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ABSTRACT. In this book we give a complete proof of the fact that Borel’s
regulator map is twice Beilinson’s regulator map. The strategy of the
proof follows the argument sketched in Beilinson’s original paper and
relies on very similar descriptions of the Chern—Weil morphisms and the
van Est isomorphism.

The book also reviews some material from Algebraic Topology and
Lie Group Theory needed in the comparison theorem.
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CHAPTER 1

Introduction

The aim of this book is to give a complete proof of the fact that Borel’s
regulator map is twice Beilinson’s regulator map (Theorem 10.9). The key
ingredient in the proof is that the Chern—Weil morphism and the van Est
isomorphism can be described explicitly in a very similar way (see Theo-
rem 8.12 and Theorem 8.15).

Let us start recalling Dirichlet’s regulator. Let k£ be a number field, let
v be its ring of integers and let v* be the group of units of v. Let r; (resp.
2r2) be the number of real (resp. complex) immersions of k. In his study of
v*, Dirichlet introduced a map

p: ot — RMH72,
The image of this map is contained in a hyper-plane H. Moreover p(v*) is
a lattice of H. That is

pRR: 0" ®@R — H.

is an isomorphism. In particular the rank of v* is 1 + ro — 1. Let Rp =
Vol(H/p(v*)) be the covolume of this lattice. This number is called Dirich-
let’s regulator. The most interesting fact about this regulator is the class
number formula:

(1.1) Rp = —% lim Gy(s)s~ (14727,

where (}, is Dedekind’s zeta function of the field k, w is the number of roots
of unity and h is the class number. Since Dedekind’s zeta function is defined
using local data at the primes of v, this formula can be seen as a highly non
trivial local to global principle.

Recall that v* is the K-theory group Kj(v). In order to generalize
formula (1.1) to higher K-theory, Borel [5] has introduced, for all p > 2,
morphisms

"ot Kap-1(0) — V),
where V), is a real vector space of dimension
r1 +re, if pis odd,

dimgp V, =d, =
B P {rg, if p is even.

These morphisms will be called Borel’s regulator maps. Moreover Borel has
proved that rjy, (Kap—1(0)) is a lattice of V,. As a consequence he obtains
that the rank of the group Ks,_1(v) is dp.
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2 1. INTRODUCTION

Lichtenbaum in [42] asked that, if one chooses a natural lattice L' in V,,,
and defines

Rp,, = CoVol(rp, (Kap-1(v)), L"),
whether it is true that

Kop—2(0) d
1.2 Ry =+—"P= "  Jim s)(s+p—1)°.
( ) Bo,p ﬁK2p—1(U)tor so—pt1 Ck( )( p )
Lichtenbaum gave a concrete choice of lattice L', but pointed out that, due
to the lack of examples at that time, it might be necessary to adjust the
formula by some power of m and some rational number.
In [8] Borel proved that
/ ~ ~—dp . _ 1\—dp

RBo,p Q s—}l—np}—i—l Ck(S)(S +p 1) )
where a ~ b means that there exists an element ¢ € Q* such that ga = b.
The number R%o,p is called Borel’s regulator.

REMARK 1.1. The subindexes used here do not agree with the convention

used in [8]. In particular the regulator Ry, is R,—1 in the notation of [8].

The factor 7~% means that the original choice of lattice was not the best
one. Moreover, the original definition of Borel does not factorize through
the K-theory of the field C. For these reasons it is convenient to renormalize
Borel’s regulator map. This renormalized regulator usually appears in the
literature instead of the original definition. We will denote the renormalized
Borel regulator map as rp,.

The relationship between values of zeta functions, or more generally, L-
functions and regulators is a very active field with many open conjectures.
Beilinson has generalized the definition of regulators and stated very general
conjectures relating values of L functions and regulators associated with
algebraic motives.

