of the Fock representation of
the C*-algebra CAR(H). Here we also show that 7, is semibounded and deter-
mine the corresponding cone W . For the irreducible representation of the identity
component on the even part A®V*"(H), we show that the momentum set is the
weak-*-closed convex hull of a single coadjoint orbit.

10.1. Semiboundedness of the spin representation

Let H be a complex Hilbert space and write {a, b} := ab+ba for the anticommutator
of two elements of an associative algebra. The CAR-algebra of H is a C*-algebra
CAR(H), together with a continuous antilinear map a: H — CAR(H) satisfying
the canonical anticommutation relations

{a(f),a(9)"} = (9.1 and {a(f),alg)} =0 for f,ge™H (41)

and which is generated by the image of a. This determines CAR(H) up to natural
isomorphism ([14, Theorem 5.2.8]). We also write a*(f) := a(f)*, which defines a
complex linear map a*: H — CAR(H).
The orthogonal group O(H) of the underlying real Hilbert space
(Hr,B), PB(v,w)=Re{v,w),

acts by automorphisms on this C*-algebra as follows. Writing a real linear isometry
as g = g1 + go, where g7 is linear and go is antilinear, the relations gg* = g*g =1
turn into

9191 + 9295 =1 =g7g1 + 9592 and gi195 + 9291 = 0= g391 + g1 g2-
These relations imply that
ag:H — CAR(H), f~—a(gif)+a*(g2f)

satisfies the same anticommutation relations, so that the universal property of
CAR(H) implies the existence of a unique automorphism a4 with

ag(a(f)) =aq(f) for fe™H.
These automorphisms of the CAR(H) are called Bogoliubov automorphisms. They
define an action of O(H) on CAR(H). In particular, the unitary group U(H) C
O(H) acts on CAR(H) by ag(a(f)) =a(gf) for f € H.

Remark 10.1. The C*-algebra CAR(H) has a natural irreducible representation
(7m0, A(H)) on the antisymmetric Fock space A(H) ([14, Proposition 5.2.2(3)]). The
image ao(f) := mo(a(f)) acts by ao(f)2 =0 and

n

ao(F)(fL A A fn) = Z )it (Fis FYFLA - ANfica Afjsa A A fa

Jj=1
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Accordingly, we have

ay(/)Q=f and ai(f)(fr A ANfa)=FANFLA- A fn.

Let Iv = iv denote the complex structure on H. The action of the restricted
orthogonal group

Ores(H): - {g S O(H) H[g7l]||2 < OO}

on CAR(H) preserves the equivalence class of the representation m, so that there
is a projective unitary representation m,: Oyes(H) — U(A(H)), called the spin
representation, satisfying

71—a(g)’]TO(A)'n—a(g)* = 71—O(OCQA) for g€ Ores(H)aA € CAR(H) (42)
(cf. [77, Theorem 3, p. 35], [97]).
In analogy with Theorem 9.3 we here obtain:

Theorem 10.2. Gres('H) is a Lie group and the spin representation is smooth. A
Lie algebra cocycle n defining 0yes(H) as an extension of o.es(H) by R is given by

1wy) = = 5otr((o2, )

Proof. With completely analogous arguments as in the proof of Theorem 9.3 we
find with Appendix D that any g € O,es(H) for which g; is invertible has a unique
lift 7,(g) € U(A(H)) with

7a(9)2 = c(9)e W for T(g) := gagy ' € Aherm(H),,c(g) = ||e 7@~}

(cf. Lemma D.3).

This implies that Oyes(H) is a Lie group, its representation m, on A(H) is
smooth, and that € is a smooth vector. Since Oyes(H) acts smoothly on CAR(H),
the space A(H)> of smooth vectors is invariant under mo(CAR(H)), so that the
irreducibility of the representation of CAR(H) on A(H) implies the smoothness
of m,.

For the Lie algebra cocycle defining 0,65(H), we find as in the proof of
Theorem 9.3 with Lemma D.3(iii)

O

o~ 1
n(z,y) = 2Im(T2, y2) = —Imtr(zeys) = —Ztr([@,yﬂ)-

Remark 10.3. As in Sec. 9.2, we obtain a Banach-Lie group
O12(H) :={g =91+ 92 € O(H): [[g2]2 < o0, [|1 — g1[[1 < oo}
with

Ores(H) =2 (0O12(H) x U(H))/N, N=ZU(H)NO12(H) =Ui(H)
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(cf. [63, Definition IV.7]). From [63, Remark IV.14] we recall that O,es(H) has two
connected components and that its fundamental group is trivial. On the other hand,

71'0(01,2(7‘()) = Z/QZ = 71'1(0172(7'[))

([81, Proposition 12.4.2], [63, Proposition III.15]), so that there exists a simply
connected 2-fold covering group ¢: Spin; o(H) — O12(H)o (cf. [33] for a discus-
sion of the smaller group Spin, (H) covering SO (H) = O1(H)p). As the inclusion
Ui (H) — O1,2(H) induces a surjective homomorphism

1 (U1 (H)) =27 — 7T1(0172(H)) = Z/2,

ﬁl(H) = ¢ Y(Uy(H)) is the unique 2-fold connected covering of Uj(H) from
Sec. 9.2.
We further have an embedding

0:012(H) — 0res(H), o(x):= <—%tr(w1)7x) (43)

2

of Banach-Lie algebras. On the subgroup U;(H) C Spin; 5(H), o integrates to a
group homomorphism ¢ (g) := (g, Vdet(g) 74 (g)) (cf. Sec. 9.2) and o integrates
to a morphism of Banach-Lie groups og:Spiny 5(H) — Oyes(H). Combining this
map with the canonical inclusion U(H) < Ores(H), the equivariance of o under
conjugation with unitary operators implies the existence of a homomorphism

J7 SpinLQ(H) X U(H) - 6res(H)a (gvu) = UG(g)u'

The following proposition is proved as Proposition 9.5, using the representation
7, instead of 7.

