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1 Introduction

The interplay between geometry and topology is a widely occurring theme in modern
mathematics, whose most elementary appearance is the formula of Hopf’s Umlaufsatz:
Let c: [0,a] — R? be a closed smooth curve in the plane. Then the winding number of
the curve is given by the integral over the curvature:
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This result is surprising: The quantity on the left-hand side is an integer and purely
topological — vividly speaking this means: it does not depend on small alterations
of the curve. Whereas, on the right-hand side, one integrates a real-valued function,
which does depend on the geometry — how long the curve is and how strongly it is
curved.
A first generalization of the Umlaufsatz is known as the Gauss-Bonnet theorem,
which states that for any compact surface M of genus g in R3:

1
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where now k denotes the Gaussian curvature of the surface.

The generalizations of these statements by characteristic classes are based on de
Rham cohomology: The differential forms on a smooth manifold form a chain complex,
which depends on the geometry of the space, but the cohomology of this chain complex
is isomorphic to any real cohomology theory, e.g., to singular cohomology with real
coefficients. This means that any real cohomology class — a topological object — can be
represented by a closed differential form, a geometric object.

In these terms, the left-hand side of the equations above will be generalized by the
image of an integral cohomology class in real cohomology; the curvature on the right-
hand side will be replaced by a closed differential form (depending on the curvature)
and the integral will be expressed by taking the cohomology class of this form.

In general, characteristic classes associate cohomology classes to (isomorphism classes
of) vector bundles. For smooth bundles, there are two well-known procedures to
construct them, one which applies the geometric structure and one which uses topology
only:

The Chern-Weil-Homomorphism starts with a connection on the bundle and evaluates
an invariant symmetric polynomial on the associated curvature form, which leads to a
closed differential form, the characteristic form. As the difference of the characteristic
forms of two connections is an exact form — the exterior derivative of the transgression



1 Introduction

form — one gets a class in de Rham cohomology which is independent of the chosen
connection and called the characteristic class of the bundle.

On the other hand one may also obtain these classes by pulling back universal
characteristic classes via the classifying map of the bundle.

Both construction have their own strengths: The characteristic form contains geo-
metric data, while the class is purely topological. The class itself actually is not
an element in real, but in integral cohomology, where algebraic torsion may deliver
finer information, which cannot be reflected by the characteristic form, as there is no
algebraic torsion over the field of real or complex numbers.

To use both, the geometric information of the characteristic form and its transgression
and the algebraic torsion information from integral cohomology in one object, one
defines differential cohomology and differentially refined characteristic classes. This
was done first by Jeff Cheeger and James Simons in [14]. The differential cohomology
theory extends integral cohomology by closed differential forms. A notable result is that
— while the classical first Chern class classifies complex line bundles up to isomorphism —
the first differential Chern class classifies complex line bundles with connection up to
isomorphism.

From this starting point there are various ideas of differential refinements of coho-
mology theories: Besides the differential characters of Cheeger and Simons, there is
an isomorphic model by smooth Deligne cohomology (see [8, 9]). On the other hand
there are various models for differential K-theory (see [11] for a survey, which includes
a discussion of the literature). A general framework for these differential refinements is
given in [12] and [10].

We want to go back to the starting point and generalize the idea of the differential
refinement to an equivariant setting, i.e., we have a Lie group G acting on a smooth
manifold M and ask for characteristic classes of equivariant bundles over M. Therefore
we need a differential form model for equivariant cohomology, which is capable to
receive a homomorphism from integral cohomology. Moreover, there should be two
constructions of real/complex equivariant characteristic classes, one via equivariant
characteristic forms and one via integral equivariant characteristic classes, which should
coincide under the homomorphism between the cohomology theories.

The construction of the differential refinement, which we will give, is an equivariant
version of smooth Deligne cohomology, but to stress that it fits into the picture of
differential refinements, we will use the term equivariant differential cohomology, even
if we will not discuss equivariant differential refinements in general.

Equivariant cohomology and simplicial manifolds

Defining equivariant cohomology H (M) is a simple business using two expected
properties of this functor: homotopy invariance and that, for free actions, the equivariant
cohomology should coincide with the cohomology of the quotient. Namely, let EG be
a contractible space with a free G-action, then the diagonal action of G on EG x M
is free and the map EG x M — {x} x M is a homotopy equivalence. Hence, we have



described the well-known Borel construction, which is in formulas
H{(M) = Hi({*} x M) = HL(EG x M) = H*(EG xg M),

for any cohomology theory and any coefficient group, e.g. singular cohomology with
values in Z, R or C. Here EG x g M is the quotient of the diagonal G-action on EG x M.

As short and easy this construction is, it creates a task for us: EG is even in simple
cases not a finite-dimensional manifold, hence we have no de Rham cohomology. But
EG is something similar to a manifold: Namely there is a simplicial manifold ([16, 19]),
i.e., a simplicial set such that the set of p-simplices forms a smooth manifold for each p
and all face and degeneracy maps are smooth, and the geometric realization of this
simplicial manifold is EG xg M. This will be introduced in Section 3.1.1 and we will
explain how one defines (simplicial) differential forms on a simplicial manifold. They
lead to a complex, which is bi-graded: by the form degree and the simplicial degree.
The cohomology of this double complex calculates equivariant complex cohomology. In
fact, simplicial differential forms also form a (graded) simplicial sheaf Q"

Using the language of simplicial sheaf cohomology, the de Rham homomorphism is
induced by the inclusion of the locally constant simplicial sheaf Z — QE*, as locally
constant functions.

In Section 3.1.2, we will introduce the reader to a more famous model of equivariant
cohomology using differential forms, known as the Cartan model. This is given by the
so-called equivariant differential forms, i.e., equivariant polynomial maps g — Q*(M),
where the differential dc on (C[g] ® Q*(M))% is given by

(dow)(X) = d(w(X)) + tx: (w(X)),

i.e. the sum of the exterior differential and the contraction with the fundamental vector
field of X, and hence increases the grading given through

twice the polynomial degree + the differential form degree

by one.

The Cartan model has the advantage that its cochain complex is substantially
slimmer than the double complex 2** defined above, but it is not directly capable to
receive a homomorphism from integral cohomology. Therefore we apply ideas of [23] to
compare the different models of equivariant cohomology. This comparison will enable
our construction of a differential refinement of equivariant integral cohomology.

Equivariant characteristic classes and forms

After this introduction to equivariant cohomology, we will discuss equivariant charac-
teristic classes and forms in Section 3.2.

Let G act on the vector bundle E — M, i.e., we have an action on the total space
and the base space, such that the projection is equivariant. Via the Borel construction,
one can define equivariant characteristic classes easily: Take the usual characteristic
classes of EG xg E — EG xg M!
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There is also a characteristic form construction (see [3]) which does not only depend
on the curvature, but also uses the moment map ;v of the connection V. This is a map
from the Lie algebra of the acting group to the endomorphisms of the vector bundle
(see Definition 3.59 for details). In this way, one obtains an equivariant characteristic
form, which is a closed equivariant differential form, i.e., an element in the Cartan
complex.

Our first important result is to prove that both constructions lead to the same class
in equivariant complex Borel cohomology (see Section 3.2). This was, on the one hand,
only shown for special cases (compare [5]) and, on the other hand, stated in general in
[23] as a citation, but the original work of Johan Dupont, which is cited, only proves
the correctness of the construction in the non-equivariant setting. Nevertheless, the
methods of Dupont can be generalized to solve the equivariant problem.

Equivariant differential cohomology

After we have achieved this understanding of equivariant characteristic forms, we can
review previous definitions critically to obtain a more satisfactory one.

There is a definition of equivariant smooth Deligne cohomology ﬁé (M,Z) in [25],
and Kiyonori Gomi shows there that ﬁ% (M,Z) classifies G-equivariant line bundles
with connection. We will show that his definition fits, for actions of compact groups,
into a differential cohomology hexagon (Theorem 4.15) and thus can be interpreted
as a model for equivariant differential cohomology. But this definition neglects the
secondary information of the moment map and is, thus, only satisfactory in the case of
finite groups, where there is no moment and in low degrees, where the moment map
does not play a role. There are also other, less elaborated, definitions (see Remark
4.30), which are all unsatisfactory from our insight to characteristic forms.

Therefore, in Section 4.1.3, we define (full) equivariant differential cohomology
]ﬁIE(M ,Z) (using a mapping cone construction similar to the non-equivariant case in
[9]) and show (see Theorem 4.23) that for any compact Lie group G, one has the
commutative diagram

ar I(M)/d—i- DOn=2(01) L)/Qré M)cl\
HLH(M, C) H (M, Z) HJ(M,C)

T L N7

HYY(M,C/Z) —————— HL(M, Z)

Q:

where the line along the top, the one along the bottom and the diagonals are exact.
In the case of the trivial group one obtains the classical differential cohomology. In
degree up to two, our definition coincides with the one of Gomi. In higher degrees one has
additional geometric data, e.g., in the case of the conjugation action of S® = SU(2) on
itself, as discussed in Section 4.3.3, one has ﬁég (83,Z) = H3,(S3,C/Z)®d H3 (S3,Z) =



C/Z @ 7Z, while we have a short exact sequence

91(53)51

0= /dce(s?

st = His(S3,2) — HE:(S%,2) — 0,
hence we have additional transgression data.

From the hexagon, one concludes that equivariant differential cohomology is the right
group to define equivariant differential characteristic classes in, since they can refine
both, the equivariant integral characteristic class and the equivariant characteristic
form. The details of this constructions are worked out in Section 4.2.

Towards equivariant differential K-theory?

The question of defining equivariant differential K-theory will not be a topic in this
thesis. There is a definition in the case of finite groups by Michael Luis Ortiz [40], who
remarks the following difficulty: The construction of equivariant characteristic classes
as mentioned above uses the map

K2(M) = K°(EG xg M),E — EG xg E,

and applies the normal characteristic class to the last object. Ortiz stresses that maybe
this construction is not fine enough as it does not reflect the fixed point sets and thus
he gives a definition of the equivariant Chern character, which is no longer an element
of equivariant (Borel-)cohomology.

Remarks on notations
It might be helpful for the reader to have the following notations in mind:
e Throughout the thesis, M will denote a smooth paracompact manifold.

o Simplicial sets will be marked by e, which can occur as sub- and superscript
depending on the situation without a change of meaning.

e The sub- or superscript * can denote push-forwards respectively pullbacks or
gradings of non-simplicial objects (and simplicial objects, if we only care about
the induced chain complex and not about the simplicial structure).

e In general the group acts from the left and will be denoted by G. On principal
fiber bundles the fiber group will act from the right and will mostly be denoted
by K.

e The general rule for boundary operators is: d denotes the exterior derivative for
differential forms, 0 denotes the boundary of a simplicial set, J is the boundary
of resolutions.
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e As the standard example of characteristic classes we have in mind are Chern
classes, we work with complex cohomology. Hence differential forms are always
complex-valued forms and the dual space of a real vector space V is VV =
HOmR(Vv, (C)

o pr; will denote the projection to the k-th factor in a Cartesian product.
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2 Foundations

In this chapter we will fix some basic notations and recall some well-known facts.

2.1

Group actions

Let the Lie group G act from the left on the manifold M and denote its Lie algebra by
g = T.G. There is a list of standard notations (which can be found in [44, Chapter 3]
or [17, Chapter 1]) we want to state:

1.
2.

2.2

G acts on itself by conjugation G x G > (g,h) — ghg™' € G.

There is the exponential map exp: g — G. For a definition see, e.g., [44, Prop.
3.30].

The adjoint action
Gxg>3(9,X)—Ady(X)eg

is the derivative of the conjugation in the second argument at the identity.

. The coadjoint action Ad" is the dual of the adjoint action on the dual of the Lie

algebra, i.e., let f € g¥, X € g, then (Ady f)(X) = f(AdyX).

. Let X € g. The fundamental vector field X* is defined as

d

X =l g

(™™ -m) € T, M.

Let N be a second G-space, i.e., a space with G-action, then there is a natural
G-action on the space of maps {f: M — N} defined as (gf)(m) = gf(g~*m) for
any g € G and m € M.

A superscript G marks the subspace of fixed points, i.e., those points x of the G
space, such that gz = x for any g € G. In particular, C®(M, N)¢ is the space
of smooth equivariant maps from M to N.

Geometry

2.2.1 (Equivariant) bundles

Before we are going to recall the definition of bundles in detail, we want to remark
the following: An important property of bundles that one would like to have, is that a

11



2 Foundations

bundle over X X [0, 1] is the same as an isomorphism of bundles over the topological
space X. This does not hold in general, but there are two ways to obtain this property:
restrict your base spaces X to be paracompact or restrict the bundle you investigate
to so called ‘numerable bundles’ (compare [27, Section 4.9.]). We will choose the
first option and hence assume, that all topological spaces, occurring in this thesis, are
paracompact.

First, we will define principal bundles and afterwards we will turn attention to vector
bundles.

Definition 2.1 (see, e.g., [17, p.56]) Let G and K be Lie groups. A G-equivariant
principal K-bundle is a continuous map 7w: E — B of topological spaces, such that the
following conditions hold:

1. K acts freely from the right on E and 7 is K-invariant.

2. for every point b € B there is a neighborhood U and an K-equivariant homeo-
morphism ¢: 77 1(U) — U x K over U, i.e., T = pr; op and

p(zk) = (pry(z), pra(p(2))k)
for any z € 771(U) and k € K.
3. G acts from the left on F and B and 7 is G-equivariant.
4. The actions of G and K commute.

FE is called total space and B base space of the bundle. Furthermore, the maps ¢ are
called local trivializations.

The bundle is called smooth, if E and B are smooth manifolds, 7 is a smooth
map, both actions are smooth and the trivializations ¢ above can be chosen to be
diffeomorphisms.

If G is the trivial group, one omits the attribute equivariant.

Remark 2.2 There is a more general definition of equivariant bundles (compare [30]),
where one imposes a stronger condition on the trivializations. This stronger condition
can be omitted if K is compact [30, Cor. 1.5.] or if K is a closed subgroup of Gl,, [30,
Prop 1.11.]. This point will not be relevant in our discussions.

Definition 2.3 (see [17, p. 56]) A morphism of (smooth) G-equivariant principal
K-bundle is a continuous (smooth) map of the total spaces, which is equivariant with
respect to G and K.

Given a principal K-bundle, there is the following description by local data, from
which the bundle can be reconstructed: Let U = {U,} be an open cover of the base space
of some principal-K-bundle such that there are trivializations o : 71 (Uy) — Uy x K.
If Uy N Ug # 0 consider

wpopnt: (UnNUg) x K — (UyNUs) x K.

12



2.2 Geometry

As both trivializations are over the base, this map is of the form
vp 0 pat(z,a) = (z,95a(p) -a), a€ K,xe€U,NUp,

for some smooth map ggo: Uy NUg — K. The set {gg,} is called the collection of
transition functions of the bundle with respect to the cover and clearly satisfy the
cocycle conditions

g'yﬂ : gBO& = g’yom on Ua ﬂ Uﬁ ﬂ Ufy
Joo = € € K at any point in U,.

Definition 2.4 (see, e.g., [17, p. 56]) The pullback of a principal-K-bundle F 5m

along the continuous (smooth) map f: N — M is the triple (f*E, 7, f), such that
o m: f*E — N is a (smooth) principal-K-bundle

o f: f*E — E is a homomorphism of (smooth) principal- K-bundle

e fomrm=pof

and this triple is universal in the sense, that for any other triple (@, ¢1,¢2) with these
three properties, there is a unique map u, such that

q2

N——M

commutes. The pullback of a G-equivariant bundle is defined analogously by imposing
all maps to be G-equivariant.

Note that the pullback is only defined up to unique isomorphism. The existence of a
pullback is given by the construction f*E = {(v,z) € E x N|f(z) =7n(v)} CE x N,
which yields an equivariant bundle (with the diagonal action), if E' and f are equivariant.

Even if the definition of morphism of principal K-bundles is more general, they are
actually of a very special type:

Lemma 2.5 (compare, e.g., Proposition 8.6 of [17, Ch. I]) Any homomorphism of
principal K-bundles is a pullback.

Proof. Let
f
E'——F

R
M’ $ M
be homomorphism of principal- K-bundles and the triple (@, g1, g2) as above.

13



2 Foundations

First assume E' = M’ x K is trivial. Then define v = (u1,u2): @ — M x K by
u1(q) = q1(q) and uz(q) € K such that (f(q1(q),e))ua(q) = g2(g). This is well defined
as K acts free and transitive on the fibers. Moreover, one sees that this map is smooth
by taking local sections (what is the same as local trivializations) of E — M. As f
is equivariant, u is a map, such that all triangles commute. Assume v’ = (u},u}) is
another such map, then 7/ 0w’ = ¢ implies u} = u; and fou = g = f o’ implies

Flar(q), €))uz(q) = flar(a), e))uy(q), hence up = uj.
For general E': Cover M' =], U, by open sets, which trivialize E’. For any open

set U, there is a map uqy: q; ' (Us) — E'|p., and by uniqueness, these maps coincide
on intersections U, N Ug, hence they define a global map u: @ — E’ as claimed. [

There is a special principal K-bundle such that all principal K bundles are (up to
unique isomorphism) pullbacks of this bundle.

Definition 2.6 (see, e.g., [27, pp. 53-54]) The principal K-bundle FK — BK is
called universal, if for each principal K-bundle £ — X, there exists a continuous map
f: X — BK, such that f*EK is isomorphic to F and the map f is unique up to
homotopy.

Remark 2.7 Note the following:

1. The base space of a universal principal K-bundle, BK, is called the classifying
space of K

2. The universal bundle can also be characterized by the requirement that FK is a
contractible topological space with free K-action (compare, e.g., [38, Theorem
7.4].

3. Universal K-bundles exist, as there is an explicit construction of an universal
K-bundles for any Lie group, which goes back to [36]. We will apply, in particular
in Section 3.2, a slightly different concrete construction of FK — BK.

Let us now turn attention to vector bundles shortly.

Definition 2.8 (Def. 1.1 of [27, Chapter 3]) A (smooth) real (complex) vector bundle
is a continuous (smooth) map 7: £ — B, such that each fiber Ej := 7~1(b), b € B, has
the structure of a real (complex) vector space and for any point b € B there is an open
neighborhood U of b and a homeomorphism (diffeomorphism) ¢: 7=1(U) — U x R®
(C™ respectively) over U, which is fiberwise linear.

The most important example of vector bundles are the tangent bundle T M of a
smooth manifold M. In this case the fiber above x € M is denoted by T, M.

Definition 2.9 (Def. 2.1 of [27, Chapter 3]) A morphism of (smooth) vector bundles
(f,f): (E,B,m) — (E',B',7') is a pair of continuous (smooth) maps f: B — B and
f: E — E’ such that the diagram

E$E’

|-, I~

B—— DB

14



2.2 Geometry

commutes and such that the map between the total spaces f: E — E’ is fiberwise
linear.

Definition 2.10 (see [17, p. 67]) A G-equivariant vector bundle is a vector bundle
w: F — B, where E and B are GG-spaces 7 is equivariant and G acts by morphism of
vector bundles.

Definition 2.11 A morphism of G-equivariant vector bundles is a morphism of vector
bundles (f, f), such that both maps are G-equivariant.

The definition of pullbacks of vector bundles is completely analogous to the case of
principal bundles: just replace the term ‘principal K-’ by ‘vector’. Note that in the
category of vector bundles, it does not hold, that any morphism is a pullback. This is
only true for morphism which are fiberwise isomorphisms (see, e.g., [37, Lemma 2.3]).

One can construct new bundles out of old ones (compare [29, II1,§4]): Given a
(continuous) functor on the category of vector spaces, then one performs functorial
operations on vector bundles by performing them fiberwise:

e Let E be a vector bundle. The fibers of the dual bundle EV are the dual spaces
E) = Hom(E,, C) of the fibers of E. In particular TVM is called the cotangent
bundle and smooth sections of TVM are called 1-forms.

e Given two bundle E and F over the same base. There is the Whitney sum
E @ F and the tensor product £ ® F with fibers (E & F), = E, @ F, and
(E®F), = E, ® F, respectively.

e Combining direct sums and tensor products, one obtains the tensor algebra
DPren E®k whose quotient by the ideal of symmetric tensor (i.e., the ideal
generated in the fiber at x by v ® w4+ w ® v for v,w € E,) is the exterior algebra
A*E (where the degree is the smallest tensor degree of a representative). The
image of the product ® in @yey E®* is called A-product. Sections of A*TVM
are called (complex valued) differential forms and the algebra of all differential
forms is denoted by Q*(M).

o Given again the vector bundle E on M, Q*(M, E) denotes the space of sections
of A*TVM ® E, so called differential forms with values in E. In particular, given
a vector space V, Q*(M,V) = Q*(M,M x V)
2.2.2 Derivations and Connections

There are more operations on differential forms, which will be applied later on. This
section is a collection of [29, V,§§4-5] and [22, 1.F-G].

Definition 2.12 Let w € Q"(M) be an n-form on M and X a vector field. The
contraction of w by X is the n — 1-form txw € Q" 1(M) defined by

txw(z)[va, ..., vp] = w(z)[ X (x),v2,...,05)],

for any x € M and vs,...,v, € T, M.

15



2 Foundations

Definition 2.13 The Lie derivative of a differential form w € Q"(M) along a vector
field X on M is defined as

Lxw=—| «qjuw,
dt|i=o

where a: R x M D U — M is the flow of the vector field X, i.e., o/ (¢,2) = X (a(t, z)),

which is uniquely defined on an open neighborhood of 0 € R for any z € M (see [29,
IV §1))

Definition + Proposition 2.14 For any n € N, there is a unique operator, the
exterior derivative, d: Q"(M) — Q"*1(M), such that

1. d is compatible with restrictions to open subsets,
2. forp =0, d: C®°(M) — QY(M) is the differential on functions, i.e., df (X) =
Lxf,
3. for f € C>®(M), we have d(df) =0,
4. for a e Q"(M) and € Q" (M), we have
dlaAB)=daNp+ (—1)"a Ndp.

The following proposition collects important properties of these operations.
Proposition 2.15 On any smooth manifold M, the following holds:

1. dod =0,

2. d is functorial, i.e., for any smooth map p: M — N, do p*w = ¢* od,

3. for a vector field X on M, Lx od=do Lx and Lx =dotx +tx od.

By the first assertion of Proposition 2.15, the pair (Q2*(M),d) is a cochain complex,
thus there is an cohomology theory.

Definition 2.16 (see, e.g, [29, p.490]) The de Rham cohomology of M is defined as
_ ker (d: QU(M) — Q" (M)
= ( )/dQn_l (M)

Differential forms in the kernel of d are called closed forms and differential forms in
the image of d are called ezxact forms. Thus, in this terminology, de Rham cohomology
is defined as the quotient of closed forms modulo exact forms.

Remark 2.17 Observe that the chain complex

Hig (M)

QM) Sl () S (M) S L
induces for any n an exact sequence

n n d, n n
0— Hie (M) — 9 (M)/dQn—l(M) S QN (M) — HEEFH (M) — 0.