One can see Borel’s theorem as the Beilinson conjecture in the case of
number fields as follows. Let us write X = Specv. Then, for p > 0,

Kop1(0) © Q = H (X, Q(p))

where the right hand side is called absolute cohomology. In general, rational

absolute cohomology is a graded piece for a certain filtration of rational K-

theory. But in the case of number fields there is only one non zero piece.
The Chern character for higher K-theory induces a morphism

ret HY (X,Q(p)) — Hp(Xr,R(p)),

such that rge ® R is an isomorphism. The morphism rg, is called Beilinson’s
regulator map. The Deligne-Beilinson cohomology group Ha, (XR, R(p)),
has a natural rational structure and Beilinson’s regulator is the determinant
of Im(rge) with respect to this rational structure. We will denote it as Rpe p.
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Observe that, in this setting, Beilinson’s regulator is defined only up to a
rational number. For number fields, Beilinson’s conjectures state that

Rpe,p ~ Slir;}+l Ck(s)(s+p— 1)_dp'

In order to see Borel’s theorem as a particular case of Beilinson’s conjectures
we have to compare the two regulators.
To this end, we consider Beilinson’s regulator map as a morphism

re: Kap-1(0) — Hp(Xz, R(p)).
Moreover, Hé (XR, R(p)) contains a natural lattice L and we can write
Rp.p = CoVol (T‘Be (Kgp,l (U)) , L).

This is a well defined real number.

In [2], Beilinson claims that rg, = rge and gave the sketch of a proof
of this fact. Rapoport [55] completed most of Beilinson’s proof and showed
that rg, and rge agree up to a rational number. In [25], Dupont, Hain and
Zucker gave a completely different strategy to try to compare the regulators.
Moreover they conjectured that the precise comparison is rg, = 2rge. In this
book we will use Beilinson’s original argument to show that indeed rg, =
2rge. Except for the precise comparison, there is very little original in this
book: the original argument is due to Beilinson and we follow Rapoport’s
paper in several points.

One of the difficulties a beginner may have in studying this topic is
the maze of cohomology theories used and the different results from alge-
braic topology and Lie group theory needed. For the convenience of the
reader we have included an introduction to different topics, such as simpli-
cial techniques, Hopf algebras, Chern—Weil theory, Lie algebra cohomology
and continuous group cohomology. A complete treatment of each of these
areas would merit a book on his own and there are many of them available.
Therefore in these introductions only the results directly related with the
definition and comparison of the regulators are stated and most of them
without proof. With this idea, the book can be divided in two parts. The
first one, from Chapter 2 to Chapter 6, is a collection of classical results. The
main purpose of this part is to aid understanding of both regulator maps
and to fix the notations. So a reader may skip some of these chapters and
refer to them if needed. The second part, from Chapter 7 to Chapter 10, is
the heart of the work. It contains the definition of the regulator maps and
the specific tools needed for the comparison.

Let us give a more detailed account of the contents of each chapter.
In Chapter 2 we recall the definition and some properties of simplicial and
cosimplicial objects. We also give the definition of sheaves and principal bun-
dles over simplicial spaces and we recall Dupont’s definition of the de Rham
algebra of a simplicial differentiable manifold. Chapter 3 is devoted to H-
spaces and Hopf algebras. The main results are the structure theorems of
Hopf algebras and the relationship between the homotopy and the primitive
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part of the homology of an H-space. In Chapter 4 we compute the singular
cohomology of the general linear group and of its classifying space. The
cohomology of these spaces is related by the suspension, or its inverse, the
transgression. This map is one of the ingredients of the comparison between
the regulators. We also recall Bott’s Periodicity Theorem that character-
izes the stable homotopy of the classical groups. In Chapter 5 we review
the de Rham cohomology of Lie groups and its relationship with Lie alge-
bra cohomology. We also recall the definition of the Weil algebra and the
Chern—Weil theory of characteristic classes from the de Rham point of view.
We show that the suspension can be computed using the Weil algebra. We
also give explicit representatives of the generators of the cohomology of the
Lie algebra u,. We end the chapter recalling the definition of relative Lie
algebra cohomology. In Chapter 6 we give an introduction to continuous
group cohomology. We also recall the construction of the the van Est iso-
morphism relating continuous group cohomology and relative Lie algebra
cohomology. We will see how the van Est isomorphism allows us to com-
pute the continuous cohomology of the classical groups. Both regulators
are determined by classes in continuous group cohomology. To compare
the regulators we will compare these classes. Chapter 7 is devoted to the
theory of small cosimplicial algebras and small differential graded algebras.
This theory was introduced by Beilinson to compare the regulators. In this
chapter we will follow Rapoport’s paper closely. In Chapter 8 we give a de-
scription of the sheaf of differential forms as the sheaf of functions on certain
simplicial scheme modulo a sheaf of ideals. This description is a generaliza-
tion of the fact that the sheaf of 1-forms can be written as the ideal of the
diagonal modulo its square. This description is the main ingredient for the
comparison and it is implicit in Guichardet’s description of the van Est iso-
morphism [35]. In Chapter 9 we recall the definition of algebraic K-theory
and the definition of Borel’s regulator. We also discuss the renormalization
of Borel’s regulator and we give an explicit representative of the cohomology
class of Borel’s regulator in Lie algebra cohomology. Finally in Chapter 10
we recall the definition of Beilinson’s regulator and we prove the comparison
theorem.