Proposition 10.4. The homomorphism p factors through an isomorphism
7 (Sping 5(H) x U(H))/ ker p — Gres(H)o
of connected Banach—Lie groups with ker p = SU;(H).

Remark 10.5. The embedding 012(H) < 0yes(H) restricts in particular to an
embedding 01(H) < 0res(H). One can show that the operators dm,(z) are bounded
for x € 01(H) (cf. [2], [59, Sec. V]), so that we obtain a morphism of Banach—Lie
algebras

01(H) = u(A(H)), =+ dme(x)— %tr(xl)l.

Definition 10.6. To determine the open cone W, for the spin representation, we
have to take a closer look at natural cones in o,es(H). Let us () denote the ideal of
compact skew-hermitian operators in u(?) and recall the Calkin algebra Cal(H) :=
B(H)/Boo(H), where Boo(H) denotes the ideal of compact operators in the C*-
algebra B(H). Then the surjection B(H) — Cal(B(H)) induces an isomorphism

w(H) /us(H) = u(Cal(H)).
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Next we note that {x € o0pes(H): 2" — 2 € us(H)} is a closed ideal of oyes(H)
which defines a quotient morphism g: 0,e5(H) — u(Cal(H)). We thus obtain an
open invariant cone in 0,e5(H) by

Woms('H) = qil(cu(cal(H))) = {.’IJ € Ores(H): — Zq({L‘) < 0}
(cf. Example 6.1). We write W5 (3 for its inverse image in the central extension

Ores (H).

Theorem 10.7. The spin representation (mq, A(H)) of the connected Lie group
Ores(H) is semibounded with Wy, = W5, (1.

Proof. First we note that under U(H) = T x U(H) the spin representation decom-
poses into the irreducible subspaces A™(H) with
Ta(2,9) (V1 A - Avyp) = zguy A+ Agu, forvy,... v, € H.

If iz < 0, then the corresponding operator on A™(H) C H®™ is also < 0, and this
implies that

Spo(t,x) = =t + 57, () < —t < oo for x € Cypyy.

Writing 3 2 R for the center of 0,c5(H), we thus find that 3 x Cy) € B(Ir, ).
Next we consider the decomposition of g = 0,5(H) = €@ po, where £ = 3 x u(H)
and py = {& € 0yes(H): Iz = —zI}. For the map

F:txpy—g, (z,y)—e* ¥z we then have dF(x,0)(a,b) = a + [b,x],

which is invertible if and only if ad z: po — po is invertible. This is in particular the
case for # = I, the complex structure of . Therefore the image of (3 x Cy(p)) X p2
has interior points, and since it is contained in the invariant subset B(I., ), the
cone W,, = B(I,)° is non-empty. With Proposition 2.2 we now see that the
representation (mq, A(H)) is semibounded.

To determine the cone Wy, we recall from Remark 10.5 that for each © € 01 (H),
the corresponding operator dm,(x) on A(H) is bounded. This means that o;(H) C
B(I.,) € Wy, , and since H(W,,) is a closed ideal (Lemma 2.9(v)), it follows that

ni=3D U (H) B p2 € H(Wn,).
In view of 0yes(H) = u(H) + n, this proves that
Wity = Cuprey + 10 € Wr, = n+ (War, Nu(H)).
It therefore remains to show that
Wi, Nu(H) C Cyp) + oo (H).

To verify this assertion, let A = A* be a hermitian operator on H and dm,(A)
denote the corresponding operator on A™(H). Suppose that there exists an € > 0
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such that the range of the spectral projection P([e, co[) is infinite dimensional. Then
there exists for each n an orthonormal subset vy, ..., v, in this space. We then have

(Ama(A)(v1 A= Avy), 01 A Avy)
= Z(vl/\-~-/\Avj A AU, 01 A Aug) :Z(Avjmj} > ne,
j=1 j=1
and this implies that dm,(A) is not bounded from above. If, conversely, for every
e > 0 the spectral projection P([e,o0[) has finite dimensional range, then A =
A_+ Ay, where A < 0and Ay is compact, i.e. iA € Cy(p) + oo (H). This implies
that the open cone Wy, Nu(H) is contained in Cy () + oo (H). O

Remark 10.8. (a) With a similar argument as in Remark 9.4, one argues that
under the action of the identity component Ores (H)o on the space A(H) decomposes
into two irreducible subrepresentations A*V*"(H) and A°44(H). However, the action
of the full group Gres(H) is irreducible because the elements g € GreS(H) not
contained in the identity component exchange the two subspaces A®V"(H) and
A°Y(H) ([81, p. 239]).

(b) There is also an analog of the Banach-Lie algebra hsp,..(H) acting irre-
ducibly on A(H) in the fermionic case. Here it is an infinite dimensional analog of
the odd orthogonal Lie algebra $09,,41(R). To see this Lie algebra, we define linear
and antilinear rank-one operators on H by

Pyw(z) = (z,w)v and P, ,(z) = (w,z)v
and observe that Py, = P, and F;w = Py . Therefore Qup := Py — Pyy €
uy (H), and a direct calculation yields
A7 (Qu,w) = ag(v)ao(w) — ag(w)ao(v).
As tr(Qy,w) = 2¢ Im(v, w), we obtain with the map o from (43) (Remark 10.3)
474 (0(Qu,w)) = dma(—Im(v, w), Qu,w)-
For the antilinear operators @, ,, := Pyw — Py, we have Q,,, € 01(H) C
01 2(H) and
dma(Qy ) = a5 (v)ag(w) — ao(w)ag(v) = ag(v)ag(w) + ao(v)ao(w).

