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Introduction

Symmetries play a decisive role in the natural sciences and throughout mathematics. Infinite-
dimensional Lie theory deals with symmetries depending on infinitely many parameters. Such
symmetries may be studied on an infinitesimal, local or global level, which amounts to studying
Lie algebras, local Lie groups and global Lie groups, respectively. Here the passage from the
infinitesimal to the local level requires a smooth structure on the symmetry group (such as a
Lie group structure as defined below), whereas the passage from the local to the global level is
purely topological.

Finite-dimensional Lie theory was created about 130 years ago by MARIUS SOPHUS LIE
and FRIEDRICH ENGEL, who showed that in finite dimensions the local and the infinitesimal
theory are essentially equivalent ([Lie80/95]). The differential geometric approach to finite-
dimensional global Lie groups (as smooth or analytic manifolds) is naturally complemented by
the theory of algebraic groups with which it interacts most fruitfully. A crucial point of the finite-
dimensional theory is that finiteness conditions permit to develop a powerful structure theory of
finite-dimensional Lie groups in terms of the Levi splitting and the fine structure of semisimple
Lie groups ([Ho65], [Wa72]).

A substantial part of the literature on infinite-dimensional Lie theory exclusively deals
with the level of Lie algebras, their structure, and their representations (cf. [Ka90], [Neh96],
[Su97], [AABGP9I7], [DiPe99], [ABGO00]). However, only special classes of groups, such as Kac—
Moody groups, can be approached with success by purely algebraic methods ([KP83], [Ka85]);
see also [Rod89] for an analytic approach to Kac-Moody groups. In mathematical physics, the
infinitesimal approach dealing mainly with Lie algebras and their representations is convenient
for calculations, but a global analytic perspective is required to understand global phenomena
(cf. [AI95], [Ot95], [CVLLIS], [EMi99], [Go04], [Sch04]). A similar statement applies to non-
commutative geometry, throughout of which derivations and covariant derivatives are used. It
would be interesting to understand how global symmetry groups and the associated geometry fit
into the picture ([Co94], [GVFO01]).

In infinite dimensions, the passage from the infinitesimal to the local and from there to the
global level is not possible in general, whence Lie theory splits into three properly distinct levels.
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It is a central point of this survey to explain some of the concepts and the results that can be
used to translate between these three levels.

We shall use a Lie group concept which is both simple and very general: A Lie group is
a manifold, endowed with a group structure such that multiplication and inversion are smooth
maps. The main difference, compared to the finite-dimensional theory, concerns the notion of
a manifold: The manifolds we consider are modeled on arbitrary locally convex spaces. As we
shall see later, it is natural to approach Lie groups from such a general perspective, because it
leads to a unified treatment of the basic aspects of the theory without unnatural restrictions on
model spaces or the notion of a Lie group. Although we shall simply call them Lie groups, a more
specific terminology is locally convex Lie groups. Depending on the type of the model spaces,
we obtain in particular the classes of finite-dimensional, Banach—, Fréchet—, LF- and Silva—Lie
groups.

The fundamental problems of Lie theory

As in finite dimensions, the Lie algebra L(G) of a Lie group G is identified with the
tangent space T3(G), where the Lie bracket it obtained by identification with the space of
left invariant vector fields. This turns L(G) into a locally convex (topological) Lie algebra.
Associating, furthermore, to a morphism ¢ of Lie groups its tangent map L(p) := T1(p), we
obtain the Lie functor from the category of (locally convex) Lie groups to the category of locally
convex topological Lie algebras. The core of Lie theory now consists in determining how much
information the Lie functor forgets and how much can be reconstructed. This leads to several
integration problems such as:

(FP1) When does a continuous homomorphism L(G) — L(H) between Lie algebras of connected
Lie groups integrate to a (local) group homomorphism G — H?

(FP2) Integrability Problem for subalgebras: Which Lie subalgebras h of the Lie algebra
L(G) of a Lie group G correspond to Lie group morphisms H — G with L(H) =§?

(FP3) Integrability Problem for Lie algebras (LIE III): For which locally convex Lie
algebras g does a local/global Lie group G with L(G) = g exist?

(FP4) Integrability Problem for extensions: When does an extension of the Lie algebra
L(G) of a Lie group G by the Lie algebra L(N) of a Lie group N integrate to a Lie
group extension of G by N?

(FP5) Subgroup Problem: Which subgroups of a Lie group G carry natural Lie group
structures?

(FP6) When does a Lie group have an exponential map expqs: L(G) — G7

(FP7) Integrability Problem for smooth actions: When does a homomorphism g — V(M)
into the Lie algebra V(M) of smooth vector fields on a manifold M integrate to a smooth
action of a corresponding Lie group?

(FP8) Small Subgroup Problem: Which Lie groups have identity neighborhoods containing
no non-trivial subgroup?

(FP9) Locally Compact Subgroup Problem: For which Lie groups are locally compact
subgroups (finite-dimensional) Lie groups?

(FP10) Automatic Smoothness Problem: When are continuous homomorphisms between Lie
groups smooth?

An important tool in the finite-dimensional and Banach context is the exponential map, but
as vector fields on locally convex manifolds need not possess integral curves, there is no general
theorem that guarantees the existence of a (smooth) exponential map, i.e., a smooth function

expe: L(G) — G,
for which the curves v,(t) := expg(tx) are homomorphisms (R,+) — G with +,(0) = «.

Therefore the existence of an exponential function has to be treated as an additional requirement
(cf. (FP6)). Even stronger is the requirement of regularity, meaning that, for each smooth curve
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&:[0,1] — L(G), the initial value problem

V() = (1).£(t) == Ta(Ay)E(t), 7(0) =1

has a solution 7¢:[0,1] — G and that 7¢(1) depends smoothly on {. Regularity is a natural
assumption that provides a good deal of methods to pass from the infinitesimal to the global
level. This regularity concept is due to MILNOR ([Mil84]). It weakens the p-regularity (in our
terminology) introduced by OMORI et al. in [OMYK82/83a] (see [KYMOS8S5] for a survey), but
it is still strong enough for the essential Lie theoretic applications. Presently, we do not know
of any Lie group modeled on a complete space which is not regular. For all major concrete
classes discussed below, one can prove regularity, but there is no general theorem saying that
each locally convex Lie group with a complete model space is regular or even that it has an
exponential function. To prove or disprove such a theorem is another fundamental open problem
of the theory. An assumption of a different nature than regularity, and which can be used
to develop a profound Lie theory, is that G is locally exrponential in the sense that it has an
exponential function which is a local diffeomorphism in 0. Even stronger is the assumption that,
in addition, G is analytic and that the exponential function is an analytic local diffeomorphism
in 0. Groups with this property are called BCH-Lie groups, because the local multiplication in
canonical local coordinates is given by the Baker—-Campbell-Hausdorff series. This class contains
in particular all Banach—Lie groups.

Important classes of infinite-dimensional Lie groups

Each general theory lives from the concrete classes of objects it can be applied to. Therefore
it is good to have certain major classes of Lie groups in mind to which the general theory should
apply. Here we briefly describe four such classes:

Linear Lie groups: Loosely speaking, linear Lie groups are Lie groups of operators on
locally convex spaces, but this has to be made more precise.

Let E be a locally convex space and L£(E) the unital associative algebra of all continuous
linear endomorphisms of E. Its unit group is the general linear group GL(E) of E. If E is not
normable, there is no vector topology on L(FE), for which the composition map is continuous
([Mais63, Satz 2]). In general, the group GL(F) is open for no vector topology on L(E), as
follows from the observation that if the spectrum of the operator D is unbounded, then 1+ tD
is not invertible for arbitrarily small values of ¢. Therefore we need a class of associative algebras
which are better behaved than L(F) to define a natural class of linear Lie groups.

The most natural class of associative algebras for infinite-dimensional Lie theory are con-
tinuous inverse algebras (CIAs for short), introduced in [Wae54a/b/c] by WAELBROECK in the
context of commutative spectral theory. A CIA is a unital associative locally convex alge-
bra A with continuous multiplication, for which the unit group A* is open and the inversion
A* — A a — a~! is a continuous map. As this implies the smoothness of the inversion map,
A* carries a natural Lie group structure. It is not hard to see that the CIA property is inherited
by matrix algebras M, (A) over A ([Swa62]), so that GL,(4) = M, (A)* also is a Lie group,
and under mild completeness assumptions (sequential completeness) on A, the Lie group A* is
regular and locally exponential ([Gl02b], [GNO06]). This leads to natural classes of Lie subgroups
of CIAs and hence to a natural concept of a linear Lie group.

Mapping groups and gauge groups: There are many natural classes of groups of
maps with values in Lie groups which can be endowed with Lie group structures. The most
important cases are the following: If M is a compact manifold and K a Lie group (possibly
infinite-dimensional) with Lie algebra L(K) = ¢, then the group C*°(M, K) always carries a
natural Lie group structure such that C°°(M,€), endowed with the pointwise bracket, is its Lie
algebra ([GG61], [Mil82/84]; see also [Mi80]). A prominent class of such groups are the smooth
loop groups C*(S!, K), which, for finite-dimensional simple groups K, are closely related to
Kac—Moody groups ([PS86], [Mick87/89]).
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If, more generally, ¢: P — M is a smooth principal bundle over a compact manifold M
with locally exponential structure group K, then its gauge group

Gau(P) :={p € Diff (P):qop =¢q,(Vp € P,k € K) p(p.k) = p(p).k}

also carries a natural Lie group structure. For trivial bundles, we obtain the mapping groups
C>(M, K) as special cases. Natural generalizations are the groups C°(M, K) of compactly
supported smooth maps on a o-compact finite-dimensional manifold ([Mi80], [Gl02¢]) and also
Sobolev completions of the groups C*°(M, K) ([Sch04]).

Direct limit groups: A quite natural method to obtain infinite-dimensional groups
from finite-dimensional ones is to consider a sequence (G, )nen of finite-dimensional Lie groups
and morphisms ¢,: G, — Gnp41, so that we can define a direct limit group G := hi{l G

whose representations correspond to compatible sequences of representations of the groups G, .
According to a recent theorem of GLOCKNER ([G105]), generalizing previous work of J. WOLF and
his coauthors ([NRW91/93]), the direct limit group G can always be endowed with a natural Lie
group structure. Its Lie algebra L(G) is the countably dimensional direct limit space th L(G,),

endowed with the finest locally convex topology. This provides an interesting class of infinite-
dimensional Lie groups which is still quite close to finite-dimensional groups and has a very rich
representation theory ([DiPe99], [NRW99], [Wol05]).

Groups of diffeomorphisms: In a similar fashion as linear Lie groups arise as symmetry
groups of linear structures, such as bilinear forms on modules of CIAs, Lie groups of diffeo-
morphisms arise as symmetry groups of geometric structures on manifolds, such as symplectic
structures, contact structures or volume forms.

A basic result is that, for any compact manifold M, the group Diff(M) can be turned
into a Lie group modeled on the Fréchet space V(M) of smooth vector fields on M (cf. [Les67],
[Omo70], [EM69/70], [Gu77], [Mi80], [Ham&2]).

If M is non-compact and finite-dimensional, but o-compact, then there is no natural Lie
group structure on Diff (M) such that smooth actions of Lie groups G on M correspond to Lie
group homomorphisms G — Diff(M). Nevertheless, it is possible to turn Diff (M) into a Lie
group with Lie algebra V.(M), the Lie algebra of all smooth vector fields with compact support,
endowed with the natural test function topology, turning it into an LF space (cf. [Mi80], [Mil82],
[G102d]). If M is compact, this yields the aforementioned Lie group structure on Diff (M), but
if M is not compact, then the corresponding topology on Diff(M) is so fine that the global
flow generated by a vector field whose support is not compact does not lead to a continuous
homomorphism R — Diff(M). For this Lie group structure, the normal subgroup Diff .(M) of
all diffeomorphisms which coincide with id; outside a compact set is an open subgroup.

By groups of diffeomorphisms we mean groups of the type Diff (M), as well as natural
subgroups defined as symmetry groups of geometric structures, such as groups of symplectomor-
phisms, groups of contact transformations and groups of volume preserving diffeomorphisms. Of
a different nature, but also locally convex Lie groups, are groups of formal diffeomorphism as
studied by LEWIS ([Lew39]), STERNBERG ([St61]) and KURANISHI ([Kur59]), groups of germs
of smooth and analytic diffeomorphisms of R" fixing 0 ([RK97], [Rob02]), and also germs of
biholomorphic maps of C" fixing 0 ([Pis76/77/79]).

As the discussion of these classes of examples shows, the concept of a locally convex Lie
group subsumes quite different classes of Lie groups: Banach—Lie groups, groups of diffeomor-
phisms (modeled on Fréchet and LF spaces), groups of germs (modeled on Silva spaces) and
formal groups (modeled on Fréchet spaces such as RY).

In this survey article, we present our personal view of the current state of several aspects of
the Lie theory of locally convex Lie groups. We shall focus on the general structures and concepts
related to the fundamental problems (FP1)-(FP10) and on what can be said for the classes of
Lie groups mentioned above.

Due to limited space and time, we had to make choices, and as a result, we could not take
up many interesting directions such as the modern theory of symmetries of differential equations
as exposed in OLVER’s beautiful book [O1v93] and the fine structure and the geometry of specific
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groups of diffecomorphisms, such as the group Diff (M,w) of symplectomorphisms of a symplectic
manifold (M,w) ([Ban97], [MDS98], [Pol01] are recent textbooks on this topic). We do not
go into (unitary) representation theory (cf. [AHMTT93], [Is96], [DP03], [Pic00a/b], [Ki05]) and
connections to physics, which are nicely described in the recent surveys of GOLDIN [Go04] and
ScHMID [Sch04]. Other topics are only mentioned very briefly, such as the ILB and ILH-theory
of Lie groups of diffeomorphisms which plays an important role in geometric analysis (cf. [AK98],
[EMi99]) and the group of invertible Fourier integral operators of order zero, whose Lie group
property was the main goal of the series of papers [OMY80/81], [OMYKS81/82/83a/b], completed
in [MOKYS85]. An alternative approach to these groups is described in [ARS84,86a/b]. More
recently, very interesting results concerning diffeomorphism groups and Fourier integral operators
on non-compact manifolds (with bounded geometry) have been obtained by EICHHORN and
ScHMID ([ES96/01]).

Some history

To put the Lie theory of locally convex groups into proper perspective, we take a brief look
at the historical development of infinite-dimensional Lie theory. Infinite-dimensional Lie algebras,
such as Lie algebras of vector fields, where present in Lie theory right from the beginning, when
SoPHUS LIE started to study (local) Lie groups as groups “generated” by finite-dimensional Lie
algebras of vector fields ([Lie80]). The general global theory of finite-dimensional Lie groups
started to develop in the late 19th century, driven substantially by E. CARTAN’s work on
symmetric spaces ([CaE98]). The first exposition of a global theory, including the description of
all connected groups with a given Lie algebra and analytic subgroups, was given by MAYER and
THOMAS ([MaTh35]). After the combination with the structure theory of Lie algebras, the theory
reached its mature form in the middle of the 20th century, which is exposed in the fundamental
books of CHEVALLEY ([Ch46]) and HOCHSCHILD ([Ho65]) (see also [Po39] for an early textbook
situated on the borderline between topological groups and Lie groups).

Already in the work of S. LIE infinite-dimensional groups show up as groups of (local)
diffeomorphisms of open domains in R” (cf. [Lie95]) and later E. CARTAN undertook a more
systematic study of certain types of infinite-dimensional Lie algebras, resp., groups of diffeo-
morphisms preserving geometric structures on a manifold, such a symplectic, contact or volume
forms (cf. [CaE04]). On the other hand, the advent of Quantum Mechanics in the 1920s created
a need to understand the structure of groups of operators on Hilbert spaces, which is a quite
different class of infinite-dimensional groups (cf. [De32]).

The first attempt to deal with infinite-dimensional groups as Lie groups, i.e., as a smooth
manifolds, was undertaken by BIRKHOFF in [Bir36/38], where he developed the local Lie theory
of Banach-Lie groups, resp., Banach-Lie algebras (see also [MiE37] for first steps in extending
Lie’s theory of local transformation groups to the Banach setting). In particular, he proved that
(locally) C!-Banach-Lie groups admit exponential coordinates which leads to analytic Lie group
structures, that continuous homomorphisms are analytic and that, for every Banach—Lie algebra,
the BCH series defines an analytic local group structure. He also defines the Lie algebra of such a
local group, derives its functoriality properties and establishes the correspondence between closed
subalgebras/ideals and the corresponding local subgroups. Even product integrals, which play
a central role in the modern theory, appear in his work as solutions of left invariant differential
equations. The local theory of Banach—Lie groups was continued by DYNKIN ([Dy47/53]) who
developed the algebraic theory of the BCH series further and by LAuGwITZ ([Laub5/56]) who
developed a differential geometric perspective, which is quite close in spirit to the theory of
locally exponential Lie groups described in Section IV below. Put in modern terms, he uses the
Maurer—Cartan form and integrability conditions on (partial) differential equations on Banach
space, developed by MICHAL and ELCONIN ([MiE37], [MicA48]), to derive the existence of the
local group structure from the Maurer—Cartan form, which in turn is obtained from the Lie
bracket. In the finite-dimensional case, this strategy is due to F. SCHUR ([SchF90a]) and quite
close to LIE’s original approach. In [Lau55], LAUGWITZ shows in particular that the center and
any locally compact subgroup of a Banach-Lie group is a Banach—Lie subgroup. Formal Lie
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groups of infinitely many parameters were introduced by RITT a few years earlier ([Ri50]).

The global theory of Banach—Lie groups started in the early 1960s with MAISSEN’s paper
[Mais62] which contains the first basic results on the Lie functor on the global level, such as the
existence of integral subgroups for closed Lie subalgebras and the integrability of Lie algebra
homomorphisms for simply connected groups. Later VAN EST and KORTHAGEN studied the
integrability problem for Banach-Lie algebras and found the first example of a non-integrable
Banach-Lie algebra ([EK64]). Based on KUIPER’s Theorem that the unitary group of an infinite-
dimensional Hilbert space is contractible ([Ku65]), simpler examples were given later by DOUADY
and LAZARD ([DL66]). Chapters 2 and 3 in BOURBAKI’s “Lie groups and Lie algebras” contain
in particular the basic local theory of Banach—Lie groups and Lie algebras and also some global
aspects ([Bou89]). Although most of the material in HOFMANN’s Tulane Lecture Notes ([Hof68]),
approaching the subject from a topological group perspective, was never published until recently
([HoMo98]), it was an important source of information for many people working on Banach—Lie
theory (see also [Hof72/75]).

In the early 1970s, DE LA HARPE extended E. CARTAN’s classification of Riemannian
symmetric spaces to Hilbert manifolds associated to a certain class of Hilbert—Lie algebras,
called L*-algebras, and studied different classes of operator groups related to Schatten ideals.
Another context, where a structure-theoretic approach leads quite far is the theory of bounded
symmetric domains in Banach spaces and the related theory of (normed) symmetric spaces,
developed by KAup and UPMEIER (cf. [Ka81/83a/b], [Up85]). For a more general approach
to Banach symmetric spaces in the sense of Loos ([Lo69]), extending the class of all finite-
dimensional symmetric spaces, not only Riemannian ones, we refer to [Ne02c] (cf. also [La99]
for the corresponding basic differential geometry). In the context of symplectic geometry, resp.,
Hamiltonian flows, Banach manifolds were introduced by MARSDEN ([Mar67]), and WEINSTEIN
obtained a Darboux Theorem in this context ([Wei69]). SCHMID’s monograph [Sch87] provides
a nice introduction to infinite-dimensional Hamiltonian systems. For more recent results on
Banach-Kéahler manifolds and their connections to representation theory, we refer to ([Ne04b],
[Bel06]) and for Banach—Poisson manifolds to the recent work of RATIU, ODZIJEWICZ and
BEeLTITA ([RO03/04], [BR05a/Db]).

Although BIRKHOFF was already aware of the fact that his theory covered groups of
operators on Banach spaces, but not groups of diffeomorphisms, it took 30 years until infinite-
dimensional Lie groups modeled on (complete) locally convex spaces occurred for the first time, as
an attempt to understand the Lie structure of the group Diff (M) of diffeomorphisms of a compact
manifold M, in the work of LESLIE ([Les67]) and OMORI ([Omo70]). This theory was developed
further by OMORI in the context of strong ILB-Lie groups (cf. [Omo74]). A large part of [Omo74]
is devoted to the construction of a strong ILB—Lie group structure on various types of groups
of diffeomorphisms. In the 1980s, this theory was refined substantially by imposing and proving
additional regularity conditions for such groups ([OMYKS82/83a], [KYMOS85]). A different type
of Lie group was studied by PISANELLI in [Pis76/77/79], namely the group Gh,(C) of germs of
biholomorphic maps of C" fixing 0. This group carries the structure of a Silva—Lie group and
is one of the first non-Fréchet—Lie groups studied systematically in a Lie theoretic context. In
[BCR81], Boseck, CzicHOWsKI and RUDOLPH approach infinite-dimensional Lie groups from a
topological group perspective. They use the same concept of an infinite-dimensional manifold as
we do here, but a stronger Lie group concept. This leads them to a natural setting for mapping
groups of non-compact manifolds modeled on spaces of rapidly decreasing functions.

In his lecture notes [Mil84], MILNOR undertook the first attempt to develop a general theory
of Lie groups modeled on complete locally convex spaces, which already contained important
cornerstones of the theory. This paper and the earlier preprint [Mil82] had a strong influence on
the development of the theory. Both contain precise formulations of several problems, some of
which have been solved in the meantime and some of which are still open, as we shall see in more
detail below (see also [GlO6b] for the state of the art on some of these problems).

In the middle of the 1980s, groups of smooth maps, and in particular groups of smooth
loops became popular because of their intimate connection with Kac-Moody theory and topology
(cf. [PS86], [Mick87/89]). The interest in direct limits of finite-dimensional Lie groups grew in
the 1990s (cf. [NRW91/93/94/99]). They show up naturally in the structure and representation
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theory of Lie algebras (cf. [Ne98/01b], [DiPe99], [NRW99], [NS01], [Wol05]). The general Lie
theory of these groups was put into its definitive form by GLOCKNER in [Gl05].

There are other, weaker, concepts of Lie groups, resp., infinite-dimensional manifolds. One
is based on the “convenient setting” for global analysis developed by FROLICHER, KRIEGL and
MICHOR ([FB66], [Mi84], [FK88] and [KM97]). In the context of Fréchet manifolds, this setting
leads to Milnor’s concept of a regular Lie group, but for more general model spaces, it provides a
concept of a smooth map which does not imply continuity, hence leads to Lie groups which are not
topological groups. Another approach, due to SOURIAU, is based on the concept of a diffeological
space ([So84/85], [Dolg85], [Los92]; see [HeMa02] for applications to diffeomorphism groups)
which can be used to study spaces like quotients of R by non-discrete subgroups in a differential
geometric context. On the one hand, it has the advantage that the category of diffeological spaces
is cartesian closed and that any quotient of a diffeological space carries a natural diffeology. But
on the other hand, this incredible freedom makes it harder to distinguish “regular” objects from
“non-regular” ones. Our discussion of smoothness of maps with values in diffeomorphism groups
of (possibly infinite-dimensional) manifolds is inspired by the diffeological approach. We shall
see in particular, that, to some extent, one can use differential methods to deal with groups with
no Lie group structure, such as groups of diffeomorphisms of non-compact manifolds or groups
of linear automorphisms of locally convex spaces, and that this provides a natural framework for
a Lie theory of smooth actions on manifolds and smooth linear representations.

There are other purposes, for which a Lie group structure on an infinite-dimensional group
G is indispensable. The most crucial one is that without the manifold structure, there is simply
not enough structure available to pass from the infinitesimal level to the global level. For instance,
to integrate abelian or central extensions of Lie algebras to corresponding group extensions, the
manifold structure on the group is of crucial importance (cf. (FP4)). To deal with these extension
problems, one is naturally lead to certain classes of closed differential 2-forms on Lie groups,
which in turn leads to infinite-dimensional symplectic geometry and Hamiltonian group actions.
Although we do not know which coadjoint orbits of an infinite-dimensional Lie group carry
manifold structures, for any such orbit, we have a natural Hamiltonian action of the group G on
itself with respect to a closed invariant 2-form which in general is degenerate; so the reduction of
free actions of infinite-dimensional Lie groups causes similar difficulties as singular reduction does
in finite-dimensions; but still all the geometry is visible in the non-reduced system. It is our hope
that this kind of symplectic geometry will ultimately lead to a more systematic “orbit method”
for infinite-dimensional Lie groups, in the sense that it paves the way to a better understanding
of the unitary representations of infinite-dimensional Lie groups, based on symplectic geometry
and Hamiltonian group actions (cf. [Ki05] for a recent survey on various aspects of the orbit
method).

Acknowledgement: We are most grateful to H. GLOCKNER for many useful comments
on earlier versions of the manuscript and for supplying immediate answers to some questions we
thought still open. We also thank K. H. HOFMANN for explaining many features of projective
limits of Lie groups.
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The structure of this paper is as follows. Sections I-VI deal with the general theory and
Sections VII-X explain how it applies to several classes of Lie groups. After explaining the basic
concepts and some of the pitfalls of infinite-dimensional calculus in Section I, we discuss the basic
concepts of Lie group theory in Section II. Section III is devoted to the concept of regularity, its
relatives, and its applications to the fundamental problems. Section IV on locally exponential Lie
groups is the longest one. This class of groups still displays many features of finite-dimensional,
resp., Banach—Lie groups. It is also general enough to give a good impression of the difficulties
arising beyond Banach spaces and for smooth Lie groups without any analytic structure. In this
section one also finds several results concerning Lie group structures on closed subgroups and
quotients by closed normal subgroups. Beyond the class of locally exponential Lie groups, hardly
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anything is known in this direction.

In Sections V and VI, which are closely related, we discuss the integrability problem for
abelian Lie algebra extensions (FP4) and the integrability problem for Lie algebras (FP3). In
particular, we give a complete characterization of the integrable locally exponential Lie algebras
and discuss integrability results for various other Lie algebras. The remaining sections are
relatively short: Section VII describes some specifics of direct limits of Lie groups, Section
VIII explains how the theory applies to linear Lie groups and Section IX presents some results
concerning infinite-dimensional Lie groups acting on finite-dimensional manifolds. We conclude
this paper with a discussion of projective limits, a construction that leads beyond the class of
Lie groups. It is amazing that projective limits of finite-dimensional Lie groups still permit a
powerful structure theory ([HoMo06]) and it would be of some interest to develop a theory of
projective limits of infinite-dimensional Lie groups.
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Notation

We write N := {1,2,...} for the natural numbers and Ny := NU {0}. Throughout this
paper all vector spaces, algebras and Lie algebras are defined over the field K, which is R
or C. If F is a real vector space, we write E¢ := C ®g F for its complexification, considered
as a complex vector space. For two topological vector spaces E, F, we write L(E,F) for the
space of continuous linear operators E — F and put L(E) := L(E,E). For F =K, we write
E' := L(E,K) for the topological dual space of E.

If G is a group, we denote the identity element by 1, and for g € G, we write
Ag:G — G,z — gz for the left multiplication by g,
pqg: G — G, x — xg for the right multiplication by g,
ma:G x G — G, (x,y) — zy for the multiplication map, and
ng:G — G,z +— x~! for the inversion.

We always write Go for the connected component of the identity and, if G' is connected,
we write gg: G — G for the universal covering group.

We call a manifold M 1-connected if it is connected and simply connected.

Index of notation and concepts

LE-space, SilVA SPACE . ..ottt e e Definition 1.1.2
(Split) submanifold ........ ... i Definition 1.3.5
Smoothly paracompact . ...........o e Remark 1.4.5
CIA (continuous inverse algebra) ........... ... Definition 1I.1.3
x1(g) = g.x (left invariant vector fields) .......... ... .. ... i Definition II.1.5
L(p) = T1(p) (Lie functor) .........o.oeieiuiunin e, Definition I1.1.7
C% (M, K) (C"-maps supported in X, 0 <7 <00) ...oooiiiiiiiiiiiii... Definition 11.2.7

Cr(M, K) (compactly supported C"-maps, 0 <r <00) ....ooovniiiinian.... Definition I1.2.7
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FIX (time t flow of vector field X ) ..........cooiiiiiiiiiiiiiea, Example 11.3.14
kg (left Maurer—Cartan form of G) ....... ... . o i Section II.4
Z(G) (center of the group G) ... ..ottt Corollary 11.4.2
evolg: C*°([0,1],9) — G (evolution map) ..........coveiiniiiiniiinieninn.. Definition I1.5.2
kglx) = fol e~tade gt (Maurer—Cartan form of g) ........oooviiiiiiiiiiii i, Remark II.5.8
3(g) (center of the Lie algebra g) ........coooiiiiiiiiiiiiiii i, Proposition I1.5.11
CI(M, K) (base point preserving C”-maps) ..........coeeeneneneanenenen... Proposition 11.6.3
L%(H) (differential Lie algebra of subgroup H) ..............ccooeeiiio.n.. Proposition 11.6.3
g°? and G°P (opposite Lie algebra/group) ............c.cooiiiiiiiiiiiiin... Example 11.3.14
HE, (M, A) (A-valued singular cohomology) ...............ooooiiiiiiiin. Theorem II1.1.9
Diff (M, w), V(M,W) e e Theorem II1.3.1
BCH (Baker—Campbell-Hausdorff) Lie algebra/group .................... Definitions IV.1.5, 9
gau(P) (gauge Lie algebra of principal bundle P) ....................oiit Theorem IV.1.12
gau.(P) (compactly supported gauge Lie algebra) ........................... Theorem IV.1.12
Pro-nilpotent Lie algebra/group ...........o.oiiiiiiiiiiiiiiiiia... Example IV.1.13
Gf,(K) (formal diffeomorphisms in dim. n) ........... .. ... Example IV.1.14
Locally exponential topological group ............ ... i i Remark IV.1.22
£(GQ) := Hom (R, Q) (for a top. group G) ......c.coeviiiiiiniiiiiniiinan.. Definition 1V.1.23
L°(H) (exponential Lie algebra of subgroup H) ................ccoiii.. Lemma IV.3.1
Locally exponential Lie subgroup ...........ccooo i, Definition 1V.3.2
Stable Lie subalgebra, resp., ideal (e24%h = b for x € b, resp., g) ............ Definition IV.4.1
Integral subgroup ... Definition IV.4.7
H?(g,a) (continuous Lie algebra cohomology) ...................cooiiia... Definition V.2.2
w® (equivariant p-form on G with wi=w) ... ... . Definition V.2.3
HP?(G, A) (locally smooth cohomology group) ...........ccoeiiiiiiiininea.. Definition V.2.5
perg: m(G) — E (period homo. of closed E-val. k-form) ................... Definition V.2.12
Fo:m(G) — Hl(g,a) (flux homo., w € Z2(g,a)) «evrrneeiinaainaeennn.. Definition V.2.12
Integrable/enlargible Lie algebra ........ ..., Definition VI.1.1
Generalized central extension ................iiiiiiiiiii i Definition VI.1.3
9f, (R) (formal vector fields in dim. n) ... Example VI.2.8
Gsp(R), gs,,(R) (germs of smooth diffeomorphisms/vector fields) ............. Theorem VI.2.9
Gh,(C), gh,,(C) (germs of holomorphic diffeomorphisms/vector fields) ...... Example VI.2.10
Linear Lie group .........o.oiiii Definition VIIIL.1
pro-Lie group/algebra .. ... ... i Section X.1

I. Locally convex manifolds

In this section, we briefly explain the natural setup for manifolds modeled on locally convex
spaces, vector fields and differential forms on these manifolds. An essential difference to the
finite-dimensional, resp., the Banach setting is that we use a C¥-concept which on Banach
spaces is slightly weaker than Fréchet differentiability, but implies C*~! in the Fréchet sense,
so that we obtain the same class of smooth functions. The main point is that, for a non-
normable locally convex space E, the space L(E, F) of continuous linear maps to some locally
convex space F' does not carry any vector topology for which the evaluation map is continuous
([Mais63]). Therefore it is more natural to develop calculus independently of any topology on
spaces of linear maps and thus to deal instead with the differential of a function as a function
of two arguments, not as an operator-valued function of one variable. One readily observes that
once the Fundamental Theorem of Calculus is available, which is not in general the case beyond
locally convex spaces, most basic calculus results can simply be reduced to the familiar finite-
dimensional situation. This is done by restricting to finite-dimensional subspaces and composing
with linear functionals, which separate the points due to the Hahn—Banach Theorems.
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The first steps towards a calculus on locally convex spaces have been taken by MICHAL (cf.
[MicA38/40]), whose work was developed further by BASTIANI in [Bas64], so that the calculus we
present below is named after Michal-Bastiani, and the C*-concept is denoted C{\“/IB accordingly
(if there is any need to distinguish it from other C*-concepts). KELLER’s comparative discussion
of various notions of differentiability on topological vector spaces ([Ke74]) shows that the Michal—
Bastiani calculus is the most natural one since it does not rely on convergence structures or
topologies on spaces of linear maps. Streamlined discussions of the basic results of calculus, as
we use it, can be found in [Mi80] and [Ham82]. In [Gl02a], GLOCKNER treats real and complex
analytic functions over not necessarily complete spaces, which presents some subtle difficulties.
Beyond Fréchet spaces, it is more convenient to work with locally convex spaces which are not
necessarily complete because quotients of complete non-metrizable locally convex spaces need not
be complete (cf. [K669], §31.6). Finally we mention that the MB-calculus can even be developed
for topological vector spaces over general non-discrete topological fields (see [BGN04] for details).

One of the earliest references for smooth manifolds modeled on (complete) locally convex
spaces is EELL’s paper [Ee58], but he uses a different smoothness concept, based on the topology
of bounded convergence on the space of linear maps (cf. also [Bas64] and [FB66]). Lie groups
in the context of MB-calculus show up for the first time in LESLIE’S paper on diffeomorphism
groups of compact manifolds ([Les67]).

I.1. Locally convex spaces

Definition I.1.1. A topological vector space E is said to be locally conver if each 0-
neighborhood in E contains a convex one. Throughout, topological vector spaces F are assumed
to be Hausdorff. ]

It is a standard result in functional analysis that local convexity is equivalent to the
embeddability of F into a product of normed spaces. This holds if and only if the topology
can be defined by a family (p;);c; of seminorms in the sense that a subset U of E is a 0-
neighborhood if and only if it contains a finite intersection of sets of the form

V(pi,&‘i) = {xEE:pi(x) <€7;}, Z'EI,E7;>O.

Definition I.1.2. (a) A locally convex space E is called a Fréchet space if there exists a
sequence {p,:n € N} of seminorms on FE, such that the topology on E is induced by the metric

ZQn pn _y) 7

neN 1+pn x_y)

and the metric space (F,d) is complete. Important examples of Fréchet spaces are Banach
spaces, which are the ones where the topology is defined by a single (semi-)norm.

(b)Let E be a vector space which can be written as £ = (J,2, E,,, where E,, C E,4;
are subspaces of E, endowed with structures of locally convex spaces in such a way that the
inclusion mappings FE, — E, 41 are continuous.

Then we obtain a locally convex vector topology on E by defining a seminorm p on E to
be continuous if and only if its restriction to all the subspaces E,, is continuous. We call E the
inductive limit (or direct limit) of the spaces (Ep)nen-

If all maps E,, — F, 1 are embeddings, we speak of a strict inductive limit. If, in addition,
the spaces E),, are Fréchet spaces, then each E, is closed in F, 1 and E is called an LF space.
If the spaces E,, are Banach spaces and the inclusion maps F,, — FE,t1 are compact, then E is
called a Silva space. [ ]

Examples I.1.3. To given an impression of the different types of locally convex spaces occurring
below, we take a brief look at function spaces on the real line.
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(a) For r € Ny and a < b, the spaces C"([a,b],R) of r-times continuously differentiable
functions on [a, b] form a Banach space with respect to the norms

£l =D 1Pl
k=0

and C*°([a,b],R) is a Fréchet space with respect to the topology defined by the sequence
(I - l+)ren, of norms.
(b) For each fixed r € Ny, the space C"(R,R) is a Fréchet space with respect to the

sequence of seminorms p,(f) := ||f [[=nn]ll-- It is the projective limit of the Banach spaces
C"([-n,n],R). On C*(R,R) we also obtain a Fréchet space structure defined by the countable
family of seminorms py, (f) := || f [=n.nll+, 7,7 € N.

(c) For each r € Ng U {o0}, the space C%(R,R) of compactly supported C"-functions on
R is the union of the subspaces C” "] (R,R) of all those functions supported by the interval
[-n,n]. As a closed subspace of the Fréchet space C"([-n,n],R), C[_, (R,R) inherits a
Fréchet space structure, so that we obtain on C7(R,R) the structure of an LF space.

(d) For each r > 0, the space of all sequences (ay,)nen, for which > |a,|r™ converges
can be identified with the space E, of all functions f:[—r,7] — R which can be represented by a
power series, uniformly convergent on [—r,r]. This is a Banach space with respect to the norm
Il =200 |f(n)(0)‘ . The direct limit space E :=J;2, E, is the space of germs of analytic
function in 0. Smce the 1nclu810n maps F 11— E L are compact operators, F carries a natural
Silva space structure. Note that the subspaces ET, r > 0, are dense and not closed, so that E
is not an LF space. [

The natural completeness requirement for calculus on locally convex spaces is the following:

Definition I.1.4. A locally convex space F is said to be Mackey complete if for each smooth
curve &:[0,1] — E there exists a smooth curve 7:[0,1] — E with o =¢. n

For each continuous linear functional X\: E — R on a locally convex space E and each
continuous curve &:[0,1] — E, we have a continuous real-valued function Ao&:[0,1] — R which
we may integrate to obtain a linear functional

[E =R, A /OlA(f(t))dt,

called the weak integral of £. On the other hand, we have a natural embedding
ne: B — (E)", ne()(A) = Az)

which is injective, because E’ separates the points of E by the Hahn—Banach Theorem. Therefore
Mackey completeness means that for each smooth curve ¢ the weak integral I, is represented

by an element of F, i.e., contained in ng(FE). If this is the case, we simply write fo t)dt for
the representing element of E. The curve n(s fo t)dt then is differentiable and satlsﬁes
n=g.

For a more detailed discussion of Mackey completeness and equivalent conditions, we refer
to [KM97, Th. 2.14], where it is shown in particular that integrals exist for Lipschitz curves and
in particular for each n € C1([0,1], E).

I.2. Calculus on locally convex spaces

The following notion of C*-maps is also known as C%,5 (C* in the Michal-Bastiani sense)
([MicA38/40], [Bas64]) or Keller’s C*-maps ([Ke74]). Its main advantage is that it does not refer
to any topology on spaces of linear maps or any quasi-topology (cf. [Bas64]).
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Definition I.2.1. (a) Let E and F be locally convex spaces, U C E open and f:U — F a
map. Then the derivative of f at x in the direction h is defined as

d

= dt] =0 fle +th) = }i_%%(f(x—i—th) — f(x)

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

df:Ux E — F, (x,h)—df(z)(h)

is a continuous map. It is called a C*-map, k € N U {oo}, if it is continuous, the iterated
directional derivatives

djf(x)(hl, ceey hj) = (Dhj s Dhlf)(x)

exist for all integers j < k, z € U and hy,...,h; € E, and all maps d/f:U x E? — F are
continuous. As usual, C°°-maps are called smooth.

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

oo

k=0

as a pointwise limit ([BoSi71]).

If F and F are real locally convex spaces, then we call f real analytic, resp., C*, if for each
point x € U there exists an open neighborhood V' C E¢ and a holomorphic map fc:V — F¢
with fc|lunv = flunv (cf. [Mil84]). The advantage of this definition, which differs from the one
in [BoSi71], is that it works nicely for non-complete 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 [Gl02a] for details).

The map f is called holomorphic if it is C' and for each x € U the map df (z): E — F is
complex linear (cf. [Mil84, p. 1027]). If F is sequentially complete, then f is holomorphic if and
only if it is complex analytic (cf. [Gl02a], [BoSi71, Ths. 3.1, 6.4], [Mil82, Lemma 2.11]). n

Remark I.2.2. If F and F are Banach spaces, then the Michal-Bastiani C};5-concept from
above is weaker than continuous Fréchet differentiability, which requires that the map x — df (x)
is continuous with respect to the operator norm (cf. [Mil82, Ex. 6.8]). Nevertheless, one can
show that C]]fj'Bl implies C* in the sense of Fréchet differentiability, which in turn implies
C¥, 5. Therefore the different C*-concepts lead to the same class of smooth functions (cf. [Mil82,
Lemma 2.10], [NeOla, 1.6 and 1.7]). [

After clarifying the C*-concept, we recall the precise statements of the most fundamental
facts from calculus on locally convex spaces.

Proposition 1.2.3. Let E and F be locally convexr spaces, U C E an open subset, and
f:U — F a continuously differentiable function.

(i) For any x € U, the map df (x): E — F is real linear and continuous.

(ii) (Fundamental Theorem of Calculus) If =+ [0,1]h C U, then

f(x—i—h):f(x)—i—/o df (z + th)(h) dt.

In particular, f is locally constant if and only if df =0.
(iii) f is continuous.
(iv) If f is C™, n > 2, then the functions d"f(z), x € U, are symmetric n-linear maps.
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(v) If +1[0,1]h CU and f is C™, then we have the Taylor Formula

flx+h)= f(z) +df(z)(h) + ...+ﬁd”’1f(x)(h,...,h)
1

+m/@ (1—t)""'d" f(z + th)(h, ..., h)dt.

(vi) (Chain Rule) If, in addition, Z is a locally convex space, V' C F is open, and f1:U — V,
fo:V— Z are C', then foo f1:U — Z is C* with

d(f20 f1)(z) = df2(f1(z)) o dfi(z) for xeU.

If f1 and fo are C*, k € NU {oo}, the Chain Rule implies that fao f1 is also CF. |

Remark I.2.4. A continuous k-linear map m: Ey X ...x Fy — F is continuously differentiable
with
dm(a:)(hl, - ,hk) = m(hl,l‘g, - ,a:k) —+ -+ m(xl, e ,],‘k_l,hk).

Inductively, one obtains that m is smooth with d*t1m = 0. ]

Example 1.2.5. The following example shows that local convexity is crucial for the validity of
the Fundamental Theorem of Calculus.
Let E denote the space of measurable functions f:[0,1] — R for which

1
= / (@)} de

is finite and identify functions that coincide on a set whose complement has measure zero. Then
d(f,g) :=|f —g| defines a metric on E. We thus obtain a metric topological vector space (F,d).
For a subset S C [0,1], let xs denote its characteristic function. Consider the curve

7:[0,1] = E,  ~(t) := X{0,4-

Then |h~ (y(t4+h) —(t))| = |h|=%|h| — 0 for each t € [0,1] as h — 0. Hence v is continuously
differentiable with 4/ = 0. Since + is not constant, the Fundamental Theorem of Calculus does
not hold in F.

The defect in this example is caused by the non-local convexity of E. In fact, one can even
show that all continuous linear functionals on E vanish. ]

The preceding phenomenon could also be excluded by requiring that the topological vector
spaces under consideration have the property that the continuous linear functionals separate
the points, which is automatic for locally convex spaces. Another reason for working with
locally convex spaces is that local convexity is also crucial for approximation arguments, more
specifically to approximate continuous maps by smooth ones in the same homotopy class (cf.
[NeO4c], [Wo05a]). Local convexity it also crucial for the continuous parameter-dependence of
integrals which in turn goes into the proof of the Chain Rule.

One frequently encounters situations where it is convenient to describe multilinear maps
m:Fy x --- x By, — F as continuous linear maps on the tensor product space E; ® --- ® E},
endowed with a suitable topology. For locally convex spaces, there is a natural such topology,
the projective tensor topology, and it has the nice property that projective tensor products are
associative. That this is no longer true for more general topological vector spaces is one more
reason to work in the locally convex setting (cf. [Gl04al).
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Remark 1.2.6. (Inverse Function Theorems) In the context of Banach spaces, one has an
Inverse Function Theorem and also an Implicit Function Theorem (cf. [La99]). Such results
cannot be expected in general for Fréchet spaces. One of the simplest examples demonstrating
this fact arises from the algebra A := C(R,R) of all continuous functions on R, endowed with
the topology of uniform convergence on compact subsets, turning A into a Fréchet space on
which the algebra multiplication is continuous. We have a smooth exponential map

exps:A— A, fef

with Tp(expy) = ida. Since the range of exp, lies in the unit group A* = C(R,R*), which
apparently is not a neighborhood of the constant function 1, the Inverse Function Theorem fails
in this case (cf. [Ee66, p.761]).

In Example I1.5.9 below, we shall even encounter examples of exponential functions of Lie
groups which, in spite of T7(expg) = idy(q), are not a local diffeomorphism in 0. In view of
these examples, the usual Inverse Function Theorem cannot be generalized in any straightforward
manner to arbitrary Fréchet spaces.

Nevertheless, GLOCKNER ([Gl03a]) obtained a quite useful Implicit Function Theorem for
maps of the type f: E x F — F, where F is a Banach space and E is locally convex. These
results have many interesting applications, even in the case where F is finite-dimensional. Similar
results have been achieved by HILTUNEN in [Hi99], but he uses a different notion of smoothness.

A complementary Inverse Function Theorem is due to NASH and MOSER (cf. [Mo61] and
[Ham82] for a nice exposition). This is a variant that can be applied to Fréchet spaces endowed
with an additional structure, called a grading, and to smooth maps which are “tame” in the
sense that they are compatible with the grading.

Another variant based on compatibility with a projective limit of Banach spaces is the
ILB-Implicit Function Theorem to be found in OMORI’s book ([Omo97]). n

Remark 1.2.7. (Non-complemented subspaces) Another serious pathology occurring already
for Banach spaces is that a closed subspace F' of a locally convex space E need not have a closed
complement. A simple example is the subspace F := ¢o(N, R) of the Banach space E := (*° (N, R)
(cf. [Wer95, Satz IV.6.5] for an elementary proof).

This implies that if ¢: E — E/F is a quotient map of locally convex spaces, there need not
be any continuous linear map o: E/F — E with goo =idg,p. If such a map o exists, then

FxE/F—E, (z,y)—x+0o(y)

is a linear isomorphism of topological vector spaces, which implies that o(E/F) is a closed
complement of F' in FE. We then call the quotient map ¢, resp., the subspace F', topologically
split. If E is a Fréchet space, then the Open Mapping Theorem implies that the existence of a
closed complement for F' is equivalent to the existence of a splitting map o.

For Fréchet spaces, it is quite easy to find natural examples of non-splitting quotient maps:
Let E := C*([0,1],R) be the Fréchet space of smooth functions on the unit interval and

¢ E—RY, q(f) = (f"(0))nen.