CHAPTER 2
Simplicial and Cosimplicial Objects

2.1. Basic Definitions and Examples

In this section we will recall the definition and properties of simplicial
and cosimplicial objects and give some examples. The main purpose is to
fix the notation. For more details, the reader is referred to [12,28, 31, 44].

Let A be the category whose objects are the ordinal numbers

[n] ={0,...,n},

and whose morphisms are the increasing maps between them. The mor-
phisms of the category A are generated by the morphisms

8 [n—1] — [n], forn>1,i=0,...,n,
o': [n+ 1] — [n], forn>0,i=0,...,n,
where
, k if k<1 - k if k<
61(]{:) — ) 1 <Z’ O_z(k) — ) 1 —/Ii7
k+1, ifk>1, k—1, ifk>i.

The morphism §° are called faces and the morphisms o' are called degen-
eracies. These morphisms satisfy the following commutation rules

86 = 61601, for i < j,

oot = ololtt, for ¢ < 7,

(2.1) ol6t =607t fori < j,
0’6" =1d, fori=j,j+1,
ol6t =6 1od, fori>j+ 1.

We will denote the opposite category of A by A°P: that is, the category
with the same objects but reversed arrows.

DEFINITION 2.1. Let C be a category. A simplicial object of C is a
functor A°? — C. A cosimplicial object of C is a functor A — C. The
category of simplicial objects of C will be denoted by S(C) and the category
of cosimplicial objects by CS(C).
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In other words, a simplicial object of C is a family of objects of C,
{Xy }n>0, together with morphisms
6i: X — Xp1, form>1,¢=0,...,n,
oi: Xp — Xpta, forn>0,1=0,...,n,
satisfying the commutation rules

(51‘(5]‘ = 5]‘_151‘, for i < 7,

0;0j = 0j410;, for ¢ < j,

(2,2) (51'0']‘ = O'j_l(si, for i < 7,
dio; = 1d, fori=75,74+1,
0i0j = 0j0;—1, fori>j+ 1.

The morphisms ¢; are also called faces and the morphisms o; degeneracies.
Sometimes, it will be usefull to use the functorial notation. That is, if

7: [n] = [m]
is an increasing map, we denote by
X(1): X — X,

the corresponding morphism. In particular 6; = X (6%) and o; = X (o?).
Analogously, a cosimplicial object of C is a family of objects of C,
{X"},>0, together with morphisms

ot X" — xntt forn>0,i=0,...,n+1,
ol X" — X" forn>1,i=0,....,n—1,

satisfying the commutation rules (2.1). Observe that we use the convention
that simplicial objects are indexed using subscripts and cosimplicial objects
are indexed by superscripts.

EXAMPLE 2.2. The geometric simplex, denoted A’, is the cosimplicial
topological space defined by

A" = {(tg,...,tn) ER"™ | tg+ -+, =1,t; > 0},
with faces and degeneracies given by
8 (to, ... tn) = (toy .. tio1,0,ti, ... ),
O (to, ... tn) = (tos. . tic1 ti + tig1, tivas ... tn).