Next we observe that the operators p(v) := %(ao(v) —agj(v)) satisfy

[p(v), p(w)] = %[ao(v) = ag(v), ao(w) — ag(w)]
= (ao(v)ao(w) + ag(v)ag(w)) + (ag(w)ao(v) — ag(v)ao(w)) + i Im(v, w)
= d7a(Im(v, w), Qy 1y — Qu.w) = ATa(0(Qy 0 — Qu,w))-
This calculation implies that we obtain on the direct sum H@ 01 2(H) a Banach-Lie
algebra structure with the bracket

[(v, X), (¥, X")] :== (X0 — X'v, [ X, X'] + Quw — Quw)s
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and
(v, X) = p(v) + dma (o (X))

defines a representation by unbounded operators on A(H), where the subalgebra
H @ o01(H) is represented by bounded operators. A closer inspection shows that
H @ o01(H) = o;(H @ R) is an infinite dimensional version of 03,+1(R) (cf. [59,
p. 215]).

Definition 10.9. Let Zg C GL(Hg) be the set of orthogonal real-linear complex
structures on the real Hilbert space Hg. This set parametrizes the complex Hilbert
space structures on Hr compatible with the given real Hilbert space structure.

Lemma 10.10. The following assertions hold:

(1) Zg = O(H)No(H) = {g € GL(Hr): g" = g ! = —g} is a submanifold of O(H).

(ii) The conjugation action of O(H) on I leads to a diffeomorphism Iz =
O(H)/U(H).

(iif) Z5* := Ad(Ores(H)) I = {J € Zg: |1 — J||2 < 00} = Ores(H)/U(H).

Proof. (i) It only remains to show that Zg is a submanifold of O(H). For J € Zz
we parametrize a neighborhood of J by the map o(H) — O(H), z+— Je® which is a
diffeomorphism on some open 0-neighborhood U C o(H), which we may assume to
be invariant under Ad(J). That Je” is a complex structure is equivalent to

—Je* = (Je*) t =g = —Jef‘]_lm‘],

which is equivalent to Jx = —zJ. We conclude that Zg is a submanifold of O(H)
whose tangent space can be identified with the set of J-antilinear elements in o(H).

(ii) Let I € Z be the canonical complex structure given by Iv = jv and J € Zg.
Then H = (Hg,I) and (Hg,J) are two complex Hilbert spaces whose underlying
real Hilbert spaces are isomorphic. This implies that they have the same complex
Hilbert dimension, i.e. there exists a unitary isomorphism g¢: (Hg,I) — (Hg,J),
ie. g € O(H) with g = Jg. Therefore O(H) acts transitively on Zg and the
stabilizer of I is the subgroup U(H) (cf. [5, Lemma 1]). Since its Lie algebra u(H)
is complemented by the closed subspace

p:={xeco(H): [x =—al},

it follows that O(H)/U(H) is a Banach homogeneous space diffeomorphic to Zg.

(iii) For ¢ = g1 + g2 € O(H) the operator [I,g] = [I,g2] = 2[g2 is Hilbert—
Schmidt if and only if go is, i.e. g € Oyes(H). This in turn is equivalent to glg=1—1 =
[g, I]g~* being Hilbert-Schmidt, so that

Ores(H) = {g € O(H):||glg™" — I]|2 < o0}

and therefore (ii) implies (iii). O
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Remark 10.11. A priori, the C*-algebra CAR(H) depends on the complex struc-
ture on H, but it can also be expressed as the C*-algebra generated by the hermitian

elements b(f) := \/Li(a(f) +a*(f)) satisfying

1

)M} = Half).a(0)} + 5{a" (1), (o)} = (g, ) + (01 = B(S, )L

In this sense it is the C*-envelope of the Clifford algebra of (Hg, 3). From this point
of view it is even more transparent why the group O(H) acts by automorphisms.

Now we can think of the Fock representation my as depending on the complex
structure I on H, and any other representation mg o g is the Fock representation
corresponding to the complex structure glg=* € Zg. We thus obtain a map of Zs
into the set Ext(S(CAR(H))) of pure states of CAR(H), mapping J := glg~! to
wy(A) = (mo(ay ' (A))$2, Q). These states are called the Fock states of CAR(H), and
in [5, Theorem 3] they are essentially characterized as the pure quasi-free states (cf.
Sec. 10.2 below).

Theorem 10.12. For the irreducible subrepresentation (w5, A°*"(H)) of Ores(H),
the momentum set is the closed convex hull of the coadjoint orbit of A := @ ([€]).
This functional is given by

At,z) =t  on Opes(H) =R P 0pes(H).

Proof. We want to apply Theorem 5.11. For the subgroup K := ﬁ(H) C G =
Ores(H)o with Lie algebra € = 3 @ u(H), we have

gc X pr@tc@p_, where pr =ker(ad F 2i1)

and I € u(H) is the multiplication with ¢ on H.

Since the Lie algebra £ of K is complemented by the closed subspace ps of
antilinear elements in g, the coset space G/K carries the structure of a Banach
homogeneous space (cf. Lemma 10.10). Moreover, the closed K-invariant subalge-
bra tc @ p4 determines on G/K the structure of a complex manifold for which
the tangent space in the base point can be identified with gc/(¢c + p4) = p—
([6, Theorem 6.1]).

In view of (3), we obtain with [63, Proposition V.8, Remark V.10(c)] that the
group O,es(H) acts transitively on the homogeneous space Oyes(Hc, Oc)/ P, where
P is the stabilizer of the subspace H @ {0} C H¢ (cf. Example 3.2(d),(i)). From
P N Oes(H) = U(H) it now follows that the action of the Banach-Lie group G on
G/K actually extends to a holomorphic action of a complex group.