In view of E. Borel’s Theorem, this map is surjective, hence a quotient map by the Open
Mapping Theorem. Since every 0-neighborhood in RN contains a non-trivial subspace, there
is no continuous norm on RY, hence there is no continuous linear cross section o: RN — E for ¢
because the topology on FE is defined by a sequence of norms.

If a continuous linear cross section o does not exist, then ¢ has no smooth local sections
either, because for any such section o:U — E, U open in E/F, the differential of ¢ in any
point would be a continuous linear section of ¢. If E is Fréchet, then ¢ has a continuous global
section by Michael’s Selection Theorem ([MicE59], [Bou87]), and the preceding argument shows
that no such section is continuously differentiable.

For more detailed information on splitting conditions for extensions of Fréchet spaces, we
refer to [Pala71] and [Vo87]. (]
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1I.3. Smooth manifolds

Since the Chain Rule is valid for smooth maps between open subsets of locally convex
spaces, we can define smooth manifolds as in the finite-dimensional case (see [Ee58] for one of
the first occurrences of manifolds modeled on complete locally convex spaces).

Definition I.3.1. Let M be a Hausdorff space and E a locally convex space. An E -chart of
M is a pair (¢,U) of an open subset U C M and a homeomorphism ¢: U — ¢(U) C E onto an
open subset p(U) of E. For k € Ng U {oo,w}, two E-charts (p,U) and (¢, V) are said to be
C* -compatible if the maps

Yoo pwre(UNV) = pUNV)

and @ ot~ are C*, where k = w stands for analyticity. Since compositions of C*-maps are
C*-maps, CF-compatibility of E-charts is an equivalence relation. An FE-atlas of class C*
of M is a set A := {(¢;,U;):7 € I} of pairwise compatible E-charts of M with (J,U; =
M. A smooth/analytic E-structure on M is a maximal FE-atlas of class C*/C¥, and a
smooth/analytic E-manifold is a pair (M, A), where A is a maximal smooth/analytic E-atlas
on M.

We call a manifold modeled on a locally convex, resp., Fréchet, resp., Banach space a locally
conver, resp., Fréchet, resp., Banach manifold. [ ]

We do not make any further assumptions on the topology of smooth locally convex man-
ifolds, such as regularity (as in [Mil84]) or paracompactness. But we impose the Hausdorff
condition, an assumption not made in some textbooks (cf. [La99], [Pa57]). We refer to Example
6.9 in [Mil82] for a non-regular manifold.

Remark 1.3.2. If My,..., M, are smooth manifolds modeled on the spaces E;, i =1,...,n,

then the product set M := M7 x ... x M, carries a natural manifold structure with model space
FE = H?:l Ei. |

Smooth maps between smooth manifolds are defined as usual.

Definition 1.3.3.  For p € M, tangent vectors v € T,,(M) are defined as equivalence classes
of smooth curves 7:]—e,e[— M with € > 0 and (0) = p, where the equivalence relation is
given by m1 ~ 72 if (¢ 0 71)(0) = (v 042)'(0) holds for a chart (p,U) with p € U. Then
T,(M) carries a natural vector space structure such that for any FE-chart (p,U), the map
T,(M) — E,[v] = (¢ 07)'(0) is a linear isomorphism. We write T'(M) := |, Tp(M) for the
tangent bundle of M. The map wpp:T (M) — M mapping elements of T),(M) to p is called
the bundle projection.

If f: M — N is a smooth map between smooth manifolds, we obtain for each p € M a
linear tangent map

Tp(f): To(M) = Ty (N),  [v] = [f 0],
and these maps combine to the tangent map T'(f): T(M) — T(N). On the tangent bundle T'(M)
we obtain for each E-chart (¢,U) of M an E x E-chart by

T(p): T(U) = | Ty(M) = T(4(U) = 4(U) x E.
peU

Endowing T'(M) with the topology for which O C T'(M) is open if and only if for each E-chart
(p,U) of M the set T'(¢)(ONT(U)) is open in ¢(U) x E, we obtain on T'(M) the structure of
an E x E-manifold defined by the charts (T'(y), T(U)), obtained from E-charts (¢,U) of M.
This leads to an endofunctor T' on the category of smooth manifolds, preserving finite products
(cf. Remark 1.3.2).

If f:M — V is a smooth map into a locally convex space, then T(f):T(M) — T(V) =
V x V is smooth, and can be written as T'(f) = (f,df), where df:T(M) — V is called the
differential of f. ]
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As a consequence of Proposition 1.2.3(ii), we have:
Proposition 1.3.4. A smooth map f: M — N is locally constant if and only if T(f)=0. =

Definition 1.3.5. Let M be a smooth manifold modeled on the space £, and N C M a
subset.

(a) N is called a submanifold of M if there exists a closed subspace F' C E and for each
n € N there exists an E-chart (¢,U) of M with n € U and p(UNN)=p(U)NF.

(b) N is called a split submanifold of M if, in addition, there exists a subspace G C E for
which the addition map F x G — E,(f,g) — f + g is a topological isomorphism. ]

Definition 1.3.6. A (smooth) vector field X on M is a smooth section of the tangent bundle
mrp:TM — M, ie. asmooth map X: M — TM with 7pp 0 X = idy . We write V(M) for
the space of all vector fields on M. If f € C*°(M,V) is a smooth function on M with values in
some locally convex space V and X € V(M), then we obtain a smooth function on M via

X.fi=df o X: M — V.

For X, Y € V(M), there exists a unique vector field [X,Y] € V(M) determined by the
property that on each open subset U C M we have

(1.3.1) [X,Y].f = X.(Y.f) — Y.(X.f)
for all f € C>°(U,R). We thus obtain on V(M) the structure of a Lie algebra. ]

Remark 1.3.7. If M = U is an open subset of the locally convex space E, then TU =U x E
with the bundle projection mpy: U x E — U, (z,v) — x. Each smooth vector field is of the form
X(z) = (z,X(z)) for some smooth function X:U — E, and we may thus identify V(U) with
the space C*°(U, E). Then the Lie bracket satisfies

[X,YT(p) = dY (p)X(p) —dX (p)Y(p) foreach pelU. [

Definition 1.3.8. Let M be a smooth F-manifold and F' a locally convex space. A smooth

vector bundle of type F' over M is a pair (7,F, F), consisting of a smooth manifold F, a smooth

map 7:F — M and a locally convex space F', with the following properties:

(a) For each m € M, the fiber F,, := 7~ !(m) carries a locally convex vector space structure
isomorphic to F'.

(b) Each point m € M has an open neighborhood U for which there exists a diffeomorphism

ou:n Y (U) = UxF

with oy = (7|, gv), where gy:m~1(U) — F is linear on each fiber F,,,, m € U.
We then call U a trivializing subset of M and ¢y a bundle chart. If oy and @y are two
bundle charts and U NV # @, then we obtain a diffeomorphism

propy (UNV)x F—UNV)xF
of the form (z,v) — (z,gyu(x)v). This leads to a map
guv:UNV — GL(F)

for which it does not make sense to speak about smoothness because GL(F’) is not a Lie group if
I is not a Banach space. This is a major difference between the Banach and the locally convex
context. Nevertheless, gy is smooth in the sense that the map

Juv:(UNV)XxF - FxF, (x,) (guv(@)v,guy(@) ) = (guv (@), gvu(z)v)
is smooth (cf. Definition I1.3.1 below). ]

Obviously, the tangent bundle T'(M) of a smooth (locally convex) manifold is an example
of a vector bundle, but the cotangent bundle is more problematic:
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Remark 1.3.9. We define for each FE-manifold M the cotangent bundle by T*(M) :=
Umen Tm(M)" and observe that, as a set, it carries a natural structure of a vector bundle
over M , but to endow it with a smooth manifold structure we need a locally convex topology
on the dual space E’ such that for each local diffeomorphism f:U — F, U open in E, the map
UxFE — E' (x,\) — Xodf(z) is smooth. If F is a Banach space, then the norm topology on
E’ has this property, but in general this property fails for non-Banach manifolds.

Indeed, let F be a locally convex space which is not normable and pick a non-zero ag € E’.
We consider the smooth map

[fE—E, zxz—z+a)(z)r=(14+a(z))x.

Then df (x)v = (1 + ap(z))v + ap(v)z implies that df (x) = (1 + ap(x))1l + g @ x, which is
invertible for ag(z) ¢ {—1,—3}. If p:]—1 0o[— R is the inverse function of (z) = z + z?
on ]—1,00[, then an easy calculation gives on {y € FE:ag(y) > —1i} the inverse function
Y y) = (1 + p(ao(y)))™ - y. We conclude that f is a local diffeomorphism on some 0-
neighborhood of E.

On the other hand, the map U x ' — E’ (z,\) — Mo df(x) satisfies

Aodf(x) = (14 ap(x))A + M) ag.

Since the evaluation map E’ x E — R is discontinuous in 0 for any vector topology on E’
([Mais63]), f does not induce a continuous map on T*(E) = E x E’ for any such topology.
Hence there is no natural smooth vector bundle structure on 7*(M) if E is not normable. m

In view of the difficulties caused by the cotangent bundle, we shall introduce differential
forms directly, not as sections of a vector bundle.

I.4. Differential forms

Differential forms play a significant role throughout infinite-dimensional Lie theory. In the
present section, we describe a natural approach to differential forms on manifolds modeled on
locally convex spaces. A major difference to the finite-dimensional case is that in local charts there
is no natural coordinate description of differential forms in terms of basic forms, that differential
forms cannot be defined as the smooth sections of a natural vector bundle (Remark 1.3.9), and
that, even for Banach manifolds, smooth partitions of unity need not exist, so that one has to
be careful with localization arguments.

In [KM97], one finds a discussion of various types of differential forms, containing in
particular those introduced below, which are also used by BEGGS in [Beg87].

Definition I1.4.1.  (a) If M is a differentiable manifold and E a locally convex space, then an
E -valued p-form w on M is a function w which associates to each € M a p-linear alternating
map wy: Ty(M)? — E such that in local coordinates the map (z,v1,...,vp) — wg(vi,...,vp) is
smooth. We write (M, E) for the space of E-valued p-forms on M and identify Q°(M, E)
with the space C*°(M, E) of smooth F-valued functions on M.

(b) Let Eq, Ea, E3 be locally convex spaces and (: E1 x E; — E3 be a continuous bilinear
map. Then the wedge product

QP(M, Er) x QUM, Ey) — QPFU(M, B3), (w,n) — w A7
is defined by (w A7)y = wy A7, where

1

p!—q! Z Sgn(a)ﬂ(ww(va(l), Vo (p))s e (Vo (p1) - - 7v<7(10+(1)))'

0E€Sptq

(wWa ANz) (V15000 Vpyq) 1=

Important special cases, where such wedge products are used, are:
(1) B:R x E — FE is the scalar multiplication of E.
(2) B:Ax A — A is the multiplication of an associative algebra.
(3) (:gx g— g is the Lie bracket of a Lie algebra. In this case, we also write [w,n] :=w An.m
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The definition of the exterior differential d: QP (M, E) — QP*Y(M, E) is a bit more subtle
than in finite dimensions, where one usually uses local coordinates to define it in charts. Here
the exterior differential is determined uniquely by the property that for each open subset U C M
we have for Xo,..., X, € V(U) in the space C*°(U, E) the identity

P

(dw)(Xo, ..., Xp) == (1) X;w(Xo,..., Xi,..., X))

=0
+ Z(—l)iJrjw([Xi,Xj],Xo, ce ,)?i, ce ,XJ‘, e ,Xp).

1<j

The main point is to show that in a point € U the right hand side only depends on the values
of the vector fields X; in x. The exterior differential has the usual properties, such as d2 = 0
and the compatibility with pullbacks: ¢*(dw) = d(p*w).

Extending d to a linear map on the space Q(M, E) := @,cy,
differential forms on M, the relation d? = 0 implies that the space

OP(M,E) of all E-valued

ZgR(M, E) = ker(d |QP(M’E))

of closed p-forms contains the space Bip (M, E) :=d(QP~1 (M, E)) of exact p-forms, so that we
may define the E -valued de Rham cohomology space by

HgR(M7 E) = ZgR(M7 E)/BgR(M7 E).

For finite-dimensional manifolds, one usually defines the Lie derivative of a differential form
in the direction of a vector field X by using its local flow ¢ — FI;X :

Lxw:= (F1¥,)*w.

dt| =0

Since vector fields on infinite-dimensional manifold need not have a local flow (cf. Example I1.3.11
below), we introduce the Lie derivative more directly.

Definition I.4.2.  (a) For any smooth manifold M and each locally convex space, we have a
natural representation of the Lie algebra V(M) on the space QP (M, E) of E-valued p-forms on
M | given by the Lie derivative, which for Y € V(M) is uniquely determined by

(Lyw)(X1,..., Xp) =Yw(Xy,. ., X)) = Y w(Xy,.., [V, X)), X))

Jj=1

for X; € V(U), U C M open. Again one has to verify that the value of the right hand side in
some = € M only depends on the values of the vector fields X; in z.
(b) We further obtain for each X € V(M) and p > 1 a unique linear map

ix:QP(M,E) —» Q"' (M,E)  with (ixw)s = ix(s)Wa>

where (iywy)(V1,...,Vp—1) = wWe(v,v1,...,0p—1). For w € Q°(M,E) = C*(M,E), we put
in =0. |

Proposition 1.4.3.  For X, Y € V(M), we have on Q(M, E) the Cartan formulas:
[Ex,iy]Zi[)Qy], Lx =doix +ixod and Lxod=doLx.

Remark I.4.4. Clearly integration of differential forms w € QP(M, E) only makes sense if
M is a p-dimensional compact oriented manifold (possibly with boundary) and E is Mackey
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complete (Definition 1.1.4). We need the Mackey completeness to ensure that each smooth
function f:@Q — E on a cube Q := H?:l[ai, b;] C RP has an iterated integral

by by
/fda: ::/ / flx1,...,xp)dey - - - d. ]
Q ay ap

Remark 1.4.5. (a) We call a smooth manifold M smoothly paracompact if every open cover
has a subordinated smooth partition of unity. De Rham’s Theorem holds for every smoothly
paracompact manifold (cf. [Ee58], [KM97,Thm. 34.7], [Beg87]). Smoothly Hausdorff second
countable manifolds modeled on a smoothly regular space are smoothly paracompact ([KM97,
Th. 34.7]). Typical examples of smoothly regular spaces are nuclear Fréchet spaces ([KM97,
Th. 16.10]).

(b) Examples of Banach spaces which are not smoothly paracompact are C([0,1],R) and
?1(N,R). On these spaces, there exists no non-zero smooth function supported in the unit ball
([KM97, 14.11]). ]

1.5. The topology on spaces of smooth functions

In this subsection, we describe a natural topology on spaces of smooth maps which is
derived from the compact open topology, the compact open C” -topology (cf. [Mil82, Ex. 6.10] for
a comparison of different topologies on spaces of smooth maps). Unfortunately, this topology
has certain defects for functions on infinite-dimensional manifolds.

Definition 1.5.1.  (a) If X and Y are topological Hausdorff spaces, then the compact open
topology on the space C(X,Y) is defined as the topology generated by the sets of the form

W(K,U) :={f € C(X,Y): f(K) C U},

where K is a compact subset of X and U an open subset of Y. We write C(X,Y). for the
topological space obtained by endowing C'(X,Y) with the compact open topology.

(b) If G is a topological group and X is Hausdorff, then C(X, @) is a group with respect to
the pointwise product. Then the compact open topology on C(X,G) coincides with the topology
of uniform convergence on compact subsets of X , for which the sets W(K,U), K C X compact
and U C G a 1-neighborhood, form a basis of 1-neighborhoods. In particular, C(X,G). is a
topological group.

(¢) If Y is a locally convex space, then C(X,Y) is a vector space with respect to the
pointwise operations. In view of the preceding remark, the topology on C(X,Y). is defined by
the seminorms

pr(f) == sup{p(f(v)):z € K},

where K C X is compact and p is a continuous seminorm on Y . It follows in particular that
C(X,Y). is a locally convex space.

(d) If M and N are smooth (possibly infinite-dimensional) manifolds, then every smooth
map f: M — N defines a sequence of smooth maps T*f: T*M — T*N on the iterated tangent
bundles. We thus obtain for r € Ny U {co} an embedding

C"(M,N) — [] c(T*M,T*N),,
k=0

into a topological product space, that we use to define a topology on C"(M,N), called the
compact open C" -topology. For r < oo, it suffices to consider the embedding C™(M,N) —
C(T" (M), T"(N))e. On the set C*°(M,N), the compact open C*-topology is the common
refinement of all C"-topologies for r < oco. Since every compact subset of M is contained in
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a finite union of chart domains, the topology on C"(M,N) is generated by sets of the form
W(K,U) in C(T*(M),T¥(N)), where K lies in T*(U) for a chart (¢,U) of M.

If E is a locally convex space, then all spaces C(T*M,T*E) are locally convex, by (c)
above. Therefore the corresponding product topology is locally convex, and hence C*(M, E) is
a locally convex space. If M is finite-dimensional, for each chart (p,U) of M, the topology on
C> (U, E) coincides with the topology of uniform convergence of all partial derivatives on each
compact subset of U. [ ]

Definition 1.5.2.  Since smooth vector fields are smooth functions X: M — T M, we have a
natural embedding V(M) — C*(M,TM), defining a topology on V(M). If (¢,U) is an E-
chart of M, then TU = U x E, and smooth vector fields on U correspond to smooth functions
U — E. This shows that, endowed with its natural topology, V(M) is a locally convex space. m

Remark 1.5.3. As a consequence of Remark 1.3.7, the bracket on V(M) is continuous if M is
finite-dimensional.

It is interesting to observe that, in general, the bracket on V(M) is not continuous if M
is infinite-dimensional. To see this, we assume that M = U is an open subset of a locally
convex space E and consider the subalgebra aff(E) = E x gl(E) of affine vector fields X4
with X4 ,(v) = Av 4+ b. It is easy to see that the natural topology on V(U) induces on
aff(E) the product topology of the original topology on E and the compact open topology
on gl(E) =2 L(E).. In view of

[(Xap, Xay] = Xara),4—av,

it therefore suffices to show that the bilinear evaluation map L(FE). x E — E is not continuous
if dimE = co. Pick 0 # v € E and embed E! — L(E). by assigning to o € E’ the operator
v ® a:x — «a(x)v. Hence it suffices to see that the evaluation map

eviELx E—R, (a,v) alv)

is not continuous. Basic neighborhoods of (0,0) in E! x E are of the form K x Ug, where
Ug C U is a 0-neighborhood, K C E is compact, and K := {f € E": (Vk € K)|f(k)|] <1} is
the polar set of K. On K x Ug the evaluation map is bounded if and only if Ug is contained
in some multiple of the bipolar f(\, which, according to the Bipolar Theorem, coincides with

the balanced convex closure of K, which is pre-compact ([Tr67, Prop. 7.11]). Then K isa pre-
compact 0-neighborhood in FE, so that E is finite-dimensional (cf. [Ru73, proof of Th. 1.22]).
A similar argument shows that, if we endow E’ with the finer topology of uniform convergence
on bounded subsets of E, then the evaluation map is continuous if and only if E is normable,
which is equivalent to the existence of a (weakly) bounded 0-neighborhood ([Ru73]). u

Remark 1.5.4. The fact that for an infinite-dimensional locally convex space E the evaluation
map ev: B/ x E — R is not continuous also causes trouble if one wants to associate to transfor-
mation groups corresponding continuous, resp., smooth representations on function spaces.

A very simple example of a smooth group action is the translation action of E on itself.
The corresponding representation of (E,+) on the space of smooth functions on E is given
by (x.f)(y) :== f(x + y). Clearly, the subspace of affine functions in C*°(E,R) is isomorphic
to R x E/ as a locally convex space, and on this subspace the representation of E is given
by z.(t,a) = (¢t + a(x),«), which is discontinuous because ev(w,z) = a(x) is not continuous
(Remark 1.5.3). In view of [Mais63], the same pathology occurs for any locally convex topology
on C*(E,R) if E is not normable. ]
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I1. Locally convex Lie groups

In this section, we give the definition of a locally convex Lie group. We explain how its Lie
algebra and the corresponding Lie functor are defined and describe some basic properties. In our
discussion of Lie groups, we essentially follow [Mil82/84], but, as for manifolds, we do not assume
that the model space of a Lie group is complete ([Gl02a]). The natural strategy to endow groups
with (infinite-dimensional) Lie group structures is to construct a chart around the identity in
which the group operations are smooth. As we shall see in Subsection 11.2; this suffices in many
situations to specify a global Lie group structure.

In Subsection I1.3, we discuss a smoothness concept for maps with values in diffeomorphism
groups of locally convex manifolds. This specializes in particular to maps into general linear
groups of locally convex spaces. The main point of this subsection is to obtain uniqueness
results for solutions of certain ordinary differential equations on locally convex manifolds. In
Subsection I1.4, we apply all this to smooth maps with values in Lie groups, where it shows in
particular that morphisms of connected Lie groups are determined by their differential in 1.

We conclude this section with some basic results on the behavior of the exponential function
(Subsection I1.5), and a discussion of the concept of an initial Lie subgroup in Subsection II.6.

I1.1. Infinite-dimensional Lie groups and their Lie algebras

Definition I1.1.1. A locally convex Lie group G is a locally convex manifold endowed with
a group structure such that the multiplication map mg: G x G — G and the inversion map
ng: G — G are smooth.

A morphism of Lie groups is a smooth group homomorphism. In the following, we call
locally convex Lie groups simply Lie groups. ]

Example I1.1.2. (Vector groups) Each locally convex space E is an abelian Lie group with
respect to addition and the obvious manifold structure. [ ]

Vector groups (E,+) form the most elementary Lie groups. The next natural class are
unit groups of algebras. This leads us to the concept of a continuous inverse algebra, which came
up in the 1950s (cf. [Waeb4a/b] and [Wae71]):

Definition I1.1.3.  (a) A locally convex algebra is a locally convex space A, endowed with an
associative continuous bilinear multiplication A x A — A, (a,b) — ab. A unital locally convex
algebra A is called a continuous inverse algebra (CIA for short) if its unit group A* is open and
the inversion is a continuous map A* — A,a +— a~'.

(b) If A is a locally convex algebra which is not unital, then we obtain a monoid structure
on A by xxy := z+y+axy for which 0 is the identity element. In this case, we write A* for the
unit group of (A, *) and say that A is a non-unital CIA if A* is open and the (quasi-)inversion
map na: A* — A is continuous.

If A, := A x K is the unital locally convex algebra with the multiplication (z,t)(z’,t') :=
(xa’ + tz' 4+ t'z,tt'), then the map (A4,*) — A x {1},a — (a,1) is an isomorphism of monoids,
and it is easy to see that A, is a CIA if and only if A is a (not necessarily unital) CTA. |

Example 11.1.4. Let A be a continuous inverse algebra over K and A* its unit group. As
an open subset of A, the group A* carries a natural manifold structure. The multiplication on
A is bilinear and continuous, hence a smooth map (Remark 1.2.4). Therefore the multiplication
of A* is smooth. One can further show quite directly that the continuity of the inversion
na: A* — A* implies that dna(z)(y) = —x~lyz~! exists for each pair (z,y), and this formula
implies inductively that 74 is smooth and hence that A* is a Lie group.
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In some cases, it is also possible to obtain a Lie group structure on the unit group A* of
a unital locally convex algebra if A* is not open (cf. Remark I1.2.10 below). ]

Definition I1.1.5. A vector field X on the Lie group G is called left invariant if
Xodg=T(N\g) 0o X:G—T(G)

holds for each g € G, i.e., X is A4-related to itself for each g € G. We write V(G)! for the set of
left invariant vector fields in V(G). The left invariance of a vector field X implies in particular
that for each g € G, we have X(g) = ¢g.X (1), where G x T(G) — T(G), (g,v) — g.v denotes
the smooth action of G on T(G), induced by the left multiplication action of G on itself. For
each z € g, we have a unique left invariant vector field 2; € V(G)! defined by z;(g) := g.z, and
the map

evi: V(@) = Th(G), X — X(1)

is a linear bijection. If X,Y are left invariant, then they are \;-related to themselves, and their
Lie bracket [X,Y] inherits this property. We thus obtain a unique Lie bracket [-,:] on T1(G)
satisfying

(2.1.1) [z, yli = [z1,y] forall z,yeTy(G),

and from the formula for the bracket in local coordinates, it follows that it is continuous (cf.
Remark I1.1.8 below). ]

Remark I1.1.6. The tangent map T(mg):T(G x G) 2 T(G) x T(G) — T(G) defines on the
tangent bundle T'(G) of G the structure of a Lie group with inversion map T'(ng).

In fact, let eg: G — G, g — 1, be the constant homomorphism. Then the group axioms
for G are encoded in the relations
(1) mgo (mg xidg) = mg o (idg Xmeg) (associativity),
(2) mgo(ng,idg) =mg o (idg,ng) = ¢ (inversion), and
(3) mgol(eq,idg) = mgo (iddg,eq) = idg (unit element).
Applying the functor T to these relations, it follows that T(m¢) defines a Lie group structure
on T(G) for which T'(n¢g) is the inversion and 01 € T1(G) is the identity. [

Definition II.1.7. (The Lie functor) For a Lie group G, the locally convex Lie algebra
L(G) := (T1(G), [-,*]) is called the Lie algebra of G.
To each morphism ¢: G — H of Lie groups we further associate its tangent map

L(p) := Ta(p): L(G) — L(H),

and the usual argument with related vector fields implies that L(y) is a homomorphism of Lie
algebras. ]

This means that the assignments G — L(G) and ¢ — L(p) define a functor L from the
category of (locally convex) Lie groups to the category of locally convex Lie algebras. Since each
functor maps isomorphisms to isomorphisms, for each isomorphism ¢: G — H of Lie groups, the
map L(y) is an isomorphism of locally convex Lie algebras.

The following remark describes a convenient way to calculate the Lie algebra of a given
group.

Remark I1.1.8. For each chart (p,U) of G with 1 € U and (1) =0, we identify g := T1(G)
via the topological isomorphism Ti(p) with the corresponding model space. Then the second
order Taylor expansion in (0,0) of the multiplication = * y := (¢~ (x)p~1(y)) (cf. Proposi-
tion 1.2.3) is of the form

x*y=x+y+b(x,y)+ higher order terms,
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where b: g X g — g is a continuous bilinear map satisfying

(2.1.2) [z,y] = b(z,y) = b(y, ).

Using the chain rule for Taylor polynomials, it is easy to show that the second order Taylor
polynomial of the commutator map x *y * z~! xy~! is given by the Lie bracket:

zxy*x ' xy ' = [z,y] + higher order terms [

We now take a look at the Lie algebras of the Lie groups from Examples I1.1.2/4.

Examples I1.1.9. (a) If G is an abelian Lie group, then the map b:gx g — g in Remark I1.1.8
is symmetric, which implies that L(G) is abelian. This applies in particular to the additive Lie
group (E,+) of a locally convex space F.

(b) Let A be a CIA. Then the map ¢: AX — Az — x — 1 is a global chart of A%,
satisfying ¢(1) = 0. In this chart, the group multiplication is given by

ey =0 (@)e W) =@+ D)y+1)—1=z+y+ay.

In the terminology of Remark II1.1.8, we then have b(z,y) = zy and therefore L(A*) = (A, [,]),
where [z,y] = 2y — yz is the commutator bracket on the associative algebra A. ]

We conclude this subsection with the observation that the passage from groups to Lie
algebras can also be established on the local level.

Definition I1.1.10.  (The Lie algebra of a local Lie group) There is a natural notion of a local
Lie group. The corresponding algebraic concept is that of a local group: Let G be a set and
D C G x G a subset on which we are given a map

ma: D — G, (z,y)— zy.

We say that the product xy of two elements z,y € G is defined if (z,y) € D. The quadruple

(G,D,m¢,1), where 1 is a distinguished element of G, is called a local group if the following

conditions are satisfied:

(1) Suppose that zy and yz are defined. If (xy)z or z(yz) is defined, then the other product
is also defined and both are equal.

(2) For each z € G, the products 1 and 1z are defined and equal to z.

(3) For each x € G, there exists a unique element z=' € G such that zz~! and z7 'z are
defined and zz~! =271z = 1.

(4) If zy is defined, then y~lz~! is defined.

If (G,D,mg,1) is a local group and, in addition, G has a smooth manifold structure, D
is open, and the maps

mg:D —- G and 1ng:G— G,z z !
are smooth, then G, resp., (G, D, mg,1) is called a local Lie group.

Let G be alocal Lie group and T7(G) its tangent space in 1. For each z € T1(G), we then
obtain a left invariant vector field x;(g) := g.# := 04 - x. The Lie bracket of two left invariant
vector fields is left invariant and we thus obtain on 71 (G) a locally convex Lie algebra structure.
We call L(G) := L(G, D,mg,1) := (T1(G),[-,]) the Lie algebra of the local group G. For more
details on local Lie groups, we refer to [GNOG]. (]

Remark I1.1.11. If G is a Lie group and U = U~! C G an open identity neighborhood,
then U carries a natural local Lie group structure with D := {(z,y) € U x U:zy € U} and
my :=mg|p. Clearly U and G have the same Lie algebras.

Local groups of this type are called enlargeable. As we shall see in Example VI.1.7 below, not

all local Lie groups are enlargeable because not all Banach—Lie algebras are integrable (Example
VI.1.16). -
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I1.2. From local data to global Lie groups

We now give the precise formulation of an elementary but extremely useful tool which helps
to construct Lie group structures on groups containing a local Lie group. This theorem directly
carries over from the finite-dimensional case, which can be found in [Ch46, §14, Prop. 2] or [Ti83,
p.14]. In [GNO6], it is our main method to endow groups with Lie group structures.

Theorem IL.2.1. Let G be a group and U = U~! a symmetric subset. We further assume

that U is a smooth manifold such that

(L1) there exists an open symmetric 1-neighborhood V. C U with V -V C U such that the group
multiplication my:V XV — U is smooth,

(L2) the inversion map ny:U — U,u — u~! is smooth, and

(L3) for each g € G there exists an open symmetric 1-neighborhood Uy, C U with ¢4(Uy) C U,
and such that the conjugation map cg:Ug — U,z — grg~! is smooth.

Then there exists a unique Lie group structure on G for which there exists an open 1-
neighborhood Uy C U such that the inclusion map Uy — G induces a diffeomorphism onto an
open subset of G.

If the group G is generated by V', then condition (L3) can be omitted. ]

If V is as above, then D := {(z,y) € V x V:ay € V} defines on V the structure of a local
Lie group, and the preceding theorem implies that the smooth structure of this local Lie group,
together with the group structure of GG, determines the global Lie group structure of G. The
subtlety of condition (L3) is that it mixes local and global objects because it requires that each
element of G induces an isomorphism of the corresponding germ of local groups. The following
corollary is a converse of Remark I1.1.11 (cf. [Swi65]). It is the central tool to pass from local to
global subgroups of Lie groups.

Corollary 11.2.2. Let (U,D,my,1) be a local Lie group, G a group, and n:U — G an
injective morphism of local groups. Then the subgroup H := (n(U)) C G generated by n(U)
carries a unique Lie group structure for which n is a diffeomorphism onto an open subset of H .M

The preceding corollary shows in particular that if, in addition to the assumptions of
Theorem I1.2.1, the group multiplication of G restricts to a smooth map on the domain Dy :=
{(z,y) € U x U:zy € U}, then the inclusion U — G is a diffeomorphism onto an open subset
of G, endowed with the Lie group structure determined by U.

Corollary 11.2.3. Let G be a group and N < G a normal subgroup that carries a Lie group
structure. Then there exists a Lie group structure on G for which N is an open subgroup if and
only if for each g € G, the restriction cq|n is a smooth automorphism of N . ]

The preceding corollary is of particular interest for abelian groups. In this case, it leads for
each Lie group structure on any subgroup N C G to a Lie group structure on G for which N is
an open subgroup.

The following corollary implies in particular that quotients of Lie groups by discrete normal
subgroups are Lie groups.

Corollary 11.2.4.  Let p:G — H be a covering of topological groups. If G or H is a Lie
group, then the other group has a unique Lie group structure for which ¢ is a morphism of Lie
groups which is a local diffeomorphism. ]

Remark I1.2.5. (a) (Lie subgroups) If G is a Lie group with Lie algebra g and H C G is a
submanifold which is a group, then H inherits a Lie group structure from G. Moreover, there
exists a closed subspace h C g = T1(G) and a chart (o, U) of G with 1€ U =U"1, (1) =0
and

e(UNH)=eU)NH.



Towards a Lie theory of locally convex groups 25

The local multiplication z x y := ¢(¢ " (z)¢~1(y)) on

D= {(z,y) € p(U) x p(U): o~ (x)p™ (y) € U}
then satisfies

(2.2.1) xxyeh for (x,y)eDN(hxh)
and
(2.2.2) r~teh for xzechnp().

In view of Remark II.1.8, this implies that § is a closed Lie subalgebra of g.

If, conversely, h C g is a closed Lie subalgebra for which there is a chart (p,U) as
above, satisfying (2.2.1/2), then @(U) N h carries a local Lie group structure and we can apply
Corollary 11.2.2 to the embedding ¢~ ': o(U) Nh — G, which leads to a Lie group structure on
the subgroup H := (¢~ (p(U) N b)) of G. We know already from the finite dimensional theory
that, in general, this does not lead to a submanifold of G.

(b) A weaker concept of a “Lie subgroup” is obtained by requiring only that H C G a
subgroup, for which there exists an identity neighborhood U whose smooth arc-component U
of 1 is a submanifold of G (cf. [KYMOS5, p.45]). Then we can use Theorem II.2.1 to obtain a
Lie group stucture on H for which some identity neighborhood is diffeomorphic to an identity
neighborhood in U{?. |

Remark I1.2.6. Since it also makes sense to consider manifolds without assuming that they
are Hausdorff (cf. [Pa57], [La99]), it is worthwhile to observe that this does not lead to a larger
class of Lie groups.

In fact, let G be a Lie group which is not necessarily Hausdorff. Then G is in particular a
topological group which possesses an identity neighborhood U homeomorphic to an open subset
of a locally convex space. As U is Hausdorff, and since the subgroup m of G coincides with
the intersection of all 1-neighborhoods, the closedness of {1} in U implies that {1} is a closed
subgroup of G and hence that G is a Hausdorff topological group. ]

To see how Theorem I1.2.1 can be applied, we now take a closer look at groups of differen-
tiable maps. First we introduce a natural topology on these groups.

Definition I1.2.7.  (Groups of differentiable maps as topological groups) Let M be a smooth
manifold (possibly infinite-dimensional), K a Lie group with Lie algebra £ and r € Ny U {oo}.
We endow the group G := C" (M, K) with the compact open C"-topology (Definition 1.5.1).

We know already that the tangent bundle TK of K is a Lie group (Remark II.1.6).
Iterating this procedure, we obtain a Lie group structure on all higher tangent bundles T"K .
For each n € Ny, we thus obtain topological groups C(T"M,T"K). by using the topology
of uniform convergence on compact subsets of 7" M , which coincides with the compact open
topology (Definition 1.5.1). We also observe that for two smooth maps fi, fo: M — K, the
functoriality of T' yields

T(f1- f2) =T(mgo (f1 x f2)) =T(mg) o (T'fr x Tfa) =Tf1-T fo.

Therefore the inclusion map

T
C"(M,K)— [[ C@"M,T"K)e, fr (T"flo<n<r
n=0
is a group homomorphism, so that the inverse image of the product topology from the right hand
side is a group topology on C"(M, K). Hence the compact open C"-topology turns C" (M, K)
into a topological group, even if M and K are infinite-dimensional. ]

We define the support of a Lie group-valued map f: M — G by
supp(f) :={z € M: f(x) # 1},
for a closed subset X C M we put
Cx(M,K) :={f € C"(M, K):supp(f) € X},
and write C7 (M, K) for the subgroup of compactly supported C"-maps.
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Theorem I1.2.8. Let K be a Lie group with Lie algebra ¥, M a finite-dimensional manifold
(possibly with boundary), and r € Ng U {co}.
(a) If M is compact, then C"(M,K) carries a Lie group structure compatible with the
compact open C" -topology, and its Lie algebra is C"(M,¥), endowed with the pointwise bracket.
(b) If M is o-compact, then CL(M,¥), endowed with the locally convex direct limit topology
of the spaces C% (M, ®), X C M compact, is a topological Lie algebra and Cl(M,K) carries a
natural Lie group structure with Lie algebra C(M,¥).
Proof.  (Sketch) (a) Let G := C"(M, K) and g := C"(M,¥t). The Lie group structure on G
can be constructed with Theorem I1.2.1 as follows. Let ¢x:Ug — € be a chart of K. Then the
set Ug :={f € G: f(M) C Uk} is an open subset of G. Assume, in addition, that 1 € Uk and
¢K (1) =0. Then the map

va:Ug —g, fryxof

defines a chart (¢g,Uqg) of G. To apply Theorem I1.2.1, one has to verify that in this chart the
inversion is a smooth map, that the multiplication map

D¢ = {(f,g) eUqg xUg: fg € Ug} — Ug

is smooth and that conjugation maps are smooth in some 1-neighborhood of Ug. For details,
we refer to [Gl02¢], resp., [GNOG].

To calculate the Lie algebra of this group, we observe that for m € M, we have for the
multiplication in local coordinates

( *e 9)m) = va (95 ()¢ (9)) (m) = exc (¢ (FO)ei (9(m))
= Flm) wxc g(m) = F(m) + g(m) + be(f(m), g(m) + -+

In view of Remark II.1.8, this implies that bg(f, g)(m) = be(f(m), g(m)), and hence that

[, g)(m) = bg(f, 9)(m) = by(g, f)(m) = be(f(m), g(m)) — be(g(m), f(m)) = [f(m), g(m)].

Therefore L(C™(M, K)) = C"(M, ), endowed with the pointwise defined Lie bracket.
(b) is proved along the same lines. Note that it is not obvious that the Lie bracket on
C7(M,¥) is continuous because it is a bilinear map. [

If K is finite-dimensional, then the preceding Lie group construction can be found in
MICHOR’s book [Mi80], and also in [AHMTT93] (which basically deals with the topological
level). In [BCR81], one finds interesting variants of groups of smooth maps on open subsets
U C R™ which are rapidly decreasing at the boundary with respect to certain weight functions.
In particular, there is a Lie group S(R™, K) whose Lie algebra is the space S(R",€) of ¢-valued
Schwartz functions on R™.

Remark I1.2.9. (a) If M is a non-compact finite-dimensional manifold, then one cannot expect
the topological groups C"(M, K) to be Lie groups. A typical example arises for M = N (a 0-
dimensional manifold) and K = T := R/Z. Then C" (M, K) = TV is a compact topological group
for which no 1-neighborhood is contractible, so that it carries no smooth manifold structure.

(b) Non-linear maps on spaces of compactly supported functions such as E := C°(R,R)
(Examples 1.1.3) require extreme caution. E.g., the map

[ O (R,R) — CF(R,R), vy vyoy—(0)

is smooth on each closed Fréchet subspace E,, := C[ofn_n] (R,R), but it is discontinuous in 0
([Gl06a]). Therefore the LF space E = lim E,, is a direct limit in the category of locally convex

spaces, but not in the category of topological spaces. ]
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Remark II.2.10. (a) Let A be a commutative unital locally convex algebra with a smooth
exponential function
expy: A — A%,

ie., expy: (A, +) — (A%,) is a group homomorphism with Tp(exp,) = ida.

Then T'y4 := ker(exp,) is a closed subgroup of A not containing any line. Suppose that
T4 is discrete. Then N := A/T'4 carries a natural Lie group structure (Corollary I1.2.4)
and the exponential function factors through an injection N «— A*. We may therefore use
Corollary I1.2.3 to define a Lie group structure on the group A* for which the identity component
is expy(4) @ N.

(b) If M is a o-compact finite-dimensional manifold, then A := C*°(M,C) is a complex
locally convex algebra with respect to the compact open C'*° topology, and

expa: A — AX =C®(M,C*), fwef

is a smooth exponential function.

If M is non-compact, then A* is not open because for each unbounded function f: X — C
the element 1+ Af is not invertible for A € C arbitrarily close to 0. It follows that A is a CIA
if and only if M is compact.

The closed subgroup I'y = ker(exp,) = C*°(M, 21iZ) = C*(M,Z) is discrete if and only
if M has only finitely many connected components. In this case, (a) implies that A* carries a
Lie group structure for which exp, is a local diffeomorphism.

A typical example is M =R and A = C*°(R,C) with

A = C=(R,C*) = C=(R,C*) x C* = C=(R,C) x C*

as topological groups, where C2° denotes functions mapping 0 to 1, resp., to 0. For M = N,
we have A= CY, and 'y = ZV is not discrete.

If M is connected, it is not hard to see that the map

d
5:AXgCOO(M7CX)_>Z§R(Ma(C)a f'_>7f
induces a topological isomorphism of A*/C* onto the group Z}; (M, Z) of closed 1-forms whose
periods are contained in 27iZ, and the arc-component A of the identity is mapped onto the
set of exact 1-forms. We conclude that, as topological groups,

mo(AX) = AX JAX = H. (M, Z) 2 Hom(m (M), Z) = Hom(H; (M), Z),

and this group is discrete if and only if Hsling(M7 Z) = Hom(H;(M),Z) is finitely generated (cf.
[NeWa06b]). This shows that the arc-component of the identity in A* is open if and only if
Hj,\ (M, Z) is finitely generated.

For M := C\ N, the group Hy(M) = ZM is of infinite rank, H:ing(M, Z) = 7N is not
discrete, but M is connected, so that A* carries a Lie group structure whose underlying topology
is finer than the original topology of A* induced from A. ]

I1.3. Smoothness of maps into diffeomorphism groups

Although the notion of a smooth manifold provides us with a natural notion of a smooth
map between such manifolds, it turns out to be convenient to have a notion of a smooth map
of a manifold into spaces of smooth maps which do not carry a natural manifold structure. In
this subsection, we discuss this notion of smoothness with an emphasis on maps with values in
groups of diffeomorphisms of locally convex manifolds.
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Definition I1.3.1. Let M be a smooth locally convex manifold and Diff (M) the group of
diffeomorphisms of M . Further let N be a smooth manifold. Although, in general, Diff (M) has
no natural Lie group structure, we call a map ¢: N — Diff (M) smooth if the map

PN XM —MxM, (nz)— (pn)(@)en) " ()

is smooth. If N is an interval in R, we obtain in particular a notion of a smooth curve. ]

To discuss derivatives of such smooth map, we take a closer look at the “tangent bundle”
of Diff (M), which can be done without a Lie group structure on Diff (M) (which does not exist
in a satisfactory fashion for non-compact M ; cf. Theorem VI.2.6). We think of the set

T(Diff(M)) := {X € C®(M,TM): nrar o X € Diff(M)}
as the tangent bundle of Diff (M), with the map
m:T(Diff (M)) — Diff (M), X — mppo0X

as the bundle projection, and T,(Diff(M)) := 7~ '(¢) is considered as the tangent space in
o € Diff (M). We have natural left and right actions of Diff(M) on T(Diff(M)) by

p.X=T(p)oX and X.p:=Xoop.
The action
Ad:Diff (M) x V(M) — V(M), (p,X) — ¢ X = Ad(¢). X :==T(p)o X op !

is called the adjoint action of Diff (M) on V(M).
Smooth curves ¢: J C R — Diff (M) have (left) logarithmic derivatives

8(0): T = VM), 3(p)e = ()¢ (t)

which are smooth curves in the Lie algebra V(M) of smooth vector fields on M, i.e., time-
dependent vector fields. For general N, the logarithmic derivatives are V(M)-valued 1-forms
on N, defined as follows:
If p: N — Diff(M) is smooth and @1: N x M — M, (n,z) — ¢(n)(x), then we have a
smooth tangent map
T(@1): T(NxM)=2T(N)xT(M)—T(M),

and for each v € T,(N) the partial map
Tp(p)v: M — T (M), m = Tip,m)($1)(v,0)
is an element of T,,,(Diff(M)). We thus obtain a tangent map
T(p):T(N) — T(Diff(M)), v e Tp(N)— Ty(p)v.
Definition I1.3.2.  We define the (left) logarithmic derivative of ¢ in p by

3(@)p: Tp(N) = V(M), v p(p) ™" Tp(p)(v) = T(e(p) ") © Tp() (v).

It can be shown that §(p) is a smooth V(M)-valued 1-form on N (see [GNO6] for details),
but recall that V(M) need not be a topological Lie algebra if M is not finite-dimensional
(Remark 1.5.3). [

For calculations, it is convenient to observe the Product- and Quotient Rule, both easy
consequences of the Chain Rule:
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Lemma I1.3.3. For two smooth maps f,g: N — Diff (M), define (fg)(n) := f(n)og(n) and
(fg=H(n) := f(n)og(n)=t. Then we have the

(1) Product Rule: §(fg) = d(g) + Ad(g~1).0(f), and the

(2) Quotient Rule: §(fg=') = Ad(g).(6(f) —(9)),

where we write (Ad(f).«), := Ad(f(n)).an for a V(M) -valued 1-form « on N. [

Remark I1.3.4. Although we shall only use the left logarithmic derivative, we note that one
can also define the right logarithmic derivative of a smooth map ¢: N — Diff (M) by

5" (0)p(v) = (Tp()v) 0 (p)~",

which also defines an element of Q(N,V(M)), satisfying 6" (¢) = Ad(¢).0(p) = —d(p1).
We then have for two smooth maps f,g: N — Diff (M) the
(1) Product Rule: 6"(fg) =6"(f) + Ad(f).0"(g), and the
(2) Quotient Rule: §"(fg=1) = 6"(f) — Ad(fg).6"(9). [

The following lemma generalizes Lemma 7.4 in [Mil84] which deals with Lie group-valued
curves.

Lemma I1.3.5. (Uniqueness Lemma) Suppose that N is connected. For two smooth maps
fyg: N — Dift (M), the relation §(f) = 6(g) is equivalent to the existence of ¢ € Diff (M) with
g(p) = o f(p) for all p € N. In particular, g(po) = f(po) for some py € N implies f=g.
Proof. If g(p) = po f(p) for each p € N, then T,(g) = v(p).Tp(f), and therefore d(g) = o(f).
If, conversely, 6(g) = 6(f) and v := gf~!, then the Quotient Rule implies §(y) =
§(gf~!) = 0, which in turn implies that for each & € M the map p — ~(p)(z) has vanishing
derivative, hence is locally constant (Proposition 1.3.4). Since N is connected, 7 is constant.
We conclude that g = ¢ o f for some ¢ € Diff (M). u

The Uniqueness Lemma is a key tool which implies in particular that solutions to certain
initial value problems are unique whenever they exist (which need not be the case). In this
generality, this is quite remarkable because there are ordinary linear differential equations with
constant coefficients on Fréchet spaces E for which solutions are not unique (cf. Example
I1.3.11 below). Nevertheless, the Uniqueness Lemma implies that solutions of the corresponding
operator-valued initial value problems on the group GL(E) C Diff(F) are unique whenever they
exist.