This follows directly from the definition, as Hjjp (M) = ker(d: Q"(M)/dQn_l(M) —
QH(M)q) and HiZ (M) is the cokernel of this map.
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2.2 Geometry

In our discussions of vector bundles and principal fiber bundles later, we will make
use of the notation of a connection. Different authors prefer different notations, what
arises naturally as the object one wants to define is a split of some exact sequence
(compare [29, p. 57]). Namely, let 7: E — M be a vector bundle. For any = € M, there
is the inclusion F, — F as fiber at z, which induces a map T'(E,) — TE. Moreover,
as T(E;) = E, x E,, there is an isomorphism 7*E — U,cps T(E;). This map yields,
together with T'mw, a short exact sequence of vector bundles

0—=>7m"E—=TE - 7"'TM =0

over F. There are many ways to say what a split of this sequence is. We prefer the
following:

Definition 4+ Proposition 2.18 (see, e.g.,[9, Section 2.1]) Let E be vector bundle
over M.

1. A connection on E is a mapping
V: QY (M, E) — QY (M, E)
which satisfies a Leibniz rule

V(fe)=df Ao+ [V for f € Q°(M,C),p € Q' (M, E).

2. The connection V extends uniquely to a linear map V: Q*(M, E) — Q**1(M, E)
satisfying the Leibniz rule

V(wAp)=dwhp+ (—1)Fw A Ve forwe QF(M,C),p € Q* (M, E)

3. The map Vo V: Q°(M, E) — Q*(M, E) is C*(M,C)-linear. Hence there is a
section RY € Q*(M,End E) of the endomorphism bundle, such that

VoVe =Ry for all p € Q°(M, E).
One calls RY the curvature of the connection.

One can do an analogous construction for principal G-bundles (compare [19, pp.45-
49]): Let m: E — M be a principal G-bundle. The action of the Lie algebra on
E

d
Exg>s(z,X)— —| zexp(tX)eTE
dt|;=o
actually is a map onto the kernel of T'r. Thus we have an exact sequence

0—>Exg—TE—7n"TM — 0,

for which one defines a G-equivariant split:
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Definition 2.19 A connection on a principal G-bundle 7: E — M is a 1-form
¥ € QY(E, g) satisfying:

1. Y3 oy, =idy, where v,: g — T, (E) is the differential of the map g — zg.

2. RyY = Adg-1 00 for any g € G, where R, denotes the right translation of G on
E.

It is an immediate corollary of the definition that convex combinations of connections
are a connection again. On a trivial principal G-bundle M x G — M, there is a
connection given by the derivative of the left multiplication Ly-1: T(y, o)(M x G) —
T,G = T.G = g.

Recall, that one has the Lie bracket [-,-]: g®g — g, which induces by past composition
a map O?(E,g®g) — Q*(E,g). For a 1-form 9 € QY(E, g), [, 9] denotes the image of
¥ A ¥ under the Lie bracket.

Definition 2.20 The curvature of a connection ¥ € Q'(E,g) is defined to be the
2-form

Q0 = dv + %[19,19] € O*(E,g).

2.2.3 Sheaves

Clearly, differential forms can not only defined for any manifold, but also for every open
subset of a manifold as this is itself a manifold. Moreover, given two differential forms,
which are defined on open subsets and coincide on the intersection, there is a form on
the union such that the two given forms are its restrictions to the corresponding open
set. This behavior of functions is axiomatized in the Definition of sheaf, what is one of
the notational foundations of the definition of cohomology, which we will apply.

Definition 2.21 (see, e.g., [26, p. 61]) Let B be an abelian category. A presheaf F
of objects of B on a topological space X consists of an object of B, denoted by F(U),
for any open subset U C X and for any inclusion V' C U of open subsets of X a
B-morphism pyry 2 F(U) — F(V), such that the following conditions hold:

1. F(0) =0, where () is the empty set,
2. pyuy is the identity map F(U) — F(U), and
3. if W C V C U are three open subsets, then pyw = pyyv o pyw.

The presheaf is called sheaf, if additionally for any open subset U C X and {V,} an
open cover of U

4. if s € F(U) an element, such that s|y, := pyy, (s) = 0 for all «, then s =0, and

5. if for each a s, € F(V,) is an element, such that for each pair «, 3, salv.nv, =
sg|v.nv;, then there is an element s € F(U) such that sly, = sa-
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2.2 Geometry

Example 2.22 Let M be a manifold. The assignment
M>Uw— C*(U,QC)
is, as one checks directly from the definition, a sheaf of rings.

Definition 2.23 (see [26, p. 62]) Let F and G be (pre-)sheaves on a topological space
X. A morphism of (pre-)sheaves ¢: F — G consists of morphisms ¢(U): F(U) — G(U)
for each open set U C X, such that whenever V C U is an inclusion, the diagram

)22 o)

Jpgv lpgv
V)

Fo) 2 o

is commutative.

Definition + Proposition 2.24 (Prop.+Defn. 1.2 in [26, Chapter II}) Given a
presheaf F, then there is a sheaf F* and a morphism 9: F — F+, with the property,
that for any sheaf G and any morphism p: F — G, there is a unique morphism

p: Ft — G such that ¢ = 1) o9. Furthermore the pair (F1,19) is unique up to unique
isomorphism and F7 is called the sheaf associated to the presheaf F

Definition 2.25 (see [26, p. 65]) Let f: X — Y be a map of topological spaces. The
inverse image sheaf f~'F of a sheaf F on Y is the sheaf associated to the presheaf
U = limy5 ) F(V). Here, the limit is ranges over all open sets V' € X containing

f).

Many of the sheaves, which will occur in this thesis, have another property, which is
of high relevance in the context of cohomology.

Definition 2.26 (see 5.10 of [44]) A sheaf F on X is called fine, if for each locally
finite open cover {U,} of X there exists for each o an endomorphism f, of F such that

1. supp fo C Uy and
2. Y 4 fa=1id.

Here, supp f, is the support of f,, i.e., the complement of the union of all open sets U
such that f,(U): F(U) — F(U) is the zero morphism.

Example 2.27 (compare 5.10 of [44]) Let M be smooth manifold. The sheaf C* is
fine, as the existence of a partition of unity {¢4} subordinated to a locally finite cover
{Ua}aca of M (see, e.g., [44, Theorem 1.11]) induces endomorphisms

FalU): CX(U) 3 5+ 5 - 00 € CX(U).

On the other hand the sheaf U — {h: U — Z|h continuous}, called locally constant
sheaf Z, is not fine, if the manifold has positive dimension.
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Definition 2.28 (compare [26, p. 109]) Let M be a manifold. A sheaf of C*°-modules
is a sheaf of abelian groups F on M, such that for each open set U C M, F(U) is
an C*°(U)-module and the module structure is compatible with restrictions, i.e., the

diagram
C*U) x F(U)— F(U)

Lot Loty
CoV)x F(V)—= F(V)

commutes for any inclusion of open sets V C U C M.
Lemma 2.29 (compare 5.28 of [44]) Any sheaf F of C°°-modules is fine.

Proof. Take a partition of unity and the endomorphisms as in Example 2.27. By the
module structure on the sheaf F the endomorphisms of C°°° turn into the desired
endomorphisms of F. 0

Remark 2.30 Actually, another view on sheaves fits better to the functorial properties
of cohomology theories. Objects like, e.g., differential forms are not only defined for
a single manifold, but for any manifold in a functorial manner. Thus the object one
has, is a functor from the category of smooth manifolds to, let’s say, the category of
abelian groups. How to formulate the properties with respect to covering of the sheaf?
Therefore we need an additional structure on the category of manifolds, a so called
Grothendieck topology, which turns the category into a site.

For the points, which we want to make, this language is not necessary, because we
will not draw to much attention on the functorial properties of the cohomology theory
we will define.

2.3 Topology

2.3.1 Simplices

The standard n-simplex A™ is the convex hull of the standard basis in R®*!. That is
A" = {t = (to,... ty) ER"t; > 0 for all i,y t; = 1},
i
what is a closed subset of the hyperplane

Vn = {t: (t(],...,tn) 6R”+1|Zti = 1}

The geometric structure of the simplex is given in the following way. The tangent
space of the simplex equals the restriction of the tangent space of V™ to A", and a
differential k-form on A" is differential k-form on V", where forms which coincide on
any open neighborhood of A™ are identified. (By a standard argument it is sufficient
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to define the form on any open neighborhood of the simplex). The face maps of the
simplex are

AT S A i =0,...,n
(to,...,tn_l) — (to,...,ti_l,o,ti,...,tn_l).

From the viewpoint of category theory on thinks differently about simplices (compare,
e.g., [24, Section 1.1]):

Definition 2.31 The simplex category A is the category, whose objects are non empty
finite ordered sets
pl={0<1<...<p}, forpeN,

and the set of morphisms A(p, q), p,q € N is the set of order preserving maps f: [p] —

[q]-

The morphisms are generated by coface maps 9°: [p — 1] — [p|, which is the map
that misses i and codegeneracy maps o': [p] — [p — 1], which is uniquely determined
by hitting ¢ twice. These maps satisfy the following cosimplicial relations:

Fo =901 ifi<j
0l = digi! ifi<y
ol = 1 = igitt
cl=0"1o!  ifi>j+1

oot = glgIt! ifi1<j

2.3.2 Chain and double complexes

We will also need some homological algebra. The material can be found in Chapter 1
of [45].
Let B be an abelian category.

Definition 2.32 A cochain complex C' = (C,d) in B is a family {C™}z of objects of
B, s.t. there exist some k € Z with C" = 0 for all n < k, together with morphisms
d=d": C" — C""! such that dod: C™ — C™2 is the zero. The kernel of d,, is the
module Z" of cocycles and the image of d”~! is the module B" of coboundaries. As
d? =0, we have

{0ycB"Ccz"ccC"

and the quotient H"(C,d) := Z"™/B™ is called n-th cohomology of the cochain complex
C.
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Remark 2.33 In general one would prefer the term bounded below cochain complex
for the object defined in the last definition. As all our cochain complexes will we
bounded below, we skip the attribute.

Given two chain complex C, D. A morphism f: (C,d¢) — (D, dp), also called chain
complexr map, is a family of morphisms f*: C™ — D™ in B for any n € N, such that

[l dg = dpyo 7,

i.e., f commutes with the coboundary maps.

Thus, there is a category of Cochain complexes and in fact Cochain complexes in
an abelian category form themselves an abelian category. Thus one may iterate the
procedure and forms cochain complexes of cochain complexes. In general one prefers a
slightly different, but equivalent object.

Definition 2.34 A double complez (C,d,,dy) in B is a family of {CP9},, ,cn of objects
in B together with maps

dy: CP9 — OPH4 and dj,: OP4 — PO
called vertical and horizontal coboundaries, such that d% = d,% = dydp + dpd, = 0.

One can easily turn a cochain complex of cochain complexes into a double complex:
Just change the sign of the boundary operator in every other column. This turn
the commuting boundaries into anti-commuting operators. To see, why the anti-
commutativity is useful, take a look at the following procedure, which reduces a double
complex to a cochain complex:

Definition 2.35 The total complex of a double complex (C,d,,dp) is the cochain

complex
tot C' := ({ b cpﬁq} ,dU—i—dh).
pta=n neN

Clearly d = d, + dj, squares to zero. Moreover, the cohomology of the double complex
is defined as

H™(C,dy,dy) = H"(tot C, dy + dp,).

Example 2.36 Let X be a topological space and A an abelian group. Denote by
Sp(X) the set of continuous maps A™ — X, so called singular n-simplices in X. The
singular cochain groups S™(X, A) consists of all maps S, (X) — A with the groups
structure induced from A. The boundary of a cochain is defined as

n+1

df(0) =) (=1)'f(o0d"),

i=0
for any o: A"t — X. It is a short exercise to see, that d> = 0. The groups

H™(X,A) = H' (X;A) :== H"(S"(X, A),d)

sing

are called singular cohomology of X with values in A.
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Remark 2.37 The short exact sequence of abelian groups
0-Z—-C—-C/Z—0
yields short exact sequences
0—S"(X,Z) - S"(X,C) - S"(X,C/Z) — 0

for any topological space X and any n € N, which commute with the coboundary maps.
Thus by the Snake lemma (see/watch [15] for a proof), there is a long exact sequence

...— H"(X,C) —» H"\(X,C/z) & H"(X,Z) —» H"(X,C) — ...

known as the Bockstein sequence. The connecting morphism [ is called Bockstein
(morphism).

We will apply more operations on cochain complexes.

Definition 2.38 The truncation below n of a cochain complex is the cochain complex
<02n>i: 0 ifi<n
Ct ifi>n,
with the same boundary maps, if the C? is not replaced by zero. The truncation above
n is given by C<" = C'/C=".
Observe, in particular, that H"(C=") = Z".
Definition 2.39 Let C be a cochain complex. The shifted complex C|[p] is defined as

Clp)’ := C™P, diyyy = (—1)Pd?.

Definition 2.40 Let f : C — D be a map of cochain complexes in an abelian category.
The cone of f is a chain complex defined by

Cone(f)" := C""' @ D', doone(z @ y) == (—dox @ (dpy — f()))
Lemma 2.41 The cone fits into a short exact sequence of chain complexes
0 — D — Cone(f) = C[+1] = 0

and hence induces a long exact sequence in cohomology

... — H" Y (Cone(f)) — H"(C) & H™(D) — H™(Cone(f)) — ... .
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2.3.3 Characteristic classes
Let A be a principal ideal domain, e.g., Z,R or C.

Definition 2.42 (Def. 5.1 of [19]) A characteristic class ¢ for principal K-bundles
associates to every isomorphism class of topological principal K-bundles 7: £ — X
a cohomology class of ¢(F) € H*(X,A), such that c((f, f)*E) = f*c¢(E) for every
pullback-diagram

E’—f>E

ot
f
X —X.
If A = Z the class is called integral.

Theorem 2.43 (Theorem 5.5 of [19]) The map associating to a characteristic class ¢
for principal K-bundles the element ¢c(EK) € H*(BK) is a one to one correspondence.

Thus there is in particular a one to one correspondence between integral characteristic
classes and H*(BK,Z).

For many important Lie groups, the cohomology of the classifying space can be
described by polynomials.

Definition 2.44 (see, e.g., [19, p. 61]) Let V be a finite-dimensional vector space. For
p > 1 let SP(VV) denote the vector space of symmetric complex valued multilinear
functions in p variables on V. In other words P € SP(VV) is a linear map P: V®...®
V' — C which is invariant under the action of the symmetric group on the entries. The
map

o: SP(VY)® SUVY) — SPH(VY),
given by

1
Po Q(’Ul, v ,Uerq) = m Z P(va(1)7 ceey UU(p))Q(UU(p+1)7 e 7'Uo(p+q))7

where the sum runs through all permutations of 1,...,p + ¢, defines a product on the
graded sum @, SP(V"Y) (where S°(VV) = C). The graded algebra thus obtained is
denoted by S*(V'V).

Let K be a Lie group. The adjoint action on the Lie algebra ¢ induces an action on
the SP(£Y) for every p:

(kP)(vi,...,vp) = P(Adg-1v1,...,Adg-1vp), v1,...,vp €%, keK.

Definition 2.45 (see, e.g., [19, p. 62]) Let K be a Lie group. The K-invariant part of
the graded algebra S*(€Y) is called the algebra of invariant symmetric polynomials,

I"(K) = (S*(¢")" .
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Theorem 2.46 (Theorem 8.1 of [19]) Let K be a compact Lie group, then there is a
natural isomorphism

I*(K) — H*(BK,C).

Moreover, note that any Lie group K with a finite number of connected components
(see the Remark after [19, Theorem 8.1]) is contractible to a compact subgroup K
and thus its cohomology is given by invariant polynomials on this subgroup I* (K ) =
H*(BK,C) ~ H*(BK,C).

The polynomials which correspond to integral cohomology classes will be called
integral.

There is a completely different way of constructing characteristic classes, known as
Chern-Weil-Construction.

Definition 2.47 (compare Def. 2.39 of [9]) A characteristic form w for principal
K-bundles of degree n associates to each connection ¥ € Q!(F, ) on a smooth principal
K-bundles 7: E — M a closed differential form w(d9) € Q% (M), such that w((f, f)*9) =
ffw(¥) for every pullback-diagram
, 7
EF——FE
=, |-
f
M —— M.

It can be shown (see, e.g., [9, Lemma 2.51]) that the difference between the charac-
teristic forms of two connections is an exact form and hence the equivalence class of a
characteristic form w(¥) in de Rham cohomology is a characteristic class, denoted by
w(E). Moreover, any invariant symmetric polynomial yields a characteristic form. We
will discuss both procedures — from the form to the class and from the polynomial to
the form — later in a slightly more complicated context, see Theorem 3.48.

Definition 2.48 (Def. 2.85 of [9]) . A characteristic form w is called integral if
w(F) € H*(M,C) is integral, i.e., lies in the image of H*(M,Z) — H*(M, C), for every
principal K-bundle E — M.

We are now turning to principal Gl,-bundles, what is the same as vector bundles.
As the map H*(BGl,,Z) — H*(BGl,,C) is injective, one can show the following
statement:

Lemma 2.49 (Theorem 2.117 of [9]) An integral characteristic form for principal
Gl,-bundles defines uniquely an integral characteristic class for principal Gl,-bundles
such that the image in complex cohomology coincides for every bundle.

Example 2.50 An important example of integral characteristic forms and classes are
Chern classes. The Lie algebra of Gl,, is the vector space of all n x n matrices. The
Chern polynomials Cy, € I*(Gl,,) are defined by

: 1 _ n—k
det <)\ Cidyen —MA) _ Xk: Ch(A, ..., A\ (2.1)
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and induce the integral Chern classes and Chern forms (compare, e.g., [19, p. 68],[9,
Def 2.42]).
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3 Equivariant cohomology

3.1 Models for equivariant cohomology

Let M be a smooth manifold acted on from the left by a Lie group G. To define
equivariant cohomology one uses two properties which one expects from such a theory:
it should be homotopy invariant and for free actions, the equivariant cohomology should
be the cohomology of the quotient. Recall from Remark 2.7 that the total space of the
classifying bundle EG is a contractible topological space with free G-action. Hence
EG x M has the homotopy type of M and the diagonal action is free. Hence one
defines
Hi (M) := H*(EG xg M),

where EG xg M is the quotient of EG x M by the diagonal action. We are interested
in differential form models for equivariant cohomology, but in general EG is not a
finite-dimensional manifold, hence we cannot use the usual de Rham cohomology. But
there is a model for EG, which consist of finite dimensional manifold:

3.1.1 Simplicial manifolds and differential forms

The model of EG xg M we are going to use is a given by a simplicial manifold.

Definition 3.1 (see, e.g., [19, p.89]) A simplicial manifold is contra-variant functor
from the simplex category A to the category of smooth manifolds.

Explicitly this is an N-indexed family of manifolds with smooth face and degeneracy
maps satisfying the simplicial relations, i.e.
8i08j :8j_1oai, ifi <y
0;005 = 054100, if ¢ S]
O'j_loai, ifi <y
81'0(73': id, ifi=4,j+1
0 001, ifi>j54+1

Example 3.2 Our most important example of a simplicial manifold is the following
(compare [25, p.316],[23, section 3.2]):

G®* x M = {Gp X M}ng,
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where GP stands for the p-fold Cartesian product of G. The face maps GP x M —
GP~1 x M are given as

80(917"‘7gp7m) = (927"'7gp7$)
0i(g1s- - 9ps®) = (91, - Gim1,9iGit+1,-- -, gp,x) for 1 <i <p—1
Op(91 -+, 9p, %) = (915 -+ Gp—1, Gp)

and the degeneracy maps for i =0,...,p by

0GP x M =GP x M
(91,---a9p7$) = (gla"'agiae7gi+17"'agp7x>'

These maps satisfy the simplicial relations. In particular for p = 1 the map 0; equals
the group action, while dy is the projection onto the second factor, i.e. onto M.

Definition 3.3 (see, e.g., [19, p.75]) The (fat) geometric realization of a simplicial
manifold M,, is the topological space

M| = |J AP x M/ ~
peEN

with the identifications
(0't,z) ~ (t,0;z) for any x € My, t € AP~ i =0,....,nand p=1,2,....

Example 3.4 The geometric realization of the simplicial manifold G® x M is a model
of EG xg M and in particular if M is single point the geometric realization of G*® x pt
is a model of the classifying space BG (compare [19, pp.75]).

Before giving a differential form model for equivariant cohomology, we will explain
sheaves and sheaf cohomology for simplicial manifolds, as this is the technical basis for
all further constructions and definitions.

Definition 3.5 (see [16, (5.1.6)]) A simplicial sheaf on the simplicial manifold M, is
a collection of sheaves F* = {FP},cn, where, for each p, F? is a sheaf on M, and there
are morphisms 9; : 0; Lrr — Fr+land &, - o; LFp+l _y FP satisfying the simplicial
relations as stated above.

The simplicial sheaf cohomology is defined as the right derived functor of the global
section functor [16, def. 5.2.2.], where global sections of a simplicial sheaf, are the
equalizer

ker (50 — 512 .FO(MO) — fl(Ml)) .

This definition opens the question: Are there enough injectives? As Pierre Deligne is
quite short on this and there are mistakes in the literature (see Remark 3.8), we should
give an answer.

Lemma 3.6 The category of simplicial sheaves has enough injectives.

28



3.1 Models for equivariant cohomology

Proof. Let F* be a simplicial sheaf. Let P, be the functor from simplicial sheaves to
sheaves, which sends a sheaf to its p-th level, i.e., F* is sent to the sheaf 77 on M,,.
Pick for any FP an injective sheaf I” on GP x M, in which FP embeds (for existence
see e.g. [26, section I11.2]).

Now we construct a right adjoint of P, (analogous to [24, p.409]): Let B be a sheaf
on GP x M. Define a simplicial sheaf on G* x M as

(SpB)g = H h™'B
heA(q,p)
By the adjointness of the functors, injectivity of B implies injectivity of S, B. Moreover
the equality

Hom (]—“’, 11 Spﬂ’> = [[Hom(F*, Sp17) = [ [ Hom(PB,F*, I*) = | [ Hom(F?, I?)
p p p p

shows that the simplicial sheaf 7* embeds into [],, 5,1 because for each F? there is
an injection into IP. O

Now let
0— F* =105 15

be an injective resolution. Omitting the first columns and taking global sections yields
to a double complex

P

(Ip,lz(MP)v Z(_l)lal + (_1)p5> )

i=0

whose cohomology is defined to be the cohomology

P
H* (M., F*) = H* (ﬂ*q(Mpx S (-1)d + <—1>p6>
i=0
of the simplicial sheaf F* on the simplicial manifold M,.

The definition does not depend on the injective resolution chosen. In the non-
simplicial case, this is a well-known fact: the identity on the space and the sheaf
induces a morphism between two chosen injective resolutions, which is an isomorphism
in cohomology. In the simplicial case, we need an additional argument: As before we
obtain a morphism of the double complexes of global sections from the identity on
the space. When taking cohomology in every horizontal line (I7*(M,), (—1)PJ), this
morphism will induce an isomorphism between the bi-graded complexes. Hence we can
apply the following lemma, to see, that we have an isomorphism in cohomology.

Lemma 3.7 (see e.g. [19, Lemma 1.19]) Suppose f: (C7™*,d} +dy) — (C3™, dy + dy)
1s homomorphism of double complexes and the induced homomorphism

(HUCY,dy),dy) — (HI(C3", dy), dy)

s an isomorphism, then f induces an isomorphism in the total cohomology of double
complezes.
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Remark 3.8 One could have the idea (e.g. [7, p.3],[25, Section 3.2]) that an injective
resolution on any simplicial level would be sufficient as the maps 9; lift by the injectivity
of the sheaf. But as this lift is not unique, no one ensures, that the simplicial relations
hold and thus there is no general reason why 9 = Zi(—l)’@ is a boundary operator.
In fact one can construct the following counterexample: Take the trivial group, acting
on a point, then all d;: Z — Z are the identity. A injective resolution of the abelian
group Z is given by Z — C — C/Z. Beside id: C — C, the complex conjugation is also
a lift of idz. Making appropriate choices, for the lifts d; one finds an example where

000 #0.