Let Q € A°(H) be the vacuum vector. Then Q is a smooth vector which is
an eigenvector for K. On A(H), the operator —idn(I) is diagonal, and A™(H) is
the eigenspace corresponding to the eigenvalue n. As —iad [ acts on p_ with the
eigenvalue —2, it follows that dm,(p_)Q = {0}, so that Theorem 5.11 provides a
holomorphic equivariant map

n:G/K — P(A(H)'), g~ (7alg)”'Q)
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and a realization of (m,, A°"*"*(’H)) by holomorphic sections of a complex line bundle
over G/K. Since the representation (mq, A°V*"(H)) of G is irreducible,  is a cyclic
vector. As we have argued above, the action of every one-parameter subgroup of
G extends to a holomorphic action of C on G/K, so that Theorem 5.11(c) implies
that I; is the closed convex hull of the coadjoint orbit of A. That A has the desired
form follows as in the proof of Theorem 9.14. O

10.2. Quasi-free representations

Let P = P* = P2 be an orthogonal projection on H, H_ := im P, H, := ker P,
and I"'H — H be an isometric antilinear involution commuting with P. Then
7p:= (1—P)+TP € O(H). We write ap: H — B(A(H)) for the map corresponding
to the Fock representation of CAR(H) (Remark 10.1). Twisting with the Bogoliubov
automorphism defined by 7p, we obtain an irreducible representation (wp, A(H))
of CAR(H) by

ap(f) = ao((1 = P)f) + ag(TPf) = mo(ar, (f)) for f €,

i.e. mp = mooa,,. These representations are called quasi-free. For P = 0, we recover
the Fock representation defined by ag. Two quasi-free representations ap and ag
are equivalent if and only if ||P — Q|2 < oo ([80]).

Remark 10.13. The physical interpretation of P is that its range H_ consists
of the negative energy states and its kernel H consists of the positive energy
states. For f € Hy we have ap(f)Q2 = 0 and likewise a(f)Q2 = 0 for f € H_.
This is interpreted in such a way that the creation operator a}(f) cannot create
an additional negative state from ) because all negative states are already filled
(Pauli’s Principle). Likewise, the annihilation operator ap(f), corresponding to the
positive energy vector f, cannot extract any positive energy state from (2.

The restricted unitary group Uyes(H,P) (cf. Example 3.2(c)) is a sub-
group of O(H), and for all projections Q@ = gPg~ ', g € U.s(H,P) we have
| P — Q|2 < oo, so that the equivalence of ap and ag leads to a projective unitary
representation of Uyes(H) on A(H) determined by

72 (9)ap(f)me(9)* =ap(gf), fE€H, g€ Urs(H).

Let Ues(H) denote the corresponding central extension and write 7P for its unitary
representation on A(H). To see that we thus obtain a semibounded representation
of a Lie group, we first note that we have an embedding

t:U(H) — O(H), g+ Tpgtp

for which U,es(H, P) is precisely the inverse image of O,es(H) and that for g €
Uses(H, P) we have

ma(TPgTP)ap(f)ma(TPgTP)" = Ta(TPgTP)T0(Arpa(f))Ta(TPgTP)"

= 71—0(047'1::904(]0)) = WP(ag(f)) = G‘P(gf)7
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so that the projective representation of U,es(H, P) on A(H) coincide with 7, o
(cf. [77, p. 53]). It follows in particular that Uses(H, P) 22 t*Ores(H) is a Lie group,
72 is a smooth representation, and since im(L(:)) intersects the cone Cy(3) € W,
the representation 72" is semibounded (cf. Proposition 4.7(iv)). More precisely, each
element x = (z4,2-) € u(Hy) ®u(H-) with iz, < 0 and iz > 0 lies in Wep.
This holds in particular for 7,17, = I(1 — 2P).

In the physics literature, the corresponding self-adjoint operator
Q := —idn? (I) = dm, (1 — 2P)

is called the charge operator and 1 — 2P the one-particle charge operator. Its
1-eigenspace is H and its —1-eigenspace is H_.

Remark 10.14. The situation described above can be viewed as a “second quan-
tization” procedure that can be used to turn a self-adjoint operator A on the single
particle space H into a non-negative operator A on the many-particle space. In
fact, let P := P(]—00,0[) denote the spectral projection of A corresponding to
the open negative axis. Then iA generates a strongly continuous one-parameter
group ya(t) := et of U(Hy) x U(H_) C Uyes(H, P), and T (va(t)) = et is a

one-parameter group of U(A(H)) whose infinitesimal generator A has non-negative
spectrum.

For more details on the complex manifolds O,es(H)/U(H) (the isotropic
restricted Grassmannian) and Ues(H, P)/(U(P(H)) x U(H4)) (the restricted or
Sato—Segal-Wilson Grassmannian) we refer to [81] and [98], where one also finds
a detailed discussion of the corresponding complex line bundles, the Pfaffian line
bundle Pf over Oyes(H)/U(H) whose dual permits the even spin representation
as a space of holomorphic sections, and the determinant line bundle Det over the
restricted Grassmannian whose dual provides a realization of the representations of
ﬁres(H, P) mentioned above. Physical aspects of highest weight representations of
Uses(H) are discussed in [17].

11. Perspectives

Classification problems. In the preceding sections we mainly discussed three
prototypical classes of semibounded representations: highest weight representations
of the Virasoro group, the metaplectic representation on the bosonic Fock space and
the spin representation on the fermionic Fock space.

These representations are of fundamental importance in mathematical physics
and homomorphisms from a Lie group G to Sp,..(H), Ores(H) or Uyes(H, P) can be
used to obtain semibounded representations of a central extension by pulling back
the representations discussed above. This construction has been a major source
of (projective) representations for loop groups G = C*°(S!, K) and Diff(S') (cf.
(88,81,15,17]).



Semibounded Representations and Invariant Cones in Infinite Dimensional Lie Algebras 119

What still remains to be developed is a better global perspective on semibounded
representations, including classification results on irreducible ones and the existence
of direct integral decompositions.

Problem 11.1. Classify all irreducible semibounded unitary representations of the
groups gl\)res(H), Ores(H) and Uses(H, P), where H is a complex Hilbert space and
P an orthogonal projection on H.

These classification problems are special cases of the more general problem
of the classification of the projective semibounded unitary representations of the
automorphism groups of hermitian Hilbert symmetric spaces. For the three groups
above, the corresponding spaces of 1.7%, Iz, resp., the restricted Grassmannian
Gryes(H, P) := {gPg~t:g € Uyes(H, P)}. A crucial difference between these spaces
is that the first one is equivalent to a symmetric Hilbert domain (of negative cur-
vature) and the latter two are positively curved spaces. This difference is also
reflected in the difference between the cones Wy, and Wy, in 5p,e(H) and 0pes(H)
(Theorems 9.10 and 10.7).