Remark I1.3.6. Smooth maps with values in Diff (M) can be specialized in several ways:

(a) Let E be a locally convex space and GL(F) the group of linear topological automor-
phisms of E. Then GL(FE) consists of all difftomorphisms of E commuting with the scalar
multiplications p(v) = tv, t € K*, and gl(E) = (L(E),[,]) can be identified with the Lie
subalgebra of V(E) consisting of linear vector fields which can be characterized in a similar way.
This observation implies that the logarithmic derivative of a smooth map ¢: N — GL(FE) is a
gl(E)-valued 1-form on N and that the Uniqueness Lemma applies to GL(E)-valued smooth
maps.

(b) If K is a Lie group with Lie algebra £, then we consider the group C*(M, K) of
smooth maps, endowed with the pointwise bracket, as a subgroup of Diff(M x K), by letting
f e C®M,K) act on M x K by f(m,k) := (m, f(m)k). The corresponding Lie algebra of
vector fields on M x K is C*°(M,¥), where £ € C*°(M,t) corresponds to the vector field given
by

§(m, k) = T1(pr)€(m) € Ti(K) S T k) (M x K).
A map ¢: N — C(M, K) is smooth as a map into Diff (M x K) if and only if the map
NxMxK— (MxK)? (nmk) = ((m,en)(mk),(m,en)(m)"k)

is smooth, which in turn means that the map @: NxM — K, (n,m) — ¢(n)(m) is smooth. Hence
the Uniqueness Lemma also applies to functions ¢: N — C*° (M, K) which are smooth in the
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sense that @ is smooth. Their logarithmic derivatives §(¢) can be viewed as C°°(M, £)-valued
1-forms on N.

(c¢) If G is a Lie group, then G itself can be identified with the subgroup {A,:g € G}
of Diff(G), consisting of all left translations. On the Lie algebra level, this corresponds to the
embedding L(G) — V(G) as the right invariant vector fields. Then a map ¢: N — G C Diff(G)
is smooth if and only if it is smooth as a G-valued map, and we thus obtain a Uniqueness Lemma
for G-valued smooth maps and L(G)-valued 1-forms. n

Remark I1.3.7. (a) The Uniqueness Lemma implies in particular that a smooth left action of
a connected Lie group G on a smooth manifold M, given by a homomorphism o: G — Diff (M),
is uniquely determined by the corresponding homomorphism of Lie algebras

¢:=—-6(0)1: L(G) — V(M)
because (o) is a left invariant V(M)-valued 1-form on G, hence determined by its value in 1.

(b) It likewise follows that any smooth representation m: G — GL(E) of a connected Lie
group G on some locally convex space F is uniquely determined by its derived representation

L(7) :=6(m)1: L(G) — gl(E) C V(E). ]

Remark I1.3.8. (Complete vector fields) (a) Another consequence of the Uniqueness Lemma
is that we may define a complete vector field X on M as a vector field for which there exists a
smooth one-parameter group yx:R — Diff (M) with +%(0) = X. In this sense, we consider the
complete vector fields as the domain of the exponential function exp(X) :=vx (1) of Diff(M).

(b) Likewise, the domain of the exponential function of GL(E), E a locally convex space,
is the set of all continuous linear operators D on E for which the corresponding linear vector
field Xp(v) = Dv is complete, i.e., there exists a smooth representation a: R — GL(E) with
a/(0) = D. We call these operators D integrable.

(c) We may further define for each Lie group G the domain of the exponential function
of G as those elements z € L(G) for which the corresponding left invariant vector field z; is
complete. [ ]

Example I1.3.9. (The adjoint representation of a Lie group) The adjoint action encodes a
good deal of structural information of a Lie group G. It provides a linearized picture of the
non-commutativity of G.

1

For each g € G, the map ¢;:G — G,z — gzg™ ", is a smooth automorphism of G, hence

induces a continuous linear automorphism
Ad(g) := L(cy): L(G) — L(G).

We thus obtain a smooth action G x L(G) — L(G), (g,z) — Ad(g).z, called the adjoint action
of G on L(G). By considering the Taylor expansion of the map (g, h) — ghg~!, one shows that
the derived representation of L(G) on L(G) satisfies

(2.3.1) L(Ad) =ad, ie, L(Ad)(z)(y)=[z,y] for =x,y€ L(Q).

If L(G) = L(L(G),K) denotes the topological dual of L(G), then we also obtain a
representation of G on L(G)" by Ad*(g).f := foAd(g)~?!, called the coadjoint action. Since we
do not endow L(G)" with a topology, we will not specify any smoothness or continuity properties
of this action. ]

The following lemma shows that, whenever there is a smooth curve v:J — Diff(M)
satisfying the initial value problem
(2.3.2) v(0) =idpy and A (t) = Xy oy(t)

for a time-dependent vector field X:J — V(M), then all integral curves of X on M are of the
form

(2.3.3) n(t) =~(t)(m),

hence unique. It follows in particular, that the existence of multiple integral curves of X implies
that (2.3.2) has no solution. Below we shall see examples where this situation arises, even for
linear differential equations.
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Lemma I1.3.10. Let J C R be an interval containing 0 and ~v:J — Diff(M) be a smooth
curve with v(0) = idyr. Let Xy := 0"(): be the corresponding time-dependent vector field on
M with Xyo~(t) =~'(t), mo € M, and assume that n: J — M is a solution of the initial value
problem:

n0)=mgo and n'(t)=Xi(nkt)) for ted
Then n(t) = v(t)(mo) holds for all t € J.
Proof. The smooth curve a:.J — M, t — ~(t)~1(n(t)) satisfies a(0) = mo and

o/ (t) = (v (n(®) + Ty ™' (1) = T(yH) =) (v e (n(t)) + /(1))
(v@®TH (=" (Me(n(®) +n' (1)) = T(yH) ™) (= Xe(n(t)) +n' (1)) = 0.

[
S

Hence « is constant mg, and the assertion follows. [

In [OMYKS2], one finds the particular version of the preceding lemma dealing with solutions
of the initial value problem

n'(t) = [n(t),£®] + (@), n(0) ==
in the Lie algebra of a regular Lie group (see also [KYMOS5, 2.5/2/6]).

Example II.3.11. (A linear ODE with multiple solutions) (cf. [Ham82, 5.6.1], [Mil84]) We
give an example of a linear ODE for which solutions to initial value problems exist, but are not
unique. We consider the Fréchet space E := C*°([0,1],R) of smooth functions on the closed unit
interval, and the continuous linear operator Df := f’ on E. We are asking for solutions of the
initial value problem

(2.3.4) Y(t) = Dy(t), 4(0)=wy, v:ICR— E.

As a consequence of E. Borel’s Theorem that each power series is the Taylor series of a smooth
function, each vy € E has an extension to a smooth function on R. Let h be such a function
and consider the curve

7R —E, ~()(x):=h(t+x).

Then v(0) = hlj,1] = vo and (t)(z) = W' (t +x) = v(t)' (z) = (Dv(t))(z). It is clear that these
solutions of (2.3.4) depend on the choice of the extension h of vy.

Lemma I1.3.10 and the discussions preceding it now imply that D is not integrable. In fact,
for any smooth homomorphism a: R — GL(E) with «/(0) = D, we would have 6" () = D, so
that any solution of (2.3.4) is of the form ~(¢) = a(t).vo, contradicting the existence of multiple
solutions. ]

Example I1.3.12. (A linear ODE without solutions; [Mil84]) We identify E := C*(S!,C)
with the space of 2r-periodic smooth functions on the real line. We consider the linear operator
Df := —f” and the equation (2.3.4), which in this case is the heat equation with reversed
time. If v is a solution of (2.3.4) and ~(t)(z) = >, oz an(t)e™® its Fourier expansion, then
a (t) = n2an(t) for each n € Z leads to an(t) = an(0)e!™ . If the Fourier coefficients a,(0) of
~o do not satisfy > |an(0)|e€"2 < oo for any € > 0 (which need not be the case for a smooth
function 7o), then (2.3.4) does not have a solution on [0,¢].

As a consequence, the operator exp(tD) is not defined in GL(E) for any ¢ > 0. Neverthe-
less, we may use the Fourier series expansion to see that 3(t) := (1+it?)1+tD defines a smooth
curve 3:R — GL(E). We further have /(0) = D, so that D arises as the tangent vector of a
smooth curve in GL(E), but not of any smooth one-parameter group. |

The following example is of some interest for the integrability of Lie algebras of formal
vector fields (Example VI.2.8).
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Example I1.3.13. We consider the space E := R][z]] of formal power series > - a,z" in
one variable. We endow it with the Fréchet topology for which the map RYo — R][z]], (a,,)
>, anz™ is a topological isomorphism. Then Df := f' with f'(z) := Y07 apna™™ ! =
oo g ant1(n + 1)z for f(z) = Y07 anz™ defines a continuous linear operator on E. We
claim that this operator is not integrable.

We argue by contradiction, and assume that a: R — GL(E) is a smooth R-action of E with
a’(0) = D. For each n € N, the curve v: R — E,v(t) := (z +t)", satisfies §(t) = n(z + )"~ ! =
D~(t), so that Lemma I1.3.10 implies that a(t)a™ = (x + ¢)™ for all ¢ € R. Then we obtain
a(l)z” =1+ nz+.... In view of lim, o 2™ — 0 in E, this contradicts the continuity of the

operator «(1). Therefore D is not integrable. [

Example I1.3.14. Let M be a compact manifold and g = V(M), the Lie algebra of smooth
vector fields on M. We now sketch how the group G := Diff (M) can be turned into a Lie group,
modeled on V(M), endowed with its natural Fréchet topology (Definition 1.5.2) ([Les67]).

If FI*:R x M — M, (t,m) — FLX(m) denotes the flow of the vector field X, then the
exponential function of the group Diff (M) should be given by the time-1-map of the flow of a
vector field:

exXppigr(any: V(M) — Diff (M), X +— FIf .

For the Lie group structure described below, this is indeed the case. Unfortunately, it is not a
local diffeomorphism of a 0-neighborhood in V(M) onto any identity neighborhood in Diff(M).
Therefore we cannot use it to define a chart around 1 = idys (cf. [Grab88], [Pali68/74], and also
[Fre68], which deals with local smooth diffeomorphisms in two dimensions).

Fortunately, there is an easy way around this problem. Let g be a Riemannian metric
on M and Exp:TM — M be its exponential function, which assigns to v € T;,,(M) the point
~v»(1), where ~,:[0,1] — M is the geodesic segment with ~,(0) = m and ~v,(0) = v. We then
obtain a smooth map

O:TM — M x M, v+~ (m,Expv), ve&T,(M).

There exists an open neighborhood U C T'M of the zero section such that ® maps U diffeo-
morphically onto an open neighborhood of the diagonal in M x M. Now

Ug:={XeV(M):X(M)CU}
is an open subset of the Fréchet space V(M), and we define a map
Uy — C(M, M), ¢(X)(m) := Exp(X(m)).

It is clear that ¢(0) = idas. One can show that after shrinking Uy to a sufficiently small 0-
neighborhood in the compact open C*-topology on V(M), we achieve that ¢(Uy) C Diff(M).
To see that Diff (M) carries a Lie group structure for which ¢ is a chart, one has to verify that
the group operations are smooth in a 0-neighborhood when transferred to Uy via ¢, so that
Theorem I11.2.1 applies. We thus obtain a Lie group structure on Diff (M) (cf. [Omo70], [GNOG]).

From the smoothness of the map Uy x M — M, (X, m) — ¢(X)(m) = Exp(X(m)) it
follows that the canonical left action o:Diff(M) x M — M, (¢, m) — @(m) is smooth in an
identity neighborhood of Diff (M), and hence smooth, because it is an action by smooth maps.
The corresponding homomorphism of Lie algebras ¢: L(Diff (M)) — V(M) (Remark I1.3.7(a)) is
given by

6(X)(m) =-To(X,0,) =—-X(m),

i.e., ¢ = —idy(n), which leads to
L(Diff(M)) = (V(M), [-,-])*,

where g°P is the opposite of the Lie algebra g with the bracket [z, yop := [y, 2].

This “wrong” sign is caused by the fact that we consider Diff (M) as a group acting on M
from the left. If we consider it as a group acting on the right, we obtain the opposite multiplication
px1p:=1poyp and L(Diff (M)°P) = (V(M),[,]). Here we write G°P for the opposite group with
the order of multiplication reversed. ]
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I1.4. Applications to Lie group-valued smooth maps

In this subsection, we describe some applications of the Uniqueness Lemma to Lie group-
valued smooth maps (cf. Remark I1.3.6(c)).

Let G be a Lie group with Lie algebra g = L(G). The Maurer—Cartan form kg € QY (G, g)
is the unique left invariant 1-form on G with kg1 = idg, i.e., kg(v) = g~ v for v € T,(G). In
various disguises, this form plays a central role in the approach to (local) (Banach—)Lie groups
via partial differential equations ([Mau88], [CaE01], [Lie95], [Bir38], [MicA48], [Lau56]).

Identifying G with the subgroup of left translations in Diff (@), the concepts of the pre-
ceding subsection apply to any smooth map f:M — G (Remark I1.3.6(c)). The logarithmic
derivative of f can be described as a pull-back of the Maurer—Cartan form:

3(f) = fra € Q1 (M, g).

Proposition I1.4.1.  Let G and H be Lie groups.
(1) If o:G — H s a morphism of Lie groups, then 6(¢) = L(p) o kg
(2) If G is connected and p1,p2 : G — H are morphisms of Lie groups with L(p1) = L(p2),
then ©1 = .
(3) For a smooth function f:G — H with f(1) =1, the following are equivalent:
(a) (f) is a left invariant 1-form.
(b) f is a group homomorphism.
Proof. (1) is a simple computation, and (2) follows with (1) and the Uniqueness Lemma (cf.
Remark I1.3.6(c)).
The proof of (3) follows a similar pattern, applying the Uniqueness Lemma to the relations

X;8() = 8(6). .
Applying (2) to the conjugation automorphisms ¢, € Aut(G), we obtain:

Corollary I1.4.2.  If G is a connected Lie group, then ker Ad = Z(G). ]

It follows in particular, that the adjoint action of a connected Lie group G is trivial if
and only if G is abelian. In view of Remark I1.3.6(b), this is equivalent to the triviality of the
corresponding derived action, which is the adjoint action of L(G) (Example I1.3.9). We thus
obtain the following affirmative answer to a question of J. MILNOR ([Mil84]):

Proposition 11.4.3. A connected Lie group is abelian if and only if its Lie algebra is abelian.m

This argument can be refined by investigating the structure of logarithmic derivatives of
iterated commutators of smooth curves in a Lie group G. A systematic use of the Uniqueness
Lemma then leads to the following result (see [GNO6]):

Theorem I1.4.4. A connected Lie group G is nilpotent, resp., solvable, if and only if its Lie
algebra L(G) is nilpotent, resp., solvable. [

I1.5. The exponential function and regularity

In the Lie theory of finite-dimensional and Banach—Lie groups, the exponential function
is a central tool used to pass information from the group to the Lie algebra and vice versa.
Unfortunately, the exponential function is less powerful in the context of locally convex Lie
groups. Here we take a closer look at its basic properties, and in Section IV below we study
the class of locally exponential Lie groups for which the exponential function behaves well in the
sense that it is a local diffeomorphism in 0.
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Definition I1.5.1.  For a Lie group G with Lie algebra g = L(G), we call a smooth function
expg: g — G an exponential function for G if for each x € g the curve 7,(t) := expg(tx) is a
one-parameter group with v, (0) = x. |

It is easy to see that any such curve is a solution of the initial value problem (IVP)

7(0) =1, d(y) ==z,

so that the Uniqueness Lemma implies that solutions are unique whenever they exist. Hence a
Lie group G has at most one exponential function.

The question for the existence of an exponential function leads to the more general question
when for a smooth curve £ € C*(I,g) (I =[0,1]), the initial value problem (IVP)

(2.5.1) 0) =1, () =¢,

has a solution. If this is the case for constant functions £(¢) = x, the corresponding solutions are
the curves v, required to obtain an exponential function. The solutions of (2.5.1) are unique by
the Uniqueness Lemma (Remark I1.3.6(c)).

Definition I1.5.2. A Lie group G is called regular if for each & € C*°(1,g), the initial value
problem (2.5.1) has a solution v¢ € C*°(I,G), and the evolution map

evolg:C™(1,9) = G, & (1)
is smooth. ]
Remark I1.5.3. If G is regular, then G has a smooth exponential function, given by

expg(z) := evolg (&),

where &;(t) = for t € I. ]

Remark I1.5.4. As a direct consequence of the existence of solutions to ordinary differential
equations on open domains of Banach spaces and their smooth dependence on parameters (cf.
[La99]), every Banach-Lie group is regular. [

All Lie groups known to the author which are modeled on Mackey complete spaces are
regular. In concrete situations, it is sometimes hard to verify regularity, and in some case it
is not known if the Lie groups under consideration are regular. We shall take a closer look at
criteria for regularity in Section III below. In particular, we shall see that essentially all groups
belonging to the major classes discussed in the introduction are in fact regular.

Example I1.5.5. If the model space is no longer assumed to be Mackey complete, one can
construct non-regular Lie groups as follows (cf. [Gl02b, Sect. 7]): Let A C C([0,1],R) denote
the unital subalgebra of all rational functions, i.e., of all quotients p(z)/q(x), where g(z) is a
polynomial without zeros in [0,1]. We endow A with the induced norm || f]| := supg<i<y |f(¥)]-
If an element f € A is invertible in C([0,1],R), then it has no zero in [0, 1], which implies that
it is also invertible in A, i.e.,

A* =C([0,1],R)* N A.

This shows that A* is open in A, and since the Banach algebra C([0,1],R) is a CIA, the
continuity of the inversion is inherited by A, so that A is a CIA. In particular, A* is a Lie
group (Example I1.1.4).

Let f € A and assume that there exists a smooth homomorphism ~v;:R — A* with
7}(0) = f. Then Proposition II.4.1, applied to vf as a map R — C([0,1],R)*, leads to
v4(t) = etf for each t € R. Since e/ is not rational if f is not constant, we conclude that f is
constant. Therefore the Lie group A* does not have an exponential function and in particular
it is not regular. ]

The following proposition illustrates the relation between regularity and Mackey complete-
ness.
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Proposition I1.5.6.  The additive Lie group (E,+) of a locally convex space E is reqular if
and only if E is Mackey complete.

Proof.  For a smooth curve {:I — E, any solution v¢: I — E of (2.5.1) satisfies ¢ = ¢ and
vice versa. Therefore regularity implies that E is Mackey complete (Definition I1.1.4). Conversely,

Mackey completeness of E implies that evolg(€ fo s)ds defines a continuous linear map
evolg: C*°(I, E) — E, so that it is in particular meOth ]

Proposition I1.5.7. Suppose that the Lie group G has a smooth exponential function
expa: g — G. Then its logarithmic derivative is given by

(2.5.2) d(expg)(x / Ad(expg(—tx)) dt,

where the operator-valued integral is defined pointwise, i.e.,
1
d(expg)(x)y = / Ad(expg(—tx))ydt  for each y € g.
0

Proof. ([Grab93)) For t¢,s € R, we consider the three smooth functions f, f, fs: 9 — G, given
by

f(z) :==expa((t +s)x), fi(r) =exps(tr) and fs(z) = expa(sx),

satisfying f = fifs pointwise on g. The Product Rule (Lemma I1.3.3) implies that
8(f) = 8(fs) + Ad(fs)"10(fo)-
For the smooth curve ¥: R — g,1(t) := d(expe )iz (ty), we therefore obtain

(2.5.3) Wt +5) = 0(faly) = 6(fs)a(y) + Ad(fs) T 0(fe)z(y) = ¥(s) + Ad(expg(—s2)).1(t).

We have ¥(0) = 0 and ¢'(0) = lims—od(expg)iz(y) = d(expe)o(y) = y, so that taking
derivatives with respect to ¢ in 0, (2.5. 3) 1eads to w’( ) Ad(eXpG(—sx)).y. Now the assertion
follows by integration from d(expg).(y) fo [

If g is integrable to a group with exponential function, then the one-parameter groups
Ad(expg(tx)) have the infinitesimal generator adz (Remark I1.3.7(b), Example 11.3.9), so that
we may also write

(2.5.4) Ad(expg(tz)) = et?de,

If, in addition, g is Mackey complete, then the operator-valued integral

1
(2.5.5) Kg(z) ::/ etade gy
0

—tadz

exists pointwise because the curves ¢t — e y are smooth, and the preceding theorem states

that for each z € g:

(2.5.6) d(expg)z = Kq(x).

The advantage of ky(x) is that it is expressed completely in Lie algebraic terms.
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Remark I1.5.8. If g is a Banach-Lie algebra, then k4(x) can be represented by a convergent

power series
1 dz 00
_ 1—e®
kglx) = e~tadw g — E
0 ~ adz

This means that x4(x) = f(adx) holds for the entire functlon

> _1—e7*
kZ:o k+1 oz

As f71(0) = 27miZ \ {0}, and Spec(k4(z)) = f(Spec(adz)) by the Spectral Mapping Theorem,
we see that kg (z) is invertible if and only if Spec(adz) N 2miZ C {0}.

Part of this observation can be saved in the general case. If g is Mackey complete one can
show that xg(z) is not injective if and only if there exists some n € N with

ker((ad 2)? + 47°n?1) # {0}.

adx

If g is a complex Lie algebra, this means that some 2min € 2miZ \ {0} is an eigenvalue of ad x
(cf. [GNOG] for details). [

Examples I1.5.9. Let a:R — GL(E) be a smooth representation of R on the Mackey complete
locally convex space E with the infinitesimal generator D = &/(0). Then the semi-direct product

group
G:=E xR, (v,t)(W',t')=@w+al), t+1t)

is a Lie group with Lie algebra g = E' xp R and exponential function

! id for t =0
expg(v,t) = (B(t)v,t)  with  f(t) = /0 a(st)ds = {l%?g a(s)ds fgi th # 0.

From this formula it is clear that (w,t) € im(exps) is equivalent to w € im(G(t)). We conclude
that exps is injective on some 0-neighborhood if and only if §(t) is injective for ¢ close to 0,
and it is surjective onto some 1-neighborhood in G if and only if §(¢) is surjective for ¢ close
to 0 (cf. Problem IV.4 below).

Note that the eigenvector equation Dv = Av for t\ # 0 implies that

1
t — st d :e
B(t)v /Oe vds o v,

so that B(t)v = 0 is equivalent to ¢\ € 2miZ \ {0}.

(a) For the Fréchet space E = C" and the diagonal operator D given by D(z,) = (27rmzn),
we see that 3(1)e, = 0 holds for e, = (6mn)men, and e, & im (B(1)). We conclude that (e, L)
is not contained in the image of exp, and since (en, <) — (0,0), the identity of G, 1m(expG)
does not contain any identity neighborhood of G'. Hence the exponential function of the Fréchet—
Lie group G = F x4 R is neither locally injective nor locally surjective in 0.

(b) For the Fréchet space E = RN and the diagonal operator D given by D(z,) = (nz,),
it is easy to see that all operators ((t) are invertible and that §:R — GL(E) is a smooth map.
This implies that exps:g — G is a diffeomorphism. u

Remark I1.5.10. If G is the unit group A* of a Mackey complete CIA, then we identify
T(G) C T(A) =2 A x A with AX x A and note that adz = A\, — p, and €%y = eTye 2.
Therefore (2.5.2) can be written as

1 1
T.(expea)y = €* / e Tyel® dt = / 1=z et gy
0 0

(cf. [MicA45] for the case of Banach algebras). [

A closer investigation of (2.5.5) leads to the following results on the behavior of the
exponential function (cf. [GNO6]; and [LaTi66] for the finite-dimensional case):
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Proposition I1.5.11. Let G be a Lie group with Lie algebra g and a smooth exponential
function. Then the following assertions hold for x,y € g:
(1) If kg(x)y =0, then

expe (™Y ) = expg(z)  for all teR.

(2) If kq(z) is not injective and g is Mackey complete, then expg is not injective in any
neighborhood of x.

(3) If kg(x) is injective, then
(a) expa(y) = expa(x) implies [x,y] =0 and expa(z —y) =1.
(b) expqg(x) € Z(G) implies x € 3(g) and equivalence holds if G is connected.
(c) expa(x) =1 implies x € 3(g).

(4) Suppose that 0 is isolated in expal(l), Then x is isolated in expal(expc(x)) if and only
if kg(x) is injective.

(5) If a C g is an abelian subalgebra, then exp, := expg la:a — G is a morphism of Lie groups.
Its kernel Ty := ker(exp,) is a closed subgroup of a in which all C*-curves are constant. It
intersects each finite-dimensional subspace of a in a discrete subgroup. ]

Remark I1.5.12. (a) Let U C g be a 0-neighborhood with the property that x4(z) is injective
for each z € U — U. Then the preceding proposition implies for z,y € U with expsz = expgy
that exps(x —y) = 1, [z,y] = 0, and since x —y € U, it further follows that = — y € 3(g).
If we assume, in addition, that the closed subgroup T';4) := ker(expé(g)) intersects U — U only
in {0}, exp is injective on U.

(b) If G is a Banach—Lie group and g = L(G) carries a norm with ||[z,y]|| < |lz]| - ||y,
then ||adz| < ||z||. Therefore ||z|| < 27 implies that rg(x) is invertible (Remark I1.5.8). If
expg |;(g) is injective, i.e., Z(G) is simply connected, the preceding remark implies that expg is
injective on the open ball B, := {x € g:||z|| < 7} (cf. [LaTi66]). In general, we may put

dg = inf{||z][:0 # x € ;g }

to see that expg is injective on the ball of radius 7 := min{r, 2} (cf. [GNO03, [Bel04, Rem.
2.3)). [

Example I1.5.13. In [Omo70], [Ham82] and [Mil84], it is shown that for the group G :=
Diff(S!) of diffeomorphisms of the circle, the image of the exponential function is not a neigh-
borhood of 1 (cf. also [KM97, Ex. 43.2], [PS86, p. 28]). Small perturbations of rigid rotations
of order n lead to a sequence of diffeomorphisms converging to idg: which do not lie on any
one-parameter group.

More generally, for any compact manifold M, the image of the exponential function of
Diff (M) does not contain any identity neighborhood (cf. [Grab88], [Pali68/74], and [Fre68] for
some 2-dimensional cases).

Identifying the Lie algebra g := V(S') of Diff(S') with smooth 27-periodic functions on R,
the Lie bracket corresponds to

f,9l=fd — [y

For the constant function fy =1 and ¢, (t) := cos(nt) and s, (t) = sin(nt), this leads to

[f()v Sn] = NCp and [f()v Cn] = —NSn,

so that span{fo, sn,c,} C V(S!) is a Lie subalgebra isomorphic to sly(R). It further follows
that ((ad fo)? +n?1)s, = 0, so that rg(2X fo)s, = 0 implies that expg is not injective in any

neighborhood of 22 fy (Proposition I1.5.11(1)) (cf. [Mil82, Ex. 6.6]). Therefore exp; is neither
locally surjective nor injective. ]
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Remark I1.5.14. (Surjectivity of exp.) The global behavior of the exponential function and
in particular the question of its surjectivity is a quite complicated issue, depending very much
on specific properties of the groups under consideration (cf. [Wii03,/05]).

(a) For finite-dimensional Lie groups, the most basic general result is that if G is a connected
Lie group with compact Lie algebra g, then exp, is surjective. Since the compactness of g
is equivalent to the existence of an Ad(G)-invariant scalar product, which in turn leads to a
biinvariant Riemannian metric on G, the surjectivity of exps can be derived from the Hopf-
Rinow Theorem in Riemannian geometry.

(b) A natural generalization of the notion of a compact Lie algebra to the Banach context
is to say that a real Banach—Lie algebra (g, || - ||) is elliptic if the norm on g is invariant under
the group Inn(g) := (e249) C Aut(g) of inner automorphisms (cf. [Ne02c, Def. IV.3]). A finite-
dimensional Lie algebra g is elliptic with respect to some norm if and only if it is compact. In
this case, the requirement of an invariant scalar product leads to the same class of Lie algebras,
but in the infinite-dimensional context this is different. Here the existence of an invariant scalar
product turning g into a real Hilbert space leads to the structure of an L*-algebra. Simple
L*-algebras can be classified, and each L*-algebra is a Hilbert space direct sum of simple ideals
and its center (cf. [Sc60/61], [dIH72], [CGM90], [Neh93], [St99]). In particular, the classification
shows that every L*-algebra can be realized as a closed subalgebra of the L*-algebra Bo(H)
of Hilbert—Schmidt operators on a complex Hilbert space H. Therefore the requirement of an
invariant scalar product on g leads to the embeddability into the Lie algebra us(H) of skew-
hermitian Hilbert—Schmidt operators on a Hilbert space H .

The class of elliptic Lie algebras is much bigger. It contains the algebra u(A) of skew-
hermitian elements of any C*-algebra A and in particular the Lie algebra u(H) of the full
unitary group U(H) of a Hilbert space H .

Although finite-dimensional connected Lie groups with compact Lie algebra have a surjec-
tive exponential function, this is no longer true for connected Banach—Lie groups with elliptic
Lie algebra. This is a quite remarkable phenomenon discovered by PUTNAM and WINTER in
[PW52]: the orthogonal group O(H) of a real infinite-dimensional Hilbert space is a connected
Banach-Lie group with elliptic Lie algebra, but its exponential function is not surjective. This
contrasts the fact that the exponential function of the unitary group U(H) of a complex Hilbert
space is always surjective, as follows from the spectral theory of unitary operators. ]

I1.6. Initial Lie subgroups

It is one of the fundamental problems of Lie theory (FP5) to understand to which extent
subgroups of Lie groups carry natural Lie group structures. In this subsection, we briefly discuss
the rather weak concept of an initial Lie subgroup. As a consequence of the universal property
built into its definition, such a structure is unique whenever it exists. As the discussion in Remark
11.6.5 and further results in Section IV below show, it is hard to prove that a subgroup does not
carry any initial Lie group structure (cf. Problem II.6).

Definition I1.6.1.  An injective morphism : H — G of Lie groups is called an initial Lie
subgroup if L(1): L(H) — L(G) is injective, and for each C*¥-map f:M — G (k € NU {oo})
from a C*-manifold M to G with im(f) C H, the corresponding map ¢t~ o f: M — H is C* m

The following lemma shows that the existence of an initial Lie group structure only depends
on the subgroup H, considered as a subset of G.

Lemma 11.6.2. Any subgroup H of a Lie group G carries at most one structure of an initial
Lie subgroup.

Proof. 1If //: H — @G is another initial Lie subgroup with the same range as «: H — G, then
v lo:H — H and /" 'ou H — H' are smooth morphisms of Lie groups, so that H and H’
are isomorphic. ]
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A priori, any subgroup H of a Lie group G can be an initial Lie subgroup. A first step to a
better understanding of initial subgroups is to find a natural candidate for the Lie algebra of such
a subgroup. In the following, we write C1(I,G) for the set of all Cl-curves v: I = [0,1] — G
with v(0) = 1. Then the following definition works well for all subgroups (cf. [Lau56]; see also
[vN29; pp. 18/19)):

Proposition 11.6.3. Let H C G be a subgroup of the Lie group G. Then the differential
tangent set

LY(H) := {a/(0) € L(G) = T1(G): o € CX([0,1], G), im(er) € H}

is a Lie subalgebra of L(G). If, in addition, H carries the structure vg: H — G of an initial
Lie subgroup, then LY(H) = im(L(1x)).

Proof. If a,3 € CL(I, G) then (aB)'(0) = &'(0) + #'(0), (a=1)(0) = —a(O), and for
0 < A <1 the curve ay(t) := a(\t) satisfies oy (0) = Aa/(0). This implies that LY(H) is a real
linear subspace of L(G).

Next we recall that [z, y] is the lowest order term in the Taylor expansion of the commutator
map (z,y) — zyx~ly~! in any local chart around 1 (Remark I1.1.8). This implies that the curve

7(t) = a(VHB(VHa(VE) T B(VE) T

with v(0) = 1 is C! with 7/(0) = [a/(0), 3'(0)]. We conclude that L(H) is a Lie subalgebra
of L(G).

If, in addition, H is initial, then CL([0,1], H) = {a € CL([0,1],G):im(a) C H} implies
that L(cx)(L(H)) = LY(H). "

We put the superscript d (for differentiable) to distinguish Ld(H ) from the Lie algebra of
a Lie group. Later, we shall encounter another approach to the Lie algebra of a subgroup which
works well for closed subgroups of locally exponential Lie groups.

Remark I1.6.4. Let a € CL([0,1],G) and H C G be a subgroup. If im(a) C H, then the
image of the continuous curve §(c) € C([0,1],L(G)) is contained in LYH). If, conversely,
im(6(a)) € LY(H), then it is not clear why this should imply that im(a) € H. We shall see
below that the concept of regularity helps to deal with this problem. ]

Remark I1.6.5. The following facts demonstrate that it is not easy to find subgroups with no
initial Lie subgroup structure ([Ne05, Lemma 1.7]):

(a) Let H C G be a subgroup such that all C'-arcs in H are constant. Then the discrete
topology defines on H an initial Lie subgroup structure.

(b) If dimG < oo, then any subgroup H C G carries an initial Lie group structure:
According to Yamabe’s Theorem ([Go69]), the arc-component H, of G is of the form (expb)
for some Lie subalgebra h C L(G), which can be identified with L?(H). To obtain the initial Lie
group structure on H, we endow H, with its intrinsic Lie group structure and extend it with
Corollary I11.2.3 to all of H.

(¢) If the connected Lie group G has a smooth exponential function, the center 3(g) of
g = L(G) is Mackey complete, and the subgroup T4 := expg' (1) N3(g) is discrete, then Z(G)
carries an initial Lie group structure with Lie algebra 3(g).

We endow exps(3(g)) = 3(g)/I';(q) with the quotient Lie group structure (Corollary 11.2.4)
and use Corollary I1.2.3 to extend it to all of Z(G). ]

Remark I1.6.6. If H C G is a Lie subgroup in the sense of Remark I1.2.5(b), then some
identity neighborhood of H is a submanifold of G and its intrinsic Lie group structure turns H
into an initial Lie subgroup of G. ]

L' Note that in general this curve is not twice differentiable.
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Open Problems for Section II

Problem II.1. Show that every Lie group G modeled on a Mackey complete locally convex
space has a smooth exponential function, or find a counterexample (cf. Example I1.5.5). ]

The following assertion is even stronger:

Problem II.2. ([Mil84]) Show that every Lie group G modeled on a Mackey complete locally
convex space is regular, or find a counterexample.

The assumption of Mackey completeness of L(G) is necessary because for any regular Lie
group the differential of the evolution map evolg: C*([0,1],g) — G is given by

To(evolg)£=/0 &(t) dt.

Therefore the regularity of G implies the Mackey completeness of L(G) (cf. Proposition I1.5.6).m

Problem II.3. ([Mil84]) Show that two 1-connected Lie groups G with isomorphic Lie al-
gebras are isomorphic. For groups with Mackey complete Lie algebras, this would follow from
Theorem III.1.5 and a positive solution to Problem II.2. ]

Problem II.4. Prove or disprove the following claims for all Lie groups G with a smooth
exponential function exps:g=L(G) — G:

(1) 0 is isolated in expg'(1).

(2) 0 is isolated in I';(g) := expg' (1) N3(g), where 3(g) denotes the center of g.

In view of Remark I1.6.5(c), a solution of (2) would be of particular interest to classify
classes of extensions of Lie groups by non-abelian Lie groups (cf. Theorem V.1.5). Note that (2)
is equivalent to the discreteness of the group I';4). We know that all C'-curves in this closed
subgroup of 3(g) are constant and that all intersections with finite-dimensional subspaces are
discrete (Proposition I1.5.11(5)). [

Problem II.5. (Small Torsion Subgroup Problem; (FP8)) Show that for any Lie group G there
exists an identity neighborhood U such that 1 is the only element of finite order generating a
subgroup lying in U.

If the answer to Problem I1.4(1) is negative for some Lie group G, then each identity
neighborhood contains the range of a homomorphism T = R/Z — G obtained by expg(Rx) for
T € expal(l) sufficiently close to 0. This implies in particular that each identity neighborhood
contains non-trivial torsion subgroups.

It is a classical result that Banach—Lie groups do not contain small subgroups, i.e., there
exists a 1-neighborhood U for which {1} is the only subgroup contained in U . This is no longer
true for locally convex vector groups, such as G = RN, with the product topology. Then each
0-neighborhood contains non-zero vector subspaces, so that G has small subgroups. However,
G is torsion free.

For a locally convex space E, the non-existence of small subgroups is equivalent to the
existence of a continuous norm on FE. Every locally exponential Lie group G for which L(G)
has a continuous norm has no small subgroups (cf. Section IV). Since any real vector space is
torsion free, this implies that no locally exponential Lie group contains small torsion subgroups.
For strong ILB-Lie groups, it is also known that they do not contain small subgroups (cf.
Theorem I11.2.3), and this implies in particular that for each compact manifold M the group
Diff (M) does not contain small subgroups. We also know that direct limits of finite-dimensional
Lie groups do not contain small subgroups (Theorem VII.1.3). |
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Problem I1.6. (Initial Subgroup Problem) Give an example of a subgroup H of some infinite-
dimensional Lie group which does not possess any initial Lie subgroup structure.

We think that such examples exist, but in view of Remark I1.6.5(b), there is no such
example in any finite-dimensional Lie group. Moreover, Theorem IV.4.17 below implies that all
closed subgroups of Banach—Lie groups carry initial Lie subgroup structures. Therefore the most
natural candidates of groups to consider are (non-closed) subgroups of Banach spaces which are
connected by smooth arcs. For F := C([0,1],R), the subgroup H C F generated by the smooth
curve 7:[0,1] — E,v(t)(z) := e'® — 1 is a natural candidate. Since the values (t) for ¢ > 0 are
linearly independent, H =}, o1 Z7(t) is a free abelian group. ]

Problem I1.7. (Canonical factorization for Lie groups) Let ¢: G — H be a morphism of Lie
groups. Does the quotient group G/keryp = ¢(G) C H carry a natural Lie group structure
for which the induced map G/ker(¢) — H is smooth and each other morphism ¢:G — H’
with ker C kert factors through G/ ker(p)? Does ¢(G) carry the structure of an initial Lie
subgroup of H? Maybe it helps to assume that G is a regular Lie group (cf. Section III below).m

Problem I1.8. (Locally Compact Subgroup Problem; (FP9)) Show that any locally compact
subgroup of a Lie group G is a (finite-dimensional) Lie group. Since locally compact subgroups
are Lie groups if and only if they have no small subgroups, this is closely related to Problem
I1.5. We shall see below that this problem has a positive solution for most classes of concrete
groups (cf. Theorem IV.3.15 for locally exponential Lie groups; [MZ55, Th. 5.2.2, p. 208] for the
Lie group Diff(M) of diffeomorphisms of a compact manifold, and Theorem VII.1.3 for direct
limits of finite-dimensional Lie groups). |

Problem II1.9. (Completeness of Lie groups) Suppose that the Lie algebra L(G) of the Lie
group G is a complete locally convex space. Does this imply that the group G is complete with
respect to the left, resp., right uniform structure? ]

Problem I1.10. (Large tori in Lie groups) Suppose that G is a Lie group with a smooth
exponential function and that a C L(G) is a closed abelian subalgebra for which the closed
subgroup I'y := expal(l) N a spans a dense subspace of a. Then the exponential function
Exp, := expg |a: @ — G factors through a continuous map a/I'y; — G. Characterize the groups
A :=a/Ty for which this may happen.

If a is finite-dimensional, then A is a torus (Proposition I1.5.11(5)), so that we may think
of these groups A as generalized tori. If T', is discrete, then A is a Lie group. If, in addition,
a is separable, then I'y is a free group ([Ne0O2a, Rem. 9.5(c)]). If Problem II.4 has a positive
solution, then T’y is always discrete.

An interesting example in this context is £ = RY with the closed subgroup I'g := ZN. In
this case, the quotient E/T'z = TV is the compact torus which is not a Lie group because it is
not locally contractible. Do pairs (a,T4) = (RN, ZN) occur? For the free vector space E = RN
over N, the subgroup 'y := ZM is discrete and E/Tg is a Lie group, a direct limit of finite-
dimensional tori (cf. Theorem VII.1.1). ]

Problem I1.11. Does the adjoint group Ad(G) C Aut(L(G)) of a Lie group G always carry
a natural Lie group structure for which the adjoint representation Ad: G — Ad(G) is a quotient
morphism of topological groups? Since, in general, the group Aut(L(G)) is not a Lie group if
L(G) is not Banach, this does not follow from a positive solution of Problem II.7. Closely related
is the question if exps z € Z(G) for x small enough implies z € 3(g). ]

Problem II.12. Let G be a connected Lie group with a smooth exponential function and
a C L(G) a Mackey complete abelian subalgebra for which the group I'y := exp(_;l(l) Na is
discrete. Then exp |s factors through an injective smooth map A :=a/T'y — G and A carries
a natural Lie group structure (Corollary 11.2.4). Is this Lie group always initial? According to
Remark I1.6.5(c), this is the case for a = 3(g). [
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IT1. Regularity

In this section, we discuss regularity of Lie groups in some more detail. In particular, we shall
see how regularity of a Lie group can be used to obtain a Fundamental Theorem of Calculus for
Lie group-valued smooth functions. This implies solutions to many integrability questions. For
example, for each homomorphism ¢:L(G) — L(H) from the Lie algebra of a 1-connected Lie
group G into the Lie algebra of a regular Lie group H, there exists a unique morphism of Lie
groups ¢ with L(y) = . In Section II1.2, we turn to the concepts of strong ILB-Lie groups and
p-regularity and their relation to our context. In the remaining two subsections II1.3 and I11.4,
we discuss some applications to groups of diffeomorphisms and groups of smooth maps, resp.,
gauge groups.

II1.1. The Fundamental Theorem for Lie group-valued functions

Definition ITI.1.1. Let G be a Lie group with Lie algebra g = L(G). We call a g-valued
1-form a € Q'(M, g) integrable if there exists a smooth function f: M — G with §(f) = a. The
1-form « is said to be locally integrable if each point m € M has an open neighborhood U such
that «|y is integrable. [

We recall from Definition 1.4.1(b) the brackets QP (M, g) x Q4(M,g) — QPt4(M,g). If f
is a solution of the equation §(f) = f*kg = a € QY(M, g), then the fact that xg satisfies the
Maurer—Cartan equation dkg + %[HG, k¢] = 0 implies that so does a:

(MC) da + %[a,a] =0.

The following theorem is a version of the Fundamental Theorem of Calculus for functions
with values in regular Lie groups ([GNO0G]).

Theorem II1.1.2.  (Fundamental Theorem for Lie group-valued functions) Let M be a smooth
manifold, G a Lie group and o € Q*(M,L(G)). Then the following assertions hold:

(1) If G is reqular and « satisfies the Maurer—Cartan equation, then a is locally integrable.
(2) If M is 1-connected and « is locally integrable, then it is integrable.

(3) If M is connected, mg € M, and « is locally integrable, then there exists a homomorphism

pery:m (M, mo) — G

that vanishes if and only if « is integrable. For a piecewise smooth representative o:[0,1] —
M of a loop in M, the element per,([o]) is given by (1) for 4:[0,1] — G satisfying
0(y) =oc*a. ]

Remark IT11.1.3. If M is one-dimensional, then each g-valued 2-form on M vanishes, so that
[, 8] = 0 = da for o, 3 € QY(M,g). Therefore all 1-forms trivially satisfy the Maurer—Cartan
equation. [

This remark applies in particular to the manifold with boundary M = I = [0,1]. The
requirement that for each smooth curve ¢ € C®(I,g) = Q'(I,g), the IVP

0) =1, ') =~()&(t) for tel,

has a solution depending smoothly on £ leads to the concept of a regular Lie group.
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Remark II1.1.4. (a) If M is a complex manifold, G is a complex Lie group and a € Q(M, g)
is a holomorphic 1-form, then for any smooth function f: M — G with §(f) = «, the differential
of f is complex linear in each point, so that f is holomorphic. Conversely, the logarithmic
derivative of any holomorphic function f is a holomorphic 1-form.

If, in addition, M is a one-dimensional complex manifold, then for each holomorphic 1-
form a € QY(M,g) the 2-forms da and [, a] are holomorphic, which implies that they vanish.
Therefore the Maurer—Cartan equation is automatically satisfied by all holomorphic 1-forms. =

The following theorem is one of the main motivations for introducing the notion of regular-
ity. It was proved in [OMYKS82] under the stronger assumption of u-regularity (cf. Subsection
II1.2 below) and by MILNOR (who attributed it to THURSTON) in the following form ([Mil82/84]):

Theorem II1.1.5. If H is a reqular Lie group, G is a 1-connected Lie group, and p: L(G) —
L(H) is a continuous homomorphism of Lie algebras, then there exists a unique Lie group
homomorphism f:G — H with L(f) = .

Proof.  This is Theorem 8.1 in [Mil84] (see also [KM97, Th. 40.3]). The uniqueness assertion
follows from Proposition I1.4.1 and does not require the regularity of H.

On G, we consider the smooth L(H)-valued 1-form a := ¢ o kg and it is easily verified
that a satisfies the MC equation. Therefore the Fundamental Theorem implies the existence
of a unique smooth function f:G — H with §(f) = a and f(1g) = 1y. In view of Proposi-
tion I1.4.1(3), the function f is a homomorphism of Lie groups with L(f) = a1 = ¢. ]

Corollary II1.1.6. If G1 and G2 are reqular 1-connected Lie groups with isomorphic Lie
algebras, then G1 and Gy are isomorphic. n

Corollary ITI1.1.7.  Let G be a connected Lie group with Lie algebra g and n < g a closed
ideal which is not Ad(G)-invariant. Then the quotient Lie algebra g/n is not integrable to a
regqular Lie group.