In practice, one usually uses acyclic resolutions, instead of injective ones, to calculate
cohomology. This works in the simplicial case, too. Let

0— F* — A0 % g1 5

be an acyclic resolution, i.e., each A** is a simplicial sheaf and all but the zeroth
cohomology of each sheaf A4P? vanish. Let I** be a simplicial injective resolution. The
identity map on the simplicial manifold and the sheaf F* induce a homomorphism of the
double complex of global sections (by injectivity of I), which induces an isomorphism
of the bi-complexes, (HY(AP*,4),0) — (HI(IP*, ), 0), as acyclic resolutions calculate
cohomology. Thus the last lemma implies the isomorphism in the cohomology of the
double complexes.

In the examples, which we study later, the simplicial sheaf will actually not just be a
sheaf of abelian groups, but a cochain complexes of simplicial sheaves of abelian groups.
A resolution for a chain complex goes by the name Cartan-FEilenberg resolution and
exists for cochain complex in any abelian category with enough injectives (compare [45,
Section 5.7]). In our context, the resolution of a cochain complex of simplicial sheaves
is a triple instead of a double complex. Nevertheless, one can form a total complex of
the global sections of the triple complex and the cohomology of the cochain complex of
simplicial sheaves is defined as the cohomology of this total complex.

We will now discuss some explicit models for simplicial sheaf cohomology.

Simplicial de Rham cohomology

This exposition is based on [19, Section 6]. Let M, = {M,} be a simplicial manifold.
For any p, differential forms on M, form a the cochain complex of sheaves ( M, d).
The face and degeneracy maps of M, induce, via pullback, face and degeneracy maps
between the differential forms on M, and Mp+;. Thus, one obtains the simplicial sheaf
Q** of differential forms on M,.

On the global sections of this sheaf

QPA(M) = Q1(Mp),

there is a horizontal differential d : QP4(M,) — QP9+1(M,), given by the exterior
differential and vertical differential

d: QPUM,) — QPFLa(M),
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3.1 Models for equivariant cohomology

given by the alternating sum of pullbacks along the face maps
p+1 4
o(w) = Z(—l)zﬁfw. (3.1)
i=0

Proposition 3.9 (Q79(M,),d + (—1)90),4 forms a double complez.

Proof. (d + (—=1)79)? = 0, as d> = 0 by Proposition 2.15, > = 0 by the simplicial
relations and d0 = 9d as d is functorial. O

Moreover, since the differential forms form a sheaf of C"*°-module, they form a fine
(Lemma 2.29) and hence acyclic sheaf.

In particular, for the simplicial manifold G® x M, we have the double complex
Q4(GP x M), what is a first de Rham type model for equivariant cohomology by the
following Proposition.

Proposition 3.10 (Prop. 6.1 of [19]) Let M, be a simplicial manifold. There is a
natural isomorphism

HY Q% (M), d + (=1)70) = H*(| M|, C).

Simplicial Cech cohomology

Definition 3.11 (see [7, 25]) A simplicial cover for the simplicial manifold M, is a
family 4* = {tP)} of open covers such that

1. U® = {U(gp)|a € AP} is an open cover of M, for each p, and

2. the family of index sets forms a simplicial set A®* = { AP)} satisfying
3. 8Z~(Uc(yp)) C Uéf;l) and ai(Uép)) C Uﬁi?il) for every a € A®),

Definition 3.12 (see [7, 25]) Given a simplicial cover ®, one forms the Cech chain
groups C**(U®, F*) by

craue, FYy = [ F” (U(’(’Q,) n..nu® ) ,
ao «

gp)
agp),.,.,a(gp)eA(P)

with the usual Cech boundary operator 4 : CP4 — CPatl and the simplicial boundary
map 0: CP4 — CP+14 defined as alternating sum as above.

Observe, that the third condition of the simplicial cover ensures that 9 maps between
the Cech groups. The simplicial Cech cohomology, denoted by

H*(U*, F*),
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3 Equivariant cohomology

is the cohomology of the double complex (CP%,, (—1)P§). As in the non-simplicial case
(see [26, section II1.4]), any simplicial open cover induces a canonical homomorphism

H*U*, F*) — H*(M,, F*).

Moreover, given a refinement V* of the simplicial open cover U®, then the natural
diagram
u. ‘F. ) H* M."F.)
H* V. f‘.
commutes. Thus one can form the limit over all refinements of simplicial open covers
and obtains an isomorphism

lim H*(U*, F*) — H* (Ma, F*).
For more details see [7, 25].

Simplicial singular cohomology

Let A be an abelian group. Later, the most interesting cases for us will be A €
{Z,R,C,C/Z,R/Z}. Then there is the locally constant sheaf A°, consisting of continu-
ous maps to A furnished with the discrete topology, in any simplicial degree. The maps
d; and &; are given by pullback along 9; respectively ;. One can calculate H*(M,, A)
via singular cohomology.

Definition 3.13 (see [19, p. 81]) The simplicial singular cochain complex

(CS2.(Ma, A), 0, Osing)

sing

is the double complex consisting of groups

Céng = Cing(Mp) = map(C™ (A7, M), A)
of smooth singular cochains on each M, with group structure induced from A, vertical
boundary map induced from the simplicial manifold and horizontal boundary map
given by the singular boundary operator.

To obtain a double complex one has to use the boundary map 0 + ( 1)POsing. A
51mphc1al map fo: My — M induces a map of double complexes f¥: C&s (M, A) —
C%2 (M,, A).

sing

smg

Theorem 3.14 (Theorem 5.15. of [19]) There are functorial isomorphisms

(”MH A) smg( sing

Ma, A) 1= H (Ol (Mo, 4),0 + (—1)"Diing )
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3.1 Models for equivariant cohomology

To compare singular cohomology with general sheaf cohomology, one can use argu-
ments of [44, pp. 191-200]. Sheafify the singular cochains Cg . (M,): Let S9(M,, A)
be the sheaf associated to the presheaf

M C U+ map(C>*(A%,U), A).
Then one has an acyclic resolution
0— Ay = SYM,, A) = SY(M,, A) — ...

and hence
H*(M,, A) = H*(M,,S*(M,, A)).

On the other hand, the global sections of SY(M,, A) are exactly CZ . (M,).

sing
Thus we have shown the following theorem.

Theorem 3.15

H*(|M|,A) = H};,,,(Me, A) = H*(M,,S*) = H*(M,, A).

sing
In particular, for My = G®* x M, we obtain:
Hi(M,A)=H, (G* x M,A) = H(G* x M,A).

sing

Simplicial cellular cohomology

The most handy cohomology theory for calculation is cellular cohomology. Recall
(compare [42, p. 12]) that a CW complez is a topological space X with a collection of
subspaces, called cellular decomposition,

X()CX1CX2C...CX,

such that Xy is discrete, X, is obtained from X,_; by attaching p-cells, X = {J; X,
and U C X is closed, if and only if U N X, is closed in X, for any p € N. A map
[+ X — Y between cellular complexes is called cellular, if f(X,) C Y. The cellular
chain complex (see [42, pp. 118-122]) is given by C"(X) = Hg,,(Xn, Xn-1; A) and di.,
is the composition

H"(Xp, Xpo1) = HY( X, 0) = H"™ (X001, X0)

of the map induced from the inclusion (X,,0) C (X,,X,—1) and the connecting
morphism of (X,,,0) C (Xp+41,0) C (Xnt1,X5).

By a cellular decomposition of the simplicial manifold G* x M, we understand a
collection of topological spaces (X, 4)pqeN, such that X, , is a cellular decomposition
of GP x M and all face and degeneracy maps are cellular. Thus we receive a double
complex, the simplicial cellular chain complex (CL(GP x M), dcen + (—1)79). We

C

define HY ;(G* x M, A) to be the cohomology of this double complex.
One has the following small proposition, for which I did not find a reference in the

literature.

33



3 Equivariant cohomology

Proposition 3.16 There is an isomorphism

H*GH(G.XM,A): x (G.XM,A).

¢ sing

Proof. Given a map between the singular and cellular chains, Lemma 3.7 would imply
the result. Hence we are done, if we find such a map for normal, i.e., non-simplicial
spaces, in a functorial manner. There is no map between singular and cellular chains
in general, but one can construct a complex of so called simplicial singular chains (see
[18, Section V.8]), and functorial quasi-isomorphisms to both, singular and cellular
chains. O

3.1.2 The Cartan model

A well-known de Rham-like model for equivariant cohomology goes back to Henri
Cartan ([13]). Our Exposition follows [31]. Let G be a compact Lie group acting
smoothly on the smooth manifold M and denote the Lie algebra of G by g = T.G. Let
S*(g¥) be the symmetric tensor algebra of the (complex) dual of the Lie algebra gV.
The group G acts on this algebra by the coadjoint action and on Q*(M) by pulling back
forms along the map m — gm. Hence we have a G-action on S*(g¥) ® Q*(M). The
invariant part of this algebra (S*(g¥) ® Q*(M))% is exactly what one calls the Cartan
complex and is denoted by QF (M). In other words: The Cartan complex consists of
G-equivariant polynomial maps w: g — Q*(M). Let wi,wy € Q5 (M), then there is a
wedge product
(w1 A (.UQ)(X) = wl(X) A UJQ(X).

On this algebra one defines a differential as
dew(X) = d(w(X)) + «(XF)w(X),

for w e QF(M)) and X € g, i.e., one takes the differential on the manifold and adds
the contraction with the fundamental vector field. To make this differential raise the
degree by one, the grading on (M) is given by

twice the polynomial degree + the differential form degree.
Lemma 3.17 (Qf,dc) is a cochain complex.

Proof. First, observe that do increases the total degree by one, since d increases the
differential form degree, and the contraction ¢, while decreasing the form degree by one,
increases the polynomial degree by one. Next, one has to check, that the differential
really maps invariant forms to invariant forms and that it squares to zero.

Let w € Q&(M)) and X € g.

dow(Ady X) = d(w(Ad, X)) + 1((Ady X)*)w(Ad, X)
= d(gw(X)) + (g X*g™ ") g(w(X))
-1

= gd(w(X)) + gu(X*)g ' g(w(X))
= gdow
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3.1 Models for equivariant cohomology

Thus dow is G-equivariant. Moreover, we have

d2w(X) = d*w(X) 4+ du(X)w(X) + o(X)dw(X) + 1(X)*w(X) = Lyw(X)

and
d d d
Lxw(X)= —| exp(tX)w(X)= —| w(exp(—tX)Xexp(tX)) = —| w(X)=0.
dt =0 dtli—o dtli—o
Thus d¢ squares to zero, i.e., it is a boundary operator. O

In the special case of M = pt, i.e., of a single point, the Cartan algebra reduces to
the algebra of invariant symmetric polynomials

I*(G) = ((5"(g") © " (pt))“)* = (5*(a")"

3.1.3 Getzlers resolution

In order to investigate cohomology of actions of non-compact groups, Ezra Getzler [23,
Section 2] defines a bar-type resolution of the Cartan complex. We will apply his ideas
slightly different: The complex defined by Getzler will allow us to compare equivariant
integral cohomology (defined via the simplicial manifold) with equivariant cohomology
defined by the Cartan model.

Let, as before, a Lie group G act on a smooth manifold M from the left. Define
C-vector spaces CP(G, S*(g¥) ® Q*(M)) consisting of smooth maps, from the p-fold
Cartesian product

G — 5*(g") ® Q" (M),

to the space of polynomial maps from g to differential forms on M. We give these
groups a bigrading: The horizontal grading is the one of S*(g") ® Q*(M) defined above
and the vertical grading is p. The Cartan boundary operator d + ¢ now induces a map
(=1)P(d 4 ¢), which increases the horizontal grading by 1 in any row. As we are not
restricted to the G-invariant part of S*(g¥) ® Q*(M), this map will not square to zero,
but

(—1)P(d+0)* =di+d = L

is the Lie derivative (see Proposition 2.15). In vertical direction, there is a differential
d: C*(G, 5%(g") ® Q*(M)) — C*(G, S*(g") ® Q*(M))
defined by
k

(@f)(g0, - > 1l X) := (g1, -, 0l X) + D (=1)'F (90, - - -, 9i-191, - -, 9| X)
i=1

+ (=1)"*gr f(gos - - -, gr—1] Ad(g; 1) X)

for gg,...,g9x € G and X € g.
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3 Equivariant cohomology

Note, in particular, that the kernel of
d: C%(G,5*(g") ® Q" (M)) — CY(G, S*(g") © (M)

is exactly Q% (M ). Moreover, in case of a discrete Group G, g = 0 and thus one checks,
that
CP(G, §*(g") © (M) = CP(G, (M) = Q(G* x M)

and d is equal to 0. B
In the case of a compact Lie group, the map d admits a contraction (compare, e.g.,
[25, p. 322]):

Lemma 3.18 Integration over the group, with respect to a right invariant probability
measure, defines a map

/G L CP(G, 5% (gY) @ (M) — CP 1@, S*(g¥) @ QF (M) (3.2)
([1) @ sgpmrm) = 1 [ Flg.gueeigpmrm)dg
G geG

such that d [ f = f if df = 0.

Proof. This is proven by a direct calculation:

(d/Gw) (91,---,9p,m)
Z(/Gf) (92,...,gp!X)—|—zp:(—1)i (/(}f) (9151 9i-1Gi» - - -+ p| X)

1=2

g ([ 1) (1] Adlg, D)
p .
:Af(979277gP‘X)dg+§(_]‘)Z/Gf(gagla7gllglaagp|X)dg

+/Ggpf(g,gl,~--,gpfl\Ad(ggl)X)dg

p

= L (f(gag% oo 7gp|X) + Z(_l)lf(gagh ey 9i—19i, - - - 7gp|X)

1=2

+ (1P g f(g. 91, -, gp1l Ad(gp_l)X)> dg

Now we apply df(g,91,---,9y|X) =0
= /G(f(ghmgp’X) _f(gglvagp’X) +f(g7927agp|X))dg

:f(glv7gp’X)_/Gf(ggla.9277gp’X)dg+/Gf(g79277gp‘X)dg

:f(glvagp’X)
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3.1 Models for equivariant cohomology
Thus, for compact groups, the vertical cohomology of this bi-graded collection of
groups is the Cartan complex.

One can turn the bi-graded collection CP(G, S*(g") ® Q*(M)) of groups into a double
complex. Therefore Getzler defines another map,

0 CP(G,S'(g") @ Q™ (M) — CP7Y(G, S (g") @ Q™ (M),

given by the formula

p—1

) . d

(Lf)(gl7"‘7gp—1’X) = E (_1) dt . Of(gh-"7gi7exp(tXi)7gi+17'"7gp—1‘—X)7
=0 =

where X; = Ad(git1...9p-1)X.
Lemma 3.19 (Lemma 2.1.1. of [23]) The map ¢ has the following properties:
> =0 and di+id = —L.
Proof. This is shown in [23] by recollection of the sums in the definition of z and d. [

Moreover one obtains:

Lemma 3.20 (Corollary 2.1.2. of [23]) dg = d+1+(—1)P(d+1) is a boundary operator
on the total complex @, 944 r—, CP(G,S5(g") @ Q"(M)).

Proof. dg increases the total index by one, as d increases the first index, d increases
the third index, ¢ decreases the third, while it is increasing the second index and ¢
decreases the first index, while it is increasing the second one.

As d and ¢ are equivariant under the G-action, they commute with d. And as d and
¢t only act on the manifold M and not on the group part, the same is true for z. Thus

d = (d+0)%*+ (“D)P(d+0)(d+ 1) + (=1)PFd+ ) (d + 1) + (d+ )2
=di + id+ (di+ 1d)
=—-L+L=0.

O]

Remark 3.21 The reader, who compares this with the original paper of Getzler
will note that we changed some signs. It just seems more natural to us in this way.
Furthermore Getzler uses some reduced subcomplex, which is, by standard arguments
on simplicial modules (compare Proposition 1.6.5 in [32]), quasi-isomorphic to the full
complex, which we have taken.

One can check that

@ CP(G,S8g") 2 Q" (M)) | ,d+ (=1)Pt,(=1)Pd+ ¢

p+g=n
qt+r=k n,k
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3 Equivariant cohomology

is a double complex. But this point of view will not fit to the construction, which we
want to do with this bigraded module later: We want to turn the groups C?(G, S*(g¥)®
Q*(M)) into simplicial sheaves on G* x M.

Definition 3.22 A simplicial homotopy cochain complex of modules is a triple
(M** f,s), where M** is a Z-graded simplicial module, f is a map of simplicial
modules, which increases the degree by one and s is a simplicial zero homotopy of f?
which commutes with f and squares to zero, i.e.,

s040s=—f2, sf=fs, and s = 0.
Example 3.23 Observe that
(C*(G,5%(g") @ U (M)),d +¢,1)
is a simplicial homotopy cochain complex.

Definition + Proposition 3.24 The total complex of a simplicial homotopy cochain
complex (M®* f,s) is the chain complex

(( &b MP7‘I>,8+3+(—1)”f).
pt+q=n n

Proof. We have to check that 9 + s + (—1)Pf defines a boundary map. Therefore
calculate

O+ s+ (-1Pf)? =045+ 05+ 50+ ()P0 +s)f + ()P f(0+s) + f*
=50+ 0s + f?
= 0.

O

Observe that the total complexes of the interpretation of C*(G, S*(gV) ® Q*(M)) as
double complex and as simplicial homotopy cochain complex coincide. Moreover, note
for our applications later, that in the first column, of the double complex interpretation
and the degree zero part of the interpretation as simplicial homotopy cochain complex
are equal. In formulas this means

P (G, U)o (M) | = " (G, S%") @ Q°(M)).
pt+q=n
gtr=k n,0
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3.1 Models for equivariant cohomology

3.1.4 A quasi-isomorphism

In this section, we will discuss a map defined in [23, Section 2.2.]. It will relate
the complex C*(G, S*(g") ® Q*(M)) from the last section to the double complex
Q*(G* x M), which consists in degree (p,q) of g-forms on GP x M with horizontal
boundary map d = dg» +djps and vertical boundary map 0 from the simplicial manifold
structure. Thus we have an explicit identifications of chains in the one complex with
chains in the other complex. This will be of particular interest to us in the discussion
of equivariant characteristic forms (Section 3.2.3) and will allow us to compare our
definition of equivariant differential cohomology (Section 4.1.3) with definitions given
before.

Definition 3.25 (Def. 2.2.1. of [23]) The map J: Q*(GPx M) — @}_, CH(G, S*(g")®
Q*(M)) is defined by the formula

T@)g1,-alX) = 3 sen(m) (i) (trarn) (X TD) -ty (XS0
weS(l,p—1)

Here S(I,p — 1) is the set of shuffles, i.e., permutations 7 of {1,...,p}, satisfying
(1) <...<7w(l)and 7(I+1) < ... < 7w(p),

Xj(ﬂ) = Ad(gm ... 91) X, where m is the least integers less than [, such that 7(j) < 7w(m),
t; means, that the Lie algebra element should be a tangent vector at the j-th copy of
G, and iy: G x M — GP x M is the inclusion z — (A, ..., hp, x) with

) gm if j=m(m), 1 <m <1
7 leeq otherwise,

which is covered by the bundle inclusion TM — T(GP x M).

Observe that the image of w under J does only depend on the zero form part and,
in direction of any copy of G, on the one form part at the identity e € G.

The next Lemma — which is mainly a citation of [23, Lemma 2.2.2.], but with signs
corrected — shows, that the map 7 can be interpreted as a map of double complex.

Lemma 3.26 The map J respects the boundaries with the correct sign, i.e.,
Jod=(d+(~1Pt)oJ
and, after decomposing d = dg + dp; with respect to the Cartesian product GP x M
To((=1)Pdy) = (-1"doJ and J o (—17)dg = t0 J,

where p is the simplicial degree before and p' the simplicial degree after application of
the map 7,

Proof. The following four types of terms contribute to J o 0:
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3 Equivariant cohomology

1. those terms where 0 acts by the group multiplication G x G — G and J take a
one form component on one of these groups: these parts cancel by symmetry;

2. those parts where 0 acts by the group multiplication or the action on M and J
takes the zero form component on this part: these contribute to d o J;

3. those terms where 0 corresponds to the action of G on M and J takes the one
form on this corresponding G at e yield ¢ o J. The sign comes from the fact that
0p has this sign in 0.

This proves the first equation. For the second decompose the exterior derivative
d=>Y"%_1daw +dy on GP x M further into a part corresponding to each copy of G
and one corresponding to M. One checks immediately that Jo(—1)Pdy = (—1)P do 7,
where the sign difference comes from interchanging dj; with the contractions. For the
last equation, which contains z, note that one can restrict to w € Q2(GP x M), whose
degree on each copy of G is either zero or one. Let m € S(I,p — ) be a shuffle and
w € QUGP x M) be a form, such that the differential form degree on the 7(k)-th copy
of G is zero if k <[ and one if k > [+ 1. Then for any X € g we can calculate

(to Jw)(X)

l
=D (-DFLY, (Jw)(X)

>
Il
—

where LF should denote the Lie derivative on the k-th G,

I
MN

(=1 sen(m)ot_ 1t (Xe) gy (tnien) ) - oy (™)

b
Il
—

I
MN

(=)* sgn(m)oi_1 e (Xe)iz (dgem taeny (XD - iy (X))

b
Il
-

I
MN

(1) sgn(m) o1k (Xk)is (= 1P (aery (XD - - ay (XS ) dniin )

>
Il
—_

+ terms which include a Lie derivative Ll)“(k (Xi145)

The sign in the first term comes from the fact that the d and ¢ anti-commute, since

they act on different GG’s. Moreover the other terms vanish, as each of them contains a
factor of the form %’tzo e X Xe X = [X, X] = 0.

l

=3 (P san(m) o1 (tagey (Xe) (e (XD - (XS dgnin ) )

k=1
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3.2 Equivariant characteristic forms and classes

Now define 7, € S(I—1,p— 1+ 1) as the shuffle, which is obtained from 7 by transpose
k and [ and resorting the two groups.

I
MN

(=1 sgn(m)is, (bn) (Xn) (tran (XT) -+ b (X)) )

b
Il
—

The sign of 7 and 7, differ by a (—1)!* for transposing 7 (k) into the second group and
a sign change for every transposition which is necessary to reorder the second group.
These reordering sign also occur a second time, when reordering the contractions. Thus
they cancel out each other.

l
=Y (=DPsgn(my)ix, (ka(z)(Xl(ﬂk)) ) (X7 k))d(;w(k))w)
k=1
z

Z (dgeayw) (X)

=1

(Z G(w(k»w) X)
DPT (darw) (X).

Note for the last step, that J vanishes on forms, whose degree on any copy of G is
larger than one. O

Moreover, the map J induces an isomorphism in the cohomology of the associated
total complexes.

Theorem 3.27 (Theorem 2.2.3. of [23]) J is a quasi-isomorphism.