An even larger class of groups arises as automorphism groups of Hilbert flag
manifolds such as the orbit of a finite flag in 'H under the group Us(H). For a
systematic discussion of these manifolds and the topology of the corresponding real
and complex groups we refer to [63, Sec. V]| and for corresponding representations
to [65].

For loop groups of the form C*(S*, K), K a compact connected Lie group, the
irreducible projective positive energy representations can be identified as highest
weight representations ([81, Theorem 11.2.3], [62, Corollary VII.2], and in particular
[88, Proposition 3.1] for K = T). With the convexity theorems in [3] and [40] it
should be possible to show that these representations are semibounded and one can
hope for an analog of Theorem 8.22 asserting that every irreducible semibounded
representation of the corresponding double extension either is a highest weight
representation or its dual. In [69] it is shown on the algebraic level that there also
exist many interesting unitary representations of infinite rank generalizations of
twisted and untwisted loop algebras, resp., their double extensions (so-called locally
affine Lie algebras). On the group level they correspond to (double extensions of)
groups of the form C>(S', K), where K is a Hilbert-Lie group, such as Uy (H). It
seems quite likely that all these representations are semibounded with momentum
sets generated by a single coadjoint orbit.

New sources of semibounded representations. Although many interesting
classes of semibounded representations are known, a systematic understanding of
the geometric sources of these representations is still lacking. As we have seen above,
on the Lie algebra level the existence of open invariant cones in a trivial central
extension is necessary (Remark 4.8). However, as the example V(S!) shows, it is
not sufficient (Theorem 8.7).
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Clearly, the circle S' plays a special role in many constructions, as the rich
theory for central extensions of loop groups and the Virasoro group shows. Beyond
St, it seems that Lie algebras of conformal vector fields (as generalizations of V(S'))
(cf. Example 6.13, [51] and [93]) and Lie algebras of sections of vector bundles over
Lorentzian manifolds (or more general “causal” spaces, [38]) are natural candidates
to be investigated with respect to the existence of semibounded representations.
The latter class of Lie algebras is a natural generalization of loop algebras. Here
an interesting point is that, although the conformal groups Conf(S!) = Diff(S') of
the circle and the conformal group Conf(S™!) of the Lorentzian torus are infinite
dimensional, for Lorentzian manifolds of dimension > 3, the conformal groups are
finite dimensional (cf. [86]). In particular, it is contained in the list of [51]. This
leads to the well-studied class of hermitian Lie groups (see in particular [93,95,38]).

Coadjoint orbits. There is a symplectic version of semibounded representations,
namely Hamiltonian actions 0: G x M — M with a momentum map ®: M — g’
for which the image of the momentum map is semi-equicontinuous. If G is finite
dimensional and ®(M) is closed, then Proposition 2.7 implies that there exists
an x € g for which the Hamiltonian function H,(m) := ®(m)(x) is proper. In
particular, ® is a proper map. In this sense the semi-equicontinuity of the image
of @ is a weakening of properness, which is a useful property as far as convexity
properties are concerned ([37]).

Even though we do not know in general to which extent coadjoint orbits of
infinite dimensional Lie groups are manifolds, the orbit Oy can always be viewed as
the range of a momentum map ®:G — g’,g — Ad"(g)\ corresponding to the left
action of G on itself preserving the left invariant closed 2-form  with Q;(z,y) =
A([x, y]). This action is semibounded if and only if O is semi-equicontinuous.

Since the momentum sets of semibounded representations always consist of
semi-equicontinuous orbits, the identification of the set ggeq of semi-equicontinuous
coadjoint orbits of a given Lie algebra is already a solid first step towards the under-
standing of corresponding semibounded representations. As we have seen in many
situations above, a useful tool to study convexity properties of coadjoint orbits are
projection maps p¢: g — t, where t C g is a “compactly embedded” subalgebra, i.e.
the action of 24t on g factor through the action of a compact Abelian group. As we
have seen in Sec. 9, sometimes one does not want to project to Abelian subalgebras
and one has to study projections pe: g — €, where € is a subalgebra for which e®dt
leaves a norm on g invariant.

This is of particular interest to understand open invariant cones W C g because
they often have the form

W =Ad(G)(W Nt) with ps(W)=WnNt
(cf. Theorem 6.7). In this situation on needs convexity theorems of the type

pe(O,) C conv(Ad(Ng(8))z) + C,
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where C'is a certain invariant convex cone in £ and Ng(¢) C G is the normalizer of
¢ in G (cf. [60] for finite dimensional Lie algebras). If € = t is Abelian, then Ng(t)
is an analog of the Weyl group.

For infinite dimensional Lie algebras, not many convexity theorems are known.
Of relevance for semibounded representations is the particular case of affine Kac—
Moody Lie algebras ([3,40]), and for Lie algebras of bounded operators on Hilbert
spaces the infinite dimensional version of Kostant’s Theorem by A. Neumann ([75])
is crucial. What is still lacking is a uniform framework for results of this type.

A. Smooth Vectors for Representations

Let G be a Lie group with Lie algebra g and exponential function exp,:g — G.
Further, let V' be a locally convex space and m: G — GL(V') be a homomorphism
defining a continuous action of G on V. We write 7%(g) := m(g)v for the orbit
maps and

Ve ={veV:in" e C*(G,V)}

for the space of smooth vectors. In this Appendix we collect some results of [71]
that are used in the present paper. Let

d
dm: g — End(V*>), drn(x)v:

= m(exptx)v

t=0

denote the derived action of g on V°°. That this is indeed a representation of g
follows by observing that the map V*° — C*°(G, V), v + 7" intertwines the action
of G with the right translation action on C*°(G, V), and this implies that the
derived action corresponds to the action of g on C°°(G, V') by left invariant vector
fields (cf. [62, Remark IV.2] for details).