Proof. If @ is a regular Lie group with Lie algebra q := g/n, then the quotient map ¢:g — n
integrates to a morphism of Lie groups ¢:G — @ with L(¢) = ¢ (Theorem III.1.5), so that

n = ker(L(y)), contradicting its non-invariance under Ad(G) = Ad(G). ]

Remark II1.1.8. Let G be a regular Lie group and h C L(G) a closed Lie subalgebra. Let
1:H — G be a regular connected initial Lie subgroup of G with LY(H) = h. Then for each
smooth curve 7:1 — H the curve 6(7) has values in §, and, conversely, for any smooth curve
&:1 — b, the regularity of H and the Uniqueness Lemma imply that the corresponding curve ~y¢
has values in H. Hence H coincides with the set of endpoints of all curves v¢, £ € C*(I,h).
In particular, H is uniquely determined by the Lie algebra §. ]

For the groups of smooth maps on a compact manifold, it is quite easy to find charts
of the corresponding mapping groups, such as C*°(M,K), by composing with charts of K
(Theorem I1.2.8). This does no longer work for non-compact manifolds, as the discussion in
Remark I1.2.9(a) shows. The Fundamental Theorem implies that for any regular Lie group K
with Lie algebra £, any 1-connected manifold M, mg € M and

O (M, K) = {f € C(M, K): f(mo) = 1},

the map
§:CX(M,K) — {a € Q' (M,¥):da + Lo, o] = 0}

is a bijection, which can be shown to be a homeomorphism. If the solution set of the MC
equation carries a natural manifold structure, we thus obtain a manifold structure on the group
C° (M, K) and hence on C°(M, K). This is the case if K is abelian, M is one-dimensional
(all 2-forms vanish), and for holomorphic 1-forms on complex one-dimensional manifolds (cf.
Remark III.1.4). Following this strategy and using Gléckner’s Implicit Function Theorem to
take care of the period conditions if M is not simply connected, we get the following result
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([NeWa06b]). To formulate the real and complex case in one statement, let K € {R,C}, K be
a K-Lie group, and C°(M, K) be the group of K-smooth K-valued maps. For K = C, these
are the holomorphic maps, and in this case the smooth C'*-topology on C&°(M, K) = O(M, K)
coincides with the compact open topology.

Theorem III1.1.9. Let K be a regular K-Lie group and M a finite-dimensional connected
o -compact K-manifold. We endow the group C°(M, K) with the compact open C -topology,
turning it into a topological group. This topology is compatible with a Lie group structure if

(1) dimg M =1, 71 (M) is finitely generated and K is a Banach—Lie group.

(2) Hglmg(M, Z) is finitely generated and K is abelian.
(3) Hglmg(M, Z) is finitely generated and K is finite-dimensional and solvable.
(4) K is diffeomorphic to a locally convex space. ]

IT1.2. Strong ILB—Lie groups and p-regularity

An important criterion for regularity of a Lie group rests on the concept of a (strong)
ILB-Lie group, a concept developed by OMORI by abstracting a common feature from groups of
smooth maps and diffeomorphism groups ([Omo74]). The bridge from ILB-Lie groups to Milnor’s
regularity concept was built in [OMYKS82], where even a stronger regularity concept, called p-
regularity below, is used. In this subsection, we explain some of the key results concerning
p-regularity and how they apply to diffeomorphism groups. In his book [Omo97], OMORI works
with a slight variant of the axiomatics of p-regularity, as defined below, but since it is quite close
to the original concept, we shall not go into details on this point.

Definition I11.2.1.  (ILB-Lie groups; [Omo74, p.2])
(a) An ILB chain is a sequence (E,)n>a, d € N, of Banach spaces with continuous dense
inclusions 7, By, — E,11. The projective limit E := lim FE,, of this system is a Fréchet space.
Realizing E' as {(¥5)n>d € [[,5q En: (V1) nn(xn) = ZTpn+1}, we see that for each k > d the
projection map
g E — E,  (x,) — xk

is injective. We may therefore think of £ and all spaces F,, as subspaces of E;, which leads to
the identification of E with the intersection (-, E

(b) A topological group G is called an ILB-Lie group modeled on the ILB chain (Ey)n>d
if there exists a sequence of topological groups G,,, n > d, satisfying the conditions (G1)—(G7)
below. If; in addition, (G8) holds, then G is called a strong ILB-Lie group.

1) G,, is a smooth Banach manifold modeled on E, .

G2
G3

n+1 18 a dense subgroup of G,, and the inclusion map G,4+1 — G, is smooth.
= lim G, as topological groups, so that we may identify G with ﬂn> +Gn € Gy.

) G
) G
G4) The group multiplication of G extends to a C*-map B ~Gn+£ X G, — Gy,
G5) The inversion map of G extends to a C*-map Gir — Gp
G6) The right translations in the groups G,, are smooth.
G7) The tangent map T(,uG ) induces a Ce -map T1(Gnte) X Gn, — T(G).
G8) There exists a chart (¢q4,Uq) of Gq with 1 € Uy and ¢4(1) = 0 such that U, := Uy NG,
and ¢, = @q|y, define an E, -chart (yn,U,) of G,.
If all spaces E, are Hilbert, we call (E,)n>q an ILH chain and G an ILH-Lie group. ®

(G
(
(
(
(
(
(
(

Remark II1.2.2. (Omori) Every strong ILB-Lie group G carries a natural Fréchet—Lie group
structure with L(G) = (>, En = E. A chart (¢,U) in the identity is obtained by U := GNUyg
and ¢ := pq|u (notation as in (G8)). ]

A complete solution to (FP8) for a large class of Lie groups is provided by:
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Theorem III.2.3.  ([Omo74, Th.1.4.2]) Strong ILB-Lie groups have no small subgroups, i.e.,
there exists an identity neighborhood containing no non-trivial subgroups. ]

We now give the slightly involved definition of the regularity concept introduced in
[OMYKS82/83a].

Definition I11.2.4. Let G be a Lie group with Lie algebra g and A := {tq,..., ¢} a division
of the real interval J := [a,b] with a =t and b = t,,,. We write

|A| = max{tj+1 —tj ] = 0,...,m— ].}

For |A] < e, a pair (h,A) is called a step function on [0,e] x J if h:[0,e] x J — G is a map
satisfying

(1) h(0,t) =1 for all ¢t € J and all maps h'(s) := h(s,t) are C*.

(2) h(S,t) = h(S,tj) for t <t <tjyr.

For a step function (h, A), we define the product integral ]_[l;(h7 A) € G by

t

H(h, A) = h(t — tk,tk)h(tk — tk—htk—l) ce h(tl — to,to) for tp <t <ty

a

Now let (hn,Ay) be a sequence of step functions with |A,| — 0 for which the sequence
(hn, 88%) converges uniformly to a pair (h, %) for a function h:[0,¢] X J — G. Then the limit
function h is a C!-hair in 1, i.e., it is continuous, differentiable with respect to s, and % is
continuous on [0,¢] x J.

The Lie group G is called p-regular! (called “regular” in [OMYKS82/83a]) if the product
integrals HZ(hn,An) converges uniformly on J for each sequence (h,,A,) converging in the
sense explained above to some C!-hair in 1. Then the limit is denoted Hi(h, dr) and called
the product integral of h. ]

Remark II1.2.5. The First Fundamental Theorem in [OMYKS82] asserts that the product
integral [[%(h,dr) is O with respect to t and satisfies

t

d : oh
- H(h dr) ) -[J(h.dr) for u(t) = 55 (0:1),

a

where u € C(J,g) is a continuous curve. Hence the product integral is the unique C*-curve
Yui: J — G with v,(a) =1 and §"(y,) = u. The Second Fundamental Theorem in [OMYK82] is
that the right logarithmic derivative

§":Cy(J,G) — C(J,9)

is a C°°-diffeomorphism, where C!(J,G) is the group of C'-paths v:J — G with v(a) = 1,
endowed with the compact open C!-topology (cf. Theorem 11.2.8).

Since the inclusion map C*°([0,1],g) — C°([0,1],g) is continuous and the evaluation map
evy: C1([0,1],G) — G,~ — (1) is smooth, it follows in particular that each p-regular Lie group
is regular. ]

Theorem III.2.6. ([OMYKS82, Th. 6.9]) Strong ILB-Lie groups are p-regular, hence in
particular regular. ]

! M stands for “multiplicative”
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Lemma II1.2.7. ([OMYKS83a, Lemma 1.1]) In each p-regular Fréchet-Lie group G, we have
for each Ct-curve v:[0,1] — G with v(0) = 1 the relation

lim y(1)" =expg(ty/(0)) for 0<t<1. ]
Theorem II1.2.8. ([OMYKS83a, Th. 4.2]) Let G be a p-regular Fréchet-Lie group. For each
closed finite-codimensional subalgebra h C L(G), there exists a connected Lie group H with
L(H) = b and an injective morphism of Lie groups ny: H — G for which L(ny):L(H) — L(G)
is the inclusion of b. ]

Theorem II1.2.9. ([OMYKS83a, Prop. 6.6]) Let M be a compact manifold, G a locally expo-
nential p-reqular Fréchet-Lie group, r € NoU{oco}, and ¢:G — M a smooth fiber bundle whose
fibers are groups isomorphic to G, for which the transition functions are group automorphisms.
Then the group C"(M,G) of C"-sections of this bundle is a group with respect to pointwise mul-
tiplication, and it carries a natural Lie group structure, turning it into a p-reqular Fréchet-Lie
group. |

A slightly weaker version of the preceding theorem can already be found in [Les68]. Note
that it applies in particular to gauge groups of G-bundles over M . We have added the assumption
that G is locally exponential because this is needed for the standard constructions of charts of
the group C™(M,G) (cf. Theorem IV.1.12 below for gauge groups).

Theorem III.2.10. ([OMYKS83a, Prop. 2.4]) Let G be a p-regular Fréchet-Lie group and
H C G a subgroup for which there exists an identity neighborhood U whose smooth arc-
component of 1 is a submanifold of G. Then H carries the structure of an initial Lie subgroup
(Remark 11.6.6) which is p-regular. [

IT1.3. Groups of diffeomorphisms

As an important consequence of Theorem II1.2.6, several classes of groups of diffeomor-
phisms are regular:

Theorem II1.3.1.  Let M be a compact smooth manifold. Then the following groups carry
natural structures of strong ILH-Lie groups, and hence are p-regular:

(1) Diff(M).

(2) Diff(M,w) := {p € Diff (M ): p*w = w}, where w is a symplectic 2-form on M .

(3) Diff(M, ), where p is a volume form on M .

(4) Diff(M, ), where a is a contact form on M.

The corresponding Lie algebras are V(M), V(M,w) :={X € V(M): Lxw =0}, V(M, ), resp.,
V(M,a). ]

The preceding results on the Lie group structure of groups of diffeomorphisms have a long
history. The Lie group structure on Diff (M) for a compact manifold M has first been constructed
by J. LESLIE in [Les67], and OMORI proved in [Omo70] that Diff (M) can be given the structure
of a strong ILH-Lie group (cf. also [Eb68] for the ILH structure). EBIN and MARSDEN extended
the ILH results to compact manifolds with boundary ([EM69/70]). Later expositions of this
result can be found in [Gu77], [Mi80] and [Ham82]. The regularity of Diff(M) is proved in
[Mil84/82] with direct arguments, not using ILB techniques.

In [Arn66], ARNOLD studies the group Diff(M,u), where p is a volume form on the
compact manifold M, as the configuration space of a perfect fluid. Arguing by analogy with
finite-dimensional groups, he showed that, for a suitable right invariant Riemannian metric on
this group, the Euler equation of a perfect fluid corresponds to the geodesic equation for a left
invariant Riemannian metric on Diff (M, u). This was made rigorous by Marden and Abraham
in [MA70]. For a more recent survey on this circle of ideas, we refer to [EMi99].
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Using Hodge theory, EBIN and MARSDEN show in [EM70] that if w either is a volume form
or a symplectic form on a compact manifold M, then Diff(M,w) carries the structure of an
ILH-Lie group (see also [Wei69]). They further show that the group Diff 4 (M) of orientation
preserving diffeomorphisms of M is diffeomorphic to the direct product Diff (M, ) x Voly (M),
where Vol; (M) denotes the convex set of volume forms of total mass 1 on M. This refines a
result of OMORI on the topological level (cf. [KM97, Th. 43.7]). For the symplectic case, a more
direct proof of the regularity assertion can be found in [KM97, Th. 43.12], where it is also shown
that Diff (M, w) is a submanifold of Diff (M).

In [EM70], one also finds that the following groups are ILH-Lie groups:

(1) Diff(M,N) := {¢ € Diff(M): o(N) = N} and Diff 5 (M) := {¢ € Diff(M): ¢ |y = idn},
where N C M is a closed submanifold and M compact without boundary.

(2) Diffgp (M) := {p € Diff(M): (Vx € OM) p(x) = x}, if M has a boundary.

(3) Diff (M, p) and Diffgpr (M, ) := Diff (M, ) N Diffypr (M) for any volume form p on M.

(4) If, in addition, w = df is an exact symplectic 2-form on M, then Diffyy (M, w) and

Ham (M, w) := {¢ € Diffgpr (M): ¢*0 — 6 € Bir(M,R)}

are ILH-Lie groups (see also Remark V.2.14(c)).

The following result of MICHOR ([Mi91]) concerns the Lie group structure of a gauge group
in a setting where the gauge group is a Lie subgroup of a diffeomorphism group of a compact
manifold.

Theorem II1.3.2. If ¢:B — M s a locally trivial fiber bundle over the compact manifold
M with compact fiber F, then the gauge group Gau(B) is a split submanifold of the regular
Fréchet-Lie group Diff(B). ]

II1.4. Groups of compactly supported smooth maps and diffeomorphisms

In the preceding subsection, we discussed diffeomorphisms of compact manifolds. We now
briefly take a look at the corresponding picture for compactly supported maps on o-compact
manifolds.

It is interesting that if M is a o-compact finite-dimensional manifold, then for each locally
convex space E, the space C°(M, E) has two natural topologies. The first one is the locally
convex direct limit structure

C*(M, E) =lim Cy; (M, E),

where (M,,)nen is an exhaustion of M, which for the case that E is Fréchet, defines an LF
space structure on C°(M, E) (cf. Examples 1.1.3 and Theorem II1.2.8). The other locally convex
topology is obtained by endowing for each r € N the space CJ (M, E) with the direct limit
structure lim Chy, (M, E) and then topologize C2°(M, E) as the projective limit lim Cr(M,E)
of these spaces. These two topologies do not coincide (cf. [Gl02b], see also [G106a]).

Similar phenomena occur for the space C°(M,E) of smooth compactly supported sections
of a vector bundle E — M whose fibers are locally convex spaces. In the context of Lie algebras,
this problem affects the model spaces C°(M,¥) of the Lie groups CS°(M, K) and the space
V.(M) of compactly supported vector fields on M. For the natural LF space structure on
V.(M), the corresponding Lie group structure on Diff.(M) has been constructed by MICHOR
in [Mi80,pp. 39, 197], where he even endows Diff (M) with the Lie group structure for which
Diff.(M) is an open subgroup (Corollary II.2.3).

The following theorem complements Theorem II.2.8 in a natural way (cf. [GN06], based on
[G102d]).
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Theorem II1.4.1. Let M be a o-compact finite-dimensional smooth manifold and K a
regular Lie group. Both natural topologies turn C°(M,L(K)) into a topological Lie algebra.
Accordingly, the group C°(M,K) carries two regular Lie group structures for which the Lie
algebra is C°(M,L(K)), endowed with these two topologies. If M is non-compact, these two
reqular Lie groups are not isomorphic. ]

The corresponding result for diffeomorphism groups is proved by GLOCKNER in [Gl02b]
(for corresponding statements without proof see also [Mil82]).

Theorem 111.4.2. Let M be a o-compact finite-dimensional manifold. Both natural topolo-
gies turn V.(M) into a topological Lie algebra, and the group Diff .(M)°P carries two correspond-
ing regular Lie group structure turning V.(M) into its Lie algebra. For M non-compact, these
two reqular Lie groups are not isomorphic. ]

Open Problems for Section III

Problem III.1. Show that every abelian Lie group G modeled on a Mackey complete locally
convex space g is regular.

We may w.l.o.g. assume that G is 1-connected (cf. Theorem V.1.8 below). Then the
regularity of the additive group of g = L(G) (Proposition II.5.6) implies that id, integrates
to a smooth homomorphism Log,:G — g (Theorem III.1.5), so that the assumption implies
the existence of a logarithm function, but it is not clear how to get an exponential function (cf.
[Mil82, p.36]). Ome would like to show that Logs is an isomorphism of Lie groups, but also
weaker information would be of interest: Is Log, surjective or injective?

If H := im(Logy) were a proper subgroup of g, it would be a strange object: Since
L(Logg) = idy, we have LY(H) = g (Remark I11.6.4). For any o € C1([0,1], H), the relation
o/(0) = limy, oo nev(1) implies that H is dense in g. Is H a vector space? Let

P:= {5 € Coo([o’ 1],9)3 (EI’Y € Coo([ov 1]7G) 5(’7) = 5}

For 7(0) =1 and 0(y) = &£, we then have Logg(v(1)) = fol &(t) dt. Therefore H is the image of
the additive group P under the integration map. Is P a vector subspace of C*°([0,1],g)?7 m

Problem III.2. Let G be a regular Lie group (not necessarily Fréchet or p-regular). Show
that for each closed finite-codimensional subalgebra h C L(G) there exists a connected Lie
group H with L(H) = bh and an injective morphism of Lie groups ny: H — G for which
L(ny):L(H) — L(G) is the inclusion of b (cf. Theorem II1.2.8). ]

Problem IIL.3. Let K € {R,C}, M be a o-compact finite-dimensiomal K-manifold, and K
a (finite-dimensional) K-Lie group. We endow the group Cg°(M,K) of K-valued K-smooth
functions M — K with the compact open C*-topology, turning it into a topological group.
For K = C, this is the group of holomorphic functions and the compact open C°°-topology
coincides with the compact open topology (cf. [NeWa06b]). When is this topology on the group
CR (M, K) compatible with a Lie group structure? See Theorem III.1.9, for partial results in
this direction. ]

Problem III.4. Consider a topological group G' = lim G; which is a projective limit of the

Banach-Lie groups G, (or more general locally exponential groups).

(1) Characterize the situations where G is locally exponential in the sense that it carries a
(locally exponential) Lie group structure (cf. Remark IV.1.22). For the case where all G,
are finite-dimensional, this is done in [HoNe06] (cf. Theorem X.1.9).

(2) Can we say more in the special case G = HjEJ G;?

(3) Suppose that G carries a compatible Fréchet—Lie group structure. Does this imply that G
is regular? (cf. [Ga97] for some results in this direction). [
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Problem IIL.5. Let (;:H; — G, j = 1,2, be two initial Lie subgroups of the Lie group
G with LYH;) = L%H,). Which additional assumptions are necessary to conclude that
H, = H, as subgroups of G, hence that H; and H, are isomorphic as Lie groups? Note
that Remark III.1.8 implies that this is the case if H; and Hy are p-regular or at least if the
maps 0: C1([0,1], H;) — C°([0,1], L% (H;)) are surjective. m

IV. Locally exponential Lie groups

In this section, we turn to Lie groups with an exponential function expq:L(G) — G which
is well-behaved in the sense that it maps a 0-neighborhood in L(G) diffeomorphically onto a
1-neighborhood in G. We call such Lie groups locally exponential.

This class of Lie groups has been introduced by MILNOR in [Mil84]!, where one finds some
of the basic results explained below. In [GNO06], we devote a long chapter to this important
class of infinite-dimensional Lie groups, which properly contains the class of BCH—Lie groups as
those for which the BCH—series defines an analytic local multiplication on a 0-neighborhood in
L(G) (cf. [Gl02c] for basic results in the BCH context). In particular, it contains all Banach-Lie
groups, but also many other interesting types of groups such as unit groups of Mackey complete
CIAs, groups of the form C(M,K), where M is o-compact and K is locally exponential,
and moreover, all projective limits of nilpotent Lie groups. It therefore includes many classes of
“formal” Lie groups. The appeal of this class is due to its large scope and the strength of the
general Lie theoretic results that can be obtained for these groups. Up to certain refinements
of assumptions, a substantial part of the theory of Banach—Lie groups carries over to locally
exponential groups.

One of the most important structural consequences of local exponentiality is that it provides
canonical local coordinates given by the exponential function. This in turn permits us to develop
a good theory of subgroups and there even is a characterization of those subgroups for which
we may form Lie group quotients. Moreover, we shall see in Section VI below that integrability
of a locally exponential Lie algebra (to be defined below) can be characterized similarly as for
Banach algebras.

Not all regular Lie groups are locally exponential. The simplest examples can be found
among groups of the form G = FE %, R for a smooth R-action on E (Example I1.5.9). Another
prominent example of a regular Lie group which is not locally exponential is the group Diff(S!)
of diffeomorphisms of the circle (Example I1.5.13).

IV.1. Locally exponential Lie groups and BCH-Lie groups

Definition IV.1.1. We call a Lie group G locally exponential if it has a smooth exponential
function expg:L(G) — G which is a local diffeomorphism in 0, i.e., there exists an open 0-
neighborhood U C L(G) mapped diffeomorphically onto an open 1-neighborhood of G.

A Lie group is called ezponential if, in addition, exp. is a global diffeomorphism. ]

If expg: L(G) — G is an exponential function, then Ty(expy) = idy(g) by definition. This
observation is particularly useful in the finite-dimensional or Banach context, where it follows
from the Inverse Function Theorem that exp. is a local diffeomorphism in 0, so that we can use
the exponential function to obtain charts around 1:

Proposition IV.1.2.  Banach-Lie groups are locally exponential. ]

We shall see below that a similar conclusion does not work for general Fréchet—Lie groups,
because in this context there is no general Inverse Function Theorem. From that it follows

LIn [Rob96/97], these groups are called “of the first kind.”
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that to integrate a Lie algebra homomorphism ¢: L(G) — L(H) to a group homomorphisms, it
is in general not enough to start with the prescription expgs x +— expy ¢(x) to obtain a local
homomorphism, because exp(L(G)) need not be a 1-neighborhood in G (cf. Example I1.5.9).

For Banach—Lie groups, the existence of “canonical” coordinates provided by the exponen-
tial map leads to a description of the local multiplication in a canonical form, given by the BCH
series:

Definition IV.1.3. For two elements x,y in a Lie algebra g, we define

1
Hy(z,y) ==z +y, H(z,y):=<[zyl,

2
and for n > 3:
—1)k adz)Pr(ady)? ... (adx)P* (ad y)?* (ad )™
Hy(z,y) = > (=D ( )(y)"( ')'('y)( )y,
kom >0 (k+1)(qg1+...+q+1) pilq!. .. prlge!m!
p;+q;>0

where the sum is extended over all summands with p;1 +q1 + ...+ pr + g + m + 1 = n. The
formal series Y -, Hy,(z,y) is called the Baker—Campbell-Hausdorff series. (]

There are many different looking ways to write the polynomials H,,(x,y). We have chosen
the one obtained from the integral formula

1
(4.1.1) x*y:x—i—/ P(erdzetady)y gt
0

where 9 denotes the analytic function 1(z) := %5 log 2, defined in a neighborhood of 1. Formula

(4.1.1) is valid for sufficiently small elements & and y in a Banach-Lie algebra, because we may
use functional calculus in Banach algebras to make sense of 1(e*%e®d¥) for x,y close to 0.
Then the explicit expansion of the BCH series is obtained from the series expansion of v and
the exponential series of €?d* and e®dtV .

Remark IV.1.4. (History of the BCH series) In [SchF90a], F. SCHUR derived recursion
formulas for the summands of the series describing the multiplication of a Lie group in canonical
coordinates (i.e., in an exponential chart). He also proved the local convergence of the series
given by this recursion relations, which can in turn be used to obtain the associativity of the
BCH multiplication (cf. [BCR81, p. 93], [Va84, Sect. 2.15]). His approach is quite close to our
treatment of locally exponential Lie algebras in the sense that he derived the series from the
Maurer—Cartan form by integration of a partial differential equation of the form f*kg = kg with
f(0) = z, whose unique solution is the left multiplication f = A, in the local group.

The BCH series was made more explicit by CAMPBELL in [Cam97/98], and in [Hau06]
HAUSDORFF approached the BCH series on a formal level, showing that the formal expansion of
log(e®e¥) can be expressed in terms of Lie polynomials. Part of his results had been obtained
earlier by BAKER ([Bak01/05]). See [Ei68] for a more recent short argument that all terms in
the BCH series are Lie brackets. ]

Definition IV.1.5. A topological Lie algebra g is called BCH-Lie algebra if there exists an
open 0-neighborhood U C g such that for z,y € U the BCH series

Z Hn(x,y)
n=1

converges and defines an analytic function U x U — g, (z,y) — z xy (cf. Definition 1.2.1). In
view of [Gl02a, 2.9], the analyticity of the product x x y is automatic if g is a Fréchet space. m
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Example IV.1.6. (a) If g is a nilpotent locally convex Lie algebra of nilpotency class m, then
the BCH series defines a polynomial multiplication

1
rxy=z+y+ eyl + Y Haly)

n<m
on g. From the structure of the series it follows immediately that for t,s € R and = € g we have
trx sx = (t+ s)x,

so that (g,=*) is an exponential nilpotent Lie group.

(b) If g is a Banach—Lie algebra whose norm is submultiplicative in the sense that ||[z, y]|| <
llz|l - llyl| for =,y € g, then the BCH series z xy = Y - | H,(z,y) converges for |z|,|ly| <
1log(2) ([Bir3g)). m

The following result is quite useful to show that certain Lie algebras are not BCH:

Theorem IV.1.7.  (Robart’s Criterion; [Rob04]) If g is a sequentially complete BCH-Lie
algebra, then there exists a 0-neighborhood U C g such that f(z,y) :==> - (adz)"y converges
and defines an analytic function on U X g. ]

On the global level we have the following result whose proof requires the uniqueness
assertion from Theorem IV.2.8 below:

Theorem IV.1.8.  For a Lie group G the following are equivalent:

(1) G is analytic with an analytic exponential function which is a local analytic diffeomorphism
m 0.

(2) G is locally exponential and L(G) s BCH. ]

In Examples IV.1.14(b) and IV.1.16 below, we describe an analytic Lie group with an
analytic exponential function which is a smooth diffeomorphism, but such that L(G) is not
BCH. This is a negative answer to a question raised in [Mil84, p.31].

Definition IV.1.9. A group satisfying the equivalent conditions of the preceding theorem is
called a BCH-Lie group. ]

Our introductory discussion now can be stated as:

Corollary IV.1.10.  Fach Banach—Lie group is BCH. ]

The Lie group concept used in [BCR&1] is stronger than our concept of a BCH-Lie group
because additional properties of the Lie algebra are required, namely that it is a so-called AE-Lie
algebra, a property which encodes the existence of certain seminorms, compatible with the Lie
bracket.

The following two theorems show that many interesting classes of Lie groups are in fact
BCH.

Theorem IV.1.11. If A is a Mackey complete CIA, then its unit group A* is BCH. If, in
addition, A is sequentially complete, then A* is reqular.

Proof. (Sketch) If A is a Mackey complete complex CIA, then the fact that A* is open
implies that for each a € A the spectrum Spec(a) is a compact subset of C, and the holomorphic
functional calculus works as for Banach algebras (cf. [Wae54a/b]!, [A165], [G102b]). This provides
an analytic exponential function, and on the open star-like subset

U :={a € A:Spec(a)N]—o00,0] = O} C A

L' Waelbroeck even introduces a functional calculus in several variables for tuples in complete locally convex

algebras which are not necessarily CIAs, but where spectra and resolvents satisfy certain regularity conditions.
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we likewise obtain an analytic logarithm function log:U — A. From that, local exponentiality
for complex CIAs follows easily.

That the multiplication on A* is analytic follows from its bilinearity on A, and the
analyticity of the inversion is obtained from functional calculus, which in turn leads to the
expansion by the Neumann series (1 —z)~! = 3% 2™ We conclude that A* is a BCH-Lie
group.

The real case can be reduced to the complex case, because for each real CIA A its
complexification A¢ is a complex CIA ([Gl02b]).

Now assume that A is sequentially complete. For v € C([0,1], A) we want to solve the
linear initial value problem

(4.1.2) 10) =1, (t) = y(t)u(d).

According to an idea of T. ROBART ([Rob04]), the BCH property of A* implies that this can
be done by Picard iteration:

W0t =1, p(t) =1+ / a(r)u(r) dr,

which leads to

%(t):1+§:_1/0t/0m--./Oﬁu(n)u(@)---u(%) dri dry - dr,.

Now one argues that the analyticity of the function (1—z)~! = Y77 ;2™ implies that all sums of

the form ZZOZO Tnl -+ Tnn converge for x;; in some sufficiently small 0-neighborhood. A closer
inspection of the limiting process implies that the limit curve ~ := lim,, . ¥, is C*, solves the
initial value problem (4.1.2), and depends analytically on w. This implies the regularity of A m

Theorem IV.1.12. If K is a locally exponential Lie group and q¢: P — M a smooth K -
principal bundle over the o-compact finite-dimensional manifold M , then the group Gau.(P) of
compactly supported gauge transformations is a locally exponential Lie group. In particular, the
Lie group C*(M, K) is locally exponential.

If, in addition, K is reqular, then Gau.(P) is reqular and if K is BCH, then so is Gau.(P).

Proof.  (Sketch; cf. [GNO6] and Theorem I1.2.8) Let expg:L(K) — K be the exponential
function of K and realize Gau(P) as the subgroup C°°(P, K)¥ of K-fixed points in C°°(P, K)
with respect to the K -action given by (k.f)(p) := kf(p.k)k~!. Then we put

gau(P) := C%(P,L(K))" = {¢ € O%(M,L(K)): (¥p € P)(Vk € K) Ad(k).£(p.k) = &(p)},
and observe that for the group G := Gau.(P) the map

expg: g = gau (P) — G, > expg of

is a local homeomorphism in 0. Using Theorem II1.2.1, this can be used to define a Lie group
structure on G'. Then exp. is an exponential function of G, and, by construction, it is a local
diffeomorphism in 0. ]

Various special cases of the preceding theorem can be found in the literature: [OMYK82],
[Sch04] (for M compact, K finite-dimensional), [Mil84] (without proofs), [KM97, 42.21] (in the
convenient setting), and [Gl02¢], [Wo05a]). That Gau(P) is u-regular if K is u-regular follows
from Theorem III.2.9.

Example IV.1.13. (Pro-nilpotent Lie groups) If g = lim g; is a projective limit of a family

of nilpotent Lie algebras (g;)jes (a so-called pro-nilpotent Lie algebra), then the corresponding
connecting homomorphisms of Lie algebras are also morphisms for the corresponding group
structures (Example IV.1.6(a)), so that (g,*) := lim (g;,*) defines on g a Lie group structure

with L(g, *) = g. We thus obtain an exponential Lie group G := (g, *) with expy; = idy. This
group is pro-nilpotent in the sense that it is a projective limit of nilpotent Lie groups.
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Example IV.1.14. (Formal diffeomorphisms) (a) Important examples of pro-nilpotent Lie
groups arise as certain groups of formal diffeomorphisms. We write Gf, (K) for the group of
formal diffeomorphisms of K" fixing 0, where K € {R,C}. The elements of this group are
represented by formal power series of the form

90(33) =gr + Z cma™,

|m|>1
where g € GL,, (K),

_ n L m .__ _m My, n
m= (my,...,my) €Ny, mj:=mi+...4+my, ™=z 20", cmeK",

and the group operation is given by composition of power series. We call ¢ pro-unipotent if
g = 1. It is easy to see that the pro-unipotent formal diffeomorphisms form a pro-nilpotent
Lie group Gf,(K); = lim Gj, where Gy, is the finite-dimensional nilpotent group obtained by

composing polynomials of the form

o(z) =z + Z Cma™

1<|m|<k

modulo terms of order > k. The group Gf, (K) of all formal diffeomorphisms of K" fixing 0 is
a semidirect product

(4.1.3) Gf(K) 2 Gf,(K); % GLy(K),

where the group GL, (K) of linear automorphisms acts by conjugation. As this action is smooth,
Gf,(K) is a Fréchet—Lie group.

These groups are p-regular Lie groups (cf. [Omo80]): In view of the semidirect decom-
position and the fact that u-regularity is an extension property (Theorem V.1.8), it suffices to
observe that pro-nilpotent Lie groups are p-regular, which follows by an easy projective limit
argument.

The group Gf,,(K) has been studied by STERNBERG in [St61], where he shows in particular
that for K= C and n =1 the elements

2w

Spm (x) = e m

o4 pa™tl, meN\{1},peC¥,

are not contained in the image of the exponential function. This is of particular interest because
©m — 1 in the Lie group Gf, (C), so that the image of the exponential function in this group is
not an identity neighborhood. A detailed analysis of the exponential function of this group can
also be found in LEWIS’s paper [Lew39)].

To see that ¢, is not in the image of the exponential function of Gf,(C), it suffices to
verify this in the finite-dimensional solvable quotient group G411 x C*, i.e., modulo terms of
order m + 2. The subgroup Cxz™*! x C* is isomorphic to C x C* with the multiplication

(2 w) (2, w) = (= + w2, ww)

and the exponential function

wm w\m
exp(z,w) = (:z,e“’) = ((6)7_12,61”),
wm wm
showing that ¢,, is not contained in the exponential image of this subgroup. However, one can
use Proposition 11.5.11(3) to see that any element ¢ with exp& = ,,, must be contained in the
plane span{z,x™*'}. This completes the proof.

(b) For K =R the identity component Gf;(R)q is exponential and analytic, but not BCH.
For n > 2 the group Gf, (R) is analytic, but not locally exponential. If a subgroup H C GL,,(R)
consists of matrices with real eigenvalues, then the subgroup Gf,,(R); x H C Gf,(R) is locally
exponential ([Rob02, Ths. 6/7]). [
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Example IV.1.15. Let F = K[z1,...,z,] be the free associative algebra in n generators
S:={x1,...,2,}. Then F has a natural filtration

Fy, :=span{sy---sm:8; € S,m > k}.
Each quotient F'/F,, is a finite-dimensional unital algebra, hence a CIA. Therefore the algebra
F :=lim F/F, , which can be identified with the algebra of non-commutative formal power series

in the generators x1, ..., 2y, is a complete CIA ([GN06]).

We conclude that the unit group F* is a BOH-Lie group (Theorem IV.1.11). Let &: F-SK
denote the homomorphism sending each x; to 0. Then the normal subgroup U :=1 +kere is a
pro-nilpotent Lie group and F'* =2 U x K*. In particular, the exponential function

ok
Exp:kere - U =1+kere, z+— Z
k=0

T
&l

k—
is an analytic diffeomorphism with the analytic inverse Log(z) := > p, %(x — 1) We
thus obtain on kere a global analytic multiplication

x xy = Log(Expxz Expy)

given by the BCH series, so that its values lie in the completion L of the free Lie algebra L
generated by z1,...,x,, which is a closed Lie subalgebra of F'. ]

In Section XI below, we shall discuss more aspects of projective limits of finite- and infinite-
dimensional Lie groups.

Example IV.1.16. We recall the group G' = E x4 R from Example I1.5.9(b), where E = RY
and a(t) = e'P with the diagonal operator D(z,) = (nz,). Then the Lie group structure on G
is analytic and the explicit formula shows that

€XPg: L(G) - Ga (Uv t) = (6(t)11, t)
is analytic. Further, it is a smooth diffeomorphism whose inverse
1OgG:C:_> L(G)7 (th) = (6(75)711})1")

is smooth but not analytic. In fact, B(t)"te, = e,qﬁ—”;len, and for n fixed, the radius of
convergence of the Taylor series of this function in 0 is 27” A similar argument shows that
the corresponding global multiplication  * y := logq(expa () expa(y)) on L(G) is smooth but
not analytic. With Robart’s Criterion (Theorem IV.1.7), this follows from the fact that the power

series

Ztkaen =(1—tn)"te,
k=0

is not convergent for [¢| > 1. ]

For details concerning the following results, we refer to [GNO06] (see also [Mil82, 4.3] for some
of the statements). Minor modifications of the corresponding argument for finite-dimensional,
resp., Banach—Lie groups lead to the following lemma, which in turn is the key to the following
theorem:

Lemma IV.1.17. Let G be a locally exponential Lie group. For z,y € L(G), we have the
Trotter Product Formula

expg(T +y) = nlLHgo (expG (%) expa (%))

and the Commutator Formula

: x Yy x Y\\"
) = i (expe (5 exp () exp (— D) espe (~ 1) .

exvo(fr.9]) = lim ((expg (2) expg (£) expg () expg (- )
Theorem IV.1.18. (Automatic Smoothness Theorem) FEach continuous homomorphism

©:G — H of locally exponential (BCH) Lie groups is smooth (analytic). ]



Towards a Lie theory of locally convex groups 55

For (local) Banach—Lie groups, Theorem IV.1.18 can already be found in [Bir38], and for
BCH-Lie groups in [Gl02c] (see also [Mil84] for the statement without proof). The special case
of one-parameter groups R — A* | where A is a Banach algebra is due to NAGUMO ([Nag36])
and NATHAN ([Nat35]). Mostly such “automatic smoothness” theorems concern continuous
homomorphisms ¢: G — H of Lie groups, where H is a Lie group with an exponential function
for which each continuous one-parameter group is of the form v, (t) = expy(tz) and G is locally
exponential. We then obtain a map L(p): L(G) — L(H) by ¢(expqs(tz)) = expy(tL(p)z) for
t € R and z € L(G), and then it remains to show that L(¢) is continuous and linear.

The following theorem is due to MAISSEN for Banach—Lie groups ([Mais62, Satz 10.3]):

Theorem IV.1.19. Let G and H be Lie groups and :L(G) — L(H) a continuous homo-
morphism of Lie algebras. Assume that G is locally exponential and 1-connected and that H has

a smooth exponential function. Then there exists a unique morphism of Lie groups ¢:G — H
with L(p) = .

Proof. (Idea) Let Uy C g = L(G) be a convex balanced 0-neighborhood mapped diffeomor-
phically by the exponential function to an open subset Ug of G.
First one observes that ¢*ryz) = ¢ o k(g) (cf. (2.5.5)). For the map

f:Uc — H,  expg(r) = expy(i(2)),

this leads to d(f) = f*ky = ¥ o kg, showing that the L(H)-valued 1-form 1 o k¢ is locally
integrable. Since this form on G is left invariant and G is 1-connected, it is globally integrable to
a function ¢: G — H with ¢(1) =1 and 6(¢) = Yokg (Theorem I11.1.2). Now Proposition I1.4.1
implies that ¢ is a group homomorphism, and by construction L(p) = a1 = 1. ]

Since we do not know if all Lie groups with an exponential function are regular, the
preceding theorem is not a consequence of Theorem III.1.5.

Corollary IV.1.20. If G1 and G5 are locally exponential 1-connected Lie groups with
isomorphic Lie algebras, then G1 and Gs are isomorphic. n

Remark IV.1.21. It is instructive to compare Corollary IV.1.20 with the corresponding state-
ment for regular Lie groups (Corollary I11.1.6). They imply that there exists for each locally
convex Lie algebra g at most one 1-connected Lie group G which is regular and at most one
1-connected locally exponential Lie group H with L(G) = L(H) = g. The regularity of G
implies that idg integrates to a smooth homomorphism ¢: H — G, but we do not know if there
is a morphism ¢: G — H with L(¢) =idg (cf. Problem IIL.1).

Presently we do not know if all locally exponential Lie groups (modeled on Mackey complete
spaces) are regular, therefore it is still conceivable that there might be locally exponential Lie
algebras which are the Lie algebra of a 1-connected regular Lie group and a non-isomorphic
1-connected locally exponential Lie group which is not regular. ]

Remark IV.1.22. Theorem IV.1.18 implies in particular that being a locally exponential Lie
group is a topological property: Any topological group G carries at most one structure of a locally
exponential Lie group. We thus adjust our terminology in the sense that we call a topological
group locally exponential if it carries a locally exponential Lie group structure compatible with
the topology.

Forgetting the differentiable structure on G, it becomes an interesting issue how to recover
it. In view of Theorem IV.1.18, we recover the Lie algebra L(G), as a set, by identifying
z € L(G) = T1(G) with the corresponding one-parameter group 7, (t) = exps(tz). Starting
from G, as a topological group, we may then put £(G) := Hom.(R, @), the set of continuous
homomorphisms R — G. The scalar multiplication of £(G) can be written as

(4.1.4) (Aa)(t) == a(At), A eR,a€Hom.(R,G),
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and, in view of Lemma IV.1.17, addition and Lie bracket may be written on the level of one-
parameter groups by

(4.1.5) (@ +5)(0) = lim_ (a(2)())"
and
(4.1.6) 0 A)() = lim_(a(2)B(5)a(-1)5(-5)) "

We can also recover the topology on L(G) as the compact open topology on £(G), and the
exponential function as the evaluation map

(4.1.7) expg: Hom (R, G) — G, v+ 7(1).
|

In [HoMo05/06], HOFMANN and MORRIS use (4.1.4-7) as the starting point in the investi-
gation of a remarkable class of topological groups:

Definition IV.1.23. Let G be a topological group and £(G) := Hom.(R, G) the set of one-
parameter groups, endowed with the compact open topology. Then G is said to be a topological
group with Lie algebra if the limits in (4.1.5/6) exist for «, 5 € Hom (R, G) and define elements
of £(G), addition and bracket are continuous maps £(G) x £(G) — £(G), and £(G) is a real
Lie algebra with respect to the scalar multiplication (4.1.4), the addition (4.1.5), and the bracket
(4.1.6). This implies that £(G) is a topological Lie algebra. The exponential function of G is
defined by (4.1.7). ]

In [BCR81], BosECk, CZICHOWSKI and RUDOLPH define smooth functions on a topological
group in terms of restrictions to one-parameter groups, which leads them to (4.1.4-7), together
with the assumption that £(G) can be identified with the set of derivations of the algebra of
germs of smooth functions in 1 ([BCR81, Sect. 1.5]).

We have just seen that any locally exponential Lie group is a topological group with Lie
algebra. Since R is connected, a topological group G has a Lie algebra if and only if its identity
component Go does. In [HoMo05, Th. 2.3], it is also observed that any abelian topological group
is a group with Lie algebra, where the addition on £(G) is pointwise multiplication and the
bracket is trivial (cf. Problem IV.7).

Theorem 1V.1.24.  Fach 2-step nilpotent topological group has a Lie algebra.

Proof.  (Sketch) The commutator map ¢: G x G — Z(G) is an alternating bihomomorphism.
Then direct calculations lead to the formulas

(a+B)(t) = at)Bt)c(at), B(—5)) and [a,B](t) = c(a(l), B(1)),
which can be used to verify all requirements. ]

We shall return to topological groups with Lie algebras in our discussion of projective limits
in Section X.

Remark IV.1.25. We have seen in Corollary IV.1.20 that a 1-connected locally exponential
Lie group G is completely determined up to isomorphism (as a topological group) by its Lie
algebra.

_If G is connected but not simply connected, then we have a universal covering morphism
gc:G — G and kerqg = m(G) is a discrete central subgroup of G with G = G/kerqg. It
is easy to see that two discrete central subgroups I'1,I's C Z (CNJ) lead to isomorphic quotient
groups G/T'y and G/T if and only if there exists an automorphism ¢ € Aut(G) = Aut(L(G))
with o(I'1) = I's. Therefore the isomorphism classes of connected Lie groups G with a given
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Lie algebra g = L(G) are parametrized by the orbits of Aut(g) = Aut(G) in the set of discrete
central subgroup of G.

If Gy and a discrete group I' are given, then the determination of all Lie groups G with
identity component Gy and component group mo(G) = T' corresponds to the classification of all
Lie group extensions

1-Gy—G—>»T—1,

i.e., to a description of the set Ext(T',Gy). Extension problems of this type are discussed in
Section V.1 below. ]

IV.2. Locally exponential Lie algebras

We now turn to the Lie algebras which are candidates for Lie algebras of locally exponential
Lie groups. We call these Lie algebras “locally exponential”. They are defined by the requirement
that some 0-neighborhood carries a local group structure in “canonical” coordinates, i.e., the
additive one-parameter groups t — tx, should also be one-parameter groups for the local group
structure (cf. [Bir38], [Lau55]).

Definition IV.2.1. A locally convex Lie algebra g is called locally exponential if there exists
a circular convex open 0-neighborhood U C g and an open subset D C U x U on which we have
a smooth map

my:D —U, (v,y)—x*y

such that (U, D, my,0) is a local Lie group (Definition I1.1.10) satisfying:

(E1l)For x € U and |t|,[s], |t + s| < 1, we have (tz,sx) € D with tx * sz = (t + s)z.

(E2) The second order term in the Taylor expansion of my is b(z,y) = [z, y].

The Lie algebra g is called exponential if U =g and D =g x g. ]

Since any local Lie group on an open subset of a locally convex space V leads to a Lie
algebra structure on V' (Definition II.1.10), condition (E2) only ensures that g is the Lie algebra
of the local group (cf. Remark I1.1.8).

Using exponential coordinates, we directly get:

Lemma IV.2.2. The Lie algebra L(G) of a locally exponential Lie group G is locally expo-
nential. ]

Definition IV.2.3.  We call a locally exponential Lie algebra g enlargeable if it is integrable
to a locally exponential Lie group G. As we shall see in Remark IV.2.5 below, this is equivalent
to the enlargeability of some associated local group in g. ]

Examples IV.2.4. (a) All BCH-Lie algebras, hence in particular all Banach—-Lie algebras and
therefore all finite-dimensional Lie algebras are locally exponential (Example IV.1.6).

A different existence proof for the local multiplication on a Banach—Lie algebra g is given
by LAUGWITZ ([Lau56]): As a first step, we observe that rg(z) := 175;':“ defines a smooth map
kg g — L(g) with k4(0) = idg, so that its values are invertible on some 0-neighborhood. We
consider k4 as a g-valued 1-form on g. Then one verifies that rg satisfies the Maurer—Cartan
equation, which implies the existence of an open 0-neighborhood U such that for each z € U
the (partial differential) equation

[Thg =Ky, [f(0)==

has a unique solution f, on U. For x,y close to 0, the composition f.o f, is then defined on some
0-neighborhood and satisfies fof,(0) = f2(y) = ff,(4)(0) as wellas (fzofy) kg = f; fakg = kg,
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which implies f, o f, = ff,(,) on some 0-neighborhood. For z *y := f.(y), this leads to the
associativity condition

on some 0-neighborhood in g, hence to a local group structure. As kg satisfies kq(x)z = for
each = € g, the curves t — tx are local one-parameter groups. This corresponds to condition
(E1).