3.2 Equivariant characteristic forms and classes

In this section G and K will denote Lie groups.
In analogy to the non-equivariant case (Def. 2.42), we define equivariant characteristic
classes (with values in the ring A € {Z,R,C}):

Definition 3.28 An G-equivariant characteristic class ¢ for G-equivariant principal
K-bundles associates to every isomorphism class of topological G-equivariant principal
K-bundles 7: E — X a cohomology class c¢(FE) € Hj (X, A), such that ¢((f, f)*E) =
f*c(E) for every pullback diagram

E’—f>E

|, I
X' $ X
of G-equivariant principal K-bundles.
If A =7 the class is called integral.
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3 Equivariant cohomology

Any characteristic class for principal K bundles ¢ yields to an equivariant character-
istic class ¢@ by the following procedure (compare , e.g., [31, Section 5.4]): Let E be a
G-equivariant principal K-bundles and let EG — BG denote the universal G bundle.
One defines

“(E) = ¢(EG xg E) € H*(EG x¢ X) = H:(X).

Note that the by
mg=tdxn:EGxqgFE — EGxg M =: Mg

one constructs a principal K-bundle from the G-equivariant principal K-bundle £ — M.

Lemma 3.29 The association procedure ¢ — ¢© is an one to one correspondence

between characteristic classes and equivariant characteristic classes.

Proof. Any principal K-bundle 7: £ — X can be understood as a G-equivariant
principal K-bundle with trivial G-action. This holds for morphisms, too. Moreover,
fix any point p € BG, then the inclusion i,: X — {p} x X — BG x X induces a
map i,: H5(X) = H*(EG xg X) = H*(BG x X) — H*(X). Thus an equivariant
characteristic class naturally yields a characteristic class. We are now going to prove
that this is an inverse to ¢ — ¢©.

Let ¢ be a characteristic class and E be a principal K-bundle. Then ¢%(E) =
¢(EG xg E) = ¢(BG x E). Let pr: BG x X — X denote the projection, then
BG x E =pr* E and iyc(BG x E) = iyc(pr* E) = iy(pr* ¢(E)) = (proip)*c(E) = c(E),
since proiy, = idx.

On the other hand, let ¢ be G-equivariant characteristic class. We have to show that
for any G-equivariant principal K-bundle F' — Y

¢(F)=1i"c¢(EGxg F)e HL(Y) = H"(EG xgY),
where i: EG xgY — BG x (EG x¢Y) is an inclusion as above. Both squares in the
commutative diagram

EGxgF+—EGXx F———F

! I

EG xGYLEGxY%

are pullbacks of G-equivariant bundles, hence pr3 ¢(F') = pr ¢(EG xg F) in H(EG x
Y'). Since EG is contractible and Borel cohomology is invariant under (non-equivariant)
contractions, prj is an isomorphism. Thus we only have to show that (pr3)~1opr} = i*.
This follows, because the diagram

EG xy BG x (EG xgY)

(EG x EGxY)/G

commutes up to homotopy, since EG is contractible. ]
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3.2 Equivariant characteristic forms and classes

Remark 3.30 This lemma is a reformulation of the basic statement of [34] and the
reason why Jon Peter May thinks, that equivariant characteristic classes in Borel
cohomology are too ‘crude’.

For non-equivariant characteristic classes, one has the Chern-Weil-construction
producing characteristic classes out of differential geometric data given by a connection
and its curvature. One can do something similar in the equivariant case. The definition
of equivariant characteristic forms goes back to [3] and is also discussed in [2, pp.204]
and [31]. For compact connected Lie groups acting on the bundle, there is a proof that
the equivariant characteristic form calculates the equivariant characteristic class as
defined above via the Borel-construction give in [5]. This equality is generally assumed
the hold, see, e.g., [28, p. 311] without giving or citing a proof.

We will motivate the definition of Nicole Berline and Michele Vergne and proof that
equivariant characteristic forms calculate the equivariant characteristic classes defined
via the Borel construction for general compact Lie groups acting. The construction
we apply therefore also shows how to extend the definition of characteristic form to
non-compact groups. To do so, we will refine a construction of [19]: Johan Dupont uses
simplicial manifolds to show that the Chern-Weil-construction is a way to construct
characteristic classes. Hence it is natural to use bisimplicial manifolds to show the
statement for simplicial manifolds. This section can be read as a proof to [23, Theorem
3.1.1], which Getzler claims to be proven in [20], where only a weaker statement is
shown. Nevertheless, some arguments are influenced by [23].

3.2.1 Bisimplicial manifolds

In this section we will define bisimplicial manifolds, as this motivates a construction we
will employ in the next section. In the end it will turn out that we don’t have to care
about bisimplicial manifold, as they are reducible to their diagonal, which as simplicial
manifold.

Definition 3.31 (see [24, p. 196]) A bisimplicial set is a simplicial object in the
category of simplicial sets or equivalently a functor A% x A°? — Sets.

Remark 3.32 A bisimplicial set is a collection of Sets {X, 4|p,q¢ =0,1,...} together
with vertical and horizontal face and degeneracy maps, such that vertical and horizontal
maps commute.

Definition 3.33 A bisimplicial manifold is a collection of manifolds {X, 4|p,q =
0,1,...}, which forms a bisimplicial set and all face and degeneracy maps are smooth.

Example 3.34 Let M, be a simplicial manifold and U*® a simplicial cover. Recall
(from Definition 3.11) that this is a family of open covers U® = {UP)}, such that

1. Y@ = {Ua(lp)|oz € AP} is an open cover of M,, and

2. the index sets form a simplicial set A* = {AP)} satisfying
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3. o(UL™) c UP) and oy (UFY) c UL,

Thus for any p we can construct the Cech simplicial manifold [19, Example 5, p.78]:

(NoMy)pg =[] UPN...nUP,
(a0,...,0tq)
where the disjoint union is taken over all (g + 1)-tuples (g, .. .,a,) € (A®)?! with

Uéf(’)) Nn...N Uo(f;) # (). The face and degeneracy maps are given on the index sets
by removing, respective doubling of the i-th index and on the open sets by the
corresponding inclusions.

Lemma 3.35 NoM, is a bisimplicial manifold.

Proof. Clearly, we have a bi-graded collection of manifolds. The third property of
the simplicial cover ensure that the face and degeneracy maps of M, restrict to the
disjoint unions of intersections of covering sets and thus induce vertical face and
degeneracy maps for the bisimplicial manifold. That these vertical maps compute with
the horizontal ‘Cech’ maps follows, because it is the same, if one first restricts the
neighborhood of a point, and then map the point, or doing it the other way around. [

There are evidently two ways to geometrically realize a bisimplicial space: 1) first
realize vertically and afterwards realize the received simplicial space in horizontal
direction or 2) do it the other way around. Moreover, there is also a third one: realize
the diagonal!

Definition 3.36 (see [24, p. 197]) Let (M, e, 0;, 04, 0., 0}) be a bisimplicial manifold.
The diagonal is the simplicial manifold

(p— Mpp,0;00,,0;00,).
Lemma 3.37 (see [41, p.10/86/94]) There are canonical homeomorphisms

lp = Xppl

= llp = llg = Xpallll = llg = llp = Xpqllll-
This lemma motivates to reduce the bisimplicial manifold Ny M, to its diagonal.

Definition 3.38 Let M, be a simplicial manifold with simplicial cover U*. The
simplicial manifold N M;, is defined to be the diagonal of NoM;,.

Lemma 3.39 The inclusions U®) > Ué”) C M, induce a map
NMy — M,, (3.3)
which induces an functorial isomorphism in cohomology
HA (| M, A) = H* (| N My||, A),

with coefficients in any abelian group A.
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Proof. We will combine Cech and simplicial singular cohomology to prove this statement.
Recall from Section 3.1.1, that H*(||M||, A) = H*(M,,S*).

Let U*® be a (locally finite) simplicial open cover of M,, then we can calculate the
simplicial sheaf cohomology H*(M,,S*(M,, A)) explicitly by the Cech complex for the
chain complex of simplicial sheaves (S*(M,, A))

CPaT(Ue) = CPIU®, S (M, A)

which is a triple complex with boundary map 0+ (—1)P§+ (—1)P*90gng. As the sheaves
(8*(M,A)) are fine, i.e., admit a partition of unity, one can contract the triple complex
in the Cech direction and obtains the double complex CLY ;/(M,, A) of cochains with
support in U, i.e., one restricts to those simplices whose image is contained completely
in one of the open sets of U. Such simplices are known as U/-small simplices.

Fix some p. As any U-small simplex is a simplex, there is a restriction map
Clng(Mp, A) — ngg,mp)(Mp’A)- The theorem of the small simplex (see, e.g., [44,
pp.197]) states that this map induces an isomorphism in cohomology. By Lemma 3.7,
this turns over to the simplicial manifold, hence we can conclude that

Cling(Ma, A) = 5o (Mo, A)

also induces an isomorphism in cohomology.
On the other hand, one has an equality of groups
CPT (NMy) = CPP" (U, S*(M,, A)).

sing

In other words C;i’gg(N M) coincides on the set-level with the diagonal of of the
bisimplicial complex

C**" (U, S*(M,, A)).

Moreover, one check from the definitions, that the face and degeneracy maps coincide,
too. Thus the C3,(NMy) and the diagonal of C**"(U,S8*(M,, A)) are the same
simplicial objects.

By the generalized Eilenberg-Zilber theorem ([24, Ch. IV, Theorem 2.4]), there
is a chain homotopy equivalence between the diagonal and the total complex of a
bisimplicial complex and hence from

P i, (NMy)—» P CPIU,S* (M., A)).

sing
p+r=n p+qg+r=n

This induces the asserted isomorphism in cohomology. ]

3.2.2 Classifying bundle and classifying map

Let K be a Lie group. A simplicial manifold, whose realization is EK — BK is given
in the following way: NK := K*® X pt is the simplicial manifold of the action of K on
a point (see Example 3.2) and (N F) is given as NK, = KP*! with face maps

A~

Bi(ko, - .- kp) = (koy - Fss o Kep)
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and degeneracy maps
oi(ko, ... kp) = (Ko, ... ki ki, ... Ep).
The K-action on NK given by
(ko, ..., kp)k = (kok, ..., kpk)

is compatible with the face and degeneracy maps and hence a simplicial action. More-
over, there is a simplicial map

v: NK = NK, (ko, ..., kp) — (koki",... kp—1k;").

Lemma 3.40 (Prop. 5.3 of [19]) ||v]: HNFH — ||[NK]|| is a principal K-bundle.

The following lemma is is a special case of a standard argument in the theory
of simplicial sets (see [32, Prop. 1.6.7]), which applies in the case that there is an
additional degeneracy.

Lemma 3.41 HN?H s contractible.
Proof. By definition HNFH =UJA" x K"/ ~. Define h : [0, 1] x HN?H — HN?H by
hs(to,...,tn,ko,...,kn) = (8,(1—S)t0,...,(1 —S)tn,e,ko,...,kn)

ho((ti), (ki) = (0, (t:) e, (ki) = (9°((t:)), e, (ki) ~ ((ta),00(e, (ki) = ((t:
and ha((t;), (ki) = (1,(0), e, (k) = ((01)"(1), e, (ki) ~ (L, (01)" (e, (ki) = (

A% x K. Hence the homotopy h is a contraction of NFH to a point.

~—
~—

)’(ki
1,e)

O m

Thus we have a model of EK = HN?H — BK = EK/K = ||[NK]||. The map
v: NK — NK is a special case of the following object.

Definition 3.42 (compare [19, p. 93]) A simplicial K-bundle 7: E — M is a sequence
mp: B, — M, of differential K-bundles, where E = {E,} and M = {M,} are simplicial
manifolds, 7 is a simplicial map and the right action of K on E, Ry, : £ — E, is
simplicial, i.e., commutes with all face and degeneracy maps.

An G-equivariant principal K-bundle 7: E — M leads to the simplicial K-bundle
=idgx7m: G* X E — G* x M,

where the action of K is given by trivial extension along G. We want to construct a
classifying map of the bundle F, which will be the geometric realization of a map of
simplicial manifolds. Therefore we are going to define an intermediate bundle, mapping
to the classifying space and to G* x E — G* x M.

Let U = {U,} be an open cover of M and let the induced open cover of E be denoted
by 77U = {V,}, Voo = 7 1(U,). These covers of M and E induce simplicial covers of
G* x E and G* x M as follows (compare [25, p.319)):
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3.2 Equivariant characteristic forms and classes

Define a simplicial index set A®) = AP*1 with face and degeneracy maps given by
removing respective doubling of the i-th element. Then define the simplicial cover
T UP) = {Vé”)}aeA(z,) inductively by

v — (ot (VD).
1=0

where VCEO) =V, for any a € A® = A. The following lemma gives an alternative

description of this construction.
Lemma 3.43
VCSP) ={(91,---,9p,m) | M E Vg Gpm € Vo, 15,91 ... gpm € Vo }

Proof. We will prove this by induction. For p = 0 there is nothing to show. Let p > 0:

p
v = (art i)

p
= (V{010 es ) 18t gy € VD)
=0

For any i =0, ...,p we can apply the induction hypothesis to 9;(g1,. .., gp,m) € Va(i;)l),

what implies

mEVap, ,gi+2...gpmeVai+l,
i Gpm € Vo, 1y oo, g1 gpm € V.

This is almost the right-hand side of the condition to be proven, just the i-th term is
missing. As ¢ runs from 0 to p, we get for the intersection exactly

A {(91:---sgpm) | m e Vo, gpm € Vo, 1., g1-..gpm € Vou } .

By the construction of Definition 3.38, we have a simplicial bundle
m: N(G®* X E) -1y = N(G®* x M)y.

Suppose the cover U = {U, }aca trivializes E with trivialization ¢, : V, = 771 (U,) —
Uy x K and transition functions g,5: Uy N Ug — K. Then there is an induced map

Y: N(G®* x E) -1y — NK,
which is given on the intersection of p 4+ 1 covering sets of G x E

p
V=V

)
1) e
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by
(91399, @) = (009 (91 -+ 9p), Pt (92 gp), - pop (@) € KPFH,

where, on the right-hand side, the maps ¢, are understood to be composted with the
projection to K.

Next, we want to define ¢ : N(G*® x M) — NK, such that v covers 1). Therefore
we need some additional transition functions of the bundle. Define

has: G x M D 35 Ua N7 Us = K, (g,2) = (20 0a(9X))(m2 0 05(X)) 7,

for any X € 7~ !(z). This definition is independent of the chosen fiber element, as any
other element in the fiber equals Xk for some k € K and

(2 0 2alg(XK))(m2 0 93(XR) ™ = (72 0 (g X)) (72 0 95 (X)R)
= (20 Pu(9X))kk ™ (T2 0 (X))t

As there exist local smooth section, G acts smoothly and the trivialization maps are
smooth, hqg is smooth too.

Define 1 on
q
U=
g=0
by

(917 -+ 9p) m) = (hago& (g17.92 cee gpm)) ho&g%(QQv g3. .. gpm)7 ) hag:
One checks from the definitions that there is a commutative diagram
b _
N(G®* X E)p-1y—— NK
| | (3.4)
P
N(G®* x M)y——> NK
of simplicial manifolds. Later on we will need the following statement.
Lemma 3.44 The geometric realization of this diagram is a pullback.

Proof. This follows, as the bundle map is K-equivariant, from Lemma 2.5. O

3.2.3 Dupont’s simplicial forms, connections and transgression

Let M, be a simplicial manifold. Dupont has given another definition for simplicial
differential forms than the cochain complex of simplicial sheaves Q2**

Definition 3.45 (Def. 6.2 of [19]) A simplicial n-form w on M, is a sequence
w = {w®}, ey, where each wP) € Q"(AP x M,), such that

(0" x idag, ) w® = (idpp-1 x8;) WP~

on AP~1 x M, for i = 0,...,p and p € N. The space of simplicial n-forms will be
denoted by A"™(M,).
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3.2 Equivariant characteristic forms and classes

The differential d: A"(M,) — A"T(M,) is in any simplicial level the sum of
dpy, + dar. We can compare this complex of differential forms to the simplicial de
Rham complex.

Lemma 3.46 (Theorem 6.4 of [19]) The map
| anan) - @ wia,)
A p+q=n

w® w® e QP (M),
AP

given by integration over the simplices, induces a quasi-isomorphism of chain complexes.

Definition 3.47 A connection on a simplicial principal K-bundle &£ — M is a Dupont-
1-form ¥ € A'(E,¥) such that the restriction to any AP x E, is a connection on the
bundle

AP x E, — AP x M,

The curvature of the connection is defined as
1
Q=di+[9,9] A%(E,¢).

Theorem 3.48 Let P € 19(K) be an invariant symmetric polynomial, Eq — Me a
simplicial principal K-bundle with connection ¥ and curvature €.

1. P(Q%) = P(Q,...,Q) € A*(E) is a basic 2q-form, i.e., it is an element of
7* A%4(M) or in words a pullback from the base space M. The form wp(¥) €
A%24(M), s.t., T™*wp(9) = P(9), is called characteristic form of (E,9).

2. I'(K) 3 P~ wp(V) € A%2(M) is an algebra homomorphism.
3. wp(¥) € A%(M) is closed.

4. Given two simplicial connections 99,91 on F,, then there is a path of connections

from the first to the second, i.e., a connection ¥ on R x Eq — R X M, such that
Oy = Vi fori=0,1. The transgression form

Sp (9, 0) = / wp(d) € A2L (M) Jd A2 (M),

[0,1] x M/M

is independent of the path chosen and satisfies as well
da)p(’ﬁl, 790) = wp(ﬁl) - wp(190) (35)
as for any third connection 92 on E

@p(’ﬁz,ﬁl) + @p(’ﬂl,ﬂo) = @p(’ﬂz,l?l). (3.6)

5. Let f: N — M be a smooth map, then f*wp(9) = wp((f, f)*9).
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6. The class cp(E) = [wp(9)] € H**(M) is called characteristic class (defined via
the Chern-Weil-Construction). It is independent of the connection and does only
depend on the isomorphism class of the bundle.

Proof. These statements are more or less standard, but we give proofs for convenience
of the reader.

First, the simplicial form is basic, if this is true on any simplicial level, where it is a
standard fact that the curvature is horizontal and equivariant (see e.g. [19, Prop 3.12
b)]) and as P is invariant, P((Q2®))9) is basic. To the second assertion: the question
about sums and scalars follows clearly from the definition. Let Q € I'(K), then

(P- Q™) = 7y P AQIEY) = P A Q).

Thus P — wp(¥¥) is a homomorphism of algebras.
To show closedness, it is, since 7*: A%(M) — A?(E) is injective, sufficient to show
that dP(Q9) € A%+ (E) vanishes. We compute

dP(Q?) = qP dQ AQTY)  (as P is symmetric)
— qP((2d[9,9)) A Q)

(
(
= qP(([d9,0]) ANQY)  (as d[9, 0] = [dV, 9] — [¥, d])
=qP(([Q,9)) AQT 1) (as [[9,9],9] = 0 by the Jacobi identity).

2 (3.7)
[d)
[€2,

On the other hand, P is K-invariant. Let X,Y7,...,Y, € £ and differentiating the
equation

P(Y1,...,Y,) = P(Ad(exp(tX))Y1,...,Ad(exp(tX))Yy)
by t at t = 0 yields

q q

OIZP(Yl,,[X7K],,}2):ZP([X,Y;],Y17’ﬁ7,}/&),
i=1 i=1

what shows P(([Q2,9]) A Q971) = 0. Thus dP(Q?) = 0 by equation (3.7).

To prove statement four about the transgression, define the connection Yy = (1-—
t) pry Yo + tpry v on R x E, which is obviously a path of connections from ¥ to
v1. Thus (3.5) follows from Stokes theorem (applied to any simplicial level). Let

= {20+ o1 + x2 = 1} C R3 be the hyperplane, whose intersection with the positive
octant is A%. Define by 9 = >; x;¥; a the connection on A% x E, - A? x M,. By
Stokes one has

(2. 01) +@p(01,00) = 5p(02,00) = d [ | wn(d), (35)
from which (3.6) follows. To show the independence from the chosen path, take 93 = ¥;

and define another connection ¥ on A2 x E, — A2 x M, in the following way: D restricts
to ¥; on the i-th vertex of the simplex (which is the intersection of the hyperplane
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3.2 Equivariant characteristic forms and classes

with the non-negative octant), it is constantly pr}, 91 on the edge (1,2) (from vertex
1 to vertex 2), the convex combination on (0, 1), an arbitrary path on the last edge
and an interpolation in the interior (say the convex combination on lines parallel to
(1,2)). Then (3.8) implies the independence of the path, because wp (2, 91) is zero as
an integral over a pullback form.

The 5th statement, about pullbacks, follows from the facts, that, on the one hand,
the curvature of the pullback connection (f, f)*9 is (f, f)*Q, i.e. the pullback of
the curvature and, on the other hand, pullbacks are an algebra homomorphism on
differential forms. For the last assertion: the difference of the characteristic forms for
two connections is an exact form by 4., thus the class is independence of the connection.
That the class only depends on the isomorphism class follows from 5. applied to an
isomorphism of the bundles, which covers the identity map on the base space. ]

Let G and K be Lie groups and F a smooth G-equivariant principal K-bundle over
a smooth manifold M with G-invariant connection ¢ € Q!(FE, €)%,

Definition 3.49 (see [4, p.543]) The moment map of ¥ is defined as
g s X (X9 e C°(E, )X,
Lemma 3.50 The moment map is G- and K -equivariant.

Proof. The K-equivariance of u follows from the K-equivariance of ¢. Now let g € G,
then

p(Ad, X)(92) = 0lge) | 5

(exp(gX g_l)(gcv))}

(exp(X))

t=0

(
(g7)[g X"
(
(

t=0

z)[X*] by the G-invariance of ¥

I
T S

O]

Given ¢ € Q' (E, €)%, one defines a simplicial connection on G* x E as follows
(compare [23, p.104]): Let ¢; be the pullback of ¥ to AP x GP x E along

AP xGP xE— FE
(to, - stps G1s- -, Gps €) F> Git1 - - - Gpe-
Now define © € A(G® x E,€) on G* x E by
OP) = todg + t191 + ... + 0. (3.9)
It can be seen directly, that © satisfies
(0" x idark ) O®) = (idpp—1 x8;) 0P
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3 Equivariant cohomology

and hence it is a simplicial Dupont one form.

We are now going to calculate the characteristic form of the simplicial connection ©.
We will see that this actually leads to the equivariant characteristic form of 9 as defined
by Berline and Vergne, i.e., one replaces the curvature by the sum of the curvature
and the moment map. This is a more detailed reformulation of [23, Section 3.3.].