ExaMPLE 2.3. Let X be a topological space. Then the simplicial set of
singular simplexes of X is given by

Sn(X) = Hompop (A", X),
where Top denotes the category of topological spaces. If f € S,,(X) then
6if = fod,
oif = foo.

(2.3)
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S. is a functor between Top and the category of simplicial sets, S(Set).
This functor will be called the singular functor. If G is an abelian group we
will denote by S, (X, G) the free G module generated by S,,(X) and by

S"(X,G) = Homap(Sn(X, Z), G).

Then S.(X, Q) is the simplicial abelian group of singular chains and S* (X, G)
is the cosimplicial abelian group of singular cochains.

EXAMPLE 2.4. Let A[k] be the simplicial set such that A[k],, consists
of all the increasing maps from [n] to [k]. In other words, A[k], is the set
of all sequences (jo,...,Jn), with 0 < jo < --- < j, < k. The faces and
degeneracies are given by

52(]()’7]77,) = (jOa"'?ji?"'?jﬂ)? for i = 0a"'7n7
U’i(jOa" . 7]n) = (jla"'?ji)jia"'?jﬂ)? for i = Oa" -5 1,

where the symbol ﬁ, means that the element j; is omitted. For instance
A[0] is the simplicial set with one element in each degree. The only element
that is non degenerate is the element in degree 0. The simplicial set A[1] has
three non degenerate elements: one in degree one and two in degree zero.

The increasing maps between [k and [k’] induce maps between A[k] and
AlK']. For instance the maps 6°,6%: [0] — [1] induce maps §°,61: A[0] —
A[l]. Thus AJ-] is a cosimplicial simplicial set. The simplicial set A[k] plays
the role of the geometric k-dimensional simplex. In this analogy, the above
maps from A[0] to A[1] correspond to the inclusions of a point as each of
the vertexes of the unit interval.

ExaMpLE 2.5. Let X be a topological space. Let E. X be the simplicial
topological space defined by

n+1
—_——
E,X=Xx.---xX
0i(xoy -y xn) = (Toy - oy Tiy ooy Tn)s fori=0,...,n,

0i(Xoy oy Tpn) = (T4, e ooy Ty Ty oo X)), fori=0,...,n.

Observe that we can define in an analogous way E.X for X a differ-
entiable manifold, a scheme over a base scheme, or more generally in any
category with finite products.

If C is a category with products then the categories S(C) and CS(C) also
have products. For instance, the product of two simplicial objects X and Y
is given explicitly by

(X xY), =X, xY,,

with faces and degeneracies defined componentwise.
We will be also interested in the following construction. Let C be a
category that admits coproducts. If X is an object of S(C) and K is a
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simplicial set, we may define an object of S(C), X x K by

(X x K)p =X, x Ky =[] Xu,
peK,

where the faces and degeneracies are given componentwise. In particular this
applies when X is an object of C. Then we denote also by X the constant
simplicial object, with X,, = X and all faces and degeneracies equal to the
identity. In this case

(X xK), =[] x.

peKn
Let X and Y be two simplicial objects of C. Let f,g: X — Y be two

simplicial morphisms. A simplicial homotopy between f and ¢ is a simplicial
morphism

H: X xAll] -,
such that HoId x 6 = f and HolId x §' = g.

REMARK 2.6. The homotopy relation is not, in general, an equivalence
relation (see [31, 1.6]). For instance, in the case of simplicial sets we need
the condition of Y being fibrant.

PROPOSITION 2.7. Let X be a topological space and let e € X be a point.
Then the identity map Id: E. X — E.X is homotopically equivalent to the
constant map that sends E,X to the point (e, ..., e).