(b) If g is locally exponential and M a compact manifold, then C*° (M, g) is also locally
exponential with respect to (z % y)(m) := x(m) xy(m) for all m € M and z,y close to 0. ]

Remark IV.2.5. A similar reasoning as in the proof of Theorem IV.1.19 implies that any
morphism f:g — b of locally exponential Lie algebras satisfies f(z xy) = f(z) * f(y) for =,y
close to 0. Applying this to f = idg shows in particular that the Lie algebra g determines
the germ of the local multiplication x %y (cf. [Laub6] for the Banach case). We know that this
multiplication need not be analytic, not even if it is defined on all of g x g (Example IV.1.16).m

Suppose that g is an exponential Lie algebra for which the group (g, *) is regular. Then
(g, %) is the unique 1-connected regular Lie group with Lie algebra g. If G is any 1-connected Lie
group (regular or not) with L(G) = g, and G has an exponential function exp-:L(G) =g — G,
then exp. is a group homomorphism (g,*) — G (cf. Propositions 11.4.1 and II.5.7). The
regularity of (g,+) implies the existence of a unique homomorphism Log,:G — (g,*) with
L(Log,) = idg, and the uniqueness assertion of Proposition I1.4.1 yields Logg oexpy = idg
and expgoLog, = idg. Since on any Mackey complete nilpotent Lie algebra g, the BCH
multiplication defines a regular Lie group structure ([GNO6]), these arguments lead to the
following theorem:

Theorem IV.2.6. If G is a connected nilpotent Lie group with a smooth exponential function
and L(G) is Mackey complete, then the exponential function

expg: (L(G), %) = G

is a covering morphism of Lie groups. In particular, G = (L(G),*)/T for a discrete subgroup
T C3(g), isomorphic to m (G). Moreover, G is regular and locally exponential. ]

This generalizes a result of MICHOR and TEICHMANN who showed in [MT99] that any
connected regular abelian Lie group G is of the form L(G)/T for a discrete subgroup I' = m (G)
of L(G). Related results can be found in [Ga96], where locally exponential abelian Fréchet—Lie
groups are studied as projective limits of Banach—Lie groups.

Without any completeness assumption we obtain the following very natural intrinsic char-
acterization of the BCH series as the only Lie series which leads on nilpotent Lie algebras to a
group multiplication satisfying (E1).

Proposition 1V.2.7. If G is a 1-connected exponential nilpotent Lie group, then G =
(L(G), %), where % denotes the (polynomial) BCH multiplication on L(G). [

We have already seen that the Lie bracket on a locally exponential Lie algebra g determines
the germ of the corresponding local multiplication (Remark IV.2.5), hence in particular its Taylor
series in (0,0). The preceding proposition is the key step to the following theorem, identifying
this series as the BCH series. In the Banach context, the corresponding result is due to Birkhoff
([Bir38]). Its statement can be found in [Mil82] as Lemma 4.4, with the hint that it can be
proved with the methods used in [HS68] in the finite-dimensional case, which is based on formula
(4.1.1). Since the spectra of the operators ad x and ad y are possibly unbounded, formula (4.1.1)
makes no sense for general locally exponential Lie algebras. The situation is much better if g is
nilpotent. In this case, the operators e are unipotent, so that ¢(e*d%¢*1¥) is a polynomial
in  and y. The reduction to this case is a key point in the proof of the following theorem.
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Theorem IV.2.8.  (Universality Theorem) If g is locally exponential, then the Taylor series
of the local multiplication x =y in (0,0) is the BCH series.

Proof.  (Sketch) A central idea is the following. For each Lie algebra we obtain by extension
of scalars from R to the two-dimensional algebra Re] of dual numbers (2 = 0), the Lie algebra
T(g) := g ®r R[e]. One can show that T'(g) is also locally exponential. The local multiplication
mp(g) is the tangent map of the local multiplication mgy of g and Upg) = T'(Uy) = Uy X g is
the tangent bundle of Uy C g.

Iterating this procedure, we obtain a sequence of locally exponential Lie algebras

T"(g) := g QRle1,...,e,] with ;g5 =¢gjey, e? =0,

whose local multiplication T (mg) induces a global multiplication on the nilpotent ideal J <
T"(g) which is the kernel of the augmentation map 7"(g) — g. Applying Proposition IV.2.7 to
(J,T™(mg)) now shows that the n-th order Taylor polynomial of mg in (0,0) is given by the
BCH series. ]

For the discussion of quotients of locally exponential groups below, the following theorem
is crucial:

Theorem IV.2.9. (Quotient Theorem for locally exponential Lie algebras) Let g be a locally
exponential Mackey complete Lie algebra and n < g a closed ideal. Then g/n is locally exponential
if and only if
(1) n is stable, i.e., e n) =n for each x € g, and
(2) kg(z)n =n for each = in some 0-neighborhood of g.

If n is the kernel of a morphism @:g — b of locally exponential Lie algebras, then n is
locally exponential and both conditions are satisfied, so that ¢ factors through the quotient map
g:g — g/n to an injective morphism @:g/n — h of locally exponential Lie algebras. ]

adm(

The preceding result is nicely complemented by the following observation on extensions:

Theorem IV.2.10.  ([GNO7]) Let g be a locally exponential Lie algebra and q:g — g be a
central extension, i.e., a quotient morphism with central kernel 3. If 3 is Mackey complete, then
g is locally exponential. ]

Remark IV.2.11. In [Hof72/75], K. H. HOFMANN advocates an approach to Banach-Lie
groups by defining a Banach—Lie group as a topological group possessing an identity neighborhood
isomorphic (as a topological local group) to the local group defined by the BCH multiplication
in a 0-neighborhood of a Banach—Lie algebra. A key point of this perspective is that Banach—
Lie groups form a full sub-category of the category of topological groups (Theorem IV.1.18,
Remark IV.1.22). Due to the analyticity of the BCH multiplication, this approach works quite
well for Banach—Lie groups, and also for the larger class of BCH Lie groups which behave in almost
all respects like Banach-Lie groups. Although one may think that one can adopt a similar point
of view for locally exponential Lie groups, a closer analysis of the arguments used in this theory
to pass from infinitesimal to local information shows that the behavior of locally exponential
groups is far from being controlled by topology. Actually the arguments we use are much closer
to the original approach to Lie theory via differential equations (cf. Examples IV.2.4).

Giving up the analyticity requirement of the local multiplication in an identity neighbor-
hood implies that we have to work in a smooth category to prove uniqueness assertions. The
Maurer—Cartan form and the Uniqueness Lemma are the fundamental tools. In the analytic
context, one can often argue quite directly by analytic continuation. ]
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IV.3. Locally exponential Lie subgroups

It is a well-known result in finite-dimensional Lie theory that each closed subgroup H of a
Lie group G carries a natural Lie group structure turning it into a submanifold of G (see [vIN29]
for closed subgroups of GL,(R)). This becomes already false for closed subgroups of infinite-
dimensional Hilbert spaces, which contain contractible subgroups not containing any smooth arc.
Therefore additional assumptions on closed subgroups are needed to make them accessible by
Lie theoretic methods. Since we already know that each topological group carries at most one
locally exponential Lie group structure, it is clear that a closed subgroup deserves to be called
a Lie subgroup if it is a locally exponential Lie group with respect to the induced topology. For
Banach—Lie groups, this is precisely HOFMANN’s approach, and for several of the results described
below, Banach versions can be found in [Hof75].

Lie subgroups and factor groups

Lemma IV.3.1. For every closed subgroup H of the locally exponential Lie group G, we have
LY(H)=L°(H) := {z € L(G):expy(Rz) C H},

and this is a closed Lie subalgebra of L(G).
Proof.  The equality L°(H) = LY(H) follows from limy,— o0 7 ( )n = expg(ty/(0)) for each

1
curve v:[0,1] — H with v(0) = 1 which is differentiable in 0 becz:use we can write it on some
interval [0,¢] as v = expg on with some C'-curve 7 in L(G) with 1(0) = 0. The closedness

follows from the obvious closedness of L°(H). [

In the following we shall keep the notation L°(H) = {z € L(G):expe(Rz) C H} for a
subgroup H of a Lie group G with an exponential function, because if H is not closed or G is
not locally exponential, it is not clear that this set coincides with Ld(H )

Definition IV.3.2. A closed subgroup H of a locally exponential Lie group G is called a
locally exponential Lie subgroup, or simply a Lie subgroup, if H is a locally exponential Lie group
with respect to the induced topology (cf. Remark IV.1.22). |

A Banach version of the following theorem is Proposition 3.4 in [Hof75].

Theorem IV.3.3. For a closed subgroup H of the locally exponential Lie group G the
following are equivalent:
(1) H is a locally exponential Lie group.
(2) There exists an open 0-neighborhood V' C L(G) such that expg |v is a diffeomorphism onto
an open 1-neighborhood in G and expo(V NL°(H)) = exps(V) N H.
In particular, each locally exponential Lie subgroup is a submanifold of G . ]

Proposition IV.3.4. If ©:G' — G is a morphism of locally exponential Lie groups and
H C G is a locally exponential Lie subgroup, then H' := ¢~1(H) is a locally exponential Lie
subgroup. In particular, ker ¢ is a locally exponential Lie subgroup of G'. ]

The preceding proposition implies in particular that if a quotient G/N by a closed normal
subgroup N is locally exponential, then N is a locally exponential Lie subgroup. But the
converse is more subtle:
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Theorem IV.3.5. (Quotient Theorem for locally exponential groups) For a closed normal

subgroup N < G the following are equivalent:

(1) G/N s a locally exponential Lie group.

(2) N is alocally exponential Lie subgroup and L(G)/ L¢(N) is a locally exponential Lie algebra.

(3) N is a locally exponential Lie subgroup and ryc)(z)(L°(N)) = L°(N) for x € L(G)
sufficiently close to 0.

If N is the kernel of a morphism ¢: G — H of locally exponential Lie groups, then G/ ker ¢
is a Lie group, so that ¢ factors through a quotient map G — G/ ker ¢ and an injective morphism
©: G/ ker ¢ of locally exponential Lie groups. ]

Since quotients of BCH-Lie algebras are BCH—Lie algebras, no matter whether they are
complete or not ([Gl02¢, Th. 2.20]), we get the following corollary, whose Banach version is also
contained in [Hof75, Prop. 3.6] and [GNO03].

Corollary IV.3.6. (Quotient Theorem for BCH-Lie groups) A closed normal subgroup N of
a BCH-Lie group G is a BCH-Lie group if and only if the quotient G/N is a BCH-Lie group.m

If ¢: G — H is an injective morphism of locally exponential Lie groups, then the preceding
theorem provides no additional information. In Section IV.4, we shall encounter this situation
for integral subgroups of GG. The following example provides a bijective morphism ¢ for which
L(y) is not surjective. The only way to avoid this pathology is to assume that L(G) is separable
(cf. Theorems IV.4.14/15 below). That not all surjective morphisms of locally exponential Lie
groups are quotient morphisms can already be seen for surjective continuous linear maps between
non-Fréchet spaces.

Example IV.3.7. We give an example of a proper closed subalgebra § of the Lie algebra L(G)
of some Banach-Lie group G for which (exph) = G ([HoMo98, p.157]).

We consider the abelian Lie group g := /}(R,R) x R, where the group structure is given by
addition. We write (e, ),ecg for the canonical topological basis elements of ¢!(R,R). Then the
subgroup D generated by the pairs (e, —r), 7 € R, is closed and discrete, so that G :=g/D is
an abelian Lie group. Now we consider the closed subalgebra b := ¢/1(R,R) of g. As h+ D =g,
we have H :=expg h = G, and therefore (0,1) € L°(H) \ .

The map ¢ := expg |p: (h,4+) — G is a surjective morphism of Lie groups for which L(yp)
is the inclusion of the proper subalgebra b. ]

That for connected Banach—Lie groups G the center Z(G) = ker Ad is a locally exponential
Lie subgroup follows immediately from Proposition IV.3.4 (cf. [Lau55]). For non-Banach-Lie
algebras g, Aut(g) carries no natural Lie group structure, so that Proposition IV.3.4 does not
apply. This makes the following theorem quite remarkable. The crucial point in its proof is to
show that for the exponential function

(4.3.1) Exp:g/3(g) — Aut(g), z — €47,
the point 0 is isolated in Exp~'(idgq) (cf. Problems I1.4 and IX.1).

Theorem IV.3.8. Let g be a locally exponential Lie algebra. Then the adjoint group Gaq :=
(e*d9) C Aut(g) carries the structure of a locally exponential Lie group whose Lie algebra is the
quotient gaq := g/3(g) and (4.3.1) its exponential function. [

Combining the preceding theorem with Proposition IV.3.4, we get:

Corollary IV.3.9. If G is a connected locally exponential Lie group, then its center Z(G) =
ker Ad s a locally exponential Lie subgroup. ]
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Algebraic subgroups

The concept of an algebraic subgroup of a Banach-Lie algebra, introduced by HARRIS and
Kaup ([HK77)), provides very convenient criteria which in many concrete cases can be used to
verify that a closed subgroup H of a Banach—Lie group is a Banach—Lie subgroup.

Definition IV.3.10. Let A be a unital Banach algebra. A subgroup G C A* is called
algebraic if there exists a d € Ny and a set F of Banach space-valued polynomial functions on
A x A of degree < d such that

G={geA:(VfeF) flg,97") = 0}. m
Theorem IV.3.11. ([HK77], [NeO4b, Prop. IV.14]) Every algebraic subgroup G C A* of the
unit group A* of a Banach algebra A is a Banach—Lie subgroup. ]

Corollary I1V.3.12. Let E be a Banach space and F C E a closed subspace. Then
GL(E, F) := {g € GL(E): g(F) = F}
is a Banach-Lie subgroup of GL(E). ]
Corollary 1V.3.13. Let E be a Banach space and v € E. Then
GL(E), = {g € GL(E): g(v) = v}
is a Banach-Lie subgroup of GL(E). ]

Corollary IV.3.14.  For each continuous bilinear map B: E X E — E on a Banach space F,
the group

Aut(E,B) :={g € GL(E):B0o(gxg) =go 3}
is a Banach-Lie subgroup of GL(E) with Lie algebra

der(E, B) :={D € gl(E): Yv,w € E) D.f(v,w) = B(D.v,w) + B(v, D.w)}. ]
Corollary IV.3.15.  For each bilinear map §: E x E — K, the group

O(E, B) :={g € GL(E): o (9 x g) = B}
is a Banach-Lie subgroup of GL(E) with Lie algebra

o(E,B) :={D € gl(E): Yv,w € E) p(D.v,w) + B(v, D.w) = 0}. ]

Closed subgroups versus Lie subgroups

For finite-dimensional Lie groups, closed subgroups are Lie subgroups (cf. [vN29]), but for
Banach—Lie groups this is no longer true. What remains true is that locally compact subgroups
(which are closed in particular) are Lie subgroups. For subgroups of Banach algebras the following
theorem is due to YOSIDA ([Yo36]) and for general Banach-Lie groups to LAuawiTz ([Lau55],
[Les66]). Although the arguments in the Banach case do not immediately carry over because unit
spheres for seminorms are no longer bounded, one can use Glockner’s Implicit Function Theorem
([G103a]) to get:
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Theorem IV.3.16.  (|[GNO06]) Each locally compact subgroup of a locally exponential Lie group
is a finite-dimensional Lie subgroup. ]

Remark IV.3.17. How bad closed subgroups may behave is illustrated by the following exam-
ple ([Hof75, Ex. 3.3(i)]): We consider the real Hilbert space G := L?([0,1],R) as a Banach—Lie
group. Then the subgroup H := L?([0,1],Z) of all those functions which almost everywhere take
values in 7Z is a closed subgroup. Since the one-parameter subgroups of G are of the form Rf,
f € G, we have L°(H) = {0}. On the other hand, the group H is arc-wise connected. It is
contractible, because the map F:[0,1] x H — H given by

F(t, f)(x) := {f(w) for0<z<t

0 fort<ax<1

is continuous with F(1, f) = f and F(0, f) =0. [

IV.4. Integral subgroups

It is a well-known result in finite-dimensional Lie theory that for each subalgebra h of the
Lie algebra g = L(G) of a finite-dimensional Lie group G, there exists a Lie group H with Lie
algebra b together with an injective morphism of Lie groups ¢: H — G for which L(:):h — g is
the inclusion map. As a group, H coincides with (expbh), the analytic subgroup corresponding
to b, and h can be recovered from this subgroup as the set L°(H) = { € L(G):exp(Rx) C H}.
This nice and simple theory of analytic subgroups and integration of Lie algebra inclusions
h — L(G) becomes much more subtle for infinite-dimensional Lie groups. Even for Banach—Lie
groups some pathologies arise. Here any inclusion § — L(G) of Banach-Lie algebras integrates
to an “integral” subgroup H — G, but if the Banach—Lie algebra b is not separable, then it may
happen that h cannot be recovered from the abstract subgroup H of G. In Example IV.3.7, it
even occurs that h # L(G) and H = G.

Definition IV.4.1. Let G be a Lie group with an exponential function, so that we obtain for
each z € L(G) an automorphism €% := Ad(exp z) € Aut(L(G)). A subalgebra h C L(G) is
called stable if

e*?(h) = Ad(expe z)(h) =h  for all = € b.

An ideal n < L(G) is called a stable ideal if €217 (n) = n for all x € L(G). [

The following lemma shows that stability of kernel and range is a necessary requirement
for the integrability of a homomorphism of Lie algebras.

Lemma IV.4.2. If o:G — H is a morphism of Lie groups with an exponential function, then
im(L(yp)) is a stable subalgebra of L(H), and ker(L(p)) is a stable ideal of L(G).

Proof. We have ¢ oexps = expy o L(p), which leads to

L(QO) 0 eadm = L((p) o Ad(eXpG .13) = L(QO O Cexpg T) = L(Ccp(expc z) © QO)
= Ad(expy L(p)a) o L(p) = *HP@ o L(p).

We conclude in particular that im(L(y)) is a stable subalgebra and that ker(L(y)) is a stable
ideal. ]

Lemma IV.4.3. (a) Each closed subalgebra which is finite-dimensional or finite-codimensional
is stable.

(b) Let g be a BCH Lie algebra. Then each closed subalgebra §) C g and each closed ideal
n g is stable.
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(¢) If b — g is a continuous inclusion of locally convex Lie algebras such that for each

x € b the operators ady x and adgx are integrable on by, resp., g, then b is a stable subalgebra
of g.
Proof. (a) (cf. [Omo97, Lemma II1.4.8]) If § is finite-dimensional, then the Uniqueness Lemma
implies for = € b the relation €% |, = e*d@lh If  is finite-codimensional and ¢: g — g/b the
projection map, then the curve y(t) := g(e***y) satisfies the linecar ODE +/(t) = adg,y(2)7(%),
hence vanishes for y € b.

(b) Since g is BCH, the map x + €*d®y = x % y * (—2z) is analytic on some open 0-
neighborhood, hence given by the power series Y.~ %(ad x)"y. Therefore the closedness of b
implies that for = close to 0 we have e*d®(h) C h. This implies stability. A similar argument
yields the stability of closed ideals.

(c) We apply Lemma I1.3.10 to see that e?ds ¥y = ¢2dv ¥y € § holds for x,y € b. ]

In view of the preceding lemma, stability causes no problems for BCH-Lie algebras, but
the condition becomes crucial in the non-analytic context.

Example IV.4.4. The first example of a closed Lie subalgebra h of some L(G) which does
not integrate to any group homomorphism is due to H. OMORI (cf. [Mil84, 8.5]).

We consider the group G := Diff(T?) of diffeomorphisms of the 2-dimensional torus and
use coordinates (z,y) € [0,1]? corresponding to the identification T? =2 R?/Z?. Then

0 0 1
= — — =< <1= —

is easily seen to be a closed Lie subalgebra of g = V(T?). The vector field X := % generates
the smooth action a: T — Diff(T?) of T on T? given by [2].([z], [y]) = ([z + 2], [y]). This vector
field is contained in b, but

. 9] 0 1
e2*Xp = Ad(a($)h = {f% +ga—y10 <z < B = g(z,y) = 0} # b.

This shows that b is not stable and hence that it does not integrate to any subgroup of Diff(T?)
with an exponential function. ]

Example IV.4.5. Let E := C*(R,R) and consider the one-parameter group a: R — GL(E)
given by «a(t)(f)(z) = f(zr +t). Then R acts smoothly on E, so that we can form the
corresponding semi-direct product group G := E X, R. This is a Lie group with a smooth
exponential function given by

expg (v, t) = (/01 a(st).v ds,t), where (/01 a(st).v ds) (z) = /01 v(x + st) ds.

The Lie algebra g = L(G) has the corresponding semi-direct product structure g = E xpR with
Dv =1, 1ie.,

[(f,1), (g, 9)] = (tg" = s, 0).

In g, we now consider the subalgebra b := Ejg 1) ¥ R, where

Ejo,1 :={f € E:supp(f) € [0,1]}.

Then b is a closed subalgebra of g. It is not stable because a(—t)Ejy 1] = E}; ¢41). The subgroup
of G generated by expg b contains {0} x R, Ej;j, and hence all subspaces E ;41), which
implies that (expq h) = C°(R) x R.

Lemma IV.4.2 implies that the inclusion h — g does not integrate to a homomorphism
p: H — G for any Lie group H with an exponential function and L(H) = §. ]
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Example IV.4.6. Let E C C*(R,C) be the closed subspace of 1-periodic functions, y € R*,
and consider the homomorphism a: R — GL(E) given by

(@) f)(x) =" f(z +1).

That the corresponding R-action on E is smooth follows from the smoothness of the translation
action and one can show that the group G := E xR is exponential with Lie algebra g = ExpR
and Df = puf + f ([GNO6]). In particular, the product x * y := expg'(expg(7) expg(y)) is
globally defined on g.

Let M C [0,1] be an open subset which is not dense and put

Ey o= {fEEf|M ZO}

Then F); is a closed subspace of E with DE)y; C Ep but a(t)(Ey) = Ep—t € En for some
t € R. Therefore hy; := Epy xp R C g = E xp R is a closed subalgebra of the exponential
adx

Fréchet-Lie algebra g which is not stable. Since e***y = x*y=*(—x) for all x,y € g, this implies
in particular that § is not closed under the *-multiplication. [ ]

Definition IV.4.7. Let G be a Lie group. An integral subgroup is an injective morphism
1:H — G of Lie groups such that H is connected and the differential L(:):L(H) — L(G) is
injective. [

Remark IV.4.8. Let «: H — G be an integral subgroup and assume that H and G have
exponential functions. Then the relation

(4.4.1) expzoL(t) =toexpy

implies that ker(L(:)) = L(kert) = {0}, so that L(:): L(H) — L(G) is an injective morphism
of topological Lie algebras, which implies in particular that b := im(L(:)) is a stable subalgebra
of L(G) (Lemma IV.4.2). Moreover, (4.4.1) shows that the subgroup ¢(H) of G coincides, as
a set, with the subgroup (exp.h) of G generated by exp. h. Therefore a locally exponential
integral subgroup can be viewed as a locally exponential Lie group structure on the subgroup of
G generated by expg §. ]

Theorem IV.4.9. (Integral Subgroup Theorem) Let G be a Lie group with a smooth expo-
nential function and a:bh — L(G) an injective morphism of topological Lie algebras, where b is
locally exponential. We assume that the closed subgroup

I':={z € 5(h): expg(a(z)) =1}

is discrete. Then there exists a locally exponential integral subgroup v: H — G with L(H) = §
and L(1) = a. In particular, § is integrable to a locally exponential Lie group. ]

The discreteness of I' is automatic in the following two special cases (cf. Problem 11.4).

Corollary IV.4.10. Let G be a Lie group with a smooth exponential function and b locally
exponential. Then any injective morphism «:h — L(G) integrates to a locally exponential integral
subgroup if one of the following two conditions is satisfied:

(1) 3(h) is finite-dimensional.

(2) G is locally exponential. ]

Corollary IV.4.10(1) is a substantial generalization of the main result of [Pe95b] which
assumes that G is regular and h is Banach. Other special cases can be found in many places
in the literature, such as [MR95, Th. 2]. The versions given in [RK97, Th. 2] and [Rob97,
Cor. 2] contradict the existence of unstable closed subalgebras in locally exponential Lie algebras
(Example 1V.4.6). For Banach-Lie groups it is contained in [EK64], and for BCH-Lie groups in
[Rob97].
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Remark IV.4.11. (a) In [Rob97], ROBART gives a criterion for the existence of integral
subgroups of a locally exponential Lie group G for a prescribed injective morphism a:h — g =
L(G): The Lie algebra morphism « can be integrated to an integral subgroup if and only if §/3(h)
is the Lie algebra of a locally exponential Lie group isomorphic to Ha,q := (e249) C Aut(h) with
exponential function as in (4.3.1). In view of Theorems IV.2.10 and IV.3.8, for Mackey complete
Lie algebras, this condition is equivalent to h being locally exponential. This argument shows
in particular, that Robart’s concept of a Lie algebra of the first kind coincides with our concept
of a locally exponential Lie algebra. In the light of this remark, Theorem 5 in [Rob97] can be
read as a version of our Corollary IV.4.10(2), whereas Corollary IV.4.10(1) corresponds to his
Theorem 8. We do not understand the precise meaning of his remark concerning a generalization
to the case where 3(h) is infinite-dimensional by simply refining the topology.

(b) Even for a closed subalgebra h C g := L(G), the condition that it is locally exponential
is quite subtle. It means that for x,y sufficiently close to 0 in h, we have zxy € h. If g is
BCH and b is closed, this is clearly satisfied, but if g is not BCH, not every closed subalgebra
satisfies this condition because it implies stability (Example IV.4.5). ]

To verify this condition, one would like to show that the integral curve (t) := x * ty of
the left invariant vector field y; through = does not leave the closed subspace h of g. This leads
to the necessary condition Tp(Az)(h) C b, which, under the assumption that b is stable, means
that the operator k4(z) = fol e~tade gt satisfies rg(x)(h) = b for = € b sufficiently close to 0
(cf. Theorem IV.3.8 and Problem IV.5 below).

Example IV.4.12. (a) Applying Corollary IV.4.10 to the CIA F obtained by completing the

free associative algebra in n generators z,...,z, (Example IV.1.15), it follows that the closed
Lie subalgebra generated by x1,...,2,, i.e., the completion of the free Lie algebra, integrates

to a subgroup. As F is topologically isomorphic to RY, each closed subspace is complemented
([HoMo98, Th. 7.30(iv)]), so that the existence of the corresponding integral subgroup could also
be obtained by the methods developed in [Les92, Sect. 4] which require complicated assumptions
on groups and Lie algebras.

(b) If K is a Banach-Lie group with Lie algebra ¢ and M a compact manifold, then
the group C*°(M, K) is BCH (Theorem IV.1.12), so that the Integral Subgroup Theorem also
applies to each closed subalgebra h C C>°(M, £) (cf. [Les92, Sect. 4]). n

Remark IV.4.13. (a) In [La99], S. Lang calls a subgroup H of a Banach-Lie group G a
“Lie subgroup” if H carries a Banach—Lie group structure for which there exists an immersion
n: H — G. This requires the Lie algebra L(H) of H to be a closed subalgebra of L(G) which is
complemented in the sense that there exists a closed vector space complement (cf. Remark 1.2.7).
From that, it follows that his Lie subgroups coincide with the integral subgroups with closed
complemented Lie algebra (cf. Corollary IV.4.10).

The advantage of Lang’s more restrictive concept is that for a closed complemented Lie
subalgebra h C L(G) one obtains the existence of corresponding integral subgroups from the
Frobenius Theorem for Banach manifolds ([La99, Th. VI.5.4]). But it excludes in particular
closed non-complemented subspaces of Banach spaces.

(b) The most restrictive concept of a Lie subgroup is the one used in [Bou89, Ch. 3],
where a “Lie subgroup” of a Banach—Lie group G is a Banach—Lie subgroup H with the
additional property that L(H) is complemented, i.e., H is required to be a split submanifold
of G. This concept has the advantage that it implies that the quotient space G/H carries a
natural manifold structure for which the quotient map ¢:G — G/H is a submersion ([Bou89,
Ch. 3, §1.6, Prop. 11]). However, the condition that L(H) is complemented is very hard to check
in concrete situations and, as the Quotient Theorem and the Integral Subgroup Theorem show,
not necessary.

(¢) For closed subalgebras which are not necessarily complemented, the Integral Subgroup
Theorem can already be found in [Mais62] who also shows that kernels are Banach—Lie subgroups
and that G/N is a Lie group if N is a Banach—Lie subgroup with complemented Lie algebra as
in (b). This case is also dealt with in [Hof68], [Hof75, Th. 4.1], and a local version can be found
in [Laub6]. [
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The following theorem generalizes [Hof75, Prop. 4.3] from Banach-Lie groups to locally
exponential ones, which is quite straightforward ([GN06]). The necessity of the separability
assumption follows from Example IV.3.7.

Theorem 1V.4.14. (Initiality Theorem for integral subgroups) Let G be a Lie group with
a smooth exponential function expg:L(G) — G which is injective on some 0-neighborhood.
Further let tg: H — G be a locally exponential integral subgroup whose Lie algebra L(H) is
separable. Then the subgroup vy (H) of G satisfies

Lty (H)) = {z € L(G):expe(Rz) C vy (H)} = im(L(ey)).

In particular, the surjectivity of vy implies the surjectivity of L(vy).
If, in addition, G s locally exponential and L(H) is a closed subalgebra of L(G), then
v H — G is an initial Lie subgroup of G. ]

Theorem IV.4.15.  ([Hof75, Prop. 4.6]) Let G be a separable Banach—Lie group and assume
that tg: H — G is an integral subgroup with closed range. Then vy is an embedding. In
particular, H is a Banach—Lie subgroup of G. ]

We conclude this section with a discussion of initial Lie subgroup structures on closed
subgroups of Banach—Lie groups and locally convex spaces.

Theorem IV.4.16.  (Initiality Theorem for closed subgroups of Banach-Lie groups) Let G
be a Banach—Lie group and H C G a closed subgroup. Then H carries the structure of an
initial Lie subgroup with Lie algebra L°(H) = Ld(H), Its identity component is an integral Lie
subgroup for the closed Lie subalgebra L°(H) of L(G).

Proof. (Idea) We know from Lemma IV.3.1 that LY(H) = L°(H) is a closed Lie subalgebra
of L(G). Let t: Hy — G be the corresponding integral Lie subgroup. Since each smooth curve
v:10,1] — «(Ho) C H satisfies 8(v)(t) € L4(H) for each ¢t and Hy is regular (Remark I1.5.4),
~ is smooth as a curve to Hp, and this further permits us to conclude that Hy is initial and
coincides with the smooth arc—component of H. Now one uses Corollary I1.2.3 to extend the Lie
group structure to all of H. ]

Theorem IV.4.17. (Initiality Theorem for closed subgroups of locally convex spaces) Let E
be a locally convex space and H C (E,+) a closed subgroup. Then H carries an initial Lie group
structure, for which Hy = L4(H) = L°(H) is the largest vector subspace contained in H .

Proof. (Idea) For each curve o € C1(I, E) with im(«) C H we have tx = lim,, . na(%) € H,
which leads to LY(H) = L°(H), a closed subspace of E. For each C'-curve 7:[0,1] — E with
range in H, all tangent vectors lie in Ld(H). This implies that + lies in a coset of Ld(H).
Defining the Lie group structure in such a way that Ld(H ) becomes an open subgroup of H, it
follows easily that H is initial (Corollary I1.2.3). ]

Remark IV.4.18. (Stability and distributions) (a) For a subset D C V(M), we call the
subset Ap C T(M) defined by Ap(m) := span{X(m): X € D} the corresponding smooth
distribution. Conversely, we associate to a (smooth) distribution A C T(M) the subspace
Da :={X € V(M):(Vm € M) X(m) € A}. The distribution A is said to be involutive if Da
is a Lie subalgebra of V(M). A smooth distribution Ap is called D -invariant if it is preserved
by the local flows generated by elements of D, and integrable it possesses (maximal) integral
submanifolds through each point of M.

SUssSMAN’s Theorem asserts that Ap is integrable if and only if it is D-invariant ([Sus73,
Th. 4.2]). As a special case, where all subspaces Ap(m), m € M, are of the same dimension,
we obtain FROBENIUS’ Theorem. The invariance condition on Ap implies that it is involutive,
but the converse does not hold. E.g., consider on M = R? the set D, consisting of two vector
fields 9

)
o f(xl)a—m with  f71(0) =] — 00, 0]
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(see also Example IV.4.4).

If M is analytic and D consists of analytic vector fields, then NAGANO shows in [Naga66]
that the involutivity of the corresponding distribution is sufficient for the existence of integral
submanifolds.

(b) The invariance condition for a distribution is quite analogous to the stability condition
for a Lie subalgebra h C L(G). If, furthermore, G is analytic with an analytic exponential
function, then each closed subalgebra is stable, which is analogous to Nagano’s result (cf.
Lemma IV.4.3(b)).

To relate this to stability of Lie algebras of vector fields, assume that M is compact. If
h C V(M) is a stable subalgebra (not necessarily closed), then the corresponding distribution
Ay is stable, and Sussman’s Theorem implies that its maximal integral submanifolds are the
orbits of the subgroup H := (expp;g(ar)(h)) of Diff (M) generated by the flows of elements of b
([KYMOS5, Sect. 3.1]).

If, conversely, we start with a smooth distribution A, then the closed space ha of all vector
fields with values in A is a Lie subalgebra if and only if A is involutive. Furthermore, it is not
hard to see that Sussman’s Theorem implies that A is involutive if and only if ha is stable. If this
is the case, the corresponding subgroup Ha of Diff (M) satisfies ha C Lé(Ha) C Ld(HA) C ba.
Now is is a natural question whether Ha carries the structure of a Lie group. For more details
and related examples, we refer to Section 3.1 in [KYMOS85]. n

Open Problems for Section IV

Problem IV.1. Show that for each subgroup H of a locally exponential Lie group G, the set
L°(H) = {z € L(G):expe(Rz) C H} is a Lie subalgebra of G or find a counterexample.

If G is finite-dimensional, then Yamabe’s Theorem implies that the arc-component of H
is an integral subgroup (Remark I1.6.5) which proves the assertion in this case. If H is closed,
then L¢(H) is a Lie subalgebra by Lemma IV.3.1.

We further observe that L°(H) is invariant under all operators Ad(expg(z)) = e24® for
x € L°(H). If L°(H) is closed (which is the case for each closed subgroup) and closed under
addition, then it is a closed vector subspace of L(G), and for x,y € h it contains the derivative
of the curves t — e2d%y in 0. This implies that it is a Lie subalgebra. u

Problem IV.2. Show that for each closed subgroup H of a locally exponential Lie group G
the closed Lie subalgebra L¢(H) C L(G) is locally exponential. ]

Problem IV.3. Find an example of a locally exponential normal Lie subgroup N of a locally
exponential Lie group G for which L(G)/ L(N) is not locally exponential or prove that it always
is. In view of Theorem IV.3.5, this would imply that G/N is locally exponential. ]

Problem IV.4. (One-parameter groups and local exponentiality) Let a: R — GL(E) define

a smooth action of R on the Mackey complete locally convex space and D := o'(0) be its
infinitesimal generator. We then obtain a 2-step solvable Lie group G := E x, R with the
product

(v, )(V', ) = (v + alt)v, t + 1)

and the Lie algebra g = E xp R. Characterize local exponentiality of G in terms of the
infinitesimal generator D.

Writing the exponential function as expg(v,t) = (6(t).v,t) with §(t) = fol a(st)ds, we
obtain the curve 5:R — L(FE). We are looking for a characterization of those operators D for
which there exists some 7" > 0 such that
(1) B(-T,T[) < GL(E), and

(2) B:]-T,T[xE — E, (t,v) — B(t)"1v is smooth.
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Note that (¢,v) — B(t)v is always smooth. If E is a Banach space, then G is a Banach-Lie
group, hence locally exponential. In this case, D is a bounded operator and we have for each

t#0:
1t let? —1 P >
ty==>[ ePds=~ §
p(t) t/oe S=77D

0

k—
As B:R — L(F) is analytic w.r.t. to the operator norm on L(E), 8(0) =1, and GL(FE) is open,
conditions (1) and (2) follow immediately. Moreover, the Spectral Theorem implies that

et)\

Spec(8(t)) = { t/\_ L S Spec(D)}7

which means that 3(t) is invertible for [¢| < sup{Im()\):?;\TESpec(D)}'
Problem IV.5. (Invariant subspaces) Let a: R — GL(FE) be a smooth action of R on the
Mackey complete locally convex space E and (3(t) as in Problem IV.4.

Suppose that F' C F is a closed invariant subspace. Then we also have §(¢)(F) C F for
each ¢ € R. Assume that for some € > 0 the operator 3(t) is invertible for |¢| < e. Show that
B(t)"H(F) C F for |t| < e or find a counterexample. Note that this is trivially the case if F is
of finite dimension or codimension. ]

Problem IV.6. Show that BCH-Lie groups are regular. In [Rob04], ROBART has obtained
substantial results in this direction, including that for each BCH-Lie group G with Lie algebra
g and each smooth path £ € C*°(I, g), the initial value problem

(0) =idg, 7'(t) = (), £(t)]

has a solution in £(g). Unfortunately, it is not clear whether these solutions define curves in

GL(g). [

Problem IV.7. Show that each nilpotent topological group is a topological group with Lie
algebra in the sense of Definition IV.1.23 (cf. Theorem IV.1.24). ]

Problem IV.8. In Theorem IV.3.3, we have seen that a locally exponential Lie subgroup H of
a locally exponential Lie group G is a submanifold, where the submanifold chart in the identity
can be obtained from the exponential function of G.

It is an interesting question whether every Lie group H which is a submanifold of a locally
exponential Lie group G is in fact a locally exponential Lie group. This is true if G is a Banach—
Lie group because this property is inherited by every subgroup which is a submanifold.

This point also concerns the use of the term “Lie subgroup,” which would also be natural
for subgroups which are submanifolds. ]

Problem IV.9. Develop a theory of algebraic subgroups for CIAs in the context of locally
exponential, resp., BCH-Lie groups. A typical question such a theory should answer is: For
which linear actions of a locally exponential Lie group GG on a locally convex space E are the
stabilizers G, , v € E, locally exponential Lie subgroups? ]

Problem IV.10. Show that Theorems IV.4.15/16 remain valid for locally exponential Lie
groups. ]

Problem IV.11. Let G be a regular Lie group and H C G a closed subgroup. Then L¢(H) is
a closed subset of L(G), stable under scalar multiplication. On the other hand, LY(H) is a Lie
subalgebra containing L°(H). Do these two sets always coincide? If, in addition, G is p-regular,
this follows from Lemma I11.2.7. ]
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Problem IV.12. (a) Let G be a Lie group with a smooth exponential function. Find examples
where the Trotter Formula and/or the Commutator Formula (Lemma IV.1.17) do not hold. For
which classes of groups (beyond the locally exponential ones) are these formulas, or the more
general Lemma I11.2.7, valid? What about the group Diff.(M)?

(b) What can be said about the sequence of power maps p,(z) = 2" in a local Lie group?
In local coordinates with 0 as neutral element, it is interesting to consider for an element x the

sequence (%)n Does it converge (to x)? [

Problem IV.13. Let A be an integrable distribution on the compact manifold M and Ha
the corresponding subgroup of Diff(M) preserving the maximal integral submanifolds of A
(Remark IV.4.18(b)). Show that Ha is a regular Lie group. ]

Problem IV.14. (cf. [Rob97, p.837, Prop. 3]) Let G be a p-regular Lie group and § C L(G) a
closed stable subalgebra. Does h integrate to an integral Lie subgroup? Since product integrals
converge in G, for two smooth curves «a, 8:[0,1] — b, the curve

(ax B)(t) = a(t) + Ad(7a(1))-5(t)

has values in f, which leads to a Lie group structure on C*°(I, h) with Lie algebra C*°([0,1],5),
where the bracket is given by

el = [e0, [ tmar] + [ [ emarnco]

0

([Rob97, Th. 9]). The map E:a — 7,(1) is a group homomorphism, so that the problem is to
see that the quotient group (C*°(I,h),*)/ker E = im(FE) carries a natural Lie group structure.m

V. Extensions of Lie groups

In this section, we turn to some general results on extensions of infinite-dimensional Lie groups.
In Section V.1, we explain how an extension of G by NN is described in terms of data associated
to G and N. This description is easily adapted from the abstract group theoretic setting (cf.
[ML68]). In Section V.2, we describe the appropriate cohomological setup for Lie theory and
explain criteria for the integrability of Lie algebra cocycles to group cocycles. This is applied in
Section V.3 to integrate abelian extensions of Lie algebras to corresponding group extensions.

V.1. General extensions
Definition V.1.1. An extension of Lie groups is a short exact sequence
15 N—“G-1.Gg-1

of Lie group morphisms, for which G is a smooth (locally trivial) principal N-bundle over G
with respect to the right action of N given by (g,n) — gn. In the following, we identify N with
the subgroup «(N) 9 G.

We call two extensions N — 61 —» G and N — @2 —»AG of tl\le Lie group G by the Lie
group N equivalent if there exists a Lie group morphism ¢: Gy — Gy such that the following

diagram commutes: N
N — G — G

lidN lsa lidc

N‘—>§2—»G
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It is easy to see that any such ¢ is an isomorphism of Lie groups and that we actually obtain
an equivalence relation. We write Ext(G, N) for the set of equivalence classes of Lie group
extensions of G by N.!

We call an extension ¢: G — G with ker q = N split if there exists a Lie group morphism
0:G — G with go o = idg. This implies that G = N xg G for S(g)(n) := o(g)no(g)~". m

Remark V.1.2. A Lie group extension N — G — G can also be described in terms of data
associated to G and N as follows: Let ¢:G — G be a Lie group extension of G by N. By
assumption, the map ¢ has a smooth local section. Hence there exists a global section 0: G — G
smooth in an identity neighborhood and normalized by o(1) = 1. Then the map

»NxG—G, (ng)— no(g)

is a bijection which restricts to a local diffeomorphism on an identity neighborhood. In general,
® is not continuous, but we may nevertheless use it to identify G with the product set N x G,
endowed with the multiplication

(5.1.1) (n,9)(n',g") = (nS(g)(n")w(g,9"), 99);

where

(5.1.2) S:=Cyoo:G— Aut(N) for Cn:G — Aut(N), Cn(g) = gng™ ",
and

(5.1.3) w:GxG—=N, (9,9) alg)alg)o(gg) ™"

Note that w is smooth in an identity neighborhood and that the map S:Gx N — N,(g,n) —
S(g)(n) is smooth in a set of the form Ug x N, where Ug is an identity neighborhood of G.
The maps S and w satisfy the relations

(C) a(g)o(g’) = wl(g,9)o(99")

(C2) S(9)S(9') = Cn(w(g,9))S(99"),

(C3) wlg, g )w(gg’. g") = S(9)(w(g’. 9"))w(g.9'g"). =

Definition V.1.3. Let G and N be Lie groups. A smooth outer action of G on N is a map
S:G — Aut(N) with S(1) =idy for which

S:Gx N — N, (g,n)~— S(g)(n)

is smooth on a set of the form Ug x IV, where Ugs C G is an open identity neighborhood, and for
which there exists a map w: G x G — N with w(1,1) =1, smooth in an identity neighborhood,
such that (C2) holds. We call (S,w) a locally smooth non-abelian 2 -cocycle.

We define an equivalence relation on the set of all smooth outer actions of G on N by
S~ 8 if 8 = (Cyoa)-S for some map a: G — N with «(1) = 1, smooth in an identity
neighborhood. We write [S] for the equivalence class of S. u

Remark V.1.2 implies that for each extension g: G — G of Lie groups and any section

~

o: G — G which is smooth in an identity neighborhood with (1) = 1, (5.1.2) defines a smooth
outer action of G on N . Different choices of such sections lead to equivalent outer actions.

L' From the description of Lie group extensions as in Theorem V.1.4 below, one obtains cardinality estimates

showing that the equivalence classes actually form a set.
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Theorem V.1.4. Let G be a connected Lie group, N a Lie group and (S,w) a smooth outer
action of G on N. Then (5.1.1) defines a group structure on N x G if and only if (C3) holds.
If this is the case, then this group carries a unique Lie group structure, denoted N X (g, G, for
which the identity N x G — N X (g G is smooth in an identity neighborhood and

¢ N X(50)G—=G, (ng)—g

defines a Lie group extension of G by N . ]

All Lie group extensions of G by N arise in this way, so that we obtain a partition

Ext(G, N) = JExt(G, N)),
()

where Ext(G, N)is) denote the set of equivalence classes of extensions corresponding to the
equivalence class [5].

If N is abelian, then each class [S] contains a unique representative S, which is a smooth
action of G on N. Fixing S, the set Ext(G, N)g carries a natural abelian group structure,

where the addition is given by the Baer sum: For two extensions ¢i: @1 — G, g ég — G of G
by N, the Baer sum is defined by

G = {(91,92) € G1 x 621%@1) = q2(92)}/ A, N = {(n,n""):n € N},

and the projection map ¢(g1,g2) := ¢1(g1). This defines an abelian group structure on the set
Ext(G, N)g whose neutral element is the class of the split extension G = N xg G (cf. [ML63,
Sect. IV.4]). In Theorem V.2.8 below, we shall recover this group structure in terms of group
cohomology.

Theorem V.1.5. ([Ne05]) Assume that Z(N) carries an initial Lie subgroup structure
(Remark I1.6.5). Then each class [S] determines a smooth G -action on Z(N) by g.z := S(g)(2)
and the abelian group Ext(G,Z(N))s acts simply transitively on Ext(G,N)s by

[H] #[G] = (0" G)/ My,
where : H — G is a Lie group extension of G by the G-module Z(N),
@G ={(51,52) € Hx G:a(G1) =q(G2)} and Al ={(n.n""):n € Z(N)}. n

Examples V.1.6. Interesting classes of extensions of Lie groups arise as follows.

(a) Projective unitary representations: Let H be a complex Hilbert space, U(H) its unitary
group with center Z(U(H)) = T1, and PU(H) := U(H)/T1 the projective unitary group (all
these groups are Banach—Lie groups). If H is a complex Hilbert space and m: G — PU(H) a
projective representation of the Lie group G with at least one smooth orbit in the projective
space P(H), then the pull-back diagram

T=R/Z — UH) — PU(H)

I- [

T — G —» G

defines a central Lie group extension of G by the circle group (cf. [Lar99]). This leads to a
partition of the set of equivalence classes of projective unitary representations according to the
set Ext(G, T) of central extensions of G by T (cf. [Ne02a]).

(b) Hamiltonian actions: Let G be a connected Lie group, M a locally convex manifold and
w € Q?(M,R) a closed 2-form which is the curvature of a pre-quantum line bundle p: P — M
with connection 1-form 6 € Q'(P,R). Assume further that o: G — Diff(M) defines a smooth
action of G on M for which all associated vector fields ¢(x) € V(M) are Hamiltonian, i.e., the
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closed 1-forms i4(,)w are exact. Then the range of the map o:G — Diff(M) lies in the group
Ham(M,w) of Hamiltonian automorphisms of (M,w), and the diagram

T — Aut(P,0) — Ham(M,w)
- 1 gl
G

T — G —»

defines a central Lie group extension of G by T (cf. [Kos70], [RS81], [NV03]).