Theorem 3.51 Let P € I*(K) be an invariant symmetric polynomial.

by (7 ([ (@) = P07 + %) € 5°(8%) w0 (1)

Here J is the map defined in 3.25 and pry is the projection from the double complex to
its zeroth vertical level. As ¥ is G-invariant, the equation actually holds in Qg (M) =

* * G
(S*(g") ® Q*(M))".
Proof. Let

Q=dO + - [@ O]

denote the curvature of . We should refine the grading of the simplicial Dupont forms
(compare [19, p.91]): A form in A*(G* x M) restricts to a differential form on the
product AP x (GP x M) for each p. Thus we can grade the form by the differential form
degree part on the simplex AP and on the form degree on the manifold part GP x M,
where the normal degree is the sum of booth. By construction, the form degree of © in

direction of the simplex is zero. Thus the form degree of €2 in simplex direction can be
at most one. Therefore

/Q:QWHMEQ%E@@Q%GXE&.
A
Here Qg is exactly the curvature of ¥. While

le/d@ @U@U]

:/Cm%+wm
Al

:/qﬁwo—ﬁﬂ
0

=0 —th
— 950 — O

Let X = X + Xg be a vector field on G x E, decomposed in the directions of G and
E, then

() (g, p)[X] = (959)(g,p)[X] — (859)(9, D) [X]
(g)[(TD)(X)] — I (p)[(TDp) X]
(9p)[XE] + 0(9p)[9 X 5] — O(p)[XE]
(

plo~ (XE(9p))],

(
9
9
9
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where XﬁG denotes the fundamental vector field of Xg. Restricting this to e € G, what
is the same as applying the map pry J, one obtains the definition of the moment map
p = u(X1)0.

The statement of the theorem now follows from the next lemma. O

Lemma 3.52 The composition of maps
prood o/ L AS(G® x M) — 5*[g"] ® Q*(M)
A

s a homomorphism of algebras.

Proof. The map is clearly a homomorphism of vector spaces. Hence we only have to

show that
Pl”oj/ w1 Awe = (proj/ w1> A (pfoj/ wz)
A A A

for w; € A*(G*® x M). Using the refined grading defined above, by additivity of the map,

we can restrict ourselves to w; being a p;-form in the direction of the simplex and a

g;-form in the direction of GP x M. Without loss of generality wZ(p D) = dtiA. . Ndty, Aw;
Let X € g. We calculate:

(proj/ (,U1/\w2> (X)
A
:i}‘\/[Ll(X)...Lp1+p2(X)/Aw1 A wo

=i [ )t (X) (e Awn)
AP1+P2

= " (p1+p2)
=iy /Ap1+p2 Z (—1)fm™ (L,r(l)(X) () (X P P2 ) A

7T€S(p1 ,pz)
(m(mﬂ)(X) - Lﬂ(p1+p2)(X)w§pl+p2))

Here S(p1,p2) is the shuffle group (see Definition 3.25). What is the sign f(m)? Take
a shuffle 7, let ¢; (k) be the number of indices in {7 (1),...,7(p1)}, which are larger
than 7(p; 4+ p2 — k). Then we get, when expanding the contraction, a (—1)P1+a—cx(k)
for swapping tr(p, +p,—k(X) with the partially contracted w;. Summing this up for
k=0,...,po — 1 results in f(7). On the other hand the sum of the ¢, (k) is exactly
the number of inversions of m as the two groups of the shuffle are in order, thus
(—1)f ™) (—1)l@r=PP2 o (1) = 1.

= Z}k\/[ /Ap1+p2 Z(—l)f(ﬂ-)(Lﬂ.(l) (X) . Lﬂ.(pl)(X)(idA X (8,r(p1+1) . 8ﬂ(pl+p2)))*w1)/\

(t1(X) 1 (X)(idA X (Or(1) - - - Or(py))) w2)
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3 Equivariant cohomology

We can add the 0’s in front of the w; as ¢;0; = id, and o; o ipy = ipr. Now apply the
property of simplicial Dupont forms with respect to the face maps.

=it /A+ ST O (X)) 1 (X) (07D L 97 1H2)) s id) WP A
(11 (X) - 1y (X) (07D . om0 x id)*w ()
_ /Mm ;(—1)“”)(“()() ety (X)) Ao A dg ) AG)A
(1(X) - 1 (X (py 41) A+« A Al ) A 652)
=i}y /Amp2 ST Aty A Aty A b1y A - A By ) A
(= 1)@ =POPEPER (14 (X) .ty (X)1) A (X)) - 1y (X))

The sign comes from rearranging the forms. Now recall that the volume of the p-simplex

is [% and the number of elements of the shuffle group is %. Thus we obtain:

_ 1
p1!pa!

= (i}k\/[/ALl(X)...Lpl(X)wl) A (i*M/Aal(X)...Lm(X)w2>

= (b0 [2) 0O A (107 [ ) ()
_ ((proj/AUﬂ) A (proj/sz» (X).

This finishes the proof. ]

(—1)PEFP3 3% (1 (X) - 1y (X)) A (1(X) - 1y (X))

This theorem motivates the following definition, which translates the definition of
characteristic form and transgression to the Cartan model.

Definition 3.53 (compare [4, p. 543]) Let ¥,9¢,9; be G-invariant connections on
a G-equivariant principal K-bundle E — M. The characteristic form related to
the invariant polynomial P € I*(K) is defined as P(QV + pu”) € Q% (M) and the
transgression form is @p(91,90) = [; P(QY + ut), where 9; is the convex combination
of ¥y and 91 as in the proof of Theorem 3.48.

Let ©; be the connections associated to ¥;, i = 1,2 by (3.9). The following lemma
shows that we did not run into notational difficulties.

Lemma 3.54 We have

wp(¥1,90) = pry (j (/A @P(@h@o))) ;

where the right-hand side is the transgression form of Theorem 3.48.

LY



3.2 Equivariant characteristic forms and classes

Proof. As the composition of maps prgoJ o [, is linear and all integral are taken over
compact sets, it commutes with [; and thus the simplicial transgression form is mapped
to the one in the Cartan model. O

There is a ‘canonical’ connection on the classifying bundle (compare [19, p.94]). As
seen above EK — BK is the geometric realization of the simplicial bundle v: NK —
NK. Let 99 € Q'(K, ) denote the Maurer-Cartan connection of the trivial bundle
K — pt, ie.,

Vo(k) = Ly—1: TR K — T, K = ¢.

Let
i AP x kP 5 K

denote the projection to the i-th coefficient, ¢ = 0,...,p and ¥; = 7;Jp. Then we
define ¥ on A? x (NK), by
0 => "t
i

where (to, ..., tp) are barycentric coordinates on the simplex. 1§] APX(NE) is a connection
P

on AP x (NK),, as it is a convex combination of connections. It is seen easily from
the definition, that 1 is a simplicial-1-form.
Now we are able to prove the central theorem of this section.

Theorem 3.55 Let K be a Lie group.

1. There is a homomorphism

e () B (BE) = A Ny o

P cp(NK) = [wp(9)],
which is, for compact groups, inverse to prooJ o [A.

2. Let G be another Lie group, P € I*(K) and let E be a smooth G-invariant
principal-K -bundle over the smooth manifold M, then

cp(E) = ¢(P)(EG x¢ E),

i.e., the definition via the Chern-Weil construction on the left-hand side equals
the pullback definition via the universal class ¢(P) = c¢,(NK) on the right hand
side.

Proof. The homomorphism property is just a special case of Theorem 3.48 and the
statement about the inverse follows from Theorem 3.51, as the curvature of ¥ is equal
to zero and the moment map equals the identity.
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3 Equivariant cohomology

For the second assertion let ¢ be a trivializing cover of 7: E — M. From (3.4) and
(3.3) we obtain a commutative diagram

G* x E<— N(G* x E)ﬂ.—luL)NF

l ; | ¢ J/v (3.10)

G* x M +—— N(G* x M)y —— NK.

Now:
"e(P)(EG x¢ E) = c(P)([IN(G* x E)z-1y])

= ||¢]|*e(P)  (right square is a pullback by Lemma 3.44)
= ¢*lwp(¥)] (isomorphism of Theorem 3.14)
= [wp(¢™0)]
= [wp(i*¥)]  (class is independent of connection)
=i"cp(E) (Chern-Weil definition)

The statement follows, since 7* is an isomorphism. ]

Corollary Let K be a compact Lie group. Any characteristic form w for principal
K -bundles of degree 2n corresponds to a polynomial P € I"(K), which induces via the
Chern-Weil construction the same characteristic class as w.

Proof. Let ¥ = {ﬁ(p)} o denote the simplicial connection on NK — NK defined
p
above. By the pullback property of the characteristic form, {w (5(”))} o € AL(NK)
p

cl
is a closed Dupont n-form. Thus J o [ (w) is a cocycle in the Getzler model. Since K
is compact, the Getzler model contracts to the Cartan model and thus J o [, (w) is
cohomologous to an element of I"(K), which we will call P. Since NK — NK is a
universal principal K-bundle, the assertion follows. O

Remark 3.56 There is a shorter way, to show the main theorem above, then the one
we gave, but we will need the construction above later on, when defining differential
refinements of characteristic classes. As this shorter construction is maybe interesting
to the reader we will give a sketch (which generalizes arguments of [21]). Instead
of the simplicial manifold of the covering one defines a special classifying space for
each bundle: As before let 7 : E — M be an G-equivariant principal K-bundle and
G* x E — G* x M the associated simplicial bundle. We define a simplicial manifold
N(G* x E)®, s.t., N(GP x E)P = GP x EP*L  face and degeneracy maps act on the G
part as described above and on the E part be removing/doubling the ith entry. In
particular 0,(g1, ..., 9p. b0, ..., bp) = (91,1 Gp—1,9pbo, - - ., gpbp—1). K acts diagonal
on the E’s. This allows to define maps

G* x E—Y s N(G* x B)* <2 NK

I Lo b

G x M2 N(G* x E)*/K +——NK.
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3.2 Equivariant characteristic forms and classes

Here ¢ is induced by the diagonal inclusion E — EP and the map ¢ is given by
(éx) . KPH1  gP x pptl
P
(koy....kp) — (e,...,e,xko,...,xkp).

As ||[N(G® x E)|| is contractible, the right side of the diagram induces homotopy
equivalences in the geometric realization.

3.2.4 Vector bundles alias principal Gl,(C)-bundles

As (complex) vector bundles are of specific interest, we want to translate the statements,
about equivariant characteristic forms in the last sections, from principal Gl,(C)-
bundles to their associated vector bundles. One can also replace Gl,(C) by subgroups,
e.g., U(n) to obtain analogues statements.

Definition 3.57 Let E be a principal Gl,(C)-bundle. The associated vector bundle
E=F XGl, c"

is the quotient of E x C™ by the diagonal action of Gl,,, where the action on C" is
given by matrix multiplication from the left.

Lemma 3.58 There is an isomorphism C®(E, gl,)%» — C°°(M,End £).
Proof. This map is well known, but we give a proof for completeness.
End & = End(F xq, C") = FE xq1, End(C") = E xq1, M, (C) = E xqa, ¢,
Hence, it suffices to construct the isomorphism
C™®(E, gly) %" — C®(M, E xqi, gl,,)-
Therefore, let f € C®(E, gl,)%" and s be a local section of E — M. Then,

M>U — E xq, gl,
m = (s(m), f(s(m)))

defines a local section of End & — M. Picking another local section s’ around m, there
exists A € Glp, s.t., s'(m) = s(m)A and

(s'(m), f(s'(m))) = (s(m)A, f(s(m)A))
= (s(m)A, A7 f(s(m))A)
= (s(m), f(s(m))) € Em xa, gl,-

Hence the image of f is independent of the local section and defines an element in
C*>°(M,End¢).
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3 Equivariant cohomology

On the other hand given f € C*(M,E xgqi, gl,), then for z € E, f(rw(x)) =
(g, Af(x)) = (z,9Af(z)g™") for some Af(x) € gl,. The map = — gAs(z)g~! is
equivariant by definition and smooth as 7, f, and the action are smooth. We only have
to check that both map are inverse to each other.

Start with f: E — gl,,. Let x € E and s be a local section of E around 7(x), then,

for some g € Gl,,

= (s(n(x)), f(s(n(2)))) = (zg, f(xg)) = (2,997 (f(2))99™") = (x, f(x)) v f(2).

Now let f € C*°(M, E Xq, gl,,) and s again be a local section of E. The composition
is m— (s(m), Af(s(m))) = f(m), by the definition of Ay. O

A left G-action on E which commutes with the action of Gl,, clearly induces a left
G-action on &.

There is a one to one correspondence between connections on the principal-Gl,-bundle
and those one the associated vector bundle (see e.g. [1, Ex. 3.4]).

Definition 3.59 (Def. 2.23. of [9]) Let V be a connection on the G-vector bundle €.
The moment map p¥ € Hom(g, Q°(M,End(£)))€ is defined by

pV(X) N =V ot Lip, ¢ eQO(M,E).
Here L§( denotes the derivative

exp(tX)*p.

d
Lqp=—
xX® dt|,—o

Remark 3.60 Observe that for a function f € C*°(M,C),

d

LY fm) = | (expeX) ) (m) = 5

e (exp(tX)"'m) = —dfm(X})).

Therefore, we altered the sign in the definition of [9].

Theorem 3.61 Let 9 € QY (E, gl,)) be a connection on the principal Gl,-bundle E and
V be the associated connection on the associated vector bundle £. Then, with respect
to the isomorphism of Lemma 3.58, one has

dd+9AN9=RY and p’=pV.
Proof. The first statement is standard, while the second is stated in [4, Lemma

3.2], where the proof is left to the reader. Here it is: The statement is local. Let
s =(s1,...,5n) be a local frame, i.e., a local section of E, X € g and p € C®(M,¢E).
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3.2 Equivariant characteristic forms and classes

Locally one can write ¢ = >, ¢;8;.

5" (17 (X)) = 5" (u(X})0) 3 isi
= Z pi(s" X)) si
= Z pi(s*(O]ds o dm(XE) + (1 — ds o dr)(X5)])ss

_ Z 0 ( Olds(X3)] + 9[(1 = ds o dm)(X})])) s

d
see . * # . el
bolow El Pi <5 (ﬁ[dS(XM)])Sz + dt

d
—Z@z( ﬁSz a

d
= ; (d(pi(XM)Si + (pivxfwsi + (dt

exp(tX) - (5))

t=0

exp(tX)(s1)

t=0

eXp(tX)*SOi) S
t=0

exp(tX)*(si))
t=0

d
=V, Z%’&'*" exp(tX)” Z%Sz
=V o+ LY

=1V (X)p
For the step in the middle, we have to show that for any m € M the equation

d d
s(m) [(1 —dsodm) (dt exp(tX)s(m))] 5= exp(tX)(s(exp(—tX)m))
t=0
(3.11)
holds, where the - on the left-hand side emphasizes that the action is from the right. This
is shown as follows. The vector field (1 — ds o d) (%‘t*O exp(tX )s(m)) is horizontal,
since B

b 4
i

t=0

d
t=0

Hence there is a unique Y € gl,,, such that

exp(tX)s(m)) =s(m)Y

exp(tX)s(m))) =0.

d
1— -
( dsodw)(dt

t=0
and thus ¥, [(1 —dsodr) (%'t:O exp(tX)s(m))} =Y.

Now, calculate

d
1— -
( dsodw)(dt

exp(tX) (s(m)

t=0
d

dt|i=o

exp(tX)s(m)

= = » som(exp(tX)s(m)),
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3 Equivariant cohomology

hence, by equivariance of m,

— 8] explotX)s(m) sty )
— ] explot)stm) sl )m)
= % i exp(tX)s(exp(—tX)m).

Thus we have shown that shows that Y = s(m)™! %

hence equation 3.11 holds.

o exp(tX)s(exp(—tX)m) and

- O

Let 9,7 be connections on the principal Gl,-bundle E and V,V’ the associated
connections on the associated vector bundle £. Then one has the transgression forms

mvvﬁzlwWQZMﬂﬁx

which coincide in the sense of Lemma 3.58. Here V, is, as above, the convex combination,
which is a connection on R x £ =+ R x M.
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4 Equivariant differential cohomology

Differential cohomology is a refinement of integral cohomology for smooth manifold by
differential forms. One motivation is to define refined characteristic classes, which reflect
both, the integral characteristic class and the characteristic form. This is reflected
by the following hexagon, see [9, Proposition 3.24], whose diagonals are exact in the
middle.

anl(M, (C)/lmd d Q?l(Ma C)
a R
/ \)A / \)
H"Y(M,C) H™(M,Z) H"(M,C)
I
\ / 7ﬁ \ /

H" 1(M,C/Z) H™"(M,Z)

The upper sequence, as discussed in Remark 2.17, is exact. The same is true for the
bottom sequence, which is a part of the Bockstein sequence (see Remark 2.37) up to
sign.

A particular model for differential cohomology is smooth Deligne cohomology:

Definition 4.1 (see, e.g., [9, Section 3.2]) Let M be a smooth manifold and n € N.
The smooth Deligne complex in degree n is the complex of sheaves

Dn):Z -5l % Aol 0

and the n-th smooth Deligne cohomology is the n-th hypercohomology of the Deligne
complex:

A

H"(M,Z) = H"(M,D(n)).
We will define a similar refinement in the case of the action of a Lie group on the
manifold. The goal is a theory which sits in the middle of a hexagon as above, where

the lower line is the Bockstein sequence in equivariant cohomology and the upper line
is the tautological exact sequence of the Cartan complex

n—1 Qn_l(M) n n
0— HE ' (M,C) — e M) (Mg — HE(M,C) — 0.

The discussion of equivariant characteristic forms in the previous section motivates to
enrich integral cohomology by all integral closed equivariant differential forms.
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4 Equivariant differential cohomology

4.1 The definition

The are several attempts to a definition [33, 25, 40]. The most elaborated one is given
by Kiyonori Gomi in [25], where he defines equivariant smooth Deligne cohomology of
a smooth manifold M acted on by a Lie group G. His investigations (for G a compact
group) can be summarized in the following diagram with exact diagonals

Qn—l M G

(M, C) /imd Q4 (M, C)G

\ y
H™(M,Z) —— HA(M, C)

/ X‘
H"YG* x M,n~1C/7Z) HE(M,Z).
The subscript G stands for equivariant cohomology and the superscript G for equivariant
forms. Gomi defines the maps and shows that the diagonals are exact in the middle.
From our point of view, this diagram is not satisfactory: On the one hand, one does

not have the Bockstein sequence. On the other hand, closed equivariant forms is not,
what one expects in the upper right corner, as there indeed exists a map

a(M,C)¢ — HE(M,C).

But this map is in general not surjective, as not every n-class in equivariant cohomology
is represented by a closed equivariant n-form: There are classes represented by (non-
zero degree) polynomials g — Q*(M). As we have seen these are related to the moment
map, which plays an important role when discussing equivariant characteristic classes
and forms. Thus this information is neglected in Gomis curvature map.

We will start with the case of finite groups, as there is no moment map if the group
is discrete and thus everything is much more similar to the non-equivariant case. In
particular, the reader who is not used to differential cohomology hopefully will have an
easier access in this way. Afterwards we will discuss the definition of Gomi and show
how to define a better curvature map R, such that one obtains a hexagon with Gomi’s
definition of equivariant Deligne cohomology in the middle. By this we are motivated
to give another definition, which incorporates additional geometric data. The difficulty
is in general not to show that there is a hexagon, as this follows directly from the way
of the definition by ideas of [10]. What the discussion is about, is which groups sit on
the corners of the hexagon.

At the end of this section we will give some remarks on the definitions of [33, 40] for
equivariant differential cohomology.

4.1.1 The case of finite groups

Let, in this subsection, G denote a finite group. Thus a de Rham-type complex for
equivariant cohomology is given by

QMG b ()¢ b 2SS L
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4.1 The definition

To prepare for the case of Lie groups, we will, nevertheless, work on the simplicial
manifold G® x M. For definition of the Deligne complex, we will use a cone construction
similar to [9].

Definition 4.2 Let M be a G-manifold. The equivariant Deligne complex is defined
as
D(n)gexm = Cone (Z © o0 = Q% (2,w) > w — z) [—1].

Here Z denotes the locally constant simplicial sheaf of Z and £** the cochain complex
of simplicial sheaves of complex valued differential forms on the simplicial manifold
G* x M.

Definition 4.3 Let GG be a finite group acting on a smooth manifold M. The G-
equivariant differential cohomology of M is defined to be the hypercohomology

HZ(M) := H"(G* x M, D(n)crxnr).

Note that D(n)gex s is a cochain complex of simplicial sheaves, i.e., it induces a
double complex of sheaves so that a resolution is given by triple complex. We give here
the general idea of how to define the cohomology of such an object. For details see
Section 3.1.1.

Denote the boundary map of D(n) by ? and pick an injective resolution I***, i.e.,
for any p € N there is the following double complex of sheaves on GP x M

/G N o B ~ g2 T gn g 12T
5 -6 5 (-nnts (=1)né
[p,0,0$[p,1,0 ° y [P»2,0 0 0 Jpn—1,0 0 y [P0 0 N
5 -5 5 (=115 (—=1)ns
JP:0,1 é[nlyl 0 y P21 0 0 Jpn—11 ° y [Pl ° N
5 -6 5 (=15 (=1)"s
w02 % w12 %, 22 0 ° =12 % L pm2 %

The triple complex which calculates the cohomology is
KP7 = (D(GP x M, IP97), 0 + (= 1)Pd + (~1)P*15) .

And in the same spirit as [9] and [25] one investigates differential cohomology by the
following two short exact sequences

0 — Cone(a="Q%* 5 Q**)[—1] 3D(n)
0 — Cone(Z = Q**)[-1] =D(n)
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4 Equivariant differential cohomology

of complexes of simplicial sheaves and the exact triangle
D(n)gexm — L@ o="Qu" — QF" — D(n)gexmll],
which has the following interesting part in its long exact cohomology sequence
H" YG* x M,Z) — H" 1 (G* x M, Q") — H"(G* x M,D(n))
LR gnae x M,Z) @ HVG® x M,o="00*) 57 B(G® x M,Q%%). (4.4)
Recall from Section 3.1.1 that
H"(G* x M,Z) = H"(||G* x M||,Z) = H(M,Z)

and
H"(G* x M, Q%) = HA(M, C).

Moreover, we have:

Lemma 4.4
H™(G®* x M,c="Q%*) = Q4(M)C.

Proof.

H™(G* x M,0="Q%*) = {w € Q"(M)|dw = 0, dw = 0}
={w e Q" (M)|0yw = Jjw, dw = 0}
= Q4(M)C,

as 0p: G x M — M is the projection to M and 0; is the action of G on M. Thus we
obtain closed equivariant differential n-forms. O

As Q** is a resolution of C%, the locally constant sheaf of continuous maps to the
field C with discrete topology, we get a quasi isomorphism

0
Cone(Z = Q**) ~ Cone(Z = C%) ~ (C/Z.
The long exact cohomology sequence of the exact triangle
Cone(Z = C%)[—1] = Z = C° — Cone(Z = C?)

is the Bockstein sequence, up to a minus sign. Comparing this with (4.4) via the
inclusion of (4.2), results in the follwing commutative diagram:

HE Y M, Z)— HE Y (M, C)— HE (M, C/Z)%H”(M Z)——— H3(M,C)

| H | foeo ]

HE N (M, Z)— BN (M, C)— Ha(0M,2) ~25 Ha(0r,2) @ 95, (00 ¢ 5 e (M, ©).

For the next steps, recall that one can define, similar to Lemma 3.18, a vertical
contraction of the double complex Q**(G*® x M).
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4.1 The definition

Lemma 4.5 ‘Integration’ over the group, defines a map
/ L QL(GF x M) = QL(GF ! x M) (4.5)
G
-1
(L) e sgirm) = (D' G Sl gneegumrm)
G G| %5

such that 0 [5(w) = w if dw = 0.
Proof. The proof is given by the same calculation as for Lemma 3.18. O

One has Cone(a2"Q** 5 Q**)[—1] ~ ¢<"Q**[—1]. Thereby, the map in degree n,
is given from right to left by n — (dn,n). As differential forms form a fine sheaf (by
Lemma 2.29), they are themselves their injective resolution. Thus we can calculate the
hypercohomology H" 1(G® x M;Qg"™), by the total complex of the double complex:

OO — o) L (M) ——— 0

/8 l@ 1o}
QG x M)—s ... — 5 Qn=2(G x M)—2s 071G x M) —— 0
1o} la 1o}
QG2 x M)—5 . 5 (G2 x M)—% v 1(G2 x M) ——0

0 la 0

An (n — 1)-cocycle is given by an n-tuple
wi € QNG x M), i=1,...,n,

lying in the kernel, i.e., satisfying dw; = 0, dw; = dw;y1 for i = 1,...,n — 1 and
dw,, = 0.