SKETCH OF PROOF. We have to construct a morphism of simplicial
topological spaces H: E.X x A[l] — E.X such that H o (Id x §°) = Id
and H o (Id x 6') is the constant map e. This morphism H is:

H((i[)o, ey xn), (i(], ce ,Zn)) = (fio(x(]), ey fln (xn)),
where fo(z) = x and fi1(z) =e. O

2.2. Simplicial Abelian Groups

Let A be an abelian category. Let us denote by CT(A) the category
of non negatively graded cochain complexes of A. By the Dold—Kan cor-
respondence (cf. [31, II1.2]) there is an equivalence of categories between
Ct(A) and CS(A). Analogously, there is also an equivalence between the
category S(A) and the category of non negatively graded chain complexes,
C+(A). Let us recall this theory.

DEFINITION 2.8. Let X be an object of CS(A). Then (CX,d) is the
object of CT(A) given by
CX"=X"
n+1 o
dx = Z(—l)lélx, for x € CX™.
i=0
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The normalization of X, denoted by N'X is the subcomplex of CX defined
by
n—1
NX" = ﬂ Kero®.

1=0

Let us write

By the commutation rules (2.1), it is clear that DX = @ DX", is a sub-
complex of CX™. For a proof of the following result see, for instance, [31,
Chap. III].

PROPOSITION 2.9. Let X € Ob(CS(A)). Let i: NX — CX be the
inclusion, and let p: CX — CX/DX be the projection. Then the composition

NX Lex Bex/px

is an isomorphism. Moreover the composition i o (poi)~! op is homotopi-
cally equivalent to the identity of CX. In consequence CX and N X are
homotopically equivalent complezes.

COROLLARY 2.10. Let X be a cosimplicial abelian group. Then there is
a direct sum decomposition

XP =NXP e DXP.

ExampPLE 2.11. Let X be a topological space and let G be an abelian
group. We will write

C*(X,G) = CS* (X, G).

This is the complex of singular G-cochains on X. The singular cohomology
groups of X, with coefficients in G, are the cohomology groups of the com-
plex C*(X, G). By Proposition 2.9 the cohomology groups of X are also the
cohomology groups of the complex N'S*(X, G).

ExXAaMPLE 2.12. We can also use the normalization functor to define the
singular cohomology of a simplicial topological space. Let X. be a simplicial
topological space. Then the complexes C*(X,,, G) form a cosimplicial com-
plex. The normalization NC*(X., G) can be turned into a double complex,
and the singular cohomology groups of X. are the cohomology groups of the
simple complex associated to this double complex.

Now let ¥ € Ob(CT(A)). We want to construct an object of CS(A),
KY, such that NKY is naturally isomorphic to Y. The basic idea behind
the construction is that we have to add enough degenerate elements in order
to be able to define all faces and degeneracies.
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DEFINITION 2.13. The Dold—Kan functor is the functor that associates,
to each complex (Y, d), the cosimplicial object LY. This cosimplicial object
has components

K- @ v
f: Inl—=1p]
where the sum runs over all surjective increasing maps f, and Yf =YP. The
structure morphisms of LY are constructed as follows. Let u: [n] — [m] be
an increasing map. Then the morphism
KY (u): (KY)" — (KY)™

can be decomposed in components

KY (u)f,q: Y}? — Y[

for all pair of surjective increasing morphism f: [n| — [p| and g: [m] — [q].
Then we write KY (u)fy = Id if p = ¢ and there exists a commutative
diagram

with j the identity. We write KY (u)¢ 4, = d if [q] = [p+ 1] and there exists
a diagram as above with j = ¢°. Finally we write KXY (u)f, = 0 in all other
cases.

For a proof of the following result see for instance [31, II1.2]

THEOREM 2.14 (Dold-Kan correspondence). The functors N and K es-
tablish an equivalence of categories between C*(A) and CS(A).

2.3. The Geometric Realization

The main link between simplicial sets and topological spaces is the geo-
metric realization. This functor, together with the singular functor of Ex-
ample 2.3, establishes an equivalence between the homotopy categories of
simplicial sets and of topological spaces. Thus, up to homotopy, both cate-
gories are equivalent. The geometric realization functor can be extended to
the case of simplicial topological spaces.