(c) (Extensions by gauge groups) Let ¢: P — M be a smooth K -principal bundle, where M
is compact and K is locally exponential (cf. Theorem IV.1.12). Further, let o: G — Diff (M) de-
fine a smooth action of G on M, whose range lies in the subgroup Diff(M);p; of diffeomorphisms
¢ with ¢*P ~ P, i.e., fixing the equivalence class [P]. Then the diagram

Gau(P) < Aut(P)=Diff(P)X — Diff(M)p

- | d

Gau(P) < G —» G

defines an extension of G by the gauge group Gau(P) of this bundle.
(d) If ¢:V — M is a finite-dimensional vector bundle and K = GL(V), the preceding
remark applies to the corresponding frame bundle, and leads to the diagram

Gau(V) < Aut(V) — Diff(M)w

I- | |

Gau(V) — G — G.

In view of [KYMOS5, p.89], the Lie group Aut(V) is u-regular if M is compact.

(e) (Non-commutative generalizations; cf. [GrNe06], [KYMOS85, Sect. 3.2]) Let A be a CIA
and FE a finitely generated projective right A-module. Then the group GL4(E) of A-linear
endomorphisms of E is a Lie group, which is a subgroup of the larger group

TL(E) :={p € GL(E): (3pa € Aut(A))(Vs € E)(Va € A) p(s.a) = ¢(s).pa(a)}

of semilinear automorphisms of E. These are the linear automorphisms ¢ € GL(E) for which
there exists an automorphism @4 of A with p(s.a) = ¢(s).pa(a) for s € E;a € A. Then
for each homomorphism o0: G — Aut(A), G a connected Lie group, whose range lies in the set
Aut(A)g of those automorphisms of A preserving E by pull-backs, the diagram

GLu(E) — T —  Aut(A)p

L(E)
|- L d

GLA(E) — e

defines an extension of G by the linear Lie group GL4(FE).
For the special case A = C*°(M,R), finitely generated projective modules correspond to
vector bundles over M (cf. [Ros94], [Swa62]), so that (e) specializes to (d). n

Remark V.1.7. Non-abelian extensions of Lie groups also play a crucial role in the structural
analysis of the group of invertible Fourier integral operators of order zero on a compact mani-
fold M ([OMYKS81], [ARS86a/b]), which is an extension of a group of symplectomorphisms of
the complement of the zero section in the cotangent bundle T*(M) whose Lie algebra corre-
sponds to smooth functions homogeneous of degree 1 on the fibers. ]

The following theorem is an important tool to verify that given Lie groups are regular (cf.
[KM97], [OMYKS83a, Th. 5.4] in the context of p-regularity, and [Rob04]). A variant of this
result for ILB-Lie groups is Theorem 3.4 in [ARS86D)].
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Theorem V.1.8. Let G be a Lie group extension of the Lie group G by N. Then G is
reqular if and only if the groups G and N are regular. ]

Remark V.1.9. A typical class of examples illustrating the difference between abelian and
central extensions of Lie groups arises from abelian principal bundles. If ¢: P — M is a smooth
principal bundle with the abelian structure group Z over the compact connected manifold
M , then the group Aut(P) = Diff(P)? of all diffeomorphisms of P commuting with Z (the
automorphism group of the bundle) is an extension of the open subgroup Diff (M )p; of Diff (M)
by the gauge group Gau(P) = C*°(M, Z) of the bundle (Example V.1.6(c)). Here the conjugation
action of Diff(M) on Gau(P) is given by composing functions with diffeomorphisms. Central
extensions corresponding to the bundle ¢: P — M are obtained by choosing a principal connection
1-form 6 € Q'(P,3). Let w € Q*(M,3) denote the corresponding curvature form. Then the
subgroup Aut(P,0) of those elements of Aut(P) preserving 6 is a central extension of an open
subgroup of Diff(M,w), which is substantially smaller that Diff(M). This example shows
that the passage from central extensions to abelian extensions is similar to the passage from
symplectomorphism groups to diffeomorphism groups (see also [NeO6al).

As the examples of principal bundles over compact manifolds show, abelian extensions of
Lie groups occur naturally in geometric contexts and in particular in symplectic geometry, where
the pre-quantization problem is to find for a symplectic manifold (M,w) a T-principal bundle
with curvature w, which leads to an abelian extension of Diff(M)y by the group C*°(M,T).
Conversely, every abelian extension g: G — G of a Lie group G by an abelian Lie group A is in
particular an A-principal bundle over G'. This leads to an interesting interplay between abelian
extensions of Lie groups and abelian principal bundles over (finite-dimensional) manifolds.

A shift from central to abelian extensions occurs naturally as follows: Suppose that a
connected Lie group G acts on a smooth manifold M which is endowed with a Z-principal
bundle ¢: P — M (Z an abelian Lie group) and that each element of G lifts to an automorphism
of the bundle. If all elements of G lift to elements of the group Aut(P, ) for some principal
connection 1-form @, then we obtain a central extension as in Example V.1.6(b). But if there is
no such connection 1-form €, then we are forced to consider the much larger abelian extension
of G by the group Gau(P) & C*°(M,Z) or at least some subgroup containing non-constant
functions. The case where M is a restricted Grafimannian of a polarized Hilbert space and the
groups are restricted operator groups of Schatten class p > 2, resp., mapping groups C*(M, K),
where K is finite-dimensional and M is a compact manifold of dimension > 2, is discussed in
detail in [Mick89] (see also [PS86] for a discussion of related topics). n

V.2. Cohomology of Lie groups and Lie algebras

Any good setting for a cohomology theory on Lie groups should be fine enough to take
the smooth structure into account and flexible enough to parameterize equivalence classes of
group extensions. All these criteria are met by the locally smooth cohomology we describe in
this subsection (cf. [Ne02a], [Ne0O4a]). The traditional approach in finite dimensions uses globally
smooth cochains ([Ho51]), which is too restrictive in infinite dimensions.

From Lie group cohomology to Lie algebra cohomology

Definition V.2.1. (a) Let g be a topological Lie algebra and E a locally convex space.
We call E a topological g-module if E is a g-module for which the action map g x £ — FE is
continuous.

(b) Let G be a Lie group and A an abelian Lie group. We call A a smooth G -module if
it is endowed with a G-module structure defined by a smooth action map G x A — A. ]
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Definition V.2.2. Let g be a topological Lie algebra and E a topological g-module. For
p € Ny, let C?(g,E) denote the space of continuous alternating maps g? — FE, i.e., the
Lie algebra p-cochains with values in the module E. We identify C?(g, F) with E and put
C2g, E) := @;OZO C?(g, E). We then obtain a cochain complex with the Lie algebra differential

dy: C%(g, E) — C?*™(g, ) given on f € C?(g, E) by

P
(dgf) (o, xp) =D (=1 a;. f(x0, .., Bj, ..., 2p)
=0
Y D) f ([ wg), 20, By By ),
1<j
where Z; indicates omission of xz; ([ChE48]). In view of di = 0, the space Z(g,E) :=

ker(dg |cr (g 1)) of p-cocycles contains the space BE(g, E) := dg(C2~'(g, E)) of p-coboundaries.
The quotient
HE(g,E) := Z(9, E)/Bi(g, E)

is the p-th continuous cohomology space of g with values in the g-module E. We write [f] :=
f+ B2(g, E) for the cohomology class of the cocycle f. [

Definition V.2.3. Let G be a Lie group and E a smooth locally conver G-module, i.e. a
smooth G-module which is a locally convex space. We write

pE:Gx E—E, (9,v) = pp(g,v) = pp(g)(v) =t gv

for the action map. We call a p-form « € QP(G, E) equivariant if we have for each g € G the
relation

Xya = pig) o

If E is a trivial module, then an equivariant form is a left invariant E-valued form on G.

We write QP (G, E)% for the subspace of equivariant p-forms in QP(G, F) and note that this
is the space of G-fixed elements with respect to the action given by g.ac := pg(g)o(Ag-1)*a. The
subcomplex (Q*(G, E)¢,d) of equivariant differential forms in the E-valued de Rham complex on
G has been introduced in the finite-dimensional setting by Chevalley and Eilenberg in [ChE4S].

Let g := L(G) = T1(G). An equivariant p-form « is uniquely determined by the
corresponding element oy € CP(g, E):

(5.2.1) ag(g.21,...,9.¢p) = pe(g) car(z1,...,zp) for g¢geG z;€g.

Conversely, (5.2.1) provides for each w € CP(g, F) a unique equivariant p-form w®? on G with
eq

Wit =w. [

The following observation is due to Chevalley/Eilenberg ([ChE48, Th. 10.1]). For an
adaptation to the infinite-dimensional setting, we refer to [Ne04a].

Proposition V.2.4.  The evaluation maps
evi: QP (G,E)Y — CP(g,E), wr— wy

define an isomorphism from the cochain complex (Q*(G, E)®,d) of equivariant E-valued differ-
ential forms on G to the continuous E-valued Lie algebra complex (C?(g, E),dy). ]

Definition V.2.5. Let A be a smooth G-module and C7(G, A) denote the space of all
functions f: G™ — A which are smooth in an identity neighborhood and normalized in the sense
that f(g1,...,gn) vanishes if g; = 1 holds for some j. We call these functions normalized locally
smooth group cochains. The differential dg: C™(G, A) — C" (G, A), defined by

(de)(g()v s 7gn) = g()nf(glv s 7gn)

+ Z(_l)jf(g()v <oy 95-195, - - 7gn) + (_1)n+1f(g0a .. '7gn71)~
j=1
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turns (C2(G, A),dg) into a differential complex. We write ZI'(G, A) := ker(dg |cn(a,a)) for the
corresponding group of cocycles, B? (G, A) := dg(C?~ (G, A)) for the subgroup of coboundaries,
and

HY (G, A) = Z{(G, A)/BL(G, A)
for the n-th locally smooth cohomology group with values in the smooth module A. ]
Let M,..., M} be smooth manifolds, A an abelian Lie group and f: M; X ...x M — A
a smooth function. For vy, € Ty, (M) we obtain a smooth function

Op(v)fr My x ... x My — a:=L(A), (m1,....,mr_1) = 6(f)my,...me)(0,...,0,0p).

Tterating this process, we obtain for each tuple (mq,...,mg) € My X ... X My a continuous
k-linear map

Ty (My) X .o X Ty (M) — @, (v1,...,0%) — (O1(v1) -+ O (vi) ) (ma, ..., mg).

The following theorem describes the natural map from Lie group to Lie algebra cohomology
([NeO4a, App. BJ; see also [EK64]):

Theorem V.2.6. For f € C?(G,A), n>1, and x1,...,2, € g =2 T1(G) we put

(Dnf) (@1, zn) =Y 5g0(0) (91 (2o(1))  ++ On(Ta(m)) f) (L, 1).

ocES,

Then D,(f) € C?(g,a), and these maps induce a morphism of cochain complexes
D: (C?(G7 A)’ dG)n21 - (Cg(g’ a)? dg)n21

and in particular homomorphisms D,: HY(G,A) — H}(g,a) for n > 2.

For A = a these assertions hold for all n € Ny, and if A = a/T'4 holds for a discrete
subgroup T'a of a, then D; also induces a homomorphism Di: HX(G,A) — Hl(g,a),[f] —
[df (1)]. u

Integrability of Lie algebra cocycles

We have seen above that for n > 2 there is a natural derivation map
Dy:HY (G, A) — H(g,0a)

from locally smooth Lie group cohomology to continuous Lie algebra cohomology. Since the Lie
algebra cohomology spaces H]'(g,a) are much better accessible by algebraic means than those
of G, it is important to understand the amount of information lost by the map D,,. Thus one
is interested in kernel and cokernel of D,,. A determination of the cokernel can be considered
as describing integrability conditions on cohomology classes [w] € H!'(g,a) which have to be
satisfied to ensure the existence of f € Z7(G, A) with D, f =w.

Before we turn to the complete solution for n = 2 ([Ne04a, Sect. 7]), we take a closer look
at the much simpler case n = 1.

Remark V.2.7. For n = 1 we consider the more general setting of a Lie group action on a
non-abelian group: Let G and N be Lie groups with Lie algebras g and n and 0:G x N — N
a smooth action of G on N by automorphisms. A crossed homomorphism, or a 1-cocycle, is a
smooth map f:G — N with

flgh) = f(g)-g.f(h) for g,heG,
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which is equivalent to (f,idg):G — N x G being a group homomorphism. We note that for a
1-cocycle smoothness in an identity neighborhood implies smoothness and write Z1(G, N) for
the set of smooth 1-cocycles G — N .

It is easy to see that for each crossed homomorphism f: G — N, the logarithmic derivative
5(f) € QY(G,n) is an equivariant 1-form with values in the smooth G-module n, hence uniquely
determined by D1 (f) :=T1(f): g — n. Conversely, an easy application of the Uniqueness Lemma
shows that if G is connected, then a smooth function f:G — N is a crossed homomorphism if
and only if f(1) =1 and §(f) is an equivariant 1-form.

To see the infinitesimal picture, we call a continuous linear map a:g — n a crossed
homomorphism, or a 1-cocycle, if

(5.2.2) a(lz,y]) = v.aly) —y.o(z) + [a(z), a(y)],

which is equivalent to (a,idg):g — n x g being a homomorphism of Lie algebras. We write
ZY(g,n) for the set of continuous 1-cocycles g — n. If G is connected, we obtain an injective
map

D1: ZHG,N) — Z!(g,n).

The cocycle condition (5.2.2) for a holds if and only if a®® € Q'(G,n) satisfies the Maurer—
Cartan equation. Therefore the Fundamental Theorem (Theorem II1.1.2) shows that if G is
connected and N is regular, then a 1-cocycle o € Z!(g,n) is integrable to some group 1-cocycle
if and only if the period homomorphism

per,, = per eq: M1 (G) = N

vanishes. This can also be expressed by the exactness of the sequence

0 — Z}(G, N)—=—Z}(g,n)—"*— Hom(m (G), N)
which already gives an idea of what kind of obstructions to expect for 2-cocycles. ]

The special importance of the group H2(G, A) stems from the following theorem, which
can be derived easily from the construction in Section V.1.

Theorem V.2.8. If G is a connected Lie group and S:G — Aut(A) a smooth action of G
on the abelian Lie group A, then we obtain an isomorphism of abelian groups

H2(G,A) — Ext(G, A)g, [w]+— A X(sw) G- [ ]

Remark V.2.9. (a) If the group G is not connected, then condition (L3) in Theorem II.2.1
requires an additional smoothness condition on cocycles, which is equivalent to smoothness of
the functions

fo:G— A, fold) = fl9,9")— flgg'g ", 9)

on an identity neighborhood for each g € G. For g € GGy this is automatically the case for each
f e Z%G,A). We write Z2,(G,A) C Z%(G, A) for the set of all cocycles satisfying this addi-
tional condition. Then B2(G,A) C Z2,(G, A), and we put HZ (G, A) := Z2,(G, A)/B2(G, A).
Theorem V.2.8 remains valid for general G with HZ2, (G, A) instead of HZ(G, A).

(b) The second cohomology groups do not only classify abelian extensions of G. In
view of Theorem V.1.5, the sets Ext(G, N)[s) are principal homogeneous spaces of the groups
Ext(G,Z(N))s = H% (G, Z(N)), provided Z(N) is an initial Lie subgroup of the Lie group N
(Remark I1.6.5(c)). Therefore the knowledge of the second cohomology groups is also crucial for
an understanding of non-abelian extension classes. ]

On the Lie algebra level, we similarly have for topologically split extensions of Lie algebras
(cf. Remark 1.2.7):
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Proposition V.2.10.  Let (a,S) be a topological g-module, where S:g — End(a) denotes the
module structure, and write Ext(g,a)s for the set of all equivalence classes of topologically split
a-extensions g of g for which the adjoint action of g on a induces the given g-module structure
on a. Then the map

Z3(g,a) — Ext(g,a)s, w [a® ],

where a @, g denotes a X g, endowed with the bracket
[(a,2), (a’,2")] = (z.d" = 2".a + w(x,2"), [z, 2"]),

factors through a bijection H2(g,a) — Ext(g,a)s, [w] — [a @, g]- |

We now turn to the description of the obstruction for the integrability of Lie algebra 2-
cocycles.

Theorem V.2.11. (Approximation Theorem; [Ne02a; Th. A.3.7]) Let M be a compact
manifold. Then the inclusion map C°(M,G) — C(M,QG) is a morphism of Lie groups which is
a weak homotopy equivalence, i.e., it induces isomorphisms of homotopy groups

m(C™ (M, G)) — m(C(M, G))
for each k € Ng. In particular, we have

[M,G] = mo(C™> (M, Q)

for the group [M,G] of homotopy classes of maps M — G. ]

Below, a denotes a smooth Mackey complete G-module.

Definition V.2.12.  (a) If M is a compact oriented manifold of dimension k£ and Q € Q*(G, a)
a closed a-valued k-form, then the map

perg: C*(M,G) — a, JH/QIZ/ o Q)
o M

is locally constant. If, in addition, 2 is equivariant, then its values lie in the closed subspace
a? of g-fixed elements in a, hence defines a period map [M,G] — a? (|[Ne02a, Lemma 5.7]). If
M = S* is a sphere, so that 74(G) C [S*, G] corresponds to base point preserving maps, then
restriction to m,(G) defines a group homomorphism

perg: mk(G) — af,

called the period homomorphism defined by €.
(b) For k=2 and w € Z2(g,a), we obtain a Lie algebra 1-cocycle

forg— Ccl(gv a)/dgaa Tt [imw]v

and it is shown in [NeO4a, Lemma 6.2] that this 1-cocycle gives rise to a well-defined period
homomorphism, called the fluz homomorphism,

Fy:m(G) — H,(g.a)

as follows. For each piecewise smooth loop v:S! — G, we define a 1-cocycle
I:g—a, IL/(z) ::/imrweq,
¥

where z, is the right invariant vector field on z with z,(1) = z, and put F,([7]) := [I,]. m

Now we turn to the main result of this section ([Ne0O4a, Th. 7.2]):
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Theorem V.2.13. Let G be a connected Lie group, A a smooth G-module of the form
A= a/T 4, where T4 C a is a discrete subgroup of the Mackey complete space a and qa:a — A
the quotient map. Then the map

P:Z2(g,a) — Hom (m2(G), A) x Hom (1 (G), H!(g,a)), P(w) = (ga o per,, F.)
factors through a homomorphism
P: H(?(ga Cl) — Hom (ﬂQ(G)v A) x Hom (7T1(G), H}(gv a))a P([w]) = (QA o per,,, Fw)v

and the following sequence is exact:

0 — HNG, A)——HYG, A)—H (m1(G), A) ¢ = Hom (my(G), A9) ——

— L H2(G, A)—22— H2(g, 0)—2— Hom (m2(G), A) x Hom (m,(G), H(g, a)).

Here the map & assigns to a group homomorphism ~y: 71 (G) — AS the quotient of the semi-direct
product A x G by the graph {(y(d),d):d € m(G)} of v which is a discrete central subgroup, I
denotes the inflation map and R the restriction map to the subgroup ker qq = 71 (G) of G.

If, in particular, 71(G) and wo(G) vanish, we obtain an isomorphism

Dy: H2(G, A) — H?(g, a). [

Remark V.2.14. (a) If G is l-connected, things become much simpler and the criterion
for the integrability of a Lie algebra cocycle w to a group cocycle is that im(per,) C I'4.
Similar conditions arise in the theory of abelian principal bundles on smoothly paracompact
presymplectic manifolds (M,Q) (2 is a closed 2-form on M ). Here the integrality of the
cohomology class [()] is equivalent to the existence of a pre-quantum bundle, i.e., a T-principal
bundle T < M — M whose curvature 2-form is Q (cf. [Bry93], [KYMOS5]).

(b) For finite-dimensional Lie groups the integrability criteria simplify significantly because
T5(G) vanishes ([CaE36]). This has been used by E. CARTAN to construct central extensions
and thus to prove that each finite-dimensional Lie algebra belongs to a global Lie group, which
is known as Lie’s third theorem (cf. [CaE30/52], [Est88]).

(c) Let (M,w) denote a compact symplectic manifold and ]SIFf(M ,w) the universal cov-
ering group of the identity component Diff (M,w)o of the Fréchet—Lie group Diff (M, w) (Theo-
rem I11.3.1). Then the Lie algebra homomorphism

(5.2.3) fo: VM, w) :={X € V(M): Lxw =0} — HIg(M,R), X — [ixw],

where Hlg (M, R) is considered as an abelian Lie algebra, integrates to a Lie group homomor-
phism -
F:Diff(M,w) — Hig(M,R),

whose restriction pery  to the discrete subgroup 1 (Diff (M, w)) is called the fluz homomorphism.
Let ham(M,w) := ker f,, denote the Lie subalgebra of Hamiltonian vector fields. In [KYMOS5,
2.2], it is shown that

ﬁ;r?l(M, w) :=ker F

is a p-regular Lie group.

Recently, there has been quite some activity concerning the flux homomorphism for sym-
plectic manifolds and generalizations thereof ([Ban97, Ch. 3], [KKMO05], [Ne06a]), including a
proof of the flux conjecture ([Ono04]), formulated by Calabi ([Cal70]). It asserts that the image
of the flux homomorphism per; is discrete for each compact symplectic manifold (cf. [MDO05],
[LMP98] for a survey).

(d) In [RS81], RATIU and SCHMID address the existence problem of ILH-Lie group struc-
tures for the following three classes of groups: Under the assumption that the image of the
flux homomorphism is discrete, which is always the case ([Ono04]), they show that the group
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Ham(M,w) of Hamiltonian diffecomorphisms carries an ILH-Lie group structure. If ¢: P — M
is a pre-quantum T-bundle with curvature w and connection 1-form 6, they further show
that the quantomorphism group Aut(P,d), a central T-extension of Ham(M,w) (cf. Exam-
ple IV.1.6(b)), is an ILH-Lie group, and they obtain an ILH-Lie group G for the Lie algebra
of real-valued smooth functions on 7*(M) which are homogeneous of degree 1 with respect to
the Poisson bracket. The latter group is of particular interest for the Lie group structure on the
group of invertible Fourier—integral operators of order zero, which is a Lie group extension of G
([ARS84,86a/b]).

For a discussion of the relation between quantomorphisms and Hamiltonian diffeomor-
phisms, extending some of these structures, such as KoSTANT’s Theorem ([Kos70]) to infinite
dimensional manifolds, we refer to [NVO03].

(e) The period and the flux homomorphism annihilate the torsion subgroups of 72 (G), resp.,
m1(G). Hence they factor through the rational homotopy groups m2(G) @ Q, resp., 71 (G) @ Q.

(f) If a is a trivial module and w € Z2(g,a), then g:=a®, g is a central extension of g,
and z.(a,y) = (w(z,y),[r,y]) turns g into a topological g-module. A 1-cocycle f:g — a is the
same as a Lie algebra homomorphism, and Bl(g,a) = {0}, so that H}(g,a) = Homp;.(g,a) =
L(g/[g,9],a). In this case, the flux homomorphism

F,:m(G) — Homyp,ie(g, a)

vanishes if and only if the action of g on g integrates to a smooth action of the group G on g
([Ne02a, Prop. 7.6]). [

We emphasize that Theorem V.2.13 holds for Lie groups which are not necessarily smoothly
paracompact. On these groups de Rham’s Theorem is not available, so that one has to get along
without it and to use more direct methods. This is important because many interesting Banach—
Lie groups are not smoothly paracompact, because their model spaces do not permit smooth
bump functions (cf. Remark 1.4.5).

Remark V.2.15. Let G be a connected smoothly paracompact Lie group and A a smooth
G-module of the form a/T'a, where T'4 is a discrete subgroup of a. Let Z7 (G, A) denote the
group of smooth 2-cocycles G x G — A and B2 (G, A) C Z2,(G,A) the cocycles of the form
dgh, where h € C>*(G, A) is a smooth function with h(1) = 0. Then we have an injection

Hg25(Ga A) = ng(G7 A)/Bgs (G7 A) — HE(G7 A)’

and the space H gQS(G, A) classifies those A-extensions of G with a smooth global section. We
further have an exact sequence

Hom(m (G), a%) "~ H{,(G, A)—"~H (g, 0)——Hr (G ) x Hom (m(G). H} (5. 0)).
where P([w]) = ([w®1], F,,) (cf. Section 8 in [Ne02a] and Remark 8.5 in [NeO4a]). n

Remark V.2.16. Let G be a Lie group with Lie algebra g and a := C*°(G,R), endowed
with the compact open C*-topology. Note that G acts on a by (g.f)(z) := f(zg), and that
the corresponding action of g corresponds to the embedding g — V(G),z — z;. Using the left
trivialization of T'(G), we see that R-valued p-forms are in one-to-one correspondence with those
smooth functions G x g — R which are p-linear and alternating in the last p arguments. This
implies in particular, that each p-form w € (G, R) defines an element of C?(g,a), and it is
easy to see that this leads to an injection of cochain complexes

17: (Q2(G,R), d) — (C*(g a), dy).

If G is a Fréchet—Lie group, then the cartesian closedness argument from the convenient
calculus (cf. [KM97, p.30]) implies that 7 is bijective, which leads to an isomorphism

HgR(Ga R) = Hg(g7 Cl).
If, in addition, G is smoothly paracompact, we thus obtain a description of real-valued singular
cohomology of G in terms of Lie algebra cohomology (cf. [Mi87], [Ne04a, Ex. 7.6]).
In [Mi87], MICHOR applies this construction in particular to the group Diff(M) for a

compact manifold M. For more detailed information on the de Rham cohomology of groups like
Diff(M) or C*°(M, K), where M is compact and K finite-dimensional, we refer to [Beg87]. =
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We have seen above that period homomorphisms arise naturally in the integration theory
of Lie algebra extensions to group extensions. Below we describe some interesting classes of Lie
algebra 2-cocycles which have some independent topological interpretation.

Let G = C°(M, K), where K is a Lie group with Lie algebra ¢ and M is a o-compact
finite-dimensional manifold, so that g = L(G) = C°(M,¥), endowed with the natural locally
convex direct limit structure (Theorem I1.2.8). For detailed proofs of the results below we refer
to [MNO3] for the compact case and to [NeO4c] for the non-compact case.

The Lie algebra cocycles we are interested in are those of product type, constructed as
follows. Let E be a Mackey complete space and k: € x £ — E an invariant continuous symmetric
bilinear form. Then the quotient space 3 := QL(M, E)/dC°(M, E) carries a natural locally
convex topology because the space of exact forms is closed with respect to the natural direct
limit topology. We then obtain a continuous Lie algebra cocycle

we Zg3) by wl(&n) = [k dn).

Of particular interest is the case E = V(¢), where k:¢ x ¢ — V(¢) is the universal invariant
symmetric bilinear form and the case £ = R, where & is the Cartan—Killing form of a finite-
dimensional Lie algebra. We write IIM C 3 for the corresponding period group. Other types of
cocycles, which are not of product type, are described in [NeWa06a]. If € is a compact simple
Lie algebra and M = S!, then H?2(g,R) is one-dimensional and generated by the cocycle defined
by the Cartan—Killing form . The associated central extensions and their integrability to Lie
groups are discussed in some detail in Section 4.2 in [PS86].

Theorem V.2.17.  The following assertions hold:
(1) For M =S' we have 3 =2 E, and the period group Hil is the image of a homomorphism

per,.:m3(K) — E,

obtained by identifying the subgroup mo(Cy(S*, K)) of m2(G) with m3(K).
(2) TIM s contained in H(}R,c (M, E) and coincides with the set of all those cohomology classes
[a] for which integration over circles and properly embedded copies of R, we obtain elements
of Hil .
M s discrete if and only if Hil is discrete.
If dim K < co and k is universal, then HEI CV(®) is discrete.
If K is compact and simple, then the Cartan—Killing form k is universal, for a suitable
normalization of k we have Hil =7, and TIM C H(;{R’C(M7 R) s the subgroup of all
cohomology classes with integral periods in the sense of (2). ]

—~ —~
Tt W
=

Remark V.2.18. A particularly interesting class of corresponding central extensions has been
studied by ETINGOF and FRENKEL in [EF94]. They investigate the situation where M is a
compact complex manifold, K is a simple complex Lie group, s is the Cartan—Killing form,
and by projecting onto the subspace of Hjy(M,C) C Q'(M,C)/dC>(M,C) generated by the
holomorphic 1-forms, they obtain a central extension of the complex Lie group C*°(M, K) by a
compact complex Lie group, which in some cases is an elliptic curve or an abelian variety. ]

V.3. Abelian extensions of Lie groups

In this section, we use the results of the preceding section to integrate abelian extensions
of Lie algebras to Lie group extensions.

If S:G — Aut(A) defines on A the structure of a smooth G-module, G is connected
and A = a/T'4 with T4 C a discrete, then H2(G, A) = Ext(G, A)s (Theorem V.2.8), so that
Theorem V.2.13 provides in particular necessary and sufficient conditions for a Lie algebra cocycle
w € Z2(g,a) to correspond to a global Lie group extension ([NeO4a, Th. 6.7]):
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Theorem V.3.1. (Integrability Criterion) Let G be a connected Lie group and A a smooth

G -module with Ay = a/T 4, where T4 is a discrete subgroup of the Mackey complete space a.

For each w € Z2(g,a), the abelian Lie algebra extension a — g =a®, g — g integrates to a

Lie group extension A — G —» G with a connected Lie group G if and only if

(1) T, :=im(per,) CT4, and

(2) there exists a surjective homomorphism ~:m (G) — mo(A) such that the flux homomorphism
F,:m(G) — Hl(g,a) is related to the characteristic homomorphism

Oa:mo(A) — H,(g,0), [a] =~ [Di(dg(a))] by Fo=0a07.
If A is connected, then (2) is equivalent to F,, = 0. u

Corollary V.3.2. Let G be a connected Lie group, a a smooth Mackey complete G-module
and w € Z2*(g,a). Then there exists a smooth G-module A with Lie algebra a such that
the abelian Lie algebra extension a — 9= ad®, g — g integrates to a Lie group emtenszon
A< G — G with a connected Lie group G zf and only if 1, is a discrete subgroup of a®

Proof.  The necessity is immediate from Theorem V.3.1. For the converse, we first use this
theorem to find an extension gg: G¥ — G of the universal covering group G of G by the smooth
G-module Ap := a/Tl,,. Then A := ¢;'(m(G)) C G* is a Lie group with identity component
Ag, so that G* is an A-extension of G. [ ]

Note that it may happen that the group A constructed in the preceding proof is not abelian.
Since Ap and 71 (G) are abelian, it is at most 2-step nilpotent.

Remark V.3.3. (a) Suppose that only (1) in Theorem V.3.1 is satisfied, and that A is
connected. Consider the corresponding extension ¢f:G! — G of G by A = a/T'4. Then
G = G*/71(G), where 71 (G) := (¢*)"1(m1(G)) is a central A-extension of 71 (G), hence 2-step
nilpotent. This group is abelian if and only if the induced commutator map

C:m(G) x 1 (G) — A

vanishes. It is shown in [NeO4a, Rem. 6.8] that, up to sign, this map is given by

(], ) = / W where yxpT2 G, (s) o y(B)n(s).

v
(b) According to a result of H. HopF ([Hop42]), we have for each arcwise connected
topological space X an exact sequence

0 — H*(m(X),A) — H2, (X, A) = Hom(Hy(X), A) — Hom(m(X), A) — 0

sing

(cf. [ML78, p.5]). If G is smoothly paracompact, then the closed 2-form w®® defines a singular
cohomology class in H3,, (G, a) = Hom(Hy(M), a) and after composition with the quotient map
ga:a — A, a singular cohomology class ¢, € Hfmg(G7 A). The inclusion I, C T'4 means
that this class vanishes on the spherical cycles, i.e., the image of m3(G) in Hy(G). Hence it
determines a central extension of m(G) by A, and if A is divisible, this central extension is
determined by the commutator map C:71(G) X 71 (G) — A. If this map vanishes, then ¢, =0,
but Example V.3.5(b) below shows that this does not imply the existence of a corresponding
global group cocycle. If G is 1-connected, then ¢, vanishes if and only if w integrates to a
group cocycle (cf. [EK64]), but in general this simple criterion fails.

(c) If F/([7]) € Hig(G,a) denotes the de Rham class obtained as in Proposition V.2.4,

then we have for each piecewise smooth loop 7:S! — G the formula fn El(v) = fv*n w®. u

The following proposition displays another facet of Hopf’s result mentioned under (b) above
for the special case of topological groups (cf. [NeO4a, Prop. 6.11]). In the context of rational
homotopy theory, it can be extended to the Cartan—Serre Theorem, that the rational homology
algebra of an arcwise connected topological group is generated by the homology classes defined
by maps S¥ — G, k € N (cf. [BuGi02, Th. 3.17]).
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Proposition V.3.4. Let G be a topological group, Sa(G) C Ho(G) the subgroup of spherical
2-cycles, i.e., the image of ma(G) under the Hurewicz homomorphism ma(G) — Ha(G), and
A2(G) = H3(G)/S2(G) the quotient group. Then As(G) is generated by the images of cycles
defined by maps of the form

0k BT -G, (ts) > a(t)(s)
where a, 3: T — G are loops in G. [ ]

Example V.3.5. (a) Let G := Diff(M)y" be the opposite group of the identity component
of Diff(M) for a connected compact manifold M. Recall that its Lie algebra is g := V(M)
(Example 11.3.14). For each Fréchet space E, the abelian Lie group a = C*° (M, E) is a smooth
G-module with respect to ¢.f := f ow. Each closed E-valued 2-form wj; defines a continuous
Lie algebra 2-cocycle by w(X,Y) := wp(X,Y). In this case, the period map and the flux cocycle
can be described in geometrical terms. In [NeO4a, Sect. 9], it is shown that the period map

per,: mo(Diff(M)) — a® = C*°(M, E)V(M) - E

factors for each mg € M through the evaluation map evy,,: Diff (M) — M, ¢ — ¢(my), to the
map

per, :ma(M,mo) — E, [o]— /wM.
Likewise, the flux homomorphism can be interpreted as a map
F,:m(Diff(M)) — Hig(M, E) = Hom(r (M), E),

that vanishes if and only if all integrals of the 2-form wj; over smooth cycles of the form
H:T? — M, (s,t) — a(s).3(t) with loops a in Diff(M) and 8 in M vanish.

This easily leads to the sufficient condition for the integrability of w that the period group
I'r of the 2-form wj; should be discrete in E. This in turn implies the existence of a Z-
principal bundle for Z := E/T'g with curvature wy; over M, and the identity component of the
group Aut(P) = Diff(P)Z is a Lie group extension of G by Gau(P) = C*>(M, Z), integrating
w (Example V.1.6(c)).

It would be very interesting to understand to which extent the discreteness of the periods
of wyps is necessary for the discreteness of the period group of w (see also the discussion in
[KYMOS5, p.86] and Problem V.4).

(b) We consider the special case M = T2, realized as the unit torus in C? and let wys be
an invariant 2-form on M with f mwm =1.

Since mo (M, mg) is trivial, per,, vanishes. By a(z)(w1,ws2) = (w1, ws), we obtain a loop
a in Diff (M), and the loop [(z) := (1,2) in M satisfies a(z1).8(z2) = (21, 22), so that

/ wyp = 1.
ax(3

We conclude that F,, # 0. Hence the Lie algebra cocycle w on V(M) does not integrate to a
group cocycle with values in the connected group a = C°°(T?,R).

Since wyy is integral, it is the curvature of a natural T-bundle ¢: P — M, which leads to
an abelian extension

1 — A:= Gau(P) = C>®(M,T) — Diff (M) — Diff (M), — 1

whose Lie algebra cocycle coincides with w. Note that m(A) = [T?, T] = Z? is non-trivial.
(c) The same phenomenon occurs already for the subgroup 7 := T?, acting on itself by
translations, and accordingly on a. By restriction, we obtain an abelian extension

1—>A=C°°(T2,T)(—>T2—»']T2—>1
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whose flux homomorphism F,: 7 (T?) — H'(R?, a) = H} (T? R) = R? is injective. In this case,
there is a reduction of the extension of T to an extension by the subgroup

B:=TxHom(T,T) =T x Z* C A= C>(T?,T),

generated by the constant maps and the characters of T'. The corresponding extension T of T
by B is isomorphic to the Heisenberg group

=

Example V.3.6. Let G := SL2(R). From the natural action of G on P;(R) 2 S!, we derive
an action on the space a := Q}(S},R). In Section 10 of [NeO4a], it is shown that there exists a
non-trivial w € Z2(sly(R), a) which integrates to an abelian extension

o O =
S = Q
= S0

1 R R 1 0 Z
:a,b,cER}: 0 1 R modulo 01 0]. ]
0 0 1 0 0 1

SLy(R) = Q'(S',R) x s SLy(R),

so that we obtain a non-trivial infinite-dimensional abelian extension of SLy(R) which is a
Fréchet—Lie group.

Since all finite-dimensional Lie group extensions of SLa(IR) by vector spaces split on the Lie
algebra level, this example illustrates the difference between the finite- and infinite-dimensional
theory. ]

For more references dealing specifically with central extensions, we refer to [Ne02a]. In
particular, [CVLL98] is a nice survey on central T-extensions of Lie groups and their role in
quantum physics (see also [Rog95]). It also contains a description of the universal central exten-
sion for finite-dimensional groups. For infinite-dimensional groups, universal central extensions
are constructed in [Ne02d], and for root graded Lie algebras in [Ne03] (cf. Subsection VI.1).

Example V.3.8. (The Virasoro group) Let G := Diff { (T') be the group of orientation pre-
serving diffeomorphisms of the circle T. Then the inclusion T < G of the rigid rotations is a
homotopy equivalence, so that m2(G) vanishes and 71 (G) = Z (cf. [Fu86, p. 302]).

Furthermore, HZ(g,R) = R[w] is one-dimensional ([PS86]), and the corresponding flux
homomorphism F,, vanishes ([Ne02a, Ex. 9.3]), so that Theorem V.3.1 implies the existence of
a corresponding central R-extension of G, called the Bott—Virasoro group Vir. Remark V.2.15
implies that this extension has a smooth global section, hence can be described by a smooth
global cocycle. Such a cocycle, and other related ones, are described explicitly by BOTT in
[Bo77]. A more direct construction of this and related cocycles has been described recently by
BiLLiG ([BiY03]).

In [Se81], G. SEGAL studies projective unitary representations of Diff(S!) via representa-
tions of loop groups, which implicitly define unitary representations of the Bott—Virasoro group.
In [GW84/85], GOODMAN AND WALLACH give an analytic construction of the unitary highest
weight representations of Vir by directly integrating the corresponding Lie algebra representation
on the representations of loop groups, using scales of Banach spaces.

The Bott—Virasoro group is also a very interesting geometric object. One aspect of its rich
geometric structure is that, although it is only a smooth real Lie group which is not analytic
(Remark VI.2.3 below), it carries the structure of a complex Fréchet manifold, which is obtained
by identifying it with the complement of the zero section in the holomorphic line bundles over
Diff . (S1)/T ([Lem95], [KY8T]).
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Open Problems for Section V

Problem V.1. Generalize Theorem V.2.13 in an appropriate way to non-connected Lie groups
G and A.

The generalization to non-connected Lie groups G means to derive accessible criteria for
the extendibility of a 2-cocycle on the identity component Gy to the whole group G. From the
short exact sequence Gy — G —» 7o(G), we obtain maps

H?(m0(@), A)——H?(G, A)— H?(Gy, A)C,

but it is not clear how to describe the image of the restriction map R from G to Gj.

If A is a trivial module, one possible approach is to introduce additional structures on a
central extension G of Go by A, so that the map ¢: G — G describes a crossed module, which
requires an extension of the natural Go-action of G on G to an action of G (cf. [Ne05)).

To deal with non-connected groups A seems to be tractable if we assume that Ay = a/T 4
as in Theorem V.2.13. Under the assumption that G is connected, the crucial information is
contained in an exact sequence

0 — H2(G, Ay) — H3(G, A)— = Hom(m (G), m(A)) — H3(G, Ap),

where ~ assigns to an extension of G by A the corresponding connecting homomorphism
m1(G) — m(A) in the long exact homotopy sequence (cf. [NeO4a, App. E]). To determine
H2(G, A) in terms of H*(G, Ap) and known data, one has to determine the image of HZ(G, A)
in Hom(m(G), mo(A)). ]

Problem V.2. Do the spaces Z2(G, A) and Z2,(G, A) (Remark V.2.9) coincide for each non-
connected Lie group G and each smooth G-module A?

This is true if G is connected ([NeO4a, Prop. 2.6]), but in general we do not know if
Z2.(G,A) is a proper subgroup of Z2(G, A), which is equivalent to HZ2 (G, A) being a proper
subgroup of H2(G,A). In terms of abelian extensions, this means that there exists an abelian
extension G of G by the G-module A for which the restriction Go to the identity component Gg
is a Lie group extension, but G cannot be turned into a Lie group because for certain elements
g € G the conjugation action on Go is not an action by smooth group automorphisms (cf.
condition (L3) in Theorem II.2.1). ]

Problem V.3. Give an explicit description of kernel and cokernel of the derivation maps
D,:H}(G,A) - H'(g,a) for n>3.

For A = a/T" 4 for some discrete subgroup I'4 C a, the first necessary condition for [w] € H(g, a)
to lie in the image of D, one obtains quite easily is that the range of the period homomorphism

per,:m,(G) — a
must be contained in T'y 2 71 (A) (cf. [GNOT7]). ]

Problem V.4. An interesting special case of the preceding problem arises for G = Diff (M),
M a compact manifold, a = C*°(M,R), where G acts by (¢.f)(m) = f(p(m)), and w €
O?(M,R) is a closed 2-form. Then w defines a Lie algebra cocycle in Z2(V(M),a), and it is an
interesting question when this cocycle integrates to a group cocycle on G. We know that this is
the case if the period group ([w], H2(M)) C R is discrete, but this is not necessary (cf. [KYMOS5,
p,86]). The approach described in Example V.3.5 may be useful to analyze this problem. The
crucial point is to understand the range of the homomorphism 7o (Diff(M)) — w2 (M, mg) and of
the natural map 71 (Diff (M)) x 71 (M, mg) — [T?, M] — Ha(M) (Example V.3.5) (see [Ban97,
Ch. 3] for more details on such maps). [
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Problem V.5. Give a characterization of those principal K-bundles q: P — M for which the
extension Aut(P) of the subgroup Diff(M)(p; by the gauge group Gau(P) splits on the group
level (cf. Example V.1.6). On the Lie algebra level, such conditions are given by LECOMTE in
[Lec85]. Note that this is obviously the case if the bundle is trivial, which implies Aut(P) =
C>(M,K) x Diff(M). It is also the case for natural bundles to which the action of Diff (M)
lifts, such as the frame bundle and other natural bundles. ]

VI. Integrability of locally convex Lie algebras

In this section, we take a systematic look at the integrability problem for locally convex Lie
algebras with an emphasis on locally exponential ones, because they permit a quite satisfying
general theory. For Lie algebras which are not locally exponential only isolated results are
available.

VI.1. Enlargeability of locally exponential Lie algebras

Definition VI.1.1. A locally convex Lie algebra g is said to be integrable if there exists
a Lie group G with L(G) = g. It is called locally integrable if there exists a local Lie group
(G,D,m¢,1) with Lie algebra L(G) = g. A locally exponential Lie algebra is called enlargeable
if it is integrable to a locally exponential Lie group, i.e., if some of the corresponding local groups
are enlargeable (cf. Definition IV.2.3). ]

Although every finite-dimensional Lie algebra is integrable, integrability of infinite-dimen-
sional Lie algebras turns out to be a very subtle property.

Examples VI.1.2. (a) If g is a finite-dimensional Lie algebra, endowed with its unique locally
convex topology, then g is integrable. This is Lie’s Third Theorem. One possibility to prove
this is first to use Ado’s Theorem to find an embedding g — gl,(R) and then to endow the
integral subgroup G := (expg) C GL,(R) with a Lie group structure such that L(G) = g (cf.
Corollary IV.4.10).

(b) If g is locally exponential, then it is locally integrable by definition. In particular, every
Banach-Lie algebra is locally integrable (Examples IV.2.4). [

Enlargeability and generalized central extensions

The criteria described in Section V.3 provide good tools to understand the difference
between the group and Lie algebra picture for abelian extensions. However, not all quotient
maps ¢: g — g of Lie algebras are topologically split in the sense that there is a continuous linear
section, therefore they are not extensions of the type just discussed. An important example is
the map ad: g — g/3(g), where 3(g) is the center. The fact that for each locally exponential Lie
algebra g, the Lie algebra gaq := g/3(g) is always integrable (Theorem IV.3.8) shows that the
question of the integrability of central extensions has to be addressed even for those which are
not topologically split. Fortunately, there is a method to circumvent the problems caused by this
topological difficulty by reducing all assertions to topologically split central extensions. The key
concept is that of a generalized central extension (cf. [Ne03], [GNOT]).

Definition VI.1.3. A morphism ¢:g — g of locally convex Lie algebras is called a generalized
central extension if it has dense range and there exists a continuous bilinear map b:gx g — g
for which bo (¢ x q) is the Lie bracket on g. It is called a central extension if, in addition, ¢ is
a quotient map. [
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The subtlety of generalized central extensions is that ¢ need not be surjective and if it
is surjective, it need not be a quotient map. Fortunately, these difficulties are compensated
by the following nice fact. Let us call a locally convex Lie algebra g topologically perfect if its
commutator algebra is dense. We call a generalized central extension gq:g — g universal if for
any generalized central extension ¢:g — g there exists a unique morphism of locally convex Lie
algebras a:g — g with go a = gg. Then one can show that each topologically perfect locally
convex Lie algebra g has a universal generalized central extension (unique up to isomorphism).
For the basic results on generalized central extensions we refer to [Ne03, Sect. III], where one also
finds descriptions of the universal generalized central extensions of several classes of Lie algebras.

Remark VI.1.4. If q:g — g is a central extension, then ¢ x ¢: g x g — g X g also is a quotient
map. Therefore the Lie bracket of g factors through a continuous bilinear map b:g x g — g with
b(q(x),q(y)) = [z,y] for z,y € g, showing that g is a generalized central extension of g. ]

Proposition VI.1.5. ([Ne03, Lemma IIL.4])! For a generalized central extension q:g — g

the following assertions hold:

(1) The corresponding map b is a Lie algebra cocycle in Z2(g,|g|), where |g| denotes g, con-
sidered as a trivial g-module.

(2) If |g| denotes the space g, endowed with the trivial Lie bracket, then the maps

g — gl @vg, w(z.q9(x) and gl @ —lal, (2,y) —y—q2)

are homomorphisms of Lie algebras, 1 is a topological embedding, n is a quotient map, and
the sequence .