As 0wy = 0, we have O([;(w1)) = w1, hence by altering the cocycle (w;) by the
coboundary (0 — d)([5(w1),0,...,0) we get

(w;) ~ (0, w2 —d/G(wl),wg,...,wn,l).

We now can proceed inductively as (w2 —d [ (w1)) = Owa—dO [ (w1)) = Owa—dwy = 0,
and hence obtain
(wi) ~ (0, ce ,O,Qn_l).

This proved that there is a surjection Q*~1(M)% — H"1(G* x M;Q<"). To complete
the calculation of the cohomology we have to find the kernel of this map: We only
have to care about forms on M, as forms on G¥ x M for k # 0 are already discussed
to be zero homologous. Let n € Q" 2(M) C EBZ;& Q"=27P(GP x M). The boundary of
71 should conserve that the forms in positive simplicial degree are zero, therefore one
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4 Equivariant differential cohomology

wants that On vanishes. dn = 0 is equivalent to 9jn = 07, i.e., n being G-invariant.
Thus we obtain

@) = OO0 o)

and from (4.2) an induced map

@), 4 (0r-20n€) = H"(G* x M,D(n))

Lemma 4.6 Roa=d: (" H(M))© /4 (Qn—2(M)G> — QE(M)“

Proof. Let n € (Qnil(M))G/ Recall that the quasi-isomorphism
. n d (an2(M)G> . q p

o<"0**[~1] ~ Cone(c2"Q** 5 Q**)[—1] is in degree n given by 1 +— (dn,n). Thus
one calculates
R(a(n)) = R(dn,n) = dn,

since R comes from the projection to the first summand. O
Collecting these statements, we have proven the following theorem.

Theorem 4.7 Let G be a finite group acting on the smooth manifold M, then there is
a commutative diagram

n—1 G
BN ) a0

7

\
HE(M,C) /

whose top line, bottom line and diagonals are exact.

HEY(M,C/7)

Remark 4.8 If G is the trivial group this is exactly the hexagon of the non-equivariant
case.

Proposition 4.9 If G acts freely on M, then
ay(M,z) = A (Mg, z)

Proof. Let @ denote the quotient manifold, g: M — @ the quotient map and {e} the
trivial group. The simplicial manifold {e}® x @ equals @ in any level and all face and
degeneracy maps are the identity. This implies that

A7, (Q,Z) = H"({e}* x Q,D(n)) = H™(Q, Z),
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4.1 The definition

since 0 alternately equals id or the zero map.

Moreover, ¢ and G — {e} induce a smooth simplicial map G®* x M — {e}* x @, whose
geometric realization is a fattened, homotopy equivalent, version of EG xg M — Q.
This map induces homomorphism between the exact lines

H"NQ,Z)— H"Y(Q,C)— H™(Q,Z) — H™(Q,Z) ® Q4(Q) — H™(Q,C)

| | | l |

HE Y (M, Z) - HEN(M,C) — HE (M, Z)— HE (M, Z) @ Q5(M)© — HE (M, C)

As the two maps on the left and the right-hand side are isomorphisms, the same is true
in the middle by the five lemma. O

How about homotopy invariance in equivariant differential cohomology? It is the
same as in the non-equivariant case: It is not, but one can measure the deviation from
being so.

Proposition 4.10 Let iy: M — [0,1] x M be the inclusion at t € [0,1], let G act
trivially on the interval and let & € HA([0,1] x M,Z), then

B8 —ith = a < / R(ﬁ:)) .
[0,1]x M /M

Proof. This is almost verbatim [9, Prop. 3.28]. As integral cohomology is homotopy
invariant, there is y € H{A(M,Z), such that I(z) = prj,;y. By surjectivity of I there is
a lift § € ﬁg(M, Z), with I(g) = y. Hence I(Z —pr}; 9) = 0 and thus & = pr}; 7+ a(w)
for some w € (Q"71([0,1] x M))“. Note that R(#) = R(pri; 9) + dw.

W —ipd =ija(w) — iga(w) = a (/ dw) =a (/ R(ﬁv)) .
0,1 x M/M [0,1]x M/M

Where the second equality is Stokes theorem, and the third equality follows as the fiber
integral of pullback forms is zero:

[ Re) = [ pri(RG) =0
[0,1]x M /M [0,1]x M/M

4.1.2 A version for Lie groups by Gomi

From now on, let G denote a Lie group. In this section we restate the definition for
equivariant smooth Deligne cohomology given in [25] and show how one can define a
‘curvature’ map, which does lead to a differential cohomology hexagon. Gomi notes
the lack of his definition himself (see [25, Lemma 5.9]) and this lemma is the starting
point for our alteration.

Combining the ideas of Gomi with the cone construction, we reformulate the definition
for the equivariant Deligne complex for Lie groups by Gomi:
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4 Equivariant differential cohomology

Definition 4.11 Let M be a G-manifold for a Lie group G. The equivariant Deligne
complex in degree n is defined as

DGOIni(”)G‘XM = CODG(Z@ ]:719.7* — 9.7*7 (Z,Ld) = w— Z)[_l}

Here f}LQE{: is the simplicial sub-sheaf achieved from the simplicial sheaf of differential
forms on G®* x M by imposing the following conditions: in simplicial level zero, i.e.,
on M, forms shall have at least degree n and on any other level the differential form
degree on the G-part is at least 1, if the total form degree is less then n.

In particular, if G is discrete, this is the same complex as in the last section, because
on discrete groups G there are no positive degree differential forms.

Definition 4.12 Let G be a Lie group acting on a smooth manifold M. The G-
equivariant differential cohomology of M is defined to be the hypercohomology

HE(M) == H"(G* x M, Dgomi(n)crxar)-

We investigate equivariant differential cohomology for Lie groups with the same
methods as for finite groups namely with the following two short exact sequences

0 — Cone(F1Q%* 4 Q**)[—1] SDgomi(n) = Z — 0 (4.6)
0 — Cone(Z =% Q**)[—1] =Dgomi(n) 2> FLQ** — 0 (4.7)
of complexes of simplicial sheaves and also with the exact triangle
Diomi(n)aexm — L& FpQ®* — Q% = Dgomi(n)ge (1],
which has the following interesting part in its long exact cohomology sequence

H"Y(G®* x M,Z) — H" 1(G®* x M,Q**) = H"(G* x M, Dgomi(n))

L gniGe x M, z) @ H'(G® x M, Fia*) 25"

H"(G* x M, Q).
As before one has ([19, Prop. 5.15 and Prop. 6.1])

H™(G® x M,Z) = HY(M,Z),  H™G* x M,Q%*) = H%(M,C)
and

. (o
Cone(Z — Q%) ~ *~ 7.

Thus, the only things left to discuss, are the differential form sheaves on the left in
(4.6) and on the right in (4.7).

Lemma 4.13 (Lemma 4.5 of [25]) Let G be a compact Lie group, then
n—1 G
H"(G* x M, Cone(F10%* 45 q*)[—1]) = ¥ (M) (%)

and
H™(G* x M, Cone(FpQ** 5 Q**)[—1]) = 0.
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Proof. We proof the first equation first. Let (w,n) be a cocycle in the total complex
for the cohomology on the left-hand side, i.e., w = (w;)i=1..n,w; € Q*(G"* x M) such
that differential form degree on G of each wj; is at least one for i =1,...,n — 1 and
= (1)i=0..n-1,M € Q(G" =% x M) such that (d + d)n = w (thus (d + 9)w = 0).

Boundaries are ((d + 8)a, a — (d + 9)3) with a = (;)i=1..n—2,; € QH(G" 17 x
M) such that differential form degree on G of each «; is at least one and f =
(Bi)i=0..n—2, Bi € Q(G" 27" x M).

One may decompose the forms 7; = 1, 4+ 7/, where the differential form degree of 7]
on the G part is at least one and of 5/ is zero. Taking the boundary of (7/,0), we see
that (w,n) is cohomologous to (&, 7), where the differential form degree of 7 is purely
on M. Let dg denote a left invariant probability measure on G, then, in analogy to
(4.5), the following integration formula for forms v € Q¥(GP*! x M), such that the
differential form degree on the first G is zero,

(/ ’Y) (91,---,gp,m):/7(9,91,---,gp,m)dg,
G G

results in a k-form on GP x M, which satisfies 0 ([, ) = 7 if 9y = 0. This as shown
by the same calculation as for (4.5).

We have 07)p = 0, hence adding the boundary of (0, ((/570),0,...0)), we can assume
7o = 0 without altering the cohomology class. Of course, this also alters 7, which,
by another boundary argument as above, again may be assumed to have degree zero
on the G-part. As (d+ 9)n = w, we have 9n; = wi. How can 9 lead to a differential
form degree on the G-part? Only by the action of G on M, hence the differential form
degree on the first G of wy is zero if n > 3 and hence ([pwi) € FIQL(G"2 x M).
Altering by (((Jgw1),0,...),0), shows that we may assume w; = 0 in the cohomology
class. Repeating the argument before, shows, that we may assume n; = 0. Repeating
these steps (and forgetting about the ~ for simplicity of notation) yield the situation,
where the only non-vanishing forms are 7,1, w,—1 and wy,, satisfying dn,—1 = w, and
ONp—1 = wn—1. Taking X to be a (n — 1)-tuple of tangent fields on M, as w,_1 has a
positive differential form degree on G, we obtain

0 = wp—1[X](s,m)
= Onp—1[X](s,m)
= nn—l[X] (m> - nn—l[SX](Sm)ﬂ

hence 7,-1 € Q¢ '(M) is G-invariant. The only boundaries we still can mod out
are from ((...,0,ap—2),(...,0, Bn—2)), satisfying a,,—o — 95,—2 = 0 to avoid changing
M2 = 0. ap_o = 0f,_2 implies [5,_s is G-invariant, as if not, a,_o would have a
summand with degree zero on GG. Hence, the first claim is proved.

To proof the second statement, define the tuples w,n, 8, a analogously to above.
Observe first that the tuples w, n, 8 get one additional element, whereas tuple a increases
by two elements, as FAQg (M) = 0, but FrQR(M) = Q%(M) may not. Now, we can
repeat exactly the same arguments as above, until only the three forms 7,,w, and
wna1 satisfying the relations dn, = w,11 and On, = w, are left over. This element is
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4 Equivariant differential cohomology

a boundary, because it is exactly the image of (a, 8) = ((0,...,m,),0) under d + 0.
Thus we have shown that any (n + 1)-cocycle is zero homologous, hence there is no
cohomology in degree n + 1. O

From (4.6) we obtain an induced map

(anl(M G

a: )) /d (Q”_2(M)G> — Hn<G. X M, Dgomi(n)).

n—1 G
Lemma 4.14 Roa = d+0: (€2 (M)) /d (Q”—Q(M)G) N QQ(M)G@Q\/@Q”*z(M)

Proof. Let n € (anl(M))G/ From the proof of Lemma 4.13 we get
. n d (Q”*Q(M)G) p . g

that a(n) = (0,(...,0,0n,dn),(...0,n)), and as R is the projection to the tuple of
forms in the middle, we obtain the assertion. O

Collecting these statements we obtain the following theorem.

Theorem 4.15 Let G be a compact Lie group acting from the left on the smooth
manifold M. Then there is the following commutative diagram

(Q"*l(M))G/d (ar-2(a1)0 M anGe X M, FL)

7 \ / \ (4.8)

K

HE (M, C) ~(M,Z) HJ(M,C),

SN

HE Y (M, C/7) HA(M,7Z)

where the top line, the bottom line and the diagonals are ezxact.

Remark 4.16 Parts of this diagram are due to Gomi ([25]), but, as he — partially —
defined maps to different groups in the corners, he did not achieve the entire hexagon.

If G is a discrete group, this reduces to the diagram of Theorem 4.7. If G is
non-discrete and acting freely on M, such that the quotient space is a manifold, one
would like to compare equivariant differential cohomology with differential cohomology
of the quotient. In general, one can not expect, that HZ(M,Z) = H"(M/G,7Z) as
QM ))G is different from Q""!1(M/G). To see this in a very explicit example,
take M = G, then, in degree n = 2, Q"1 (M)¢ = QY(G)% = gV, but Q" Y(M/G) =
Ql(pt) = 0.

Moreover, one can not expect, that the map Hg_l(M, C/Z) — flg(]\/[, Z) is injective
as in the discrete case, because H"~1(G* x M, FQ*) will not vanish in general. To
see this, take the following example for any positive dimensional Lie group G:

H(G* x M, F}Q) = ker (d + 0: F'QU(G x M) — QX(G x M) & Q'(G x G x M)
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If w € QY (G x M) has form degree one on G, then dw = 0 means that for any g1, g2 € G,
m € M and any vector field X = X + X+ Xy, decomposed into the tangent direction
of the first copy of G, the second copy of G and M, one has

0= (aw)(glu 92, m)[X]
= w(g2, m)[X2] — w(grgz, m)[X192 + g1 X2] + w(g1, g2m)[X1] (4.9)
Taking X; = 0 this implies, that actually w = f € C>®°(M, g¥ ® C). Moreover, taking
Xo =0 in (4.9), we obtain Ady o f = Ly f for any g € G. Finally, since dw = 0, one
has dp; f = 0. Hence

H*(G* x M, F3Q*) = map(mo(M), g") # 0.

Example 4.17 When constructing characteristic classes, the cohomology of the clas-
sifying space is highly interesting. Let G be a group and EG — BG the universal
bundle. Then for cohomology with any coefficient group one has

H*(BG) = H'(EG/G) = H5(EG) = Hy(pt),

where pt is the manifold consisting of a single point. Hence our question is: What is
HE(pt, Z)?
In this case the hexagon becomes

Qr=L(pt) H"( x pt, FLQ¥)
H"Y(BG,C) n(pt, Z) "(BG,C). (410)
H"Y(BG,C/7Z) H"(BG,7)

Hence H”(pt Z) = HA(pt,Z) if n # 1 and, as H'(G* x pt, F1Q*) = 0, we get
HL(pt) = HY(pt,C/Z) = C/Z if G is connected. Maybe one wonders whether this
C/Z yields some characteristic class like information. The answer is: Pulling back
an element of C/Z via the classifying map of some principal G bundle, just gives a
constant function on the base space.

In Section 3.1.2 we defined the Cartan complex
(d+ s QEM) — QE™H (M)

which calculates equivariant cohomology, where Q% (M) = ((S*( ) @ Q* (M G)n

want to compare the group H"(G® x M, F:Q*) in the upper right corner of (4.8) with
the Cartan model.

Proposition 4.18 There is a natural isomorphism

e % ker(d + ¢),
H™(G* x M, F) — kel )%H) (é2 (Sk(gv>®ﬂ"‘1‘2’“<M>>G>'

k=1
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4 Equivariant differential cohomology

Proof. In Section 3.1.4 we defined a quasi-isomorphism
P
T U (GP x M) — P CHG, S*(g¥) ® Q*(M)).
=0

Let
bk 0 if k=0and m < n,
UG, SF(g¥) @ Q™ (M) otherwise.

The double complex (X*Z+%) d+1+d+1) is a subcomplex of C*(G, S*(g¥) @ Q*(M)):

One has to check, that the inclusion commutes with boundaries. By the way X is

defined, the only reason for which it is maybe not a subcomplex, could arise from

the maps which are turned into zero maps, as they map to the zero space. Thus, the

problem can only come from maps lowering indices, namely ¢ and z, but these two raise

the second index, hence there image does not lie in one the spaces X"%™ with m < n.
From the definition of 7 one checks that

T (Fa*(G* x M)) € X***

Moreover, J is the identity on those forms, which have vanishing degree on the group
part and

H”*1 (C.(Ga S* (g\/) ® Q*(M))/X.,Z*,*> == Q”_I(M)G/d (Qn—Q(M)G>

by integration over the first copy of G (compare Lemma 4.5). Hence, J and the inclusion
of the Cartan complex into Getzler’s resolution induce the following commutative
diagram with exact rows

n—1 a
a2\ (M, ©) (2 (M))E 2 (o200 )iaH"(cr x M, F1Q*) = HA(M,C) -

- -

n— 1 d+t
a0, C) (@ D)E iz (-2 )%H”(X* (249) 5 H2(M,C) -0

g |

H I(M,(C (anl(M))G/d (Qn72(AJ)G) ﬂ)ker(d-l- [)VNHHE';(]\/I, (C)ﬁ 0

N

where ker(d + L)WN should denote the right-hand side of the assertion. By the five
lemma this diagram shows that there is the isomorphism as claimed. O

The discussion of this section thus manifests in the following alteration of Theorem
4.15.
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4.1 The definition

Theorem 4.19 For any compact Lie group acting on a smooth manifold M, there is
the commutative diagram
Q1(M)© dte ker(d+ t)n

/d (anQ(]w)G) E— (d+ 1) (@Zfl Sk(g\/) ® anlf%(jw))G

HE (M, C) %(M,Z) HE(M,C)
I
\ / _ﬂ\» /
HY Y (M, C/Z) HA(M,7Z)

whose top line, bottom line and diagonals are exact.

4.1.3 The new version for Lie groups

In the last section, the geometric refinement was done only with respect to the manifold.
In this section, we will give another solution, where one enriches the equivariant
cohomology by all closed Cartan forms.

Therefore we want to use the model for equivariant cohomology defined by Getzler,
which we introduced in Section 3.1.3. As noted there, this model is not a cochain
complex of simplicial modules, but only a simplicial homotopy cochain complex. To
proceed as in the previous Section and do a similar cone-construction, we first have to
investigate the algebraic structure of simplicial homotopy cochain complexes in more
detail.

Definition 4.20 A simplicial sheaf homotopy cochain complex of modules on a sim-
plicial manifold M, is a triple (F**, f,s), where F** is a Z-graded simplicial sheaf
of modules on M,, which is bounded from below', f is a map of simplicial sheaves,
which increases the Z-grading by one and s is a simplicial zero homotopy of f2, i.e., in
simplicial degree p, s = (s;)i=0,... p—1, Where

S;: Ui_l}"p’q—>f“p71’q+1, 1=0,...,p—1

are maps of sheaves, such that the simplicial relations of degeneracy maps hold, s
commutes with f and

5 2 -1 (g-1
$p 0 Opy1 = — 2 (Up ( pH]:p,q)) — FPa _y Fpatl
= Diosiy ifi<j

siodj=q7 T g
Oj—10s; ifi>j+1
S50 éj =550 ~]'_,_180 050 = 0.
A morphism of simplicial sheaf homotopy cochain complex is a map of the simplicial

sheaves, which respects the grading and commutes with both the ‘boundary map’ f
and the zero homotopy.

'This means, there is an Integer k such that each FP¢ =0 if ¢ < k.
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4 Equivariant differential cohomology

Definition + Proposition 4.21 Let w: (F**, f,s) — (]?”*, f,3) be a morphism of
simplicial homotopy cochain complex. The cone of w is the simplicial sheaf homotopy
cochain complex

= (e (2 7))

Proof. The only point, which is worth to check, is the relation between the ‘boundary
map’ and the homotopy:

—f —w\" (f fw-wf\ _[(-f* 0
\o f) N0 ) Lo -F
s0 + 0s 0 s 0 s 0
:< 0 §8+8§>:<0 §>8+8<0 s>

O

We are now going to define the cohomology of a simplicial sheaf homotopy cochain
complex (F**, f,s) using a Cech model. Let U*® be a simplicial cover of the simplicial
manifold M,. This defines for each ¢ a resolution of the simplicial sheaf F*? (compare
Section 3.1.1)

é.’q’*(u., ]_-o,k)

with Cech boundary map 6. The properties of the simplicial cover imply, that 9 and s
restrict to the Cech groups. Hence, on the total complex of this triple graded collection
of modules, we have a boundary map

( &b ép=‘%’°,a+s+(—1)pf+(—1)p+q5),

ptgtr=n

where 8 and s are the alternating sums over the maps 9; and s; respectively.

Thus we can define H(U®, (F**, f,s)) to be the cohomology of this cochain com-
plex. As for classical Cech cohomology, refinements of the simplicial cover induce
homomorphisms of the associated cohomology theories. Thus we define

H(Ma, (F*7, ,5) = lim HU*, (F*7, [, 5))

to be the limit over all refinements of open covers.

If the simplicial sheaf homotopy cochain complex (F**, f,s) = (F**,d,0) actually
is a cochain complex of simplicial sheaves, the total complex of the Cech resolution
of both types (compare Section 3.1.1) coincides, and hence the cohomology defined
here, coincides with the simplicial sheaf cohomology. Moreover, if the sheaves of
(F**, f,s) are fine, then the Cech direction contracts by the standard argument and
the cohomology of (F**, f, s) is the cohomology of the total complex (Bp4q=nF??(GP x
M), (=1)Pf+s+0).
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4.1 The definition

Now, turn to our specific case, i.e., we would like to find a simplicial sheaf homotopy
cochain complex C* = C** consisting of fine sheaves, such that its global sections are
given by C*(G, S*(g") @ Q*(M)).

The map 7: G* x M — {e}* x M, (g1,...,9p,m) — (g1...gpm) is a morphism of
simplicial manifolds. S*(g¥) ® A*TVM is a bundle over M, with left action of G on M,
the induced action on the cotangent bundle and coadjoint action on the polynomial,
whose global sections are S*(g¥) ® Q*(M). We can interpret this bundle as simplicial
bundle on the simplicial manifold {e}* x M, with all face and degeneracy maps being the
identity. The global sections of the pullback bundle 7*(S*(g¥) ® A*TVM) in simplicial
level p are CP(G, S*(g") ® Q*(M)), thus take for U C GP x M open

CP(U) := T(U, (*(S*(g") ® A*TVM),).

This is a sheaf of C°°(GP x M )-modules, hence fine (see Lemma 2.29). The morphism
between the simplicial levels d; : 0; lep — ¢P*! and 4 o; 1cp — ¢P=1 are given by
pullback along the simplicial bundle maps.

The map d + ¢ : C*' — C**1 increases the second grading and is clearly a map of
sheaves, as booth operations are local. The maps d and 7 operate between different
simplicial levels: On global sections d is the alternating sum of the maps d;, while ¢

r: CM(G, S'(g") @ ™(M)) — C*7H(G, 8 (g") @ Q™ (M)
is given by the formula ¢ = Ef:_()l(—l)iZi, where each z; is the map of sheaves

i o, ek — chl

7

_ d
(Lif)(gl7"'7gk—1|X): n f(glv'"agiaexp(tXi)agiJrl?"'agk—1|X)7
dtli=o

with Xl = Ad(gi_;,_l NN gk—l)X- B
From the discussion of the maps d + ¢, ¢ and d in Section 3.1.3 one obtains that

(C**,d+1,7)

is a simplicial sheaf homotopy cochain complex.
C*0 is the simplicial sheaf of smooth functions, in which the simplicial sheaf Z injects.
This induces a map of simplicial sheaf homotopy cochain complexes

(2,0,0) — (C**,d + ,1),

where Z is located in degree zero. With respect to this injection, we define
De(n)gexar = Cone(Z @ C*=" — C**, (z,w) — w — 2)[—1].
Definition 4.22 Let G be a Lie group acting on a smooth manifold M. The full G-

equivariant differential cohomology of M is defined to be the cohomology of simplicial
sheaf homotopy cochain complexes D¢ (n):

HP (M) := H(G®* x M, De(n)aexr)-
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Theorem 4.23 If G is a compact group, one has the following hexagon

Q%%M%d+o M)a
/ \ / \ -
HEY(M,C) H (M, Z) H(M,C)
HY Y (M,C/z) HE(M,Z)

where the line along top, the one along the bottom and the diagonals are eract.