DEerFINITION 2.15. Let X. be a simplicial topological space. The geomet-
ric realization is the topological space

X.|=Hxnxm/~,
n>0

where ~ is the equivalence relation generated by
(oi(z),y) ~ (z,0'(y)) and (%i(z),y) ~ (z,6'(y)).
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2.4. Sheaves on Simplicial Topological Spaces

Let us discuss sheaf cohomology for simplicial topological spaces. For
more details the reader is referred to [20, §5] and [30].

DEFINITION 2.16. Let X. be a simplicial topological space. A sheaf of
abelian groups on X. is the data of a sheaf F™ over each X,, together with
morphisms

6 Frl o (8;),F" and ot FUTL s (07), F"
satisfying the commutation rules (2.1).
A morphism between two sheaves 7 and G is a family of morphisms of
sheaves {f"},>0 commuting with the faces and degeneracies.
For instance, if X. is a simplicial scheme, the family of structural sheaves

{Ox,, }n>0 is a sheaf on X.. The category of sheaves of abelian groups on a
simplicial topological space is an abelian category.

DEFINITION 2.17. Let X. be a simplicial topological space. Let F~ be
a sheaf of abelian groups on X.. Then the group of global sections of F,
denoted by I'(F), is the group
[(F) = {s € (X0, F°) | 0% = &'s}.
The cohomology groups of F', denoted by H*(X.,F") are the right derived
functors of the functor I'.

The sheaf cohomology groups can be computed using resolutions in the
following way. For each sheaf F™, let ¢": F"* — A™* be a resolution by
acyclic sheaves, such that A4"* is a complex of sheaves on X. and the mor-
phism ¢ = {i"} is a morphism of sheaves on X.. For instance we can use the
canonical flasque resolution of each sheaf F™. Then the cohomology groups
of F are the cohomology groups of the simple complex associated to the
complex of complexes NT(X., A"*):

NA=s(NT(X.,A)).
Or, equivalently, to the cohomology of the complex
CA= s(CF(X.,A"*)).
In the complex CA we can introduce a filtration associated with the
simplicial degree
FPCA = PT (X, AV™).
n>p
m
This filtration determines an spectral sequence (cf. [20, §5] and [30]).
ProOPOSITION 2.18. Let X. be a simplicial topological space, and let F
be a sheaf over X. Then there is a first quadrant spectral sequence
EPY = HI(X,, FP) = HPTI(X,F).

This section can be easily generalized to cover the case of complexes of
sheaves on simplicial topological spaces.
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2.5. Principal Bundles on Simplicial Manifolds

Let G be a Lie group. Recall that a principal G-bundle is a four-tuple
(r,E,m,B), where E and B are differentiable manifolds, 7: E — B is a
morphism of differentiable manifolds and r: F x G — F is a differentiable
right action of G on FE, such that there exists an open covering U of B
and, for every open subset U € U, there is an isomorphism of differentiable
manifolds

oy:Ux G —a (U)
satisfying

(1) W(QSU(az,g)) = .
(2) ¢U(x> gS) = T‘(qu(SU, g)? S)'
The manifold F is called the total space and B is called the base space.
Usually we will denote a principal G bundle by its total space FE and the
right action r will be denoted by r(p, s) = ps.
Observe that the definition of a principal G-bundle implies that G acts
freely on F and transitively on the fibres of . R
Let (r, E,m, B) be a principal G-bundle and let f: B — B be a morphism
of differentiable manifolds; then we can define in an obvious way a principal
G-bundle f*F.
A morphism of principal G bundles,

f: (f’,E\,fr,E) - (T,E,W,B),

is a commutative diagram
(2.4) %l

such that fg(pg) = fr(p)g for all p € E and g € G. Clearly, for a fixed fp,
to give a morphism of principal G bundles as above is equivalent to give an
isomorphism F = f5E. We will denote this isomorphism also by fg.

DEFINITION 2.19. A simplicial principal G bundle is a four-tuple
(r, E.,m, B.), where E. and B. are simplicial differentiable manifolds, 7: E. —
B. is a morphism of simplicial manifolds and r is a right action of G on E.
such that, for all n, (r, E,, 7, By,) is a principal G bundle and all faces and
degeneracies are morphisms of principal G-bundles.

PROPOSITION 2.20. Let G be a Lie group and let B. be a simplicial dif-
ferentiable manifold. Then there is an equivalence of categories between the
category of simplicial principal G-bundles and the category of pairs (E, «),
where E is a principal G-bundle over By and

a:6E — 0E

is an isomorphism of principal G-bundles over Bj.
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PROOF. Let us exhibit functors between the two categories. Let E. be a
principal G-bundle over B.. There are isomorphisms of principal G-bundles
over Bj

E(8°): By — 6} F,
E(8Y): By — 6} Fp.

The functor in one direction sends E. to the pair (Eg, EF(6') o E(69)71).
Let us construct the functor in the other direction. Let (E, «) be a pair
as in the proposition. Then we write
E, = ((6)")"E.
Let
7: [n] — [m]

be an increasing map. We have to construct a principal G-bundle morphism
E(7): By — Ey. Or, equivalently, an isomorphism, also denoted E(7)

E(r): B((6°)™)"E — B(1 0 (6°)")*E.
The composition

70 (8°)": [0] — [m]
is the map that sends 0 to 7(n). If 7(n) = m, then 7o (6°)"* = (6°)™. Thus
we can write E(7) = Id. If 7(n) < m then we have the equalities
To (50>n _ (60)7(71) o (51)m—7(n),
and
<5O)m _ (50)7(71) o (51)m—r(n)—1 0480,

In this case we write

E(T) _ B(((;O)T(n) ° (51)m77'(n)71)*a'

It is easy to see that FE. is a simplicial principal G-bundle, that both construc-
tions are functorial and that they determine an equivalence of categories. [J

REMARK 2.21. We can make the same definition of principal bundle in
the case of topological groups and algebraic groups. Moreover we can give
an analogous definition of vector bundle over a simplicial manifold. In the
case of simplicial vector bundles, the analogue of Proposition 2.20 also holds.

2.6. The de Rham Algebra of a Simplicial Manifold

The main reference for this section is [24, §6]. For a differentiable mani-
fold M, let us denote by E*(M,R) the de Rham algebra of global differential
forms. It is a graded commutative and associative differential algebra. We
want to have an analogous object for simplicial differentiable manifolds. Let
M. be a simplicial differentiable manifold. Then E*(M.,R) is a simplicial
graded commutative associative differential algebra. To this simplicial alge-
bra we can associate a double complex, CE*(M.,R), and a simple complex
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denoted by sCE*(M.,R). In this complex we can introduce a multiplicative
structure which is associative but only commutative up to homotopy (see
Section 7). To remedy this situation, we can construct a differential graded
commutative associative algebra that will be called the simplicial de Rham
algebra (see [23,24]. See also [54] for an algebraic analogue).

Let us denote by H™ the hyperplane

H™ = {(0,...,2n) € R | 2o+ -+ 1, = 1}.

Then H' is a cosimplicial differentiable manifold with faces and degeneracies
given by equation (2.3).

DEFINITION 2.22. Let M. be a simplicial differentiable manifold. A
simplicial n-form over M is a sequence ¢ = {¢P},, where P is a n-form on
HP x My, such that, for all p >0 and i =0,...,p,

(6° x Id)*P = (Id x &) P,
on HP™' x M,. We will denote by Efmp (M., R) the space of all simpli-
cial n-forms. The exterior derivative and the exterior product of forms on
HP x X, induce a differential and a commutative and associative product on
EX (M,R) =, Egmp(M.,R) (see [24]). We will call EX__(M.,R) the

simp simp

simplicial de Rham algebra of M..

The complex E:imp(M.,R) is a bigraded complex, where a p-form ¢ is

said to be of type k,l with k 4+ [ = p if p|grxx, can be written locally as
o= apydty Ao+ Nty Adag, A A da,

where to,...,t, are baricentric coordinates of H? and x1,...z, are local
coordinates of X,.
The complexes Ef (M., R) and sCE*(M.,R) are homotopically equiv-
(M.,R) — E'(My,R) is
obtained by restricting a (k,[)-form to H*¥ x X} and then integrating along
the standard simplex AF ¢ HE.

alent (see [24]). In particular