0—g——3l ©ra—lg| >0
15 exact. ]

For the following theorem from [GNO7], we recall that central extensions of locally expo-
nential Lie algebras by Mackey complete spaces are locally exponential (Theorem 1V.2.10).

Theorem VI.1.6. (Enlargeability criterion for generalized central extensions) Let G be a
connected locally exponential Lie group with Lie algebra g and q:g — g a generalized central
extension for which g is Mackey complete. Let w € Z>*(g,[g|) be the associated Lie algebra
cocycle and per,:m(G) — |g| the corresponding period homomorphism. Then the following
assertions hold:

(1) II, :=im(per,) is contained in 3.

(2) g is enlargeable if 11, is discrete.

(3) If q is a central extension, then g is enlargeable if and only if 11, is discrete.

Proof. (1) follows from the fact that the cocycle gow = —dgidy is trivial. It is the Lie bracket
of g.

(2) Corollary V.3.2 implies that g := |g| ®p g is enlargeable if and only if TI,, is discrete. If
this is the case, then the closed ideal g of g is also enlargeable because g = kern implies that it
is locally exponential (Theorem IV.2.9), so that Corollary IV.4.10 applies.

(3) Suppose that ¢ is a quotient map, i.e., a central extension, and that g is enlargeable.
Since the cocycle b= q*b coincides with the Lie bracket on g, the corresponding central extension
gt =g @59 is split by the section o(x) := (v, 7), hence is enlargeable. Furthermore,

g =gl @0 = §/({0} x3)

is locally exponential by Theorem IV.2.9, which applies in particular to all quotients by central
ideals. In view of Theorem VI.1.10 below, it now suffices to show that the integral subgroup
Z generated by 3 is a locally exponential Lie subgroup. But this follows from the fact that
the projection onto [g| x {0} along im(c) restricts to a homeomorphism on 3. Hence the
corresponding subgroup is a locally exponential Lie subgroup, and this completes the proof. m

L' For the case of central extensions of Banach-Lie algebras, part of the assertions below can be found in a
footnote in [ES73, p.58].
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The preceding theorem applies in particular to central extensions 3 — g —» g = L(G) of
Banach-Lie algebras, for which it characterizes integrability in terms of the discreteness of II,.
In this case, a similar criterion is given by VAN EST and KORTHAGEN in [EK64]. On the surface,
their criterion has the same formulation, but their period homomorphism arises as an element of
Hfing(G,g) =~ Hom(H>(G),3) obtained from the enlargeability theory of local groups ([Est62]).
Under their assumption that G is 1-connected, the Hurewicz homomorphism mo(G) — Ha(G)
is an isomorphism, so that their period homomorphism also is a homomorphism 72 (G) — 3, and
one can even show that both coincide up to sign. We think that the definition of the period
homomorphism in terms of integration of differential forms makes it much more accessible than
the implicit construction in [EK64].

Definition VI.1.7. Let g be a locally exponential Lie algebra and consider the central
extension
0—3(g) = g — gaa :=9/3 — 0.
Let Gaq € Aut(g) be endowed with its locally exponential group structure with Lie algebra gaq
(Theorem IV.3.8) and
perg: ma(Gaa) — 3(9)

the corresponding period homomorphism (Theorem VI.1.6(1)). We write II(g) := im(per,) for
its image and call it the period group of g. ]

The following theorem generalizes the enlargeability criterion of [EK64] for Banach algebras.
It follows immediately from Theorem IV.3.8 on the integrability of g/3(g) and Theorem VI.1.6.

Theorem VI.1.8. (Enlargeability Criterion for locally exponential Lie algebras) A Mackey
complete locally exponential Lie algebra g is enlargeable if and only if its period group T(g) is
discrete. ]

Proposition VI.1.9.  If g is a separable locally exponential Lie algebra, then TI(g) is count-
able. If, in addition, g is Fréchet, then I1(g) is closed if and only if it is discrete.
Proof. If g is separable, then the same holds for the connected group G,q and hence for the
identity component C,(S', Gaq)o of the loop group. Its universal covering group is also separable,
so that its fundamental group, which is isomorphic to m2(Gaq), is countable. This implies that
II(g) is countable.

If TI(g) is closed and g is Fréchet, it is a countable complete metric space, hence discrete.m

For the second part of the preceding proposition, the Fréchet assumption on g is crucial:
the space R® contains a non-discrete closed subgroup isomorphic to Z™ ([HMP04, Cor. 3.2(1)]).
Combining the fact that kernels of morphisms are locally exponential Lie subgroups (Propo-
sition 1V.3.4) and Theorem IV.1.19 on the integration of morphisms of Lie algebras, one ob-

tains the equivalence of (1) and (2) in the following integrability criterion for quotient algebras
([GNO06)):

Theorem VI.1.10. (Enlargeability Criterion for quotients) Let G be a 1-connected locally
exponential Lie group and n < g a closed ideal for which the quotient Lie algebra q := g/n is
locally exponential. Let

Z(G,n) :={g € G:(Ad(g) —1)(g) C n}.
Then Z(G,n) < G is a normal locally exponential Lie subgroup with Lie algebra

3(97“) = {:E SR [x,g] c n}7
and the Lie algebra homomorphism ¢:3(g,n) — 3(q) defines a period homomorphism

per,: 1 (Z(Gyn)) — 3(a),  per,([7]) = / 4(6(1)e) dt,

where v:[0,1] — Z(G,n) is a piecewise smooth loop. The following assertions are equivalent:
(1) The locally exponential Lie algebra q = g/n is enlargeable.

(2) The normal integral subgroup N := (expsn) < G is a locally exponential Lie subgroup.

(3) The image of per, is a discrete subgroup of 3(q). |
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Remark VI.1.11. In addition to the assumptions of the preceding theorem, suppose that G
is a Fréchet—Lie group. We then have Q,q = G/Z(G,n), and since Michael’s Selection Theorem
([MicE59]) applies to the quotient map g — g, this leads to a surjective homomorphism

§:m2(Qad) — m(Z(G,n)).

The surjectivity of ¢ follows from the 1-connectedness of G and the exactness of the long exact
homotopy sequence of the bundle G — Q.q. Then it is not hard to see that

per, o = pery: ma(Qad) — 3(q),
which shows that (3) in Theorem VI.1.10 is equivalent to the discreteness of the II(q) (Theo-
rem VI.1.8). [

Proposition VI.1.12. (Functoriality of the period group) Let ¢:g — b be a morphism
of Mackey complete locally exponential Lie algebras with ©(3(g)) C 3(h) and @ad:@ad — bad
the induced homomorphism. Then @.q integrates to a group homomorphism @aq: Gaq — Had,
e(I(g)) CII(h), and the following diagram commutes
72 (Paa)
72(Gaa) ———— m2(Haa)

perg pery

3e)  —=——  3(h)

Corollary VI.1.13. If g1,92 are Mackey complete locally exponential Lie algebras, then

(g1 x g2) = T(g1) x II(g2). u
Remark VI.1.14. (Constructing non-enlargeable Lie algebras) Suppose that g is a locally
exponential Lie algebra with II(g) 2 Z. Let § € R\ Q. Then 3 := {(x,0x):x € 3(g)} is a central
ideal of g x g, so that b := (g x g)/3 is locally exponential. Corollary VI.1.13 and Proposition
VI.1.12 imply that, writing II(g) = Zd, we get
II(h) = Z[(d, 0)] + Z[(0, d)] = (Z + Z)[(d, 0)],
which is not discrete. Hence b is not integrable. ]

Using the construction of the group G via Theorem VI.1.6 and the long exact homotopy
sequence, one can identify the period group of enlargeable Fréchet—Lie algebras in terms of the
center:

Proposition VI.1.15. If G is a locally exponential 1-connected Fréchet—Lie group and
g = L(G) its Lie algebra, then

II(g) = ker(expg |;(5)) = m(Z(G)). u
Example VI.1.16. The first example of a non-enlargeable Banach—Lie algebra was given by

van Est and Korthagen with the method described in Remark VI.1.14 ([EK64]). It is the central
extension g of the Banach-Lie algebra C(S!,su2(C)) by R, defined by the cocycle

1
w(f,g) = / tr(f(t)g (1)) dt,

where we identify functions on S! = R/Z with 1-periodic functions on R. Then g.q =
CL(S!,5u3(C)) and Gaq = CL(S',SUL(C)) leads to ma(Gaq) = w3(SU2(C)) =2 73(S3) = Z.
Now one shows that per, = per,, is non-trivial to verify that II(g) = Z.

Using Kuiper’s Theorem ([Ku65]), DOUADY and LAZARD gave a simpler example ([DL66]):
by observing that the 1-connectedness of the unitary group U(H) of an infinite-dimensional
complex Hilbert space H implies that its Lie algebra u(H) :={X € L(H): X* = —X} satisfies

(u(H)) =m(Z(U(H))) = m(T) = Z
(Proposition VI.1.15).

Based on the fact that U(H) is 1-connected, one can also give the following direct argu-
ment. For any irrational § € R\ Q the line n := Ri(1,01) generates a dense subgroup of the
center Z(U(H) x U(H)) 2 T? of the 1-connected group U(H) x U(H), so that Theorem VI1.1.10
implies that the quotient Lie algebra (u(H) x u(H))/n is not enlargeable. ]
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Enlargeability of quotients

One may take Theorem VI.1.10 as a starting point of a theory of certain topological groups
which are more general than Lie groups, namely quotients of Lie groups. This leads to the
concept of a scheme of Lie groups, or S -Lie group (cf. [Ser65], [DL66] and [Est84]). The strength
of this concept for Banach—Lie algebras and, more generally, locally exponential Lie algebras,
follows from the fact that each such Lie algebra is a quotient of an enlargeable one:

Theorem VI.1.17.  ([Swi7l] for the Banach case) For each locally exponential Fréchet-Lie
algebra g, the Lie algebra

A(g) := C.([0,1], ) := {7 € C([0,1],9):7(0) = 0}

is enlargeable.

Proof. Clearly, 3(A(g)) = A(3(g)), so that A(g)aa = A(gaa) follows from Michael’s Theorem
([MicE59]). The corresponding group C, ([0, 1], Gaq) is contractible, and this leads to II(A(g)) =
{0}, which implies enlargeability. [

A central point of the preceding theorem is that it implies that each locally exponential
Fréchet—Lie algebra g is a quotient of an enlargeable Fréchet—Lie algebra (cf. [Rob02, Th. 5]):
the evaluation map evi:A(g) — g,7v — (1) is a quotient map. Now one can address the
enlargeability problem along the lines of Theorem VI.1.10.

Remark VI.1.18. (a)In [Woj06], WoJTYNSKI describes a variant of this approach for Banach—
Lie algebras. Instead of considering the Banach—Lie algebra A(g), he considers analytic paths
Y(t) = 30°  ant™, for which ||v][1 := Y_.2; |las| is finite. Identifying these curves with their
coefficient sequences, we denote this space by £*(g) := £*(N, g). The Lie bracket on this sequence
space is given by

n—1

(6.1.1) [(@n), (bn)] = (cn)  With ey =Y [aj,bu—j].

J=1

With the same Lie bracket, we also turn the full sequence space gV into a pro-nilpotent
Fréchet-Lie algebra, which is exponential for trivial reasons. Since the Banach-Lie algebra ¢!(g)
injects into the exponential Lie algebra gV, it is enlargeable by Corollary IV.4.10. Again, we
have an evaluation map

¢l (g) =g (an)— Y an,
n=1

which is a quotient morphism of Lie algebras and since the subgroup (exp¢!(g)) is contractible
(cf. [Woj06]), one may proceed with Theorem VI.1.10 as for A(g).

(b) In [Pe93a/95a], PESTOV shows that if F is a Banach space of dim E > 1, then the free
Banach-Lie algebra over E has trivial center. As a consequence, every Banach-Lie algebra g of
dimension > 1 is a quotient of a centerless Banach—Lie algebra F'(g), the free Banach—Lie algebra
over the Banach space g, which is enlargeable because its center is trivial (Theorem IV.3.8).
Again, we can proceed with Theorem VI.1.10 to obtain enlargeability criteria. ]

The following enlargeability criterion of SWIERCZKOWSKI for extensions by not necessarily
abelian ideals is a powerful tool. It would be very interesting to see if it can be extended to the
locally exponential setting. It applies in particular to all situations where q is finite-dimensional
or abelian (cf. [Swi65]; Remark V.2.14(Db)).

Theorem VI.1.19.  ([Swi67, Th., Sect. 12]) Suppose that g is a Banach-Lie algebra and
n < g a closed enlargeable ideal for which q := g/n is enlargeable to some group Q with vanishing
m2(Q), then g is enlargeable. [
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Definition VI.1.20. A Banach-Lie algebra is said to be lower solvable if there exists an
ordinal number « and an ascending chain of closed subalgebras

{0}=00Cg1C92C...CgpCogp+1C...Cga =9

such that
(a) If B <« is not a limit ordinal, then Xg_; is an ideal of Xg containing all commutators.
(b) If § < « is a limit ordinal, then X4 is the closure of U7<,@ X, . ]

The following theorem is an immediate consequence of Theorem VI.1.19, applied to the
situation where q is abelian:

Theorem VI.1.21.  ([Swi65, Th. 2]) Each lower solvable Banach—Lie algebra is enlargeable.m

Some of the methods used above for Banach—Lie groups have some potential to work in
greater generality. Here are some ideas:

Remark VI.1.22. If G is a Lie group with Lie algebra g, then
P(G):=CF(1,G) :=={y € C*(I,G):7(0) =1}

also is a Lie group with Lie algebra P(g) := C°(1I,g), endowed with the pointwise bracket.
The logarithmic derivative 0: P(G) — C*°(1,g) is a smooth map satisfying d(af) = 0(8) +
Ad(B)71.0(a) and Ty(6)(€) = €. (Lemma I11.3.3). As [£,n) = [¢,n] + [£, 7], it follows that
T1(6): P(g) — C°°(I,g) becomes a topological isomorphism of Lie algebras if C°°(I,g) is
endowed with the bracket

(612) i) = 60, [ imyar] + [ [ etmarnco].

The evaluation map evy: P(g) — g corresponds to the quotient map

1
c>(,g9) — g, £'—>/0 &(r)dr.

If, in addition, G is regular, then § is a diffeomorphism, and it follows that C*°(I,g),
endowed with the bracket (6.1.2), is integrable. Since this property is clearly necessary for the
regular integrability of g, Lie algebras with this property are called pre-integrable in [RK97] (see
also [Les93]). [

If G is a real BCH-Lie group, then a morphism kg:G — Gc¢ to a complex BCH-Lie
group Gc 1is called a universal complezification if for each other morphism a:G — H to a
complex BCH-Lie group H, there exists a unique morphism (:G¢ — H with o = fokrg. It
is well known that if G is finite-dimensional, then a universal complexification always exists (cf.
[Ho65] , [Ne99, Th. XIII.5.6]), but it need not be locally injective, so that it may occur that
dim¢ G¢ < dimg G. The following theorem shows that, due to the existence of non-enlargeable
Lie algebras, the situation becomes more complicated in infinite dimensions.

Theorem VI.1.23.  (Existence of universal complexifications; [GN03], [Gl02c]) Given a real
BCH-Lie group G, let Ng be the intersection of all kernels of smooth homomorphisms from G
to complexr BCH-Lie groups. Then G has a universal complexification if and only if Ng is a
BCH-Lie subgroup of G and the complexification of L(G)/L°(N¢g) is enlargeable. ]

Note that Theorem VI.1.10 implies that if G is 1-connected, the existence of a universal
complexification is equivalent to the enlargeability of L(G)/L¢(N¢g). In [GNO3], one finds an
example of a Banach-Lie group for which Ng fails to be a Lie subgroup ([GNO03, Sect. V]) and
also examples where Ng = {1} but L(G)c is not enlargeable. The setting of BCH-Lie groups is
the natural one for complexifications because if g is a locally exponential Lie algebra for which gc
is locally exponential as a complex Lie algebra, then the local multiplication is complex analytic.
This implies that g¢ is BCH which in turns entails that g is BCH.
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Localizing enlargeability

We call a norm | - | on a Lie algebra g submultiplicative if ||[z,y]|| < |lz|||ly|l for all
x,y € g. A Banach-Lie algebra (g, || - ||) is called contractive if its norm is submultiplicative. For
any contractive Lie algebra, we define

dg = inf{]|z|: 0 # = € II(g)} € [0, x]

and note that g is enlargeable if and only if §; > 0, which is equivalent to the discreteness of the
period group II(g) (Theorem VI.1.8). The following theorem is originally due to PESTOV who
proved it with non-standard methods. A “standard” proof has been given in [Bel04] by BELTITA.

Theorem VI.1.24.  (Pestov’s Local Theorem on Enlargeability) A contractive Banach—Lie
algebra g is enlargeable if and only if there exists a directed family H of closed subalgebras of g
for which \JH is dense in g and inf{dy:H € H} > 0. n

Since for each finite-dimensional Lie algebra g the period group is trivial, we have §; = oo,
and the preceding theorem, applied to the directed family of finite-dimensional subalgebras of g
leads to:

Corollary VI.1.25. ([Pe92], [Bel04]) If g is a Banach—Lie algebra containing a locally finite-
dimensional dense subalgebra, then g is enlargeable. ]

Corollary VI.1.26. ([Pe93b, Th. 7]) A Banach—Lie algebra g is enlargeable if and only if all
its separable closed subalgebras are. ]

Period groups for continuous inverse algebras

Another interesting class of cocycles arises for complete CIAs A ([NeO6c]). A continuous
alternating bilinear map a: Ax A — FE, E alocally convex space, is said to be a cyclic 1-cocycle
if

alab, ¢) + a(be, a) + alca,b) =0 for a,b,c € A.
We write ZO'(A, E) for the set of all cyclic 1-cocycles with values in E. Let Ay = gl (A)
denote the Lie algebra (A4, [-,]) obtained by endowing A with the commutator bracket. Then
each cyclic cocycle defines a Lie algebra cocycle o € Z2(Ay, F) with respect to the trivial module
structure on F. To describe the universal cyclic cocycle, we endow A ® A with the projective
tensor topology and define (A, A) as the completion of the quotient space

(A® A)/span{a ® a,ab @ c+bc® a + ca® b;a,b,c € A}.

We write ay(a,b) := (a,b) for the image of a ® b in (A, A). Then the universal property of the
projective tensor product implies that

LA, A)E) — ZCYAE), fr foa

is a bijection for each complete locally convex space E, so that «,, is a universal cyclic 1-cocycle.
Of particular interest is the map ba: (A4, A) — A,{(a,b) — [a,b] defined by the commutator
bracket. Its kernel

HCy(A) :=kerbsy C (A, A)

is the first cyclic homology space of A (cf. [Lo98]). We write w,, for the universal cyclic 1-cocycle,
interpreted as a Lie algebra 2-cocycle. Then the corresponding period map

per

i (A7) — (A, A)

Wy, *
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actually has values in the subspace HC1(A), which leads to a homomorphism

per, :m(A*) — HCi(A).

It is a remarkable fact that this structure behaves nicely if we replace A by a matrix
algebra M, (A). Let n,: A — M, (A),a — aF1; denote the natural inclusion map and observe
that it induces maps (A, A) — (M, (A), M,(A)), taking HC1(A) into HCy(M,(A)). In the
other direction, we have maps

n

@) (M (A), Ma(A)) — (A, A), ((aiy), (b)) = Y {as, bji),

ij=1

and the topological version of the Morita invariance of cyclic homology ([Lo98, Th. 2.2.9]) asserts
that these maps restrict to isomorphisms HC;(My(A)) — HC1(A). This leads to extensions of
the universal cocycle to a cocycle w? € Z2(gl,,(A), (A, A)) with n}w! = w, for each n € N. In
terms of the tensor product structure gl,,(4) = A ® gl,,(K), it is given by

wy(a®x,b®y) = tr(zy){a,b).

To explain the corresponding compatibility on the level of period homomorphisms, we
define the topological K -groups of A by

KiJrl(A) = lim WZ(GLn(A)) for i€ Np,

where the direct limit on the right hand side corresponds to the embeddings

0 1

induced by the corresponding embeddings M, (A) — M,,+1(A). The group Ky(A) is defined as
the Grothendieck group of the abelian monoid lim 7y (Idem(M,,(4))), endowed with the addition

e 0
le] + [f] == [(O f>} (ct. [BI9S]).
The naturality of the universal cocycles now implies that the period maps

per,n: m2(GLy (4)) — HC1(A)

QL (A) — GLosr (A), a'—><a 0),

combine to a group homomorphism
perly: K3(A) = lim 72(GL,(A)) — HC1(A),

which is a natural transformation from the functor K3 with values in abelian groups to the
functor HC; with values in complete locally convex spaces.
It is of some interest to know whether the group

1} := im(perly) € HC(A)
is discrete. If this is the case, then each period homomorphism per,n has discrete image,

which implies that the corresponding central extension aln(A) of the Lie algebra gl,(A) by
(M, (A), M, (A)) is enlargeable.

This central extension is of particular interest when restricted to the subalgebra sl,(A) :=
[91,(A4),gl,(A)]. We define a Lie bracket on (M,,(A), M, (A)) by

[<aa b>7 <a/a b,>] . <[aa b]a [a/v b/]>7

turning it into a locally convex Lie algebra. Now the bracket map of M,,(A) induces a generalized
central extension

¢ 50n(A) := (M (A), Mo (A)) = sl(A),  (a,b) — [a, 0]

~

with kerq = HC1(M,(A)) = HCy(A), which is a universal generalized central extension,
called the topological Steinberg—Lie algebra ([Ne03, Ex. 4.10]). The enlargeability criterion in
Theorem VI.1.6 immediately leads to:
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Theorem VI.1.27.  If the subgroup I1Y of HC1(A) is discrete, then all Steinberg-Lie algebras
50, (A) are enlargeable. ]

Remark VI.1.28. Let w € ZC'(A, E) be a cyclic cocycle, considered as a Lie algebra cocycle
on (A,[,-]). Then the adjoint action of A on the Lie algebra Ay := E ¢, AL integrates to an
action of A* by

9-(z,a) = (z —w(ag™.g), gag™").
In view of Remark V.2.14(f), this implies the triviality of the flux homomorphism
F,:m(A*) — HY (AL, E) C L(A,E). "
According to [Bos90], we have for each complex complete CIA A natural isomorphisms
B Ki(A) — Kiio(A), i¢cN.
This is an abstract version of Bott periodicity. In particular, the range of
Py = pery ofY: K1(A) — HC,(A)

coincides with TI{'. The main advantage of this picture is that natural transformations from K
to HC4 are unique, which leads to the explicit formula

Palgl) = (g7 Yijrg5i)  for  [g] € Ki(A), g € GLn(A)
1,7
(cf. [Ne06¢]). If, in addition, A is commutative, then HC;(A) is the completion of the quotient
QY (A)/da(A), where Q1(A) is the (topological) universal differential module of A. In these

terms, we then have

Pa(g) = (det(g)~", det(g)) = [det(g) " da(det(g))],

which leads to
im(Ps) = Pa([A%]) = {[a 'da(a)]:a € A*}.

Examples VI.1.29. (1) For A= C>(M,C), M a o-compact finite-dimensional manifold, we
have
HC1(A) = Q,(M,C)/dC (M, C)

([Co94], [Mai02]). Moreover, M, (A) = C*(M, M,(C)) and
wy (f,9) = [tx(f - dg)]
is a cocycle of product type, which implies that its period group coincides with the group
im(Ps) = 6(C2°(M,C))/dC (M, C)

of integral cohomology classes in H}y (M, C), which is discrete (Theorem V.2.17).

(2) For A = C(X,C), where X is a compact space, JOHNSON’s Theorem entails that
QL(A), and hence HCy(A) =2 QY (A)/d(A), vanish ([BD73, Th. VI.12]). This further implies
that for each C*-Algebra A the homomorphism P4 vanishes. ]

A particularly interesting class of Fréchet CIAs are the d-dimensional smooth quantum
tori. These algebras are parametrized by skew-symmetric matrices © € Skew,(R), as follows.
They are topologically generated by d invertible elements w1, ..., uq, together with their inverses,
satisfying the commutation relations

uptiy = ™ Oy, for 1<p,q<d.

Moreover,

Ao = { 3 and: (ke N) Y (1 |ag| < oo},

Iez4d I

where |I| =iy +...+iq and u! := ulf e uzld , so that, as a Fréchet space, Ag is isomorphic to the
space of smooth functions on the d-dimensional torus. In particular, we have the commutative
case Ag = C®(T?,C). The following theorem characterizes those for which the image of P4 is
discrete ([Ne06c]):
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Theorem VI.1.30.  For the d-dimensional smooth quantum torus Ag, the group im(Pay) s
discrete if and only if d < 2 or the matrix © has rational entries. ]

An interesting consequence of the preceding theorem is that there exists a CIA A for
which im(P4) is not discrete. The smallest examples are of the form A := C*°(T, Ag), where

0= <_00 g) ,0 € R\ Q, so that Ag is a so-called irrational rotation algebra.

VI.2. Integrability of non-locally exponential Lie algebras

After the discussion of the enlargeability of locally exponential and Banach—Lie algebras
in the preceding subsection, we now turn to more general classes of Lie algebras. Unfortunately,
there is no general theory beyond the locally exponential class, so that all positive and negative
results are quite particular.

We start with a discussion of some obstructions to the integrability to an analytic Lie
group, then turn to complexifications of Lie algebras of vector fields, and finally to Lie algebras
of formal vector fields, resp., Lie algebras of germs.

Proposition VI.2.1.  ([Mil84, Lemma 9.1]) Let G be a connected analytic Lie group. Then
each closed ideal n I L(G) is invariant under Ad(G). [

Corollary VI.2.2. If g is a Lie algebra containing a closed ideal which is not stable, then g
is not integrable to an analytic Lie group with an analytic exponential function. ]

Remark VI.2.3. Proposition VI.2.1 implies that the Lie group Diff (M) of all diffeomorphisms
of a compact manifold M does not possess an analytic Lie group structure for which its Lie
algebra is V(M). Indeed, for each non-dense open subset K C M, the subspace

V(M)K = {XEV(M)X|K:0}

is a closed ideal of V(M) not invariant under Ad(Diff(M)) because Ad(p).V(M)x = V(M) (x)
for ¢ € Diff(M). |

The situation improves if we restrict our attention to analytic diffeomorphisms:

Theorem VI.2.4.  ([Les82/83]) Let M be a compact analytic manifold and V¥ (M) the Lie
algebra of analytic vector fields on M. Then V¥(M) carries a natural Silva space structure,
turning it into a topological Lie algebra, and the group Diff” (M) of analytic diffeomorphisms
carries a smooth Lie group structure for which V¥ (M)°P is its Lie algebra. ]

It is shown by TOGNOLI in [Ta68] that the group Diff*(M), M a compact analytic
manifold, carries no analytic Lie group structure (cf. [Mil82, Ex. 6.12]). That there is no analytic
Lie group with an analytic exponential function and Lie algebra V¥ (M) can be seen by verifying
that the map (X,Y) — Ad(FI).Y is not analytic on a 0-neighborhood in V¥ (M) x V¥ (M) (cf.
[Mil82, Ex. 6.17]).

The following non-integrability result is quite strong because it does not assume the exis-
tence of an exponential function. Its outcome is that complexifications of Lie algebras of vector
fields are rarely integrable. For complexifications of Lie algebras of ILB-Lie groups, similar
results are described by OMORI in [Omo97, Cor. 4.4].

Theorem VI1.2.5. ([Lem97]) Let M be a compact manifold of positive dimension. Then the

complezifications gc of the following Lie algebras g are not integrable:

(1) The Lie algebra V(M) of smooth vector fields on M .

(2) If M is analytic, the Lie algebra V¥ (M) of analytic vector fields on M .

(3) If Q is a symplectic 2-form on M, the Lie algebra V(M,Q) := {X € V(M): LxQ = 0} of
symplectic vector fields on M .
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(4) If M is analytic and Q is an analytic symplectic 2-form on M , the Lie algebra V¥ (M, Q)
of analytic symplectic vector fields on M .

Proof.  (Idea) Lempert’s proof is based on the following result, which is obtained by PDE
methods: If £&:R — g¢ is a smooth curve such that for each = € g¢ the IVP

has a smooth solution, then £(0) € g.
For (1) he gives another argument, based on the fact that

(6.2.1) Awt(V(M)e) = Aut(V(M)) x {1,0} 2 Diff (M) x {1, 0},

where o denotes the complex conjugation on V(M)c. The first isomorphism is obtained in
[Lem97], using [Ame75], and the second is an older result of PURSELL and SHANKs ([PuSh54];
cf. Theorem IX.2.1).

Clearly (6.2.1) implies that for any connected Lie group G with Lie algebra L(G) = V(M)
the group Ad(G) C Aut(V(M)c) preserves the real subspace V(M). Taking derivatives of orbit
maps, this leads to the contradiction [V(M)c,V(M)] CV(M). [

Theorem VI1.2.6. ([Omo81]) For any non-compact o -compact smooth manifold M of positive
dimension, the Lie algebra V(M) is not integrable to any Lie group with an exponential function.

Proof.  (Sketch) If G is a Lie group with Lie algebra L(G) = V(M) and an exponential
function, then for each X € V(M) we obtain a smooth 1-parameter group ¢ — Ad(exps(tX))
of automorphisms of V(M) with generator ad X . By [Ame75, Thm. 2], Aut(V(M)) = Diff (M),
so that we obtain a one-parameter group vx of Diff (M) which then is shown to coincide with the
flow generated by X (cf. Lemma I1.3.10; [KYMOS5, Sect. 3.4]). This contradicts the existence
of non-complete vector fields on M . ]

Since the BCH series can be used to defined a Lie group structure on any nilpotent locally
convex Lie algebra, all these Lie algebras are integrable. The following theorem shows that the
integrability problem for solvable locally convex Lie algebras contains the integrability problem
for continuous linear operators on locally convex spaces, which is highly non-trivial (Problem
VL.1). E.g., if M is a finite-dimensional o-compact manifold and X € V(M) a vector field, then
the corresponding derivation of the Fréchet algebra C'*°(M,R) is integrable if and only if the
vector field X is complete.

Theorem VI1.2.7. Let E be a locally convex space and D € gl(E). Then the solvable Lie
algebra g := E xp R with the bracket [(v,t), (v',t')] := (¢Dv' — ' Dv,0) is integrable if and only
if D is integrable to a smooth R-action on E.

Proof. If D is integrable to a smooth representation a: R — GL(E) with o/(0) = D, then
the semi-direct product G := E x4, R is a Lie group with the Lie algebra g.

Suppose, conversely, that G is a connected Lie group with Lie algebra g. Replacing G
by its universal covering group, we may assume that G is 1-connected. Then the regularity
of the additive group (R,+) implies the existence of a smooth homomorphism y: G — R with
L(x) = q, where ¢(v,t) =t is the projection g = E xp R — R (Theorem III.1.5).

Using Glockner’s Implicit Function Theorem ([G103a]), it follows that ker x is a submanifold
of G and there exists a smooth curve v:R — G with v(0) =1 and x o~ = idg.

Next we observe that [g,g] C F implies that E is Ad(G)-invariant, so that Adg(g) :=
Ad(g)|g defines a smooth action of G on E whose derived representation is given by adg(x,t) =
tD. We now put «a(t) := Adg(y(t)) and observe that

6(a)(t) = adp(6(7)(t) = ¢(6(v)(t)) - D = b(x e 7)) - D = D.

Hence D is integrable. ]



Towards a Lie theory of locally convex groups 97

Example VI.2.8. Let gf,(R)_1 := R"[[z1,...,2,]] denote the space of all R™-valued formal
power series in n variables, considered as the Lie algebra of formal vector fields, endowed with
the bracket
[f, 9)(x) == dg(x) f(z) — df (z)g(),

which makes sense on the formal level because if f is homogeneous of degree p and g is
homogeneous of degree ¢, then [f,g] is of degree p+q — 1.

We have already seen in Example IV.1.14 that the subalgebra gf,(R) of all elements
with vanishing constant term is the Lie algebra of the Fréchet-Lie group Gf,(R) of formal
diffeomorphisms of R™ fixing 0. We obviously have the split short exact sequence

where R”™ is considered as an abelian Lie algebra, corresponding to the constant vector fields.
We claim that the Lie algebra gf,(R)_; is not integrable to any Lie group with an
exponential function. This strengthens a statement in [KYMOS5, p.80], that it is not integrable
to a p-regular Fréchet—Lie group. Let us assume that G is a Lie group with Lie algebra gf,,(R)_1 .
With a similar argument as in the proof of Theorem VI.2.7, one can show that for each constant
function x the operator adz on gf,(R)_; is integrable. We consider the constant function e; .

Then [e1,g] = E?—wgl, and we can now justify as in Example 11.3.13 that ade; is not integrable,
hence that gf,,(R)_; cannot be integrable to any Lie group with an exponential function. ]

The preceding example shows that the constant terms create problems in integrating Lie
algebras of formal vector fields, which is very natural because the formal completion distinguishes
the point 0 € R™. A similar phenomenon arises in the context of groups of germs of local
diffeomorphisms. For germs of functions in 0, the non-integrability of vector fields with non-zero
constant term follows from the fact that all automorphisms preserve the unique maximal ideal
of functions vanishing in 0 (cf. [GNO0G]).

Let gs,,(R)_; denote the space of germs of smooth maps R™ — R™ in 0, identified with
germs of vector fields in 0. According to [RK97, Sect. 5.2], this space carries a natural Silva
structure, turning it into a locally convex Lie algebra. Let gs, (R) denote the subspace of all
germs vanishing in 0 and gs,, (R); the set of germs vanishing of second order in 0.

Theorem VI1.2.9. ([RK97, Th. 3]) The group Gs,(R) of germs of diffeomorphism of R™ in
0 fizing O carries a Lie group structure for which the Lie algebra is the space gs,,(R) of germs
of vector fields vanishing in 0.

We have a semidirect product decomposition Gs,(R) = Gs,(R); x GL,(R), where Gs,(R);
is the normal subgroup of those germs [p] for which ¢ —idrn vanishes of order 2. The map

®:95,(R)1 — Gsp(R)1, €—id+E
is a global diffeomorphism. ]

In view of the preceding theorem, it is a natural problem to integrate Lie algebras of germs
of vector fields vanishing in the base point to Lie groups of germs of diffeomorphisms. This
program is carried out by KAMRAN and ROBART in several papers (cf. [RK97], [KaRo01/04],
[Rob02]). It results in several interesting classes of Silva—Lie groups of germs of smooth and also
analytic local diffeomorphisms, where the corresponding Silva—Lie algebras depend on certain
parameters which are used to obtain a good topology.

Example VI.2.10. The formal analog of the Lie algebra gs,(R); is the Lie algebra gf,(R);
which is pro-nilpotent, hence in particular BCH. In contrast to this fact, ROBART observed that
g5, (R); is not BCH. In fact, for the elements &(x) = az?, A € R and n(z) = 23, we have

> ((adg)mn) (@) =2° Y anta™,
n=0 n=0

which converges for no = # 0 if a # 0. With FLORET’s results from [F171, p.155], it follows
that this series does not converge in the Silva space gs;(R)1, so that Theorem IV.1.7 shows that
gs;(R); is not BCH. ]
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The following proposition is a variant of E. BOREL’s theorem on the Taylor series of smooth
functions. It provides an interesting connection between the smooth global and the formal
perspective on diffeomorphism groups.

Proposition VI.2.11.  (Glockner) Let M be a smooth finite-dimensional manifold, mo € M
and Diff (M), the stabilizer of mo. For each ¢ € Diff (M), , let T52 (0) € Gf,(R) denote
the Taylor series of ¢ in mg with respect to some local chart. Then the map

T Diff.(M)my,0 — GEn(R)o

is a surjective homomorphism of Lie groups, where Gf, (R)g is the subgroup of index 2, consisting
of those formal diffeomorphisms v with det(To(y)) > 0. ]

Example VI.2.12. Let gh,(C) denote the space of germs of holomorphic maps f:C" — C"
in 0 satisfying f(0) = 0. We endow this space with the locally convex direct limit topology of
the Banach spaces Fj of holomorphic functions on the closed unit disc of radius % in C" (with
respect to any norm). Thinking of the elements of gh,,(C) as germs of vector fields in 0 leads
to the Lie bracket

[f:91(2) = dg(2) f(2) — df (2)g(2),
which turns gh,,(C) into a topological Lie algebra.

The set Gh,,(C) of all germs [f] with det(f’(0)) # 0 is an open subset of gh,,(C) which
is a group with respect to composition [f][g] := [f o g]. In [Pis77], PISANELLI shows that
composition and inversion in Gh,,(C) are holomorphic, so that Gh,,(C) is a complex Lie group
with respect to the manifold structure it inherits as an open subset of gh,,(C). This Lie group
has a holomorphic exponential function which is not locally surjective, where the latter fact can
be obtained by adapting Sternberg’s example f(z) = e’ z+pz™+! (Example IV.1.14) ([Pis76]).

Note that Gh,(C) = Gh,(C); x GL,(C), where Gh,(C); is the subgroup of all diffeo-
morphisms with linear term idcn . [

Remark VI.2.13. Let g(A) be a symmetrizable Kac-Moody Lie algebra. In [Rod89], Rop-
RIGUEZ-CARRINGTON describes certain Fréchet completions of g(A), including smooth g™ (A)
and analytic versions g“(A), which are BCH-Lie algebras ([Rod89, Prop. 1]). Corresponding
groups are constructed for the unitary real forms by unitary highest weight modules of g(A), as
subgroups of the unitary groups of a Hilbert space (Corollary IV.4.10). In [Su88], SUTO obtains
closely related results, but no Lie group structures.

In a different direction, LESLIE describes in [Les90] a certain completion g(A) of g(A)
which leads to a Lie group structure on the space C*°([0,1],g(A)), corresponding to the natural
Lie algebra structure on this space. One thus obtains an integrable Lie algebra extension of g(A)
in the spirit of pre-integrable Lie algebras (Remark I1V.1.22). For an approach to Kac-Moody
groups in the context of diffeological groups, we refer to [Les03] (cf. [So84]). n

Open Problems for Section VI

Problem VI.1. (Generators of smooth one-parameter groups) Let E be a locally convex space
and D:E — FE a continuous linear endomorphism. Characterize those linear operators D for
which there exists a homomorphism a:R — GL(F) defining a smooth action of R on E. In
view of Theorem VI.2.7, this is equivalent to the integrability of the 2-step solvable Lie algebra
g:= E xpR.

If E is a Banach space, then each D integrates to a homomorphism « which is continuous
with respect to the norm topology on GL(E) and given by the convergent exponential series
alt) =372, ’;C—k,Dk

Since for each smooth linear R-action on F, given by some « as above, the infinitesimal
generator o’(0) is everywhere defined, this problem is not a problem about operators which are
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unbounded in the sense that they are only defined on dense subspaces. In some sense, the passage
from Banach spaces to locally convex spaces takes care of this problem. If, e.g., «:R — GL(E)
is a strongly continuous one-parameter group on a Banach space E, then the subspace E*° C F
of smooth vectors carries a natural Fréchet topology inherited from the embedding

E® — C®(R,E), v—a’, a'(t)=a(t),

and the induced one-parameter group a*:R — GL(E*) defines a smooth action. In this
sense, each generator of a strongly continuous one-parameter group also generates a smooth one-
parameter group on a suitable Fréchet space. ]

Problem VI.2. (Integrability of 2-step solvable Lie algebras) Theorem VI.2.7 gives an inte-
grability criterion for solvable Lie algebras of the type g = E xp R.

Since abelian Lie algebras are integrable for trivial reasons, it is natural to address the
integrability problem for solvable Lie algebras by first restricting to algebras of solvable class 2,
i.e., D(g) := [g,g] is an abelian ideal of g. Clearly, the adjoint action defines a natural
topological module structure for the abelian Lie algebra W := g/D'(g) on E := D!(g). Here
are some problems concerning this situation:

(1) Does the integrability of g imply that the Lie algebra module structure of W on E integrates
to a smooth action of the Lie group (W,+) on E? If E is finite-dimensional, this can be
proved by an argument similar to the proof of Theorem VI.2.7.

(2) Assume that the Lie algebra module structure of W on E integrates to a smooth action of
(W, +). Does this imply that g is integrable?

If g =2 V xW is a semidirect product, the latter is obvious, but if g is a non-trivial extension
of W by V', the situation is more complicated. Note that all solvable Banach—Lie algebras are
integrable by Theorem VI.1.21. ]

Problem VI.3. Is the group Gs,(R); of germs of diffeomorphisms ¢ of R™ fixing 0, for which
the linear term of ¢ — idg~ vanishes, exponential? ]

Problem VI.4. Let G be a regular Lie group. Is every finite codimensional closed subalgebra
h C L(G) integrable to an integral subgroup? For p-regular groups this follows from Theo-
rem [I1.2.8. [

Problem VI.5. Is the group Gh,(C) defined in Example VI.2.12 a regular Lie group? Is the
subgroup Gh,(C); an exponential Lie group? (cf. Problem VI.3) ]

Problem VI.6. Does Pestov’s Theorem VI.1.24 generalize to locally exponential Lie algebras?
]

Problem VI.7. For quotient maps ¢: E — @ of Fréchet spaces, we may use [MicE59] to
find a continuous linear cross section o¢:(@ — FE, which implies in particular that ¢ defines a
topologically trivial fiber bundle. For more general locally convex spaces, cross sections might
not exist, but it would still be interesting if quotient maps of locally convex spaces are Serre
fibrations, i.e., have the homotopy lifting property for cubes (cf. [Bre93]). If this is the case, the
long exact homotopy sequence would also be available for quotient maps of locally exponential
Lie groups, which would be an important tool to calculate homotopy groups of such Lie groups.m

Problem VI.8. Prove an appropriate version of Theorem VI.1.23 on the existence of a universal
complexification for locally exponential Lie algebras.

Note that this already becomes an interesting issue on the level of Lie algebras because
the complexification of a locally exponential Lie algebra need not be locally exponential. In
fact, in Example IV.4.6 we have seen an exponential Lie algebra g containing an unstable closed
subalgebra h. If gc¢ is locally exponential, as a complex Lie algebra, then the local multiplication
in gc is holomorphic, so that g is BCH, contradicting the existence of unstable closed subalgebras.

]



100 japsurv.tex May 23, 2006

VII. Direct limits of Lie groups

The systematic study of Lie group structures on direct limit Lie groups G = lim G,, was started

in the 1990s by J. WOLF and his coauthors ([NRW91/93]). They used certain conditions on
the groups G, and the maps G,, — G,+1 to ensure that the direct limit groups are locally
exponential. Since not all direct limit groups are locally exponential (Example VII.1.4(c)), their
approach does not cover all cases. The picture for countable direct limits of finite-dimensional Lie
groups was nicely completed by GLOCKNER who showed that arbitrary countable limits of finite-
dimensional Lie groups exist ([Gl03b/05a]). The key to these results are general construction
principles for direct limits of finite-dimensional manifolds. These results are discussed in Section
VII.1. In Section VIL.2, we briefly turn to other types of direct limit constructions where the
groups G,, are infinite-dimensional Lie groups.

VIIL.1. Direct limits of finite-dimensional Lie groups

Theorem VIL.1.1. ([Gl05]) (a) For every sequence (Gy)nen of finite-dimensional Lie groups
G, with morphisms wn: Gy, — Gpy1, the direct limit group G := lim G,, carries a reqular Lie

group structure. The model space L(G) = lim L(G,,) is countably dimensional and carries the

finest locally convex topology, and G has the universal property of a direct limit in the category
of Lie groups.

(b) Every countably dimensional locally finite Lie algebra g, endowed with the finest locally
convez topology, is integrable to a regular Lie group G.

(¢) Every connected regular Lie group G whose Lie algebra is countably dimensional, locally
finite and carries the finest locally convex topology is a direct limit of finite-dimensional Lie
groups. [

In the following, we shall call the class of Lie groups described by the preceding theorem
locally finite-dimensional (regular) Lie groups.

Remark VII.1.2. (a) Beyond countable directed systems, several serious obstacles arise. First
of all, for countably dimensional vector spaces, the finest locally convex topology coincides with
the finest topology for which all inclusions of finite-dimensional subspaces are continuous. This
is crucial for many arguments in this context. If E is not of countable dimension, the addition
on F is not continuous for the latter topology. Similar problems occur for uncountable direct
limits of topological groups: in many cases the direct limit topology does not lead to a continuous
multiplication (cf. [Gl03b] for more details).

(b) Any countably dimensional space E, endowed with the finest locally convex topology
can be considered as a direct limit space of finite-dimensional subspaces FE,, of dim E, = n.
Since each F,, is a closed subspace which is Banach, and all inclusions F,, — F, 1 are compact
operators, F is an LF space and a Silva space at the same time. ]

Theorem VII.1.3.  ([Gl05/06d]) Let G be a locally finite-dimensional Lie group. Then the

following assertions hold:

(1) Every subalgebra b C L(G) integrates to an integral subgroup.

(2) FEvery closed subgroup H is a split submanifold, so that H is a locally finite-dimensional Lie
group, and the quotient space G/H carries a natural manifold structure.

(3) FEwvery locally compact subgroup H C G is a finite-dimensional Lie group.

(4) G does not contain small subgroups. ]
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Example VII.1.4. (a) One of the most famous examples of a direct limit Lie group is the
group
GLy(R) :=lim GL,(R)

with the connecting maps

on: GLo(R) = GLop1(R), aH(g ?)

Its Lie algebra is the Lie algebra gl (R) of all (N x N)-matrices with only finitely many non-zero
entries (cf. [NRW91], [G103b]).

In [KM97, Thm. 47.9], it is shown that every subalgebra h of gl (R) is integrable to an
integral subgroup, which is a special case of Theorem VII.1.3. Here h is even BCH.

(b) In the context of C*-algebras, direct limits of finite-dimensional ones are particularly
interesting objects. On the level of unit groups one encounters in particular groups of the form

G:=lim GL2n(C), n(a) = (8 2)

(c) Let E := C™ be the free vector space with basis (e, )nen and D € L(E) be defined by
D(e,) = 2mine,, (cf. Example I1.5.9(a)). Then the Lie algebra g := E xp R is locally finite and
we obtain a corresponding locally finite-dimensional Lie group G = E x, R, where a(t) = e'P.
Since the sequence (0, %)nEN consists of singular points for the exponential function, the Lie
algebra g is not locally exponential (cf. Remark I1.5.8). ]

Theorem VII.1.5.  Every continuous homomorphism between locally finite-dimensional Lie
groups is smooth. ]

As the corresponding result for locally exponential Lie groups (Theorem IV.1.18) did, the
preceding theorem implies that locally finite-dimensional Lie groups form a full sub-category of
topological groups. We even have the following stronger version of the preceding theorem:

Theorem VII.1.6. Let G = lim G,, be a locally finite-dimensional Lie group and H a Lie

group. -

(a) A group homomorphism @:G — H is smooth if and only if the corresponding homomor-
phisms @,: G, — H are smooth.