Proof. This follows by the same arguments as in the last section, and the fact, that
for compact Lie groups, the Getzler resolution contracts to the Cartan complex (see
Section 3.1.3). O

Example 4.24 Let M = pt be a point, then the hexagon (4.12) reduces in even
degrees to

- (5™(g")“
/ \A / \
H2 (pt, Z.) H>(BG,C)

H-1(BG,C/7) —— L H™(BG,7)

and in odd degrees to

($(a"))° o 0
/ \aA‘ % \
H>(BG,C) HZ(pt, Z) 0
H>(BG,C/7Z) - H2(BG,7)
Hence
N H™(BG,Z if n is even
Btz | PG e
H"=(BG,C/Z) ifnis odd.

The contravariant functor ]ﬁIG assigning an abelian group to the G-manifold M is
not homotopy invariant, but its deviation from homotopy invariance is measured by
the homotopy formula.

Lemma 4.25 Let i;: M — [0,1] x M be the inclusion determined by t € [0,1] and let
G act trivially on the interval. Let w € (S*(g¥) ® Q*([0,1] x M))™)¢

(dar + 1) (/ w) ={jw — jpw + (dap + t)w
[0,1]x M/M [0,1]x M/M
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Proof. Going to local coordinates (using a partition of unity), this is the derivative of
the integral by the lower bound, the upper bound and the interior derivative. O

Proposition 4.26 If 2 € HY([0,1] x M,Z), then

8 — itk —a (/ R(@)) ,
[0,1]x M /M

where we have kept the notions of the previous lemma.

Proof. As equivariant integral cohomology is homotopy invariant, there is a class
y € H"(M,Z), such that p},y = I(Z). As I is surjective, choose a lift § € ]ﬁlg(xM; Z)
with I(9) = y. Thus I(p};9 — ) = 0 and hence & = p},;4 + a(w) for some w €
(S*(g¥) ® Q*([0,1] x M))"~1)&. Therefore (d + t)w = R(a(w)) = R(%) — R(p},5). We
can write w = dt A a + 3, where dt corresponds to the interval and «, 5 are forms on
Py M On the one hand

NE—ipt =a(ijw—igw) = a (16 — ipf) .

On the other hand

’ (/[O,llxM/M R(@) - </[0,1]><M/M k() - ka@)) ’

and, as fiber integrals over basic forms vanish,

=a </ (d+ L)W)
[0,1]x M/M

=a </ (dar + L)u)) +a </ d[()’l]w)
[0,1]x M/M [0,1]x M/M

:a(/ (dM+L)dt/\Oé> +CL</ d[071]6>
[0,1]x M/M [0,1]x M/M

:a<(i3—i’{)dt/\a+(dM+L)</ dt/\a))
[0,1]x M/M

+a((i; ~i5)B)
— a (18— i3B).

In the last step we use that a vanishes on exact forms. O

To compare our definition with the construction in the last section, we define a
subsheaf F1C** C C**. In the bundle S*(g¥) ® A*(TVM), we have the subbundle

$71(g¥) @ AS(TVM) + (S*(g¥) @ A*(TVM))=".
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FLC** is defined to be the sheaf of sections of (the pullback to the simplicial manifold
of) this bundle. As one checks immediately

n/2
Fiev A ar) = (@ e m”’f(M)) ,
k=1

i.e., the space, whose G-invariant part is known from Proposition 4.18.

Lemma 4.27 The image of F}Q%* under the Getzer map J: Q%* — C**, defined in
section 3.1.4, lies in FLC®*.

Proof. Let U C GP x M an open set and w € FrQPF(U). If k > n there is nothing to
show. Let k < n. The projection of the image of J(w) to C**(U)/FLC**(U) is the
part of J(w) whose polynomial degree is zero. This is zero, since the form degree of w
on the G part is positive (by the condition k < n) and hence w is mapped to zero in
the quotient and hence to a positive degree polynomial. O

Let Do(1,n) = Cone(Z & FLC** — C**, (z,w,m) = w+n — 2)[—1]
Lemma 4.28 The map of chain complexes of simplicial sheaves
Je: D(n)gexm = De(1,n)gexm
induces an isomorphism H(M,Z) — H*(G®* x M, D¢ (1,n))

Proof. The same arguments as given above show, that H*(G*® x M, Dc(1,n)) sits in
the same hexagon (4.11), as H}(M,Z) and the induced maps on all corners is the
identity. O

We have an inclusion D (n) — De(1,n), which, composted with the isomorphism
of Lemma 4.28, induces a map

fiHL(M,Z) — HE (M, 7).

Theorem 4.29 f is an isomorphism in degree 0,1 and 2 and surjective in higher
degrees.

Proof. This again follows from the hexagons, which coincide in degree 0,1,2. In
higher degrees, the sequence along the bottom is the same and along the top one has
surjections. [

Remark 4.30 Michael Luis Ortiz discusses an idea of a definition of equivariant
differential cohomology in [40, p.7-9]. He gives a recipe what to do for general Lie
groups, but does not make things precise. In particular he talks about differential
forms on M xg EG. As you will have noted, giving them a precise meaning, in which
one can compare them with integral cohomology and the Cartan model is one of the
major lines in this thesis and found its final answer in this section.
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On the other hand, there is a definition of Deligne cohomology for orbifolds by
Ernesto Lupercio and Bernardo Uribe in [33]. This includes the ‘action orbifold’ of G
on M with objects M and morphisms G x M, whose nerve is our simplicial manifold
G* x M. Translating his definition to our language, one gets the complex

Cone (Z& T (., (8;‘)'AZ”TVM)* ST (4 (0) A TVM) , (2,0) = w = 2) [-1],
of cochain complexes of simplicial sheaves on G* x M, where I'(-, E') denotes the sheaf

of local sections of the bundle E. This yields (for G compact) the hexagon:

(@ 1(M))“ /d(Q” Q(MG — % Lonm,C

= \/

) (Q” H(M)<)

HEY(M, Cone(Z — Q*(-)%)) - - HY(M, Z)

In the case of finite groups, one has H} (M, C) = Q% (M)%/dQ"—1(M)%, thus this is
the same as we had before. In the case of positive dimensional Lie groups it is even
less satisfactory then the definition of Gomi, as there is not even equivariant complex
cohomology at the left and the right end.

Q' (M

4.2 Equivariant differential characteristic classes

Let us restrict to compact groups G acting on the manifold and on vector bundles.
As rank n vector bundles admit a hermitian metric, they are in one to one correspon-
dence with principal U(n) bundles. Thus any characteristic form for vector bundles
corresponds to an invariant polynomial P € I*(U(n)) by Corollary 3.2.3. The from
from Section 3.2 that invariant polynomials give an important class of equivariant
differential forms by w(V) = P(RY + uV). Moreover, if w is integral, then there is an
integral equivariant characteristic class ¢* coinciding with the class of w in complex
cohomology.

Definition 4.31 A differential refinement of w associates to every G-equivariant vector
bundle with connection (E,V) on M a class @(V) € Hg(M;Z) such that

R(&(V)) =w(V), I(w(V))=c’(E)
and for every map f: M — M’ we have f*@(V) = &(f*V).
As the intersection of the kernels

ker(R) nker(n) = 16~ MLC) sy o

is in general non-trivial, the differentially refined class &(V) can contain finer infor-
mation than the pair (w(V),c“(E)). Thus it is a priori not clear that for a given
equivariant characteristic form, there is only one equivariant differential characteristic
class.
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4 Equivariant differential cohomology

Theorem 4.32 An integral equivariant characteristic form admits a unique equivariant
differential extension.

The line of arguments of this section is (almost) the following: As ]ﬁl?ﬁn) (pt,Z) =

H"™(BU(n),Z), we would like to define a map of simplicial manifolds G®* x M — NU(n)
classifying our bundle and pull back the universal class together with a corresponding
connection. Now we can compare this connection with the one defined on our bundle
and change the differential characteristic class according to this.

Lemma 4.33 Let V and V' are two connections on the same bundle, then
(V) —@(V') = a(@(V, V)

Proof. Let V; denote the convex combination of V and V’. Then by Proposition 4.26

O]

This Lemma implies, in particular, that we are done, if we have defined the refined for
hermitian bundles with hermitian connection, since any connection can by symmetrized
(compare [9, Section 2.5]).

Let w: E — M be a G-equivariant hermitian vector bundle with hermitian connection
V and B be the associated principal U(n)-bundle (with respect to some metric)
furnished with the associated principal connection ¢. Given a trivializing cover U =
{U,}, trivializations ¢, : 771U, — U, X G and transition functions gap: Uy MUz — G,
we obtain a diagram of simplicial manifolds similar to (3.4):

G* x B %(NgB)ﬂ_WL NU(n)
I Lo,

G* x M(*(NgM)M%NU(n)

Proposition 4.34 The map i induces an isomorphism

i*: HL (M, Z) — H™((NgM)y,i*Deo(n))
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4.2 Equivariant differential characteristic classes

and isomorphisms between all corners of the hexagons (4.12) with the corresponding
corners of

d
H™(Ng M)y, i* Cone(C*2" — C**)[— 1] o ((Ne M)y, i*C*>")

_— /

HE (M, C) NGM u, Do (n)) HA(M,C).

\ / I

oM, c/z) H” (M,

§\/

Proof. Recall that ||i]|: ||(NaM)y|| — ||G® x M|| is a homotopy equivalence. The short
exact sequence of simplicial sheaves

0 — Cone(Z — C**) = Do (n)gexar — C*=" =0
and the map 7 induce the following diagram with exact rows

0— HE Y (M, C/Z) ——— B (M, Z) ————— Q& (M)a —— HL (M, C/Z)

-k I I I

0— HY Y (M,C/Z)— H"((NeM)y,i*Dc(n)) — H"((Ng M)y, i*C*=") — HE (M, C/Z).
Thus, by the five lemma, it is sufficient to show, that
i QL (M) — H"((NgM )y, i*CH=")

is an isomorphism. Observe that

H"((NgM)y,i*C*>") = ker (d + 12 ¢°" (T Ua) = €+ ([T Ua) ) 0
or (a: ™ ([[Ua) -t ( I v, n U[gl)ﬁ)) .
ai1,a2,61,582
Let (wq) € CO" (11 U,). The definition of the map O
9o m e ng

2

Utho UL 3 (g,m)

Ial\ gm € Uy,
implies that d(w,) = 0 is equivalent to
88&)5‘[]&15) = 8>1kwa’U$6>.

Moreover, since e x (U, NUg) C 07U, NO5Uz = Uc(v,B) , this equation implies that (wq)
is the restriction of a global section w € C%"(M), which is by the same equation
G-invariant. Hence w € ker(d + ¢) = Q¢ (M)q. This proves the first claim.

The claim about the hexagon follows by the same argument, because the ‘de Rham’
sequence along the top is exact. O
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4 Equivariant differential cohomology

We have defined a connection 9 on NU(n) — NU(n) in Section 3.2.3. Moreover,
the isomorphism I*(U(n)) — H*(U(n), C) implies, that there is a polynomial P and a
universal class cp € H"(BU(n),Z) = HQU"(n) (pt,Z) corresponding to wp.

Definition + Proposition 4.35 The differential refinement is given by the formula

&(V) = (") (¢*ep + al@p(i*V, 6"00))).

This definition is independent of the chosen cover and trivializations and defines the
differential refinement of the integral characteristic form wp.

Proof. We will prove the independence of the cover in three steps:

Step 1: Let U’ = {U/g} be a refinement of the cover U, i.e., for any (3, there is some
a(B), such that Uj C Uyg); let ¢y = @a(ﬁﬂ%- The inclusion of the refinement yields
a commutative diagram

G* x B (NGB), 1y ” NU(n)
J\\\ T o S
G* x B l (NgB)un%NU(n)
G* x M J Y (NeMyyy— NU(n)
G* x M p (NgM)u 3 NU(’I’L)

from which the independence of the cover follows, because the direct pullback is same
as the one factorized over the coarser cover.

Step 2: Take one cover U = {U,}, with two different families of trivialization maps
Vo, ol T U, — Uy x G.

Then there is a family of maps 1, : Uy — G, such that ¢, (7(b)) - pa(b) = ¢, (b) for
any b € 71U, and any a.

The difference of the two definitions is

¢*cp + a(@p(i*0, §*00)) — ¢ cp — a(Wp(i*0, ¢ o))
= ¢*cp — ¢ cp — a(@p($* Vo, &' V)

First assume each U, is contractible, then there is a homotopy Ja: [0,1] x Uy — G
such that 79, = ¥, and i3y, maps any point to e € G. These homotopies induce a
homotopy

gZ): [0, 1] X (NGB)ﬂ.—lu/ — NU(n)
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4.2 Equivariant differential characteristic classes

between ¢y = ¢ and ¢, = ¢ and one can calculate

¢ cp — ¢*ep = ifdtep —ifdrep

=a < R(é*cﬂ)
(0,1]

=a < @*R(cﬂ)
[0,1]

—a ( /[071] & /A P(é’o))

=a </[o,1]/AP(q3*ﬁ0)>

= a(wp (o™, ¢’*190)).
In the last step, we use that Wp is independent of the path between the connections.

The case of non contractible U, follows by Step 1.

Step 3: Let (U, (¢a)), (U, (¥}3)) be two different covers with trivializations. Let
U={UnU 5l B} be the common refinement on which there are two different families
of trivializations are introduced by ¢ and ¢'. Now the statement follows from the
previous steps.

Next, we check the properties of the differential refinement:

I(@(V) = 1((*) " (Il "ep)) = ¢ (B)

and

R((@) " (Igl*ep) + a(@ (i, 6"00))
R((@) 7 (lel*ep)) + (d + ) (i, ")
(")~ (w(@" o) +w (i) — w(é™o))
w(V).

Let (F, f): (B,M) — (B, M’) be a pullback. As a trivialization of (B’, M’) induces
a trivialization of (B, M), one has a commutative diagram

R(&(V))

G* x B (NGB)g-15-144 > NU (n)
NG
G* x B' ¢ l (NGB’)ﬂlu—l» NU (n)
G* x M (NeM) -1 > NU(n)
G®* x M’ (NgM,)u NU(’I’L)

which clearly implies the pullback property.

The refinement is unique, since we used for our definition only properties the
differential refinement necessarily has, namely the pullback-property and Lemma
4.33. O
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4 Equivariant differential cohomology

4.3 Examples for equivariant differential cohomology

4.3.1 The Hopf bundle

As a first example, we want to discuss the equivariant differential cohomology of the
Hopf action of S! on S2. This is defined in the following way: The complex numbers
act on C? by scalar multiplication. Restricting to elements of unit length, this is a free
action of S! on S2, with quotient S2.

To calculate the equivariant differential cohomology groups, we will need some
knowledge about S'-invariant differential forms on S. On zero-forms, there is no
difficulty

QO(SS)Sl _ Coo(sB)Sl ~ Coo(s?)

Lemma 4.36 The projection map q : S* — S? and contraction with the fundamental
vector field of 1 € R = s' induce a split short exact sequence

* . #t
0 — 01(5%) % al(s3)5" U o(s3)s* o,
as 1! is S1-invariant.

Proof. Let wy denote the form dual to 1* (with respect to the standard scalar product
in C?). Then COO(S3)51 S f — fwg defines a split. Moreover, this proves exactness
at the right end. Injectivity on the left end is clear. Now if we think of $% — S? as
Sl-bundle, exactness in the middle is the fact that basic forms are exactly invariant
forms which vanish on fundamental vector fields. O

Let w € 92(53)S". The 1-form +(1*)w is again horizontal and invariant and the same
is true for the 2-form w — wo A ¢(1#)w, hence

Q2(5%)%" = (wo A q"Q1(S)) © ¢ QX(S?) = (wo A q"Q1(S?)) @ (¢7C(S?, C)dvolg ) .
Repeating the same argument leads to
03(5%)5" 2wy A ¢*Q%(S?) 2wy A g (000(52, (C)dvolsg)

Proposition 4.37

Z k=20
C>(S2,C)/Z k=1
2(q2
ko3 Z - dvol g2 @Q (S )/C~dV0152@COO(SZ) k=2
Hai(5°,2) = 202\ /7 o « (Q1(S?) _
Q (S )/Z—C/Z@WO/\C] /dCOO(S2,(C) k=3
C k=
0 k>5
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4.3 Examples for equivariant differential cohomology

Moreover,
B, (5%,2) = C/Z - ¢" (dvolge) @ (wn A "0 (5%)) = C/Z @ Q1(S?),
and for any k € N
HLT?%(S%,2) = Cdvolgs @¢*Q'(S?) @ wo A C(S?)

d_(>) Cdvolg: ®q*dQ' (S?) @ ¢*C>(S?),
+u(1

and

H3T25(S3,Z) = wo A ¢*Q' (%) = Q'(5?),
Proof. Most of the proof is an application of (4.8) and (4.11).

-1 S
k=0: (@7 (M) /d (Q_Q(M)S> = 0, thus we have an isomorphism

A%(8%,2) £ H3\ (5%, 2) = HY(S%.2) = Z.

k = 1: The map a: C’OO(S?’,(C)S1 — Hél(SB’,Z) is a surjection, whose kernel is given
by H°(S2,7Z), which injects as constant functions.

k = 2: In this case (4.11) looks like

(91(53))Sl/d (90(53)51> d+t > 02, (
HY(S3,C) =0 72,(S°,2) H2(S3,C)
0= HY(S%C/7) H?*(S%7) =
The map a is injective, as H'(S?,Z) = 0. From the discussion above, one has
SR2 (20(s%)") = P 0TS s

1 2
_ q*QO(S?))Sle @ q* (Q (S )/dQO(S2)> ]
Moreover ,
0% (5%)a = (22(5%)%" @ Q°(5%)5")a = (¢*Q3(S?) @ wo A " Q1 (S?) ® ¢ CP(5?))ar.

Let (¢*w,wo A ¢*n,¢*f) be a triple in the right-hand side of the last equation, then,
to be closed, is equivalent to dw = 0,1 = df and dn = 0, hence

02,(8%)a = ¢*Q%(S%) @ ¢*C>(S?).
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4 Equivariant differential cohomology
The map d + ¢ becomes
1/q2
d®: ¢* (Q (S )/dQO(SZ)> ® q*QO(SB)Sle — ¢*Q*(S?) @ ¢*C™(S5?),

where the quotient space C corresponds to subspace generated by the harmonic volume
form dvolg: € Q2(S?).

k=3: H} (8% 2Z) = H3(S%Z) = 0. Hence a: Q(5%))" /d1(5%)5" — H3,(S3,Z) is
surjective.
51
/a0t (s%)S' = 92(52)/491(52) SwoNg (Ql(S 2)/d90(52))
> C@wo A g (dH(S?)) = 03(5?)

(92(53))

HZ2,(S3,Z) = 7 where 1 € Z corresponds the volume form on 52.

k = 4: (4.8) reduces to

(93(53))5141 (22(5%)") = > HA((S1)" % 8%, FiQ)

X) /

f{g'l (SB,Z)

where a is surjective as Hz,(5%,Z) = 0, R is injective as Hz,(S%,C/Z) =0 and d + 9
is an isomorphism as H3,(S%,C) = HZ,(5,C) = 0. Moreover as Roa =d+ 0, a
must be injective and R must be surjective, thus

(@3 (M)S

Hi(M,Z) = /d (QQ(M)51>.

Integrating over the sphere yields an isomorphism

3 st
/53 () /4 (QQ(M)Sl) — C.

k > 5: As the diagonal from the left top to the right bottom in (4.8) is exact and both
groups at the ends are zero, there is a zero in the middle.

The statements about full differential cohomology follow from the calculation of the
Cartan algebra. As the Lie algebra of S' is one dimensional, any monomial carries the

86



4.3 Examples for equivariant differential cohomology

same information as its evaluation at 1. For the hexagon of full differential cohomology
in odd degree > 3 we have

* YOO 1
le(Sg)/(cz +1)Q26:(5%) ~ TOHE)e 92(53)5/@1 + 00153
q*ooo(52) C]*Q2<S3)Sl
T wio A qrC(S?) q*dQ(S?)
= wo A ¢*Q(S?) @ Cq*dvolge

Dwo A g QH(SH @

and
Q4+2k 53)
st Ad+ Q5 (s%)
_¢'C™(5%) @ (5%
= Ad+ (@1 (5% @ (s
q*QQ(S?’)Sl
q*dQl(S2) +LQ3(S3)51

_qC(8?)

o A g*C>(52)
= wo A ¢*QH(S?)
= ¢ Q' (%),

©wo Ag*QH(SH @

respectively for the upper left corner and
QT (5%)a = (w0 A g7 C(S?) @ Q1 (S?) @ wo A " QX(S?))
= (wo A ¢ C™®(5%)) =0 @ (¢" Q' (S?) @ wo A ¢*Q3*(5%))a
_ q*Ql (SZ)

in the closed forms.
Finally, in even degree > 4 one calculates for the closed forms

QLER(S3) = (¢ C(S%) @ wo A ¢*Q(S2))ar @ ¢ Q2(SP)a
= q"C>(S?) @ ¢**(S?)
_ q*Coo(SQ) ey q*dQl(SQ) @D Cq*dV0152

and for groups in the upper left corner

1/g3)St 3(@3\St
)/(d—i-L)QéT%(SS) = @ (S ) o (S ) /(d+ L)(QO(S?’)Sl ea92(53)51)

wo A ¢*C(S?) @ ¢* QY (S?) @ wo A Q2(S?)
T qdC™(S?) @ (d+ Jwo A g Q1 (5?)

Q' (S?) Bwo A Q%(5?)
g*dC>(S2) ~ wo A dg*Q1(S?)
>~ ¢*C>(5%) @ ¢*dQ*(S?) @ Cq*dvolg: .

Q%J{Zk: (53

=wo A g*C™(S?) @
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4 Equivariant differential cohomology

It is maybe interesting to compare this to

Z k=0
C>°(82,C)/C>(82,7) k=1
H*(S%,Z) = { Zdvol ® Q2(5?)/(Cdvol) k =2
C/Z k=3
0 k>4

Hence, we see that the additional terms are related to wy in equivariant differential
cohomology. Do these allow one to find a difference between the S' spaces S® and
St x 827

The choice of a metric gives a canonical dual to the fundamental vector field of
1 € s', which further gives a canonical splitting, of the short exact sequence

* . f
0 01(s?) L al(sh)s B ao(s3)s" 0.

Hence one can’t find a difference between S x S? with the left action of S* on the first
factor and S® by calculating equivariant differential cohomology. We can generalize
these arguments:

4.3.2 Free actions

Let the Lie group G act freely on the manifold M from the left. Does equivariant
differential cohomology groups make a difference between the G manifolds M and
G x M/G? As equivariant cohomology does not make one, the question reduces to
differential forms.