Definition A.1l. Let G be a Banach-Lie group and write P(V) for the set of
continuous seminorms on V. For each p € P(V) and n € Ny we define a seminorm
ppn on Vo by

pn(v) :=sup{p(dm(z1) - - dm(xn)v): [|2;] <1}
and endow V> with the locally convex topology defined by these seminorms.

Theorem A.2. If (m,V) is a representation of the Banach-Lie group G on the
locally convez space V' defining a continuous action of G on V, then the action
o(g,v) := w(g)v of G on V> is smooth. If V is a Banach space, then V>° is
complete, i.e. a Fréchet space.

Theorem A.3. If (7, H) is a unitary representation of a Lie group G, then v € H
is a smooth vector if and only if the corresponding matriz coefficient %% (g) =
(m(g)v,v) is smooth on a 1-neighborhood in G. If, in addition, v is cyclic, then the
representation is smooth.
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In the following we write @ for the image of a unitary operator u € U(H) in the
projective unitary group PU(H) := U(H)/T1.

Theorem A.4. Let G be a connected Lie group, H a complex Hilbert space
and m:G — U(H) be a map with w(1) = 1 for which the corresponding map
7 G — PU(H) is a group homomorphism.
If there exists a v € H for which the function (g, h) — (w(g)m(h)v,v) is smooth
on a neighborhood of (1,1) in G X G, then the central extension
G:=7UH) ={(g,u) € G x U(H):7(g) = u}

of G by T is a Lie group and v is a smooth vector for the representation (7w, H) of
G by m(g,u) = u.

Proof. To exhibit G as a Lie group, we have to show that there exists a section
0:G — @G for which the corresponding 2-cocycle
fo(g1,92) = a(g1)a(g2)0(9192) "

is smooth in a neighborhood of (1, 1) ([64, Proposition 4.2]). Here we use that G is
connected. A particular section o: G — G is given by o(g) = (g, 7(g)).
Let U C G be an open 1-neighborhood such that

(r(g)v,m(h)"*v) #0 for g,h € U.
Its existence follows from our continuity assumption. If U’ C U is an open 1-
neighborhood with U'U’ C U, we then have for g;, g, € U’

fo(g1,92)(m(g192)v,v) = (7(g1)7(g2)v,v),
which leads to
(m(g1)7(g2)v, v)
(m(g1g2)v,v)

Therefore f, is smooth in a neighborhood of (1,1). This shows that G is a Lie

group and the multiplication map G x T — é, (9,t) — (g,tm(g)) is smooth in a
neighborhood of 1 ({64, Proposition 4.2]). The representation 7 now satisfies

(T(g,tm(g))v,v) = ({tm(g)v,v) = L{m(g)v,v),

which is smooth in a neighborhood of 1. Now Theorem A.3 implies that v is a
smooth vector for the representation 7. O

fo(91,92) =

Remark A.5. The assumption that G is connected in the preceding theorem can
be removed if G is a Banach—Lie group. In this case we assume, in addition, that
7 is continuous in the sense that all functions g — [(7(g)v, w)| on G are continu-
ous (cf. [52, p. 175]). Then @ is the pullback of a central extension of topological
groups U(H) — PU(H), hence in particular a topological group with respect to
the topology inherited from G x U(H). Under the assumptions of Theorem A.4,
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the central extension éo of the identity component Gy of G carries a natural Lie
group structure compatible with the given topology on G. For each g € é, the
conjugation map ¢, induces a continuous automorphism of the Banach-Lie group
6’07 and since continuous homomorphisms of Banach-Lie groups are automatically
smooth ([66, Theorem IV.1.18]), ¢, also defines a Lie automorphism of Go. This
implies that G carries a unique Lie group structure which coincides on the open
subgroup G with the given one (see also [64, Remark 4.3]).

Remark A.6. In the situation of Theorem A.4, the Lie algebra cocycle defining

~

the central extension g = L(G) of g by R in the sense that

QZR@W 9 [(t7x),(t/7x’)] = (77(*%'7‘7;/)7[*%'7‘%'/])

can be calculated as follows.
If dmg — End(H*) is the map obtained from the representation d7 via
dr(z) := d7n(0, z), then we have for each unit vector v € H* the relation
[d7(x), dm(y)]v = dr ([, y])v + in(z, y)v,
so that
n(x,y) = Im([dﬂ—(x)v dﬂ—(y)]m v) — Im(dw([x, y])v, U>
= 2Im(dn(x)v, dr(y)v) + i{dn([z, y])v, v).

B. The Cone of Positive Definite Forms on a Banach Space

Let V be a Banach space and Sym?(V,R) be the Banach space of continuous sym-
metric bilinear maps §:V x V — R, endowed with the norm

18]I := sup{|5(v, v)|: [[o]| < 1}.
Clearly, the set Sym?(V,R) 4 of positive semidefinite bilinear maps is a closed convex

cone in Sym?(V,R).

Lemma B.1. The cone Sme(V7 R)4 has interior points if and only if V is topo-
logically isomorphic to a Hilbert space. If this is the case, then its interior consists of
all those positive definite forms 3 for which the norm ||v||g := \/B(v,v) is equivalent
to the norm on V.

Proof. Suppose first that V carries a Hilbert space structure (3. Replacing the
original norm by an equivalent Hilbert norm, we may assume that V' is a real Hilbert
space. Then Sym?(V,R) can be identified with the space Sym(V) of symmetric
operators on V' by assigning to A € Sym(V') the form [4(v,v) = (Av, w), satisfying

Ba(v,v)| = [(Av,v)| < [|A[[[]o]|*,  so that [|Ball < [|A].
The polarization identity

(Av,w0) = Ba(v, w) = (Balo + w0+ w) = falo — w0~ w))
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further implies that || A| < 284, so that the Banach spaces Sym(V') and Sym?(V,R)
are topologically isomorphic. The identity idy = 1 is an interior point in the cone
of positive operators, Sym?(V,R), has interior points.

Suppose, conversely, that # € Sym?(V,R), is an interior point. Then
B — Sym?(V,R), is a 0-neighborhood in Sym?(V, R), which implies the existence of
some ¢ > 0 such that [|v]| < ¢ implies v(v,v) < B(v,v) for all v € V. Fixing vy € V,
we pick a € V' with ||a]| = 1 and a(vg) = ||vo|- Then (v, w) := ca(v)a(w) is a
symmetric bilinear form with ||y|| = ¢[|a||?> = ¢. We therefore obtain

cllvoll® = y(vo, vo) < B(vo,vo) < [I18]llvoll?,

showing that [ is positive definite and that the norm /3(v,v) is equivalent to the
norm on V. O

Remark B.2. Let (V,w) be a weakly symplectic Banach space, i.e. w is a non-
degenerate skew-symmetric bilinear form. Then

sp(Viw) :={X € B(V): (Vv,w € V)w(Xv,w) + w(v, Xw) =0}

is the corresponding symplectic Lie algebra. In particular, X € B(V) belongs to
sp(V,w) if and only if the bilinear form w(Xwv,w) is symmetric. The corresponding
quadratic function Hx (v) := 2w(Xv,v) is called the Hamiltonian function defined
by X.

If there exists an X € sp(V,w) for which (v, w) = w(Xv,w) defines a Hilbert
space structure on V', then each continuous linear functional o € V” is of the form
iyw for some v € V. This means that (V,w) is strongly symplectic, i.e. the map
D,V — V' v i,w is surjective, hence a topological isomorphism by the Open
Mapping Theorem. We further see that X is injective. To see that it is also surjec-
tive, let u € V and represent the continuous linear functional i,w as (w, -) for some
w € V. Then w(u,v) = (w,v) = w(Xw,v) for all v € V, and thus Xw = u. Hence
X is a topological isomorphism, satisfying w(u,v) = (X ~'u,v) for v,w € V. This
further implies that X is skew-symmetric.

Proposition B.3. Let (V,w) be a strongly symplectic Banach space. Then the
convez cone {X € sp(V,w): Hx > 0} has interior points if and only if V is topolog-
ically isomorphic to a Hilbert space. If this is the case, then there exists a complex
structure I € sp(V,w) for which Hy defines a compatible Hilbert space structure on
V, i.e.

w(v,w) = Im(v, w)
for the underlying complex Hilbert space.
Proof. (cf. [1, Theorem 3.1.19]) If 5: V xV — R is a symmetric bilinear form, then

Pg:V — V' v i, also is a continuous linear map, and B := &1 0o &5:V — V
is continuous linear with

w(Bv,v) = @, (Bv)(v) = ®g(v)(v) = B(v,v),
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so that every symmetric bilinear form can be represented by an element of sp(V, w),
and we obtain a topological isomorphism sp(V,w) = Sym?(V,R). Combining this
with Lemma B.1 proves the first assertion.

We now assume that V' is a real Hilbert space with the scalar product (v,w) =
w(Xv,w), where X is as above. Then A := X! is an invertible skew-symmetric
operator with w(v, w) = (Av,w). Then the complex linear extension A¢ to the com-
plex Hilbert space V¢ yields a self-adjoint operator iAc. The complex conjugation
o of V¢ with respect to V now satisfies o 0 1Ac o 0 = —iAg, so that Spec(iA¢) is a
compact symmetric subset of R, not containing 0. We therefore have an orthogonal
decomposition Ve = V4 @ V_ into the positive and negative spectral subspaces of
iAc. Since (Vi) = V4, we obtain an isomorphism V = V., and hence a complex
structure I on V', corresponding to multiplication by ¢ on V. This means that
vy € Vi with v = vy + o(vy) satisfies

w(lv,v) = (Alv,v) = (Al(v4 + o (v4)), v+ + 0 (v4))
— (Ac(ivy —io(v+)), 01 + 0(v3)) = i(Ac(vs — o(v4)), 0 + o (v4))
= i((Acvs,v4) — (v4, Acvy)) = 2(iAcvy, vy),
so we obtain a complex structure I on V' for which the Hamiltonian H; defines a

Hilbert structure on V. Since I is skew-symmetric, (V,I) inherits the structure of
a complex Hilbert space with respect to the scalar product

(v, w) = w(lv,w) +iw(lv, [w) = w({lv,w) + iw(v,w).

Therefore our assumption leads to the representation of w as w(v,w) = Im(v, w)
for a complex Hilbert space structure on V. O

C. Involutive Lie Algebras with Root Decomposition

Definition C.1. (a) We call an Abelian subalgebra t of the real Lie algebra g a
compactly embedded Cartan subalgebra if tis maximal Abelian and ad t is simultane-
ously diagonalizable on the complexification gc with purely imaginary eigenvalues.
Then we have a root decomposition

gc =tc+ ZE%,
aEA

where g& = {z € gc: (VI € t¢)[h, z] = a(h)z} and
A:={aetc\{0}:g¢ # {0}}

is the corresponding root system.
If o:gc — gc denotes the complex conjugation with respect to g, we write

*

x* := —o(x) for x € gc, so that g = {x € ge:2* = —x}. We then have

(I1) ofx) € R for x € it.
(I2) o(gd) = gc“ for a € A.
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Lemma C.2. For 0 # z, € g¢ the subalgebra gc(xa) = span{zq, x},, [Ta, )]} is
o-invariant and of one of the following types:

(A) The Abelian type: [xq,x5] =0, i.e. gc(za) s two-dimensional Abelian.
(N) The nilpotent type: [zq,2%] # 0 and a([ra,xk]) = 0, ie. go(za) is a three-
dimensional Heisenberg algebra.
(S) The simple type: a[xq,xl]) # 0, ie. go(xa) = sla(C). In this case we dis-
tinguish the two cases:
(CS) a([za,z]) >0, i.e. go(xa) N g = sux(C), and
(NS) a([za, 28]) < 0, icc. ge(ra) N g 2 sur1(C) 2 sy (R).

Proof. First we note that, in view of z, € g, [59, Lemma I1.2] applies, and
we see that ge(za) is of one of the three types (A), (N) and (S). We note that
af[za,xk]) € R because of (I12) and [zq,x)] € it. Now it is easy to check that
gc(za) N g is of type (CS), resp., (NS), according to the sign of this number. O

The following proposition provides useful information for the analysis of invari-
ant cones and orbit projections. Here we write pi: g — t for the projection along
gl => (8¢ +9c%) Ng, and pe-: g* — t* for the restriction map.

Proposition C.3. Let x € t, xo € g¢ and A € t*. Then the following assertions
hold:

R+0¢($)[$Z7$a] for Oz([:l:a7.%'2]) <0,
(i) pe(eedlma=raly) = o + oz
P 0, Q]A[xz,xa] for a([xa,zk]) > 0.
Oé([.’IJa, a])
R+)\([$Z»$a]) for a([xouxm) <0,
(i) pe(eFad @amma))) = X + TE, Ta
P [O,2]Ha for a([za,zk]) > 0.

Proof. (i) is an immediate consequence of [60, Lemma VII.2.9], and (ii) follows
from (i) and the relation pe- (A)(e2d¥z) = A(pe(e?¥Vx)). 0

D. Some Facts on Fock Spaces

Let H be a complex Hilbert space. We endow the n-fold tensor product with the
canonical Hilbert structure defined by

(V1 ® - @Up, w1 @+ @ wy) 1= H v, Wj),

and form the Hilbert space direct sum T(H) := @nGNOH‘X’". In H®™ we write
S™(H) for the closed subspace generated by the symmetric tensors and A™(H) for
the closed subspace generated by the alternating tensors. We thus obtain subspaces

— —

S(H) = @HGNOS”(H) and A(H) := @neNOA"(H)
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of T(H) and write Ps, resp., P, for the corresponding orthogonal projections:

1
Ps(fl®®fn):_ f0(1)®"'®f0(n)
n!
oeSy

and

Pu(fi®-® fn) = % Z sgn(0) fo(1) @+ @ fo(n)-

" oES,

The dense subspace S(H)o 1= 3_,,5, 5" (H) of S(H) carries an associative alge-

bra structure, given by

and likewise A(H)o := >_, 5o A" (H) inherits an algebra structure defined by

FiN A fai= VAP (L@ ® fr).

A unit vector  in the one-dimensional space S°(H) = A°(H) is called a vacuum

vector.

Lemma D.1. We have
TVS - (n—;m)PS(T@) S) forT e §"(H),S € S™(H)
and

TAS= (" —;m>Pa(T ®S) forT € A"(H),S € A™(H).

Proof. For the symmetric case we first note that f™ = v/n!f®", so that

"V gm = (n+m)P,(f" ®g¢*™) = (n—;m)Ps(fn@)gm).

Since the elements f™ generate S™(H) topologically, (44) follows.

For the alternating case we obtain for T'= f{ A--- A fpand S = g1 A ---

the relation

1
WT/\S:Pa(f1®®gm)
:Pa(Pa(f1®®fn)®Pa(gl®®gm))
1
= P es)

(45)

A Gm

Remark D.2. (a) For the norms of the product of T € S™(H) and S € S™(H),

we obtain with (44)

1
1TV S| =

_ _ [A]
(n+m)! Vnlvm!

T®S|=—=

|P(T & 8)| < ﬁ| —

5]

m!
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From that we derive for 7' € S*(H) and n € N the relation

1

n 1 "
T < (ﬁnT)

and for T € S?(H) we find in particular

e = 3 T < Y A, (46)

n=0 n=0

which converges for ||T]|* < 1.
(b) For T € A™(H) and S € A™(H) we likewise obtain with (45)

1 HTII HSH
—=——=IT Sl <
which leads for T € A%(H) to
| = (2n)!
1671 = - T < Y TP (47)
n=0 ‘ =

Lemma D.3. Let A be an antilinear Hilbert-Schmidt operator on H and define
A* by (A*v,w) = (Aw,v). If A* = A, then there exists a unique element A €
S2(H) with

(A, f1V fo) = (Af1, fo) f for fi, f2 €M,

and if A* = — A, there exists a unique element A € A2(H) with

(A, L A f2) = (Af1, fa)  for f1, fa €H.

Moreover, the following assertions hold:

@) 141 = 411413, o
(ii) If A and B are hermitian and antilinear, then (A, B) = Str (AB)
(iii) If A and B are skew-hermitian and antilinear, then (A, B) = —Ltr(AB).

Proof. (a) First we consider the case where A* = A. Let (e;) ;e be an orthonormal
basis of H. Then we have in S?(H) the relations

2

1 .
||e?||2 =2|e;®e;]|? =2 and |le;Vex|* =2 H— ej e +e,®e;)|l =1, j#k.

5(

If < denotes a linear order on .J, we thus obtain the orthonormal basis

1
ﬁe?, ejVer, j<k, ofS*H).
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This leads to
~ 1~ N
A =D S KA NP+ (A ej Ve

J i<k
1 1
=2 ltdes enl® + 3 _I(Aej,en)l? = FlAl13.
J i<k
For A* = — A we similarly get
~ ~ 1
JAIP = DA e verl” = 3_[(Aej, en)l” = SIIAI5
i<k i<k

(b) Let Hermg (H), denote the complex subspace of hermitian antilinear Hilbert—
Schmidt operators. Then the prescription (A4, B) := tr(AB) = tr(AB*) defines a
sesquilinear form on this space with

tr(AB) = tr((AB)") = tr(B*A") = tr(BA),
so that it is hermitian. Its restriction to the diagonal satisfies

(A, A) = tr(4%) = ) (A%ej e;) = ) (Aej, Aey) = || A3,

jeJ jeJ

In view of (a), polarization implies that tr(AB) = (A, B) = 2(A,B) for A,B €

Hermy (H), -

(¢) For the space Aherms(H), of skew-hermitian antilinear Hilbert—Schmidt
operators the same argument works with (A, B) := —tr(AB) = tr(AB*). O
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