(b) If H has a smooth exponential map, then each continuous homomorphism ¢:G — H is

smooth.
Proof. (a) is contained in [Gl05]. In view of (a), part (b) follows from the finite-dimensional
case, which in turn follows from the existence of local coordinates of the second kind: (¢1,...,t,)
= [Tiy expe(tizi). u

VII.2. Direct limits of infinite-dimensional Lie groups

Direct limit constructions also play an important role when applied to sequences of infinite-
dimensional Lie groups. On the level of Banach-, resp., Fréchet spaces, different types of directed
systems lead to the important classes of LF spaces and Silva spaces (cf. Definition 1.1.2).

If M is a o-compact finite-dimensional manifold and K a Lie group, then the groups
C*(M,K) of compactly supported smooth maps M — K are direct limits of the subgroups
C¥(M,K) :={f € C*(M, K):supp(f) C X}, which, for Banach-Lie groups K, are Fréchet—
Lie groups. On C°(M, K) this leads to the structure of an LF-Lie group if K is Fréchet, but
the construction of a Lie group structure works for general K (Theorem I1.2.8). For dim K < oo,
these groups are also discussed in [NRW94] as direct limit Lie groups which are BCH.

Many interesting direct limits of mapping groups and other interesting classes embed
naturally into certain direct sums, also called restricted direct products, often given by a nice
atlas of a manifold. Therefore the following theorem turns out to be quite useful because it
provides realizations as subgroups of a Lie group, and it usually is easier to verify that subgroups
of Lie groups are Lie groups, than to construct the Lie group structures directly.
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Theorem VII.2.1.  ([Gl03c]) If (Gi)ier is a family of locally exponential Lie groups, then

their direct sum
¢=Pac = {(gi)ig e [[ G Hizgi # 1} < oo}
il iel
carries a natural Lie group structure, where L(G) = @,.; L(G;) carries the locally convex direct
sum topology. ]

Theorem VII.2.2. ([Gl06¢)) For a o-compact, non-compact manifold M of positive di-
mension, the Lie group Diff.(M) of compactly supported diffeomorphisms, endowed with the
Lie group structure modeled on the LF space V.(M) is not a direct limit of the subgroups
Diffpr, (M), (My)nen an ezhaustion of M, in the category of smooth manifolds, but a ho-
momorphism Diff (M) — H to a Lie group H is smooth if and only if it is smooth on each
subgroup Diffp; (M). =

A crucial tool for the proof of the preceding theorem is the following lemma:

Lemma VII.2.3. (Fragmentation Lemma) Let M be a o-compact finite-dimensional mani-
fold. Then there exists a locally finite cover (Kp)nen of M by compact sets, an open identity
neighborhood U C Diff (M) and a smooth mapping ®:U — @,y Diffx, (M) which satisfies
y=®(y)10...0P(v), for each vy € U. [

Theorem VII.2.4. ([Gl06¢]) For a o-compact, non-compact manifold M of positive dimen-
sion and a finite-dimensional Lie group K of positive dimension, the Lie group C(M,K) of
compactly supported K -valued smooth functions, endowed with the Lie group structure modeled
on the direct limit space C°(M,K) = lim C}] (M,K), (My)nen an evhaustion of M, is not a
direct limit of the subgroups CRj (M, K) in the category of smooth manifolds, but a homomor-

phism C°(M,K) — H to a Lie group H is smooth if and only if it is smooth on each subgroup
Cyi (M, K). ]

Open Problems for Section VII

Problem VIIL.1. Is every Lie group G whose Lie algebra L(G) is countably dimensional,
locally finite, and endowed with the finest locally convex topology regular? (cf. Problem I1.2). m

Problem VII.2. Are locally finite-dimensional Lie groups topological groups with Lie algebra?
It is not clear that the compact open topology on £(G) = Hom(R, G) coincides with the given
one on L(G) if the group is not locally exponential. [

Problem VII.3. Does every subgroup H of a locally finite-dimensional Lie group G carry an
initial Lie subgroup structure? (cf. (FP5)) ]

Problem VIL.4. Let M be a locally convex manifold and g C V(M) a countably dimensional
locally finite-dimensional subalgebra consisting of complete vector fields. Does the inclusion
g — V(M) integrate to a smooth action of a corresponding Lie group G with L(G) = g7 (cf.
(FP7))

The first step should be to prove this for finite-dimensional Lie algebras g, using local
coordinates of the second kind and then to use that locally finite-dimensional Lie groups are
direct limits in the category of smooth manifolds ([G105]). n

Problem VIIL.5. The methods developed in [G103b] for the analysis of direct limit Lie groups
seem to have potential to apply to more general classes of Lie groups G which are direct limits
of finite-dimensional manifolds M,,, n € N, with the property that for n,m € N there exist
¢(n,m) and d(n) with

M, - M, C Mc(nm) and M7:1 c Md(")’
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a situation which occurs in free constructions. Similar situations, with infinite-dimensional M ,
occur in the ind-variety description of Kac-Moody groups (cf. [Kumo02], [BiPi02]). n

VIII. Linear Lie groups

In this section, we take a closer look at linear Lie groups, i.e., Lie subgroups of CIAs. The point
of departure is that the unit group of a Mackey complete CIA A is a BCH-Lie group (Theorem
IV.1.11). This permits us to use the full machinery described Section IV for linear Lie groups.

Definition VIII.1. A linear Lie group is a Lie group which can be realized as a locally
exponential Lie subgroup of the unit group of some unital CIA. ]

We collect some of the basic tools in the following theorem.

Theorem VIIL.2.  The following assertions hold:

(1) Linear Lie groups are BCH.

(2) Continuous homomorphisms of linear Lie groups are analytic.

(3) If G is a linear Lie group, then each closed Lie subalgebra § C L(Q) integrates to a linear
Lie group.

(4) For each morphism o: G — H of linear Lie groups the kernel is a linear Lie group.

(5) For each n € N, the algebra M, (A) also is a CIA and GL,(A) = M,(A)* is a linear Lie
group.

Proof. (1)-(4) follow from the fact that A* is BCH (Theorem IV.1.11), Theorem IV.1.8, and

the corresponding assertions on BCH-Lie groups in Section IV.

For (5), we refer to [Gl02b] (see also [Sw77]). [

Linear Lie groups traditionally play an important role as groups of operators on Hilbert
spaces, where they mostly occur as Banach—Lie subgroups (cf. [PS86], [Ne02b]). The connection
between Lie theory and CIAs is more recent. The first systematic investigation of CIAs from a Lie
theoretic perspective has been undertaken by GLOCKNER in [Gl02b]. Originally, complex CIAs
came up in the 1950s as a natural class of locally convex associative algebras still permitting a
powerful holomorphic functional calculus (cf. [Waeb4a/b], [Al65]; see also [Hel93], and [Gram&4]
for Fréchet algebras of pseudo-differential operators).

In K-theory, the condition on a topological ring R that its unit group R* is open and
that the inversion map is continuous is quite natural because it is a crucial assumption for the
analysis of idempotents in matrix algebras, resp., finitely generated projective modules, and the
natural equivalence classes ([Swa62]; Section VI.1).

To get an impression of the variety of linear Lie groups, we describe some examples of CIAs:

Examples VIII.3. (a) Unital Banach algebras are CIAs.

(b) If M is a compact smooth manifold (with boundary) and A is a CIA over K € {R,C},
then for each r € Ng U {oo}, the algebra C"(M, A) of A-valued C"-functions on M is a CIA
([G102b)). If M is non-compact, but o-compact, then C°(M, A), endowed with the direct limit
topology of the subalgebras C' (M, A), is a non-unital CIA (Definition I1.1.3(b)).

(¢) For A= M, (C), the preceding construction leads in particular to the CIAs

C" (M, My (C)) = M, (C"(M, C)),

whose unit groups are the mapping groups C" (M, GL,,(C)).

(d) Let X be a compact subset of C™ and (U, )nen a sequence of compact neighborhoods
of X with (,, U, = X . In [Waeb4b], WAELBROECK shows that the algebra O(X,C) of germs of
holomorphic functions on X is a CIA if it is endowed with the locally convex direct limit topology
of the Banach algebras Co (U, C) of those continuous functions on U,, which are holomorphic
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on the interior of U,, (the van Hove topology). This defines on O(X,C) the structure of a Silva
space. The continuity of the multiplication and the completeness of this algebra is due to VAN
HovE ([vHo52a]).

(e) If A is a Banach algebra, M a smooth manifold, a: M — Aut(A4) a map and a®*(m) :=
a(m)(a), then the subspace A® :={a € A:a® € C*(M, A)} is a CIA ([Gram84]). ]

Part (d) of the preceding example shows in particular that for each compact subset X C C™
the unit group O(X,C*) of the CIA O(X,C) is a Lie group. In [Gl104b], GLOCKNER generalizes
this Lie group construction as follows:

Theorem VIII.4. Let X be a compact subset of a metrizable topological vector space,
K € {R,C} and K a Banach-Lie group over K. Then the group O(X,K) of germs of K-
valued analytic maps on open neighborhoods of X is a K-analytic BCH-Lie group. ]

Examples VIII.5. The following examples are Fréchet algebras with continuous inversion
which are not CIAs because their unit groups are not open:

(1) A =C>(M,C), where M is a non-compact o-compact finite-dimensional manifold
(cf. Remark 11.2.10).

(2) A= O(M,C), where M is a complex submanifold of some C", i.e., a Stein manifold.

(3) A =RY with componentwise multiplication. [

In finite dimensions, a connected Lie group is called linear if it is isomorphic to a Lie
subgroup of some GL,(R). Not all connected finite-dimensional Lie groups are linear. Typical

examples of non-linear Lie groups are the universal covering SL, (R) of SLy(R) and the quotient
H/Z , where

H =

SO O =
o~ =
— ==

is the 3-dimensional Heisenberg group (Example V.3.5(c)) and Z C Z(H) is a non-trivial cyclic
subgroup of its center ([Wied9]). It is a natural question whether the linearity condition on a
connected finite-dimensional Lie group becomes weaker if we only require that it is a Lie subgroup
of the unit group of some Banach algebra or even a CIA. According to the following theorem,
this is not the case ([BelNe06]). Its Banach version is due to LUMINET and VALETTE ([LV94]).

Theorem VIII.6.  For a connected finite-dimensional Lie group G, the following are equiva-

lent:

(1) The continuous homomorphisms 1n: G — A* into the unit groups of Mackey complete CIAs
separate the points of G.

(2) G 1is linear in the classical sense. ]

Remark VIIL.7. Let us call a Banach—Lie algebra g linear if it has a faithful homomorphism
into some Banach algebra A.

According to Ado’s Theorem ([Ado36]), each finite-dimensional Lie algebra is linear, but
the situation becomes more interesting, and also more complicated, for Banach-Lie algebras.

In view of Corollary IV.4.10, enlargeability is necessary for linearity, but it is not sufficient.
In fact, if the Lie algebra g of a 1-connected Banach-Lie group G contains elements p,q for
which [p, ¢] is a non-zero central element with exps([p,q]) = 1, then g is not linear, because any
morphism g — A would lead to a linear representation of the quotient H/Z of the 3-dimensional
Heisenberg group modulo a cyclic central subgroup Z. Such elements exist in the Lie algebra
g of the central extension of the Banach-Lie algebra C1(S!,sus(C)) by R (Example VI.1.16;
[ES73)).

Since for each Banach—Lie algebra g the quotient g.q = g/3(g) is linear, the intersection n
of all kernels of linear representations of g is a central ideal of g. This links the linearity problem
intimately with central extensions: When is a central extension of a linear Banach—Lie algebra
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linear? As the enlargeability is necessary, the discreteness of the corresponding period group is
necessary (Theorem VI.1.6), but what else?

In [ES73], vaAN EST and SWIERCZKOWSKI describe a condition on the cohomology class
of a central extension which is sufficient for linearity. They apply this in particular to show
that, under some cohomological condition involving the center, for a Banach—Lie algebra g, the
Banach-Lie algebra C!(]0,1],g) of C'-curves v in g with v(0) = 0 is linear. It is remarkable
that their argument does not work for C°-curves. Closely related to this circle of ideas is VAN
EsT’s proof of Ado’s theorem, based on the vanishing of 7y for each finite-dimensional Lie group
([Est66]).

It is also interesting to note that for a real Banach—Lie algebra g, linearity implies the
linearity of the complexification gc¢ , which in turn implies that gc is enlargeable, which is crucial
for the existence of universal complexifications of the corresponding groups (cf. Theorem VI.1.23).
In view of Corollary IV.4.10, we thus have the implications

g linear = gc enlargeable = g. ]

Remark VIIL.8. [GNO7] (a) Let A be a unital CIA and n € N. Further let s(,(A) < gl,,(A)
denote the closed commutator algebra (cf. the end of Section VI.1). As this is a closed subalgebra,
it generates some integral subgroup S — GL,(A) with L(S) = sl,(A). But in general S will
not be a Lie subgroup. This problem is caused by the fact that GL,(A) need not be simply
connected.

Let ¢: GL,(A) — GL,,(A4)o denote the universal covering group of the identity component
of GL,(A). Then the Lie algebra morphism

Tr: gl (A) — A/[A 4], (ai;) — {Xn:am}

satisfies ker Tr = sl,,(A). Let HCy(A) denote the completion of A/[A, A]. Then Tr:gl,(A4) —
HCy(A) integrates to a morphism of BCH-Lie groups

D:GL,(A) — HCy(A),

and S :=ker D < (Ein(A) is a BCH-Lie subgroup whose identity component So is a covering
group of S. If the image of the induced period homomorphism

(8.1) perp:m1(GL, (A)) — HCo(A)

is discrete, then Z := HCy(A)/im(perr,) is a Lie group and D factors through a homomorphism
D:GL,(A)o — Z, which can be considered as a generalization of the determinant. Now ker D
is a BCH-Lie subgroup of GL,(A) with Lie algebra s[,(A), which implies that (ker D)o = S.
It is interesting to compare this situation with the one in Remark V.2.14(c), where the group of
Hamiltonian diffeomorphisms of a symplectic manifolds plays a similar role.

If A is commutative, then the determinant det: GL, (A) — A* is a morphism of Lie groups
and SL,(A) < GL,(A) is a normal BCH-Lie subgroup with Lie algebra sl,,(A).

Since the period maps (8.1) are compatible for different n, they lead to a homomorphism

per: Ky(A) = lim 1 (GLn (A)) — HCo(A)

(cf. the end of Section VI.1). If A is complex, we may compose with the Bott isomorphism
BY: Ko(A) — Ka(A) to get a natural transformation

T4 := per 039 : Ko(A) — HCy(A),

which is unique and therefore given by Ta([e]) = Tr(e). It follows that the image of per is
discrete if and only if the image of the trace map

Tr: | Idem(M;,(A)) — HCo(A)
n=1
is discrete.

If A is commutative, then HCy(A) = A, and the image of the trace map lies in the
discrete subgroup % ker(exp,.) of Ac. Hence the image of the trace map is discrete for each

commutative CIA. n
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Remark VIII.9. The set Idem(A) of idempotents of a CIA plays a central role in (topological)
K -theory. In [Gram84], GRAMSCH shows that this set always carries a natural manifold structure,
which implies in particular that its connected components are open subsets. The key point is to
use rational methods to obtain charts on this set.

In a similar spirit, it is explained in [BerN04/05] how Jordan methods can be used in an
infinite-dimensional context to obtain manifold structures on geometrically defined manifolds
generalizing symmetric spaces and Graimann manifolds. ]

Open Problems for Section VIII

Problem VIII.1. Show that the completion of a CIA A is again a CIA or give a counterex-
ample. ]

Problem VIII.2. Characterize those Banach—Lie algebras which are linear in the sense that
they have an injective homomorphism into some Banach algebras (Remark VIIL.7).

Not much seems to be known about this problem, which is partly related to the non-
existence of Lie’s theorem on the representation of solvable Banach—Lie algebras. In view of this
connection, the class of Banach—Lie algebras of the form g = F xp R, where D is a continuous
linear operator on the Banach space E should be a good testing ground.

As each real Banach space E is isomorphic to L(R, E), which can be embedded as a
Banach-Lie algebra into the Banach algebra L(E @ R), each abelian Banach-Lie algebra is
linear. What about nilpotent ones? ]

Problem VIII.3. Show that each linear Lie group is regular. We know that this is the case
for unit groups of CIAs. If, in addition, A is p-regular in the sense of Definition I11.2.4, then
Theorem II1.2.10 implies the p-regularity of each Lie subgroup. ]

Problem VIII.4. Is the tensor product A® B of two CIAs, endowed with the projective tensor
topology a CIA? This is true for B = M,,(K), n € N, where A® B = M, (A). Is it also true if B
is the algebra of rapidly decreasing matrices or the direct limit algebra M. (K) :=lim M, (K)7m

Problem VIIL5. Let g be a locally convex Lie algebra. Does the enveloping algebra U(g)
carry a natural topology for which the multiplication is continuous and the natural map g — U(g)
is continuous?

More generally, let E be a locally convex space and endow its tensor algebra 7 (E) =
@~ , E®" with the locally convex direct limit topology, where the subspaces E®" carry the
projective tensor topology. Is the multiplication on 7 (F) continuous? ]

Problem VIIL.6. (a) Does every locally convex Lie algebra g have a faithful topological
module E? If Problem VIIL5 has a positive solution, then we may simply take E := U(g).

(b) Does every nilpotent locally convex Lie algebra have a faithful nilpotent topological
module? Is this true in the Banach category? ]

IX. Lie transformation groups

One of the fundamental references on topological transformation groups is the monograph [MZ55]
by MONTGOMERY and ZIPPIN. Since it also deals with differentiability properties of transforma-
tion groups on manifolds, some of the techniques described there have interesting applications in
the context of infinite-dimensional Lie theory.
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IX.1. Smooth Lie group actions

Theorem IX.1.1.  ([BoMod45], [MZ55, p.212]) Any continuous action 0:G x M — M of a
finite-dimensional Lie group on a finite-dimensional smooth manifold M by diffeomorphisms is
smooth. ]

For compact manifolds we obtain the following “automatic smoothness” result on homomor-
phisms of Lie groups (see also [CM70] for one-parameter groups; and [Gl02d] for the non-compact
case).

Corollary IX.1.2. If M is a o-compact finite-dimensional manifold and G a finite-dimen-
sional Lie group, then any continuous homomorphism ¢: G — Diff (M) is smooth. ]

The following result provides a positive answer to (FP9) for diffeomorphism groups.

Theorem IX.1.3. ([MZ55, Th. 5.2.2, p. 208]) If a locally compact group G acts faithfully on
a smooth finite-dimensional manifold M by diffeomorphisms, then G is a finite-dimensional Lie
group. If M is compact, then each locally compact subgroup of Diff (M) is a Lie group. ]

The preceding results take care of the actions of locally compact groups on manifolds. As
the work of DE LA HARPE and OMORI ([OdH71/72]) shows, the situation for Banach—Lie groups
is more subtle:

Theorem IX.1.4. ([OdH72]) Let G be a Banach-Lie group. If L(G) has no proper finite-
codimensional closed ideals, then L(G) has no proper finite-codimensional closed subalgebra and
each smooth action of G on a finite-dimensional manifold is trivial. ]

If a:g — V(M) is an injective map, then for each p € M the subspace
gp = {z € gra(z)(p) = 0}

is a finite-codimensional subalgebra with (1 g, = {0}. Therefore the existence of many finite-
codimensional subalgebras is necessary for Lie algebras to be realizable by vector fields on a
finite-dimensional manifold.

Theorem IX.1.5. ([OdH72]) If a Banach-Lie group G acts smoothly, effectively, amply (for
each m € M the evaluation map g — T, (M) is surjective), and primitively (it leaves no foliation
invariant) on a finite-dimensional manifold M , then it is finite-dimensional. ]

Theorem IX.1.6. ([Omo78, Th. B/C]) Let G be a connected Banach-Lie group acting
smoothly, effectively and transitively on a finite-dimensional manifold M .

(1) If M is compact, then G is finite-dimensional.

(2) If M is non-compact, then L(G) contains a finite-codimensional closed solvable ideal. ]

Since Diff (M) acts smoothly, effectively and transitively on M, this implies:

Corollary IX.1.7. Diff (M) cannot be given a Banach-Lie group structure for which the
natural action on M is smooth. ]

In Section 4 of [OdH72], OMORI and DE LA HARPE construct an example of a Banach-Lie
group G acting smoothly and amply, but not primitively on R2.

The preceding discussion implies in particular that Banach—Lie groups rarely act on finite-
dimensional manifolds. As the gauge groups of principal bundles gq: P — M over compact mani-
folds M show, the situation is different for locally exponential Lie groups (cf. Theorem IV.1.12).
Therefore it is of some interest to have good criteria for the integrability of infinitesimal actions
of locally exponential Lie algebras on finite-dimensional manifolds (cf. (FP7)).

We start with a more general setup for infinite-dimensional manifolds which need extra
smoothness assumptions:
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Theorem IX.1.8. (Integration of locally exponential Lie algebras of vector fields; [AbNe06])
Let M be a smooth manifold modeled on a locally convex space, g a locally exponential Lie
algebra and a:g — V(M) a homomorphism of Lie algebras whose range consists of complete
vector fields. Suppose further that the map

Exp:g — Diff(M), z+— Fl?(w)

is smooth in the sense of Definition 11.3.1 and that 0 is isolated in 3(g) N Exp~'(idas). Then
there exists a locally exponential Lie group G and a smooth action o: G x M — M whose derived
action 6:9 — V(M) coincides with «. m

In the finite-dimensional case, the smoothness assumptions in Theorem IX.1.8 follows from
the smooth dependence of solutions of ODEs on parameters and initial values, and the condition
on the exponential function can be verified with methods to be found in [MZ55]. This leads to the
following less technical generalization of the Lie—Palais Theorem which subsumes in particular
OMORI’s corresponding results for Banach-Lie algebras ([Omo80, Th. A], [Pe95b, Th.4.4]).

Theorem IX.1.9. Let M be a smooth finite-dimensional manifold, g a locally exponential
Lie algebra and a:g — V(M) a continuous homomorphism of Lie algebras whose range consists
of complete vector fields. Then there exists a locally exponential Lie group G and a smooth action
0:Gx M — M with ¢ = «. ]

The following result is a generalization of Palais’ Theorem in another direction. Since
Diff(M) is p-regular (Theorem II1.3.1), it also follows from Theorem III.2.8.

Theorem IX.1.10.  ([Les68]) If M is compact, then a subalgebra g C V(M) is integrable to
an integral subgroup if g is finite-dimensional or closed and finite-codimensional. ]

IX.2. Groups of diffeomorphisms as automorphism groups

In this subsection, we simply collect some results stating that automorphism groups of
certain algebra, Lie algebra or groups associated to geometric structure on manifolds are what
one expects. Most of the results formulated below for automorphisms of structures attached
to a manifold M generalize to results saying that if M; and M, are two manifolds and two
objects of the same kind attached to M; and My are isomorphic, then this isomorphism can be
implemented by a diffeomorphism M; — Ms, compatible with the geometric structures under
consideration.

Theorem IX.2.1. Let M be a o-compact finite-dimensional smooth manifold. Then the

following assertions hold:

(1) For the Fréchet algebra C*(M,R), each homomorphism to R is a point evaluation.

(2) Aut(C*(M,R)) = Diff(M).

(3) Aut(V.(M)) = Aut(V(M)) = Diff (M) .

(4) If, in addition, M is complex and VO (M) C V(M)c is the Lie algebra of complex
vector fields of type (1,0), then Aut(V(0)(M)) = Auto(M) is the group of biholomorphic
automorphisms of M .

(5) For each finite-dimensional o -compact manifold M and each simple (real or complex) finite-
dimensional Lie algebra €, the natural homomorphism

C°° (M, Aut(8)) x Diff (M) — Aut(C* (M, ¢))

18 surjective.

(6) If M is a Stein manifold and € is a finite-dimensional complex simple Lie algebra, then
Aut(O(M, ) =2 O(M, Aut(t)) x Auto(M), where Auto(M) denotes the group of biholo-
morphic diffeomorphisms of M .
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() If K CC" is a polyhedral domain and O(K,C) the algebra of germs of holomorphic C -
valued functions in K , then the group Aut(O(K,C)) consists of the germs of biholomorphic
maps of K and der(O(K,C)) consists of the germs holomorphic vector fields on K.

Proof. (1) (cf. [My54] for the compact case; [Pub2]; [Co94]).

(2) follows easily from (1) because each automorphism of the algebra C'°°(M,R) acts on
Hom(C*(M,R),R) = M.

(3) The representability of each isomorphism of V.(M) by a diffeomorphism is due to
Pursell and Shanks ([PuSh54]), and the other assertion follows from Theorem 2 in [Ame75]. It is
based on the fact that the maximal proper subalgebras of finite codimension are all of the form
V(M) :={X € V(M): X(m) = 0} for some m € M, hence permuted by each automorphism;
resp. the fact that all maximal ideals consist of all vector fields whose jet vanishes in some
me M.

(4) follows from Theorem 1 in [Ame75].

(5) [PS86, Prop. 3.4.2]. A central point is that every non-zero endomorphism of £ is
an automorphism. Further, it is used that [¢,C°°(M,¢)] = C°(M,¥)] and that distributions
supported by one point are of finite order.

(6) [NeWa06b).

(7) This is [vHo52b, Th. III], where it is first shown that the maximal ideals in the Silva
CIA O(K,C) (Example VIIL.3(d)) are the kernels of the point evaluations ([vHo52b, Th. I]). m

Remark IX.2.2. Let K C C" be a compact subset and Autp(K) the group of germs of
bihomolorphic maps, defined on some neighborhood of K, mapping K onto itself. In [vHo52a],
VAN HOVE introduces a group topology on this group as the topology for which the map

Auto(K) — O(K,C") x O(K,C"), g+ (9,97

is an embedding. He shows that, under certain geometric conditions on the set K, this group
is complete and contains no small subgroups. Moreover, its natural action on O(K,C) is
continuous. ]

Theorem IX.2.3. ([Omo74], §10]) Let M be a o-compact finite-dimensional smooth man-

ifold. For a differential form « on M we put V(M,«a) := {X € V(M): Lxa = 0}. Then the

following assertions hold:

(1) If p is a volume form or a symplectic form on M, then every (algebraic) automorphism of
V(M, u) is induced by an element of the group

{p € DIff (M): p* 1 € R}

(2) If « is a contact 1-form on M , then every (algebraic) automorphism of V(M, «) is induced
by an element of the group {p € Diff(M): o*a € C°(M,R*) - a}. |

In [Omo80], one finds another interesting result of this type. Let V' be a germ of an affine
variety in 0 € C". Two such germs V and V' are said to be biholomorphically equivalent if
there exists an element ¢ € Gh,(C) of the group of germs of biholomorphic maps fixing 0 (as
in Example V1.2.12), such that ¢(V) = ¢(V’). On the infinitesimal level the automorphisms of
a germ V are given by the Lie algebra

g(V) :={X € gh,(C): X.J(V) € J(V)},

where J(V) C O(0,C) (the germs of holomorphic functions in 0) is the annihilator ideal of V.
Let g(V)ir < g(V) denote the ideal consisting of all vector fields vanishing of order k in 0 and
form the projective limit Lie algebra

a(V) = lim g(V)/a(V)i

which can be viewed as a Fréchet completion of g(V).

An element X € gh,,(C) is called semi-ezpansive if it is Gh,(C)-conjugate to a linear
diagonalizable vector field for which all eigenvalues lie in some open halfplane. The germ V is
called an expansive singularity if g(V') contains an expansive vector field.



110 japsurv.tex May 23, 2006

Theorem 1X.2.4. Two expansive singularities V' and V' are biholomorphically equivalent
if and only if the pro-finite Lie algebras g(V') and g(V') are isomorphic. Moreover, Aut(g(V))
can be identified with the stabilizer Ghy,(C)v of V' in the group Ghy(C). ]

On the group level, we have the following analog of Theorem IX.2.3 (cf. [Fil82] for (1) and
[Ban97, Thms. 7.1.4/5/6] for (2)-(4)):

Theorem IX.2.5. Let M be a o-compact connected finite-dimensional smooth manifold.

Then the following assertions hold:

(1) Every (algebraic) automorphism of Diff (M) is inner.

(2) If « is a contact 1-form on M, then every (algebraic) automorphism of Diff (M, «) is
congugation with an element of the group {¢ € Diff(M): p*a € C°(M,R*) - a}.

(3) If w is a symplectic form and M is compact of dimension > 2, then every (algebraic)
automorphism of Diff (M, w) is conjugation by an element of the group

{p € DIff (M): p*w € Rw}.

(4) If u is a volume form and M is of dimension > 2, then every (algebraic) automorphism of
Diff (M, ) is conjugation by an element of the group {¢ € Diff(M): *pn € Ru}. [

Open Problems for Section IX

Problem IX.1. Let V(M) denote the set of complete vector fields on the finite-dimensional
manifold M (Remark I1.3.8). Then we have an exponential function

Exp: V(M) — Diff(M), X + FIX.

Is it true that 0 is isolated in Exp~'(idas) with respect to the natural Fréchet topology on V(M)
(cf. Definition 1.5.2)7

That this is true for compact manifolds follows from Newman’s Theorem ([Dr69, Th. 2]).
For the proof of Theorem IX.1.9, we show for each continuous homomorphism a:g — V(M)
of a locally exponential Lie algebra g to V(M) with range in V(M) that 0 is isolated in
(Exp o)~ (idys), which is a weaker statement.

Since the set Exp~'(ida) is in one-to-one correspondence with the smooth T-actions on
M , the problem is to show that the trivial action is isolated in this “space” of all smooth T-
actions on M.

If M is the real Hilbert space ¢?(N,R) with the Hilbert basis e,, n € N, then we have
linear vector fields X, (v) := 2mi(v,ey,)e, with exp(X,) = idys and X,, — 0 uniformly on
compact subsets of E. Hence the finite-dimensionality of M is crucial. ]

Problem IX.2. (Banach symmetric spaces) Let M be a smooth manifold. We say that (M, u)
is a symmetric space (in the sense of Lo0s) (cf. [Lo69]) if p:M x M — M,(z,y) — z -y is a
smooth map with the following properties:
(S1) -z for all x € M.
(S2) z - (z-y) =y for all x,y € M.
S3)z-(y-2z)=(x-y) (z-2) foral z,y e M.
(S4) Ty(pz) = —idp, (ary for pe(y) := p(z,y) and each x € M.

(a) Is it true that the automorphism group Aut(M, u) of a Banach symmetric space (M, u)
is a Banach—Lie group? (cf. [Ne02c|, [La99])

(b) The tangent spaces T,,(M) of a symmetric space carry natural structures of Lie triple
systems. Develop a Lie theory for locally exponential, resp., Banach—Lie triple systems, including
criteria for the integrability of morphisms and enlargeability (cf. Sections IV and VI). u



Towards a Lie theory of locally convex groups 111

Problem IX.3. A fundamental problem in the theory of Banach transformation groups is that
we do not know if orbits carry natural manifold structures. As in finite dimensions, the main
point is to find good criteria for a closed subgroup H of a Banach—Lie group G to ensure that the
coset space G/H has a natural manifold structure for which the action of G on G/H is smooth
and the quotient map ¢:G — G/H is a “weak” submersion in the sense that all its differentials
are linear quotient maps. In view of Remark IV.4.13, this is true if

(1) H is a split submanifold (the same proof as in finite dimensions works),

(2) H is anormal Banach—Lie subgroup (without any splitting requirements) (Corollary IV.3.6),
and

(3) G is a Hilbert—Lie group, which implies the splitting condition (1).

Here are some concrete problems:

(a) Suppose that G/H is a smooth manifold with submersive ¢ and a smooth action of G.
Does this imply that H is a Lie subgroup of G?

(b) Are the stabilizer groups G,, for a smooth action of a Banach—Lie group G on a Banach
manifold M Lie subgroups? For linear actions this follows from Proposition IV.3.4 and
Corollary 1V.3.13.

(c) Characterize those Lie subgroups H for which G/H is a smooth manifold.

(d) Let H C G be a closed subgroup and b := L°(H) its Lie algebra. Then the normalizer
Ng(h) of b is a Lie subgroup (Proposition 1V.3.4, Corollary I1V.3.12). Is it true that
Ad(G).h =2 G/Ng(h) carries a natural manifold structure?

Note that, if H is connected, it is a normal subgroup of Ng(h). If H is a Lie subgroup,

this implies that Ng(h)/H carries a Lie group structure and therefore a manifold structure. m

Problem IX.4. Show that for each compact subset K C C" the group Autp(K) from
Remark IX.2.2 is a Lie group with respect to the manifold structure inherited from the embedding
into O(K,C™) (cf. Remark 1X.2.2). [

Problem IX.5. (Automorphisms of gauge algebras) Let ¢: P — M be a smooth K -principal
bundle over the (compact) manifold M. Determine the group Aut(gau(P)) of automorphisms of
the gauge Lie algebra. Does it coincide with the automorphism group Aut(ad(P)) of the adjoint
bundle, whose space of sections gau(P) is? If K is a simple complex Lie group, then the results
in [Lec80, Th. 16] provide a local description of the automorphisms of this Lie algebra in terms
of diffeomorphisms of M and sections of the automorphism bundle Aut(ad(P)). ]

Problem IX.6. Determine the automorphism groups of the Lie algebras gf,,(K), gs,,(K) and

Problem IX.7. Describe all connected Banach—Lie groups acting smoothly, effectively and
transitively on a finite-dimensional manifold. In view of Theorem IX.1.6, for each Banach—Lie
group G, the Lie algebra L(G) contains a finite-codimensional closed solvable ideal. If, con-
versely, g is a Banach—Lie algebra with a finite-dimensional closed solvable ideal, then Theorem
VI.1.19 implies that g is enlargeable. Under which conditions do the corresponding groups G act
effectively on some finite-dimensional homogeneous space? (see also the corresponding discussion
in [Omo97]). ]

Problem IX.8. Let G be a Banach—Lie group and H C G a closed subgroup for which L°(H)
has finite codimension. Does this imply that G/H is a manifold? |

X. Projective limits of Lie groups

Projective limits play an important role in several branches of Lie theory. Since complete locally
convex spaces are nothing but closed subspaces of products of Banach spaces, on the level of the
model spaces, the projective limit construction leads us from Banach spaces to the locally convex
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setting. On the group level, the situation is more involved because, although projective limits of
Lie groups are often well-behaved topological groups, in general they are not Lie groups. In this
section, we briefly report on some aspects of projective limit Lie theory and the recent theory of
HorFMANN and MORRIS of projective limits of finite-dimensional Lie groups.

X.1. Projective limits of finite-dimensional Lie groups

In their recent monograph [HoMo06], HOFMANN and MORRIS approach projective limits
of finite-dimensional Lie groups, so-called pro-Lie groups, from a topological point of view. We
refer to [HoMo06] for details on the results mentioned in this subsection.

Clearly, arbitrary products of finite-dimensional Lie groups, such as

R7, 77, SLy(R)’

for an arbitrary set J, are pro-Lie groups. The following theorem gives an abstract characteri-
zation of pro-Lie groups:

Theorem X.1.1. A topological group G is a pro—Lie group if and only if it is isomorphic to
a closed subgroup of a product of finite-dimensional Lie groups. In particular, closed subgroups
of pro-Lie groups are pro-Lie groups. [

A crucial observation is that the class of topological groups with Lie algebra (cf. Definition

IV.1.23) is closed under projective limits and that
L(lim G;) = lim £(G;)

as locally convex Lie algebras. Let us call topological vector spaces isomorphic to R” for some
set J weakly complete. These are the dual spaces of the vector spaces R(”) | endowed with the
weak- x-topology. This provides a duality between real vector spaces and weakly complete locally
convex spaces, which implies in particular that each closed subspace of a weakly complete space
is weakly complete and complemented. In particular, weakly complete spaces are nothing but
the projective limits of finite-dimensional vector spaces. These considerations lead to:

Theorem X.1.2.  Every pro-Lie group has a Lie algebra which is a a projective limit of finite-
dimensional Lie algebras, hence a weakly complete topological Lie algebra. The image of the
exponential function

expe: £(G) = G, v (1)

generates a dense subgroup of the identity component G . ]

In the following, we call projective limits of finite-dimensional Lie algebras pro-finite Lie
algebras (called pro-Lie algebras in [HoMo06]).

Remark X.1.3. According to Yamabe’s Theorem ([MZ55]), each locally compact group G
for which G/Gy is compact is a pro-Lie group. Since the totally disconnected locally compact
group G/Gy contains an open compact subgroup, each locally compact group G contains an
open subgroup with a Lie algebra, hence is a topological group with a Lie algebra (cf. [Las57],
[HoMo05, Prop. 3.5]). (]

In view of Theorem X.1.1, the category of pro-Lie groups is closed under products and
projective limits, which are remarkable closedness properties which in turn lead to the existence
of an adjoint functor I' for the Lie functor £:

Theorem X.1.4. (Lie’s Third Theorem for Pro-Lie Groups; [HoMo05]) The Lie functor £
from the category of pro-Lie groups to the category of pro-Lie algebras has a left adjoint T'.
It associates with each pro-finite Lie algebra g a connected pro-Lie group T'(g) and a natural
isomorphism ng: g — £(I'(g)), such that for every morphism ¢:g — £(G) there exists a unique
morphism ¢':T'(g) — G with £(¢’) ong = ¢. n
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The first part of the following structure theorem can be found in [HoMo06]. The second
part follows from the fact that finite-dimensional tori are the only abelian connected compact
Lie groups.

Theorem X.1.5. A connected abelian pro-Lie group is of the form R’ x C for a compact
connected abelian group C. It is a Lie group if and only if C' is a finite-dimensional torus. ™

It is quite remarkable that the category of pro-finite Lie algebras permits to develop a
structure theory which is almost as strong as in finite dimensions. In particular, there is a Levi
decomposition. To describe it, we call a pro-finite Lie algebra g pro-solvable if it is a projective
limit of finite-dimensional solvable Lie algebras:

Theorem X.1.6. (Levi decomposition of pro-finite Lie algebras and groups; [HoMo06]) Each
pro-finite Lie algebra g contains a unique mazimal pro-solvable ideal t. There is a family (s;) et
of finite-dimensional simple Lie algebras such that s := HjeJ5j satisfies

gt Xs.
For the corresponding pro-finite Lie group I'(g) we then have

I'(g) xR xS, where S H Sj,

JjeJ

where S; is a 1-connected Lie group with Lie algebra s; and R is diffeomorphic to N x RX for
some set K and some simply connected pro-nilpotent Lie group N = (L(N),x). m

More concretely, the closed commutator algebra n := [t,t] is pro-nilpotent, because all
images of this subalgebra in finite-dimensional solvable quotients of t are nilpotent. If ¢ C v is
a closed vector space complement of n in v ([HoMo06, 4.20/21]), then the map

(10.1.1) O:nxe— R, (x,y)— expgr(z)expr(y)

is a homeomorphism ([HoMo06, Th. 8.13]). The point of view of [HoMo06] is purely topological,
so that infinite-dimensional Lie group structures are not discussed. We note that (10.1.1) can be
viewed as a chart of the topological group R, and it is not hard to see that it defines on R the
structure of a smooth Lie group.

Based on the preceding theorem, one can characterize those pro-finite Lie algebras which
are integrable to locally convex Lie groups ([HoNe06]):

Theorem X.1.7.  For a pro-finite Lie algebra g the following are equivalent:

(1) g is the Lie algebra of a locally convex Lie group G with smooth exponential function.

(2) g is the Lie algebra of a regular locally convex Lie group G .

(3) @ has a Levi decomposition g =t X s, where only finitely many factors in s = Hjejﬁj are
not isomorphic to sly(R).

(4) The group T'(g) is locally contractible.

Proof. (Sketch) Let R denote the 1-connected group with Lie algebra t constructed from
the chart (10.1.1) and S; be the 1-connected Lie group with Lie algebra s;. If s; is isomorphic
to slp(R), then S; = SAI/JQ(R) is diffeomorphic to R3, so that S := [I;c;S; carries a natural
manifold structure, turning it into a Lie group. One verifies that S acts smoothly on R, so that
G := R x S is a Lie group with Lie algebra g.

For the converse, let G be a Lie group with Lie algebra g and a smooth exponential
function expg:g — G; put Jy := {j € J:s; ¥ slb(R)}. For each j € Jy, we then have
morphisms «;:S; — G, f;:G — §; with 3; o a; = idg,. If Jp is infinite, this contradicts
the local contractibility of G. ]
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Remark X.1.8. To describe all connected regular Lie groups G with a pro-finite Lie algebra g,
we have to describe the discrete central subgroups of the 1-connected ones, which are isomorphic,
as topological groups, to some G := I'(g) (cf. [HoMo06]). In all these groups, the exponential
function restricts to an isomorphism 3(g) — Z(G)o of topological groups, so that Z(G)y = RX
for some set X. Based on the information provided in the preceding theorem, it is shown in
[HoMo06] that a subgroup I' C Z(T'(g))o is discrete if and only if it is finitely generated and
its intersection with Z(G)o is discrete. This characterization provides a quite good description
of all discrete subgroups of Z(G), hence all non-simply connected regular Lie groups with Lie
algebra g. .

If S = [];c;S; and J is infinite, then infinitely many factors S; are isomorphic to SLa(R),
whose center is isomorphic to Z. The subgroup of index 2 acts trivially in each finite-dimensional
representation, which leads to Z(G)NS; = Z. Hence Z(G)N S contains a subgroup isomorphic
to Z7\70  which implies in particular that the adjoint group of g is not a Lie group. ]

We have already seen that all pro-nilpotent Lie algebras are exponential, which applies
in particular to all pro-nilpotent pro-finite Lie algebras. The following theorem provides a
characterization of the locally exponential pro-Lie algebras ([HoNe06]):

Theorem X.1.9.  For a pro-Lie algebra g, the following are equivalent:
(1) g s locally exponential.
(2) There exists a 0-neighborhood U C g, consisting of exp-regular points, i.e., kg(x) is
invertible for each x € U.

(3) T'(g) is a locally exponential topological group.

If these conditions are satisfied, then g contains a closed ideal of finite codimension which
is exponential. In particular, g is virtually pro-solvable, i.e., g =t X s with a finite-dimensional
semisimple Lie algebra s, and g is enlargeable. ]

Recall that we have seen in Example I1.5.9(a) an example of a pro-finite Lie algebra g =
RN % pR which is not locally exponential. Since this Lie algebra has an abelian closed hyperplane,
the existence of an exponential hyperplane ideal is not sufficient for local exponentiality.

X.2. Projective limits of infinite-dimensional Lie groups

As we have seen in the preceding Subsection X.1, the extent to which the structure theory
of finite-dimensional Lie groups can be carried forward to projective limits is quite surprising.
There are also natural classes of topological groups which are natural projective limits of infinite-
dimensional Lie groups. Therefore it would be of some interest to develop a systematic “pro—Lie
theory” for such groups.

One of the most natural classes of such groups are the mapping groups. Let M be a o-
compact finite-dimensional smooth manifold, » € NgU{oco}, K a Lie group, and G := C"(M, K),
endowed with the compact open C”-topology (Definition I1.2.7).

Then there exists a sequence (M, )nen of compact subsets of M which is an exhaustion,
in the sense that M, C int(M,,+1). Using the usual Morse theoretic arguments, we may assume
that the subsets M,, are compact manifolds with boundary. Then each compact subset of M is
contained in some M,,, which implies that

G = C"(M,K) = lim C"(M,, K)

is a projective limit, where the projection maps are given by restriction. In view of Theorem I1.2.8,
the groups C"(M,, K) are Lie groups, so that the topological group C"(M, K) is a projective
limit of Lie groups.

If K islocally exponential, then each C"(M,,, K) inherits this property, so that C"(M,,, K)
is a topological group with Lie algebra (Definition IV.1.23), and this implies that C" (M, K) also
is a topological group with Lie algebra, where

(7 (M, K)) 2 lim £(C" (M, K)) = lim L(C" (M, K)) = lim C7(M,, L(K)) = C" (M, L(K)).
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As in the case of compact manifolds M, the exponential function of C"(M, K) is given by
eXp:CT(M7L(K))HCT(M7K)7 f'_)eXpKof'

If M is a compact complex manifold and K is a linear complex Lie group, then all
holomorphic functions M — K are constant. Therefore the groups O(M, K) are trivial in this
case. If M is non-compact and K is a complex Lie group, we use the compact open topology
to turn O(M, K) into a topological group and observe that we have a topological embedding
OM,K) — C"(M,K) for each r € Ny U {occ}. Those cases for which we know to have honest
Lie group structures on O(M, K) are quite limited (cf. Theorem III.1.9), but it seems that
projective limit theory is also a useful tool to study these groups of holomorphic maps. Let
(Mp)nen, as above, be an exhaustion of M by compact submanifolds with boundary. Then the
groups O(M,, K), defined appropriately, carry Lie group structures, for which O(M,,, L(K)) is
the corresponding Lie algebra (cf. [Wo05b]), so that

O(M, K) = lim O(M,,K)

is a projective limit of Lie groups.

It would be of considerable interest to find a good categorical framework for such classes of
projective limits of Lie groups. Of particular relevance would be to understand the “right class”
of central extensions of the groups O(M, K) and C"(M, K) in the same spirit as for the groups
C* (M, K) of compactly supported maps (cf. [NeO4c]).

Open Problems for Section X

Problem X.1. Are strong ILB-Lie groups, resp., p-regular Lie groups, topological groups with
Lie algebra? What about diffeomorphism groups? Does it suffice that the Lie group G has a
smooth exponential function (cf. Problem VII.2)? ]

Problem X.2. Let g be a pro-finite Lie algebra and n < g a closed exponential ideal of finite
codimension. Characterize the local exponentiality of g in terms of the spectra of the operators
ad, z := ad x|, (cf. Proposition X.1.9). Are all locally exponential pro-finite Lie algebras BCH”m

Problem X.3. For the description of the non-simply connected Lie groups among the projective
limits of finite-dimensional Lie groups, it is important to understand the structure of the center
of the simply connected ones. Let G be a such a 1-connected group and Z(G) its center. The
Lie algebra of Z(G) is 3(g), which lies in the pro-solvable radical, so that Z(G)o = 3(g). On
the other hand, we have seen in Remark X.1.8 that Z(G) may contain non-discrete subgroups
isomorphic to ZN. Is it possible to determine the structure of Z(G) as a topological group (see
[HoMo06] for more details)? [

Problem X.4. Determine the automorphism groups of pro-finite Lie algebras. Under which
conditions are they Lie groups? An interesting situation where the automorphism group of a

pro-finite Lie algebra is a closed subgroup of a Lie groups is described in Theorem IX.2.4. ]
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