To discuss this, we collect the following statements:

Definition 4.38 (Def. 13.5. of [43]) The action is proper, if the action map
GxM—MxM,(g,m)— (gm,m)
is proper, i.e., the pre-image of any compact set is compact.

Theorem 4.39 (Th. 13.8. of [43]) Suppose G acts properly on M. Then each orbit
G - m is an embedded closed submanifold of M, with

T (G -m) = {X},(m)| X € g} = ¢,

Theorem 4.40 (Th. 13.10. of [43]) Suppose that G acts properly and freely on M,
then the orbit space M /G is a manifold and the quotient map 7: M — M/G is a
submersion.
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4.3 Examples for equivariant differential cohomology

Suppose the action is free and proper, thus M/G is a manifold. The quotient map
always induce injections

g QY (M/G) = QY(M)C

and
pr: Q"(M/G) — Q"(G x M/G)C.

These lead to two resolutions of Q*(M/G): The first one is given as the double complex

O (M/G) R m(M)GA (¥ @ Q= 1(M))7 5 (S2(gV) ® S;”_Q(M))Ga o

Ot (M/Q) q; Q"+1{M)G —(g¥® Q;Z(M))G S (S2(gY) @ I (M) = ...

whose total complex is the Cartan complex Qf (M), while the total complex of the
second resolution is QF (G x M/G). The question now is: Are these two complexes
equivalent on the level of cycles? This is clearly true for zero forms as the two maps

C=(M)C &£ c=(M/G) 25 ¢(G x M/G)C

are isomorphisms. For higher degrees let h be a G-invariant Riemannian metric on M.
Then the tangent bundle

TM =g'® (gﬁ)L

i
splits with respect to h. Moreover dg,, : ( f ) — Ty(m)(M/G) is an isomorphism for

m
any m € M. Thus we have the following lemma, what shows the equivalence in degree

one

Lemma 4.41 Let G act properly and freely on M, then
>k G
0= O (M/G) 5 Q' (M) 5 (g¥ @ °(M)) " — 0
splits.

L
Proof. Restriction to (gﬁ> C TM defines a map QY(M)% — Q1 (M/G) which is left
inverse of ¢*. Thus it is a split. O

For the higher degrees, recall the following relation between exterior algebras.
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4 Equivariant differential cohomology

Proposition 4.42 (Prop. 10 of [6, Ch.III, §7.7]) Let V,W be vector spaces. Then
there is a natural isomorphism of algebras

AN (V)@ A (W) - A" (Ve W),

from the graded tensor product of the exterior algebras to the exterior algebra of the
direct sum.

We will now restrict to the case, where the adjoint action of G on g is trivial. This
includes, in particular, the case of abelian Lie groups.
An element of Q% (G x (M/G)) is an invariant section of

S*(g¥) @ A* (TV (G x M/G)) G xM/,
what by the splitting of the cotangent space and Proposition 4.42 is a G-invariant
section of
S*(g") @ A" (priTVG) @ A" (pry VM) — G < Mo
This is the same as a section of

S*(gV) @ A" (8¥) @ A" (pr; TV M) - M,

since the action of G on S*(gV) is trivial. Pulling this section back to M along the
quotient map yields a G-invariant section of

S (g @ A" (g¥) @ A (TVM /) - M.
-1
Composition with id ®f ® <dq ‘ (gﬁ)L> turns this section to an G-invariant section of

S*(g¥V) @ A*TVM — M

and thus an element of QF, (M), because Xgm =g(g7'Xg)t =g- X! . As any of these
steps may be gone in the opposite direction, we have an isomorphism between QU (M)
and QF (G x (M/Q)).

Thus for free proper actions of abelian groups, there is no difference between M and
G x (M/QG) in equivariant differential cohomology. The most easy example for a free
proper action of a non-abelian Lie group on a manifold is the left multiplication of
S3 C Hon S” C H. We will leave this discussion to future research.

Let E — M be a G-equivariant vector bundle with free and proper G-action on the
base and the total space. Given a connection on V on F, there is the question, whether
this connection is a pullback from the quotient bundle

|

M0 :=M/,
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Clearly, if the connection is a pullback, then every equivariant differential characteristic
class ¢(V) must lie in the image of

QN*: I:I(Mv Z) - IFHC?(AI’ Z):
where § is the projection of the simplicial manifolds G® x M — {e}* x M. In particular,
the connection must be G-invariant and the moment map must vanish (compare also
[9, Section 2.2]).

Now turn the question the other way around: Assume, the there is some collection of
equivariant differential characteristic classes for a connection on £ — M, which all lie
in the image of ¢*. Does this imply that connection descends to the quotient bundle?

We want to remark to following observations according to an answer of this question:
Let V be a connection on the equivariant complex vector bundle £ — M of rank n.
Then total equivariant Chern form is given by

1
R(&(V) =det 1+ —RY V).
(&(V) = de ( 5 R+
For any X € g, this form induces a polynomial

1
Pr(t) = det (1 +5 R+ ;ﬁ(tX))

= det (1 + R4 tuV(X))
271
in t. If the total equivariant Chern form lies in the image of the quotient map, then
the degree of polynomial in ¢ is zero.

In the case of RY = 0, t"Px (1) is exactly the characteristic polynomial of ;¥ (X)
and hence all eigenvalues of 1V (X) are zero, if total equivariant Chern form lies in the
image of the quotient map. In general, this does not imply that pV (X) is zero, but if
there is a metric on E, we can say more.

Let h be a hermitian metric on £ and V be compatible with h. Then FE is in
correspondence to a principal U(n)-bundle and, as the Lie algebra u(n) consists of
anti-hermitian matrices, the image of 1V (X) at any point of M is anti-hermitian. The
Jordan normal form of an anti-hermitian matrix is diagonal, because the conjugate of
an anti-hermitian matrix by an unitary one is anti-hermitian,

(UTAU)* =U*A"U = -U*AU
and hence all 1’s’ in the first the upper diagonal must vanish. Since an invariant

connection descends, if and only if the moment map vanishes (compare [9, Problem
2.24]), we have proven the following Proposition.

Proposition 4.43 Let (E,h) — M be a G-equivariant hermitian vector bundle, such
that the G-action is free and proper, and let V be a G-invariant hermitian connection
on E, such that the curvature RV wvanishes, then V descends to a connection on

e
if and only if the total Chern form vanishes.
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4 Equivariant differential cohomology

4.3.3 Conjugation action on S3

The manifold S3 C R?* has a group structure. Recall that one defines on the vector
space R* a real (non-commutative) division algebra, the quaternions, with three
imaginary units i, j, k squaring to —1 and satisfying ij = —ji = k. Now the space
of unit quaternions is S® and has an induced multiplication. On the other hand,
there is another description of the 3-sphere by the special unitary group of complex

2 X 2-matrices ~
a —b
v = {(; 7

a —B . 3
(b a)»—uz—i—ybeS CH

a,b € C,lal* + |b]* = 1}.

The map

defines a group isomorphism between the two descriptions.
We want to investigate the conjugation action of S on itself. Therefore note the
following well-known fact:

Lemma 4.44 Half the trace or the real part of the quaternion is an invariant surjective
mapping

1

§tr: S35 [—1,1],

3
which induces an isomorphism of the quotient 5’/ — |=1,1]. The isotropy group
SU(2)

of any point besides 1 and —1 is isomorphic to S*.

Proof. The map is surjective, since it is continuous, 1, —1 € S% C H, and continuous
maps map connected sets to connected sets. As

tr(A"'BA) = tr(BAA™Y) = tr(B),

the map is invariant. Applying this invariance, it suffices to show, that any orbit has a
representative of the form x+iy, Therefore let a, b, c,d € R, with va? + b2+ ¢2 = d > 0.
We have to show that there exists g € H, gg = 1, such that ai + bj + ck = dgig. We
write g = z + jw, with z,w € C C H.

gig = (Z — jw)i(z + jw) = izz + Zkw — jiwz — jwkw = izZz + 2kwz — iww
hence
a=d(|z]* = |w|?), b=2d3(zw), c=2dR(zw), |z|*+|w|*=1

from which follows

_Vd+ta _ctib
T V2d ] V2d Nz

This defines the pair (z,w) up to an angle. This angle represents the S'-isotopy. [

o vV d —a e’iarg(zw) _ c+ Zb

2| |w]
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Another helpful picture of S is obtained from stereographic projection with projec-
tion point —1. In formulas this is expressed as

H>S%2x=ux+ix + jas + kxs — (z1,72,23) € R3U {o0},

1
14+ xo

where 1 € H is mapped to the 0 € R? and —1 to co. Taking sets of fixed real value in
1—

TTao-

The conjugation action acts transitive on each of these 2-spheres and leaves the

midpoint and oo fixed.

H, then these are mapped to 2-sphere of Radius

k4 This figure shows the stereo-
graphic projection of the 3-sphere

S3\ {~1} to R3, filled with 2-
spheres. 7,7 and k are the imag-
inary units of the quaternions,
which span the tangent space at
0€R3.

The vector field in real direction,
discussed in the text, points out-
ward like the spines of a hedgehog,
perpendicular to the correspond-
ing 2-sphere and its length is the
radius of this 2-sphere.

Taking a map f € C°°(5’3)53. It is clear that the map does only depend on the real
value or, in the other picture, not on the point itself, but only on the 2-sphere, on
which the point is located. To be smooth, the function must depend smoothly on the
real value and the different direction must fit at 1 and —1. As the function has the
same value in any direction of 1, fitting smoothly means that all odd derivatives must
vanish. Thus

d*f
dtk

dk:
(—1) = —f(l) =0, for all odd k > O}

C>(5%)5" = {f € C>®([-1,1)) ==

C C*([-1,1],0)

Let w € Q1(53)5°. Let v be a tangent vector on one of the two fixed points. Then there
exists g € 83, s.t. g~lvg = —v, hence an invariant one form must be zero on the fixed
points. As the real part of the quaternion is invariant under conjugation, the vector field
pointing in this direction, projects to a invariant tangent field on S3, which vanishes
only at 1 and —1. In the R? picture, this is the radial vector field pointing outward
everywhere. Let X now denote the normalization of this vector field on S3\ {1, -1},
and wy the one form dual to X. Let w1 = w — (¢(X)w)wp, where ¢ is the contraction of
the form by the field. A priori this forms are only defined on S\ {1, —1}, but as w is
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zero at 1 and —1, we can extend (¢(X)w)wy and w; by zero to obtain a smooth form
on all of S3. Taking any slice of S® with fixed real part in (—1,1), this is isomorphic
to S? and w; actually is a one form on each of these 2-spheres. The S'-isotropy found
above, acts non trivially on tangent vectors. Hence with the same argument as above
(Rotating the tangent vector to minus itself) one sees, that w; actually is zero. Thus
w = (1(X)w)wo. Let f be the integral of o(X)w € C=(5)5° ¢ C=(|~1,1]) over the
interval, then w = df and f'(1) = f/(—1) = 0 as w vanishes at the fixed points. Thus
we have shown -
Q(S) /dCOO(SB)Sg —0.

Let w € 92(53)53. Contracting with the radial field X as defined in the last paragraph
yields ¢(X)w = fwp, for some function f. As > = 0, f = 0. Thus, restricting w to
each of the level of fixed real part in the open interval, one obtains a multiple of the
volume form on S2. At the fixed points one gets a SO(3)-invariant 2-form on R3 since
the adjoint action on the Lie algebra of SU(2) is how one defines the double cover of
SU(2) — SO(3). But there is no non-zero skew-symmetric matrix commuting with
the whole SO(3). Thus w must vanish on the fixed points. Moreover, as any invariant
1-form is exact,

2(g3\53
w7 /dQI(S3)S3 = 92(53)33

d* f

= {f e C™([-1, 1])‘]”(—1) = f(1) =0, W(il) =0,k odd}.

A volume form on the manifold induces an isomorphism Q3(S53) =2 C°°($3). Since the
standard volume is invariant, we get an isomorphism for invariant forms and functions.
Let X € s C H. Then

Xﬁ(m) i

== (I+tX)m(l —tX)=Xm—mX.

t=0

Thus for w € 03(5%)5

(X Hw(m) = o(Xm — mX)w(m) =Ad L(Xm)w(m) — t(mX)Ad,w(m)
= 1(Xm)w(m) — t(m *mXm)w(m) =0. (4.13)

Moreover, d vanishes on top forms, hence the Cartan differential on Q3(S3)S3 is zero.
As S3 has empty boundary
d02(5%)% 5 ¢
S3
is the zero map by Stokes theorem. Thus
Q3 (53)53

/dQQ(S?;)S?’ — C,w —> - w.
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is a well defined injective homomorphism. From the calculation of the cohomology
below, we see, that it is surjective.

What is the classical equivariant cohomology of the conjugation action of S® with
values in R € {Z,C,C/Z}? Taking the simplicial manifold model for ES? x gs S3 and
a cellular resolution with cell structure on S* given by one zero cell, corresponding to
the neutral element of S3, and one three cell, then all simplicial maps are cellular and
we obtain the following double complex with the cellular resolution horizontally to the
right and the simplicial complex in vertical direction downwards (compare page 33).

33 R 0 0 R 0——...
lo )
S8 x 53 R— 30— 50— R? 0— .
ll o
(5%)2 x S5 R—0— 30— R — 50— ...
lo i)
(53)3 x S5 R—0— 30— R 50— ...
l1 a®)
(834 x 83 R——s0——0 R® Q...
lo

The R in the O-column corresponds to the zero cell and the R* in the 3-column
corresponds to the k 3-cells in (93)*¥. The 3-cells in S3 x S% are S x {e} and {e} x S>
and in S% x §% x S are % x {e} x {e},{e} x S3 x {e} and {e} x {e} x S3. One
calculates directly for the conjugation action, that () = 0 and ™ (a,b) = (0,0,b),

where the i-th entry corresponds to the i-th cell. Hence we obtain
R k£=0,3,4

H§ (S, R) = T

(5% R) {0 k=1,2

and can interpret this geometrically: The third cohomology is generated by the 3-cell in
S3 and the fourth cohomology is generating by the ‘acting’ 3-cell S3 x {e} C S3 x S3.

Now the next proposition follows, in the main, by applying the hexagons (4.11) and
(4.12).

Proposition 4.45 For the conjugation action of the 3-sphere S® = SU(2) on itself,

we have
Z n=>0
C>($%)5° )7 n =
. 0 =
H5s(5%,2) = 02(5%5" @ Zdvolgs € (535 n =
C/lZeZ n=4
,(5%,Z) n>5
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and
Z n=20
C>(5%)5° )z n=1
13(S%,2) = {0 n=2

02(53)5" @ Zdvolgs € Q3(S3)5° n=3
C/Z&Z &N (S3S/C=(S3)S"  n=4.

Proof. For ﬂgg (S3,7), the only open question is the case n = 4. There one obtains

a short exact sequence 0 — C/Z — ﬁgS(SS,Z) — Z — 0 from the hexagon. This
sequence splits, bAecause C/Z is an injective abelian group.
In the case of H¢; (S®,Z) one has the following hexagon from (4.12):

)OI ) (6 © Q2SS & S2()) © (5

/ \ SSZ)/ \C (4.14)

As discussed above 52 = Ri +Rj + Rk C H and S? acts transitive on the unit sphere
of this space. Moreover, the subgroup of S3, which leaves i € 3 invariant, is exactly

S C ¢ H. Hence
() o (53))33 > o (5%)°

(w: 53— QF <53>) — w(i)

1

and, since the first and second de Rham cohomology of S vanish, averaging over the
St implies that d: Q1(53)5" /dC>=(5%)5" — 931(53)51 is an isomorphism.
Further, let

i) e () e0xs)” o (826 0 0%s9)” )

cl

i.e., dw =0 and df = —ww. Then w = dn for one and only one
3
(s*)Y @ Q'(5%))° 58
€ / v
! () e (7))

and df = —udn. On the other f is given by a symmetric 3 x 3 matrix of smooth
functions on S3

fii fij fik

fii fii ik

Tei Sfrj Trk

and this matrix is determined, up to a constant matrix denoted by A, by the form 7.
By the transitive action of S® on the Lie algebra, it is clear, that the information of the
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matrix is contained in f; and f;;. The conjugation by the element % € 53 translates
the pair (7,7) to —(j,4). Hence f;; = —Ad}, fij. Thus the off-diagonal terms of the

Vel
symmetric matrix A must vanish and hence A must be a multiple of identity matrix.
Thus, we have described an isomorphism

co (53)3/1000(53)51 - (((53)V ® 92(53))53 o (%% © 90(53))53)
(A, n) = (f,w).

cl

Applying this isomorphism, the hexagon (4.14) changes to

Q (53)5/1000(53)31 id Q1(S%)3)

Xﬁ; /

(S3,7) \
(C/Z/ \ /

where again the top line, the bottom line and the diagonals are exact. The map a is
injective because the inclusion in the top line factors as R o a. O

4.3.4 Actions of finite cyclic groups on the circle

Let Cp = Z/pZ denote the cyclic group with p elements. There is an action of C}, on

1 .
any odd sphere S?"~! ¢ C", where a fixed generator acts by multiplication with er>™,
This diagonal action is also unitary on the infinite-dimensional separable Hilbert space
I2(N, C) and hence induces an action on the unit sphere S*. The inclusions of C"s as

first coefficients induce equivariant inclusions
St 83— ... 8%

The sum of the tangent bundle and the normal bundle of S C C is a complex line
bundle, TS* @ N = S x C, which we equip with the connection V, whose associated
parallel transport respects the decomposition in tangent and normal space. Hence, the
holonomy once around the circle equals 27, thus is trivial. The sphere bundle (with
respect to the standard metric) of T.S* @ N is the trivial S* bundle on S! with the
Sl-invariant connection. Now we have a pullback diagram of bundles with connection
with equivariant maps

(S'x 8L V) — H =83 xg St —— 5>

! ! !

St ! 5 93 s Soo/S1t.
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Moreover the first Chern class ¢j(Soo — S*/S1) € H?(S*/S') = H?(BS!) is a
generator. Now for H%p(S?’, Z) we have the diagram

HZ (S°,7)

L

H}, (5,C/2) H2, ($°,2).

As first and second cohomology are torsion, the Bockstein is an isomorphism, given
by multiplication with p. As the connection on H is flat, ¢é;(H) actually is a class in

H})p(S?’, C/Z). Let the cycle T = [O, %} C R/Z = S' be a fundamental domain of the C,,
action on S!'. Evaluation at f(7) induces the isomorphism H, ép(S?’, C/z) — (%Z) /7
under which ¢;(H) is mapped to %. Pulling back the class along f shows

a@y@Ny:;eQz

A finer analysis shows that the bundle S! x S* — St where C, acts by multiplication
. 1 .
with e72™ on the fiber and e7>™ on the base space, has first equivariant differential

Chern class 1% € C/Z. One may interpret this as a measurement of holonomy along the
fundamental domain.

4.3.5 (G-Representations

In this section, we want to investigate actions of Lie groups on R™. This will lead to
some implication to equivariant immersions. Equivariant immersions will be subject of
further investigation. To generalize the well-known methods of characteristic classes
applied to immersion, one has, in particular, to define multiplicative structures in
equivariant differential cohomology and generalize the Whitney-Sum-Formula.

Let the Lie group G act smoothly on R" with the standard metric. This induces an
action on the tangent bundle (TR"™, V) = (R™ x R",d) with the trivial connection. As
d? is zero and the Lie derivative coincides with d, the curvature and the moment map
are zero

RV =0, uv=0.

Hence for any equivariant differential characteristic class ¢ with corresponding invariant
polynomial P € I*(O(n)), one has

R(&(G ~ R") = P(u¥ + RY) = P(0) € Q4(R") = C,

Hence, if the degree of the characteristic class is non zero, I(c¢(G ~ R")) € HA(R",Z) =
Hp\(pt,7Z) is a torsion element. Thus it is in the image of the Bockstein homomorphism

p: He(pt, C/2) — He(pt, 2) = He(R™, Z).
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Now let M be an Riemannian manifold and f: M — R™ an isometric immersion.
Then there is a normal bundle NM — M, such that

TM & NM = f*TR".

Moreover, the Levi-Civita connection on M is compatible with the pullback connection
V of the trivial connection on R™ to TM @& NM.
Now one calculates

&TM & NM,Vy) = f*(&(G ~R"))
€ [ (=BG ~RM))) + h"HE (pt,C) € HE(M, 2),

where h: M — pt is the unique map.

A discussion of multiplicative structures on equivariant differential cohomology,
would — if a Whitney sum formula holds — enable one to turn the last equation into
conditions on ¢(T'M, V). In particular if H g_l(pt, C) vanishes, there is a unique class,
depending on the representation of G, to which ¢(T'M, V) must be in relation to. If,
furthermore, the cohomology

H(pt, Z) = H*(BG, Z)

is torsion free, then the existence of an immersion would imply that ¢(TM & NM, V)
vanishes.

In the non equivariant case, there is, along the way described in the last paragraph,
a beautiful application of characteristic classes to give lower bounds to the minimal
codimension of an immersion. In the world of classical characteristic classes this can
be found, e.g., in [37, Theorem 4.8]). Differential characteristic classes apply for a
result, that conformal immersions have a stronger bound for the minimal codimension,
than smooth immersions (compare [35] and [14, §6] for the original work and [39] for a
partly strengthened version).
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adjoint action, 11

bisimplicial set, 43
Bockstein sequence, 23

Cartan complex, 34
Cartan-Eilenberg resolution, 30
chain complex map, 22
characteristic class, 24, 50
characteristic form, 25
Cartan model, 54
Dupont model, 49
classifying space, 14
closed forms, 16
coadjoint action, 11
coboundaries, 21
cochain complex, 21
cocycles, 21
codegeneracy maps, 21
coface maps, 21
cohomology, 21
double complex, 22
cone, 23, 74
conjugation action, 11
connection
principal bundle, 18
simplicial principal K-bundle, 49
vector bundle, 17
contraction, 15
cover
simplicial, 31
curvature
vector bundle, 17
CW complex, 33

de Rham cohomology, 16

degeneracy maps, 27
diagonal, 44
differential forms, 15
double complex, 22

equivariant characteristic class, 41
equivariant Deligne complex

finite groups, 63
equivariant differential cohomology, 68
equivariant principal bundle, 12
equivariant vector bundle, 15
exact forms, 16
exponential map, 11
exterior derivative, 16

face maps, 27

fine, 19

full equivariant differential cohomology,
75

fundamental vector field, 11

geometric realization, 28
Getzler’s map, 39

integral polynomial, 25
invariant symmetric polynomials, 24, 35
inverse image sheaf, 19

Lie derivative, 16

moment map, 51, 58
morphism of sheaves, 19

presheaf, 18
proper, 88

sheaf, 18
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shifted complex, 23

simplex category, 21

simplicial n-form, 48

simplicial Cech chain complex, 31

simplicial Cech cohomology, 31

simplicial cellular chain complex, 33

simplicial homotopy cochain complex,
38

simplicial manifold, 27

simplicial sheaf homotopy cochain com-
plex, 73

simplicial singular cochain complex, 32

singular cohomology, 22

smooth Deligne complex, 61

standard n-simplex, 20

total complex, 22

transgression form
Cartan model, 54
simplicial, 49
vector bundle, 60

truncation, 23

vector bundle, 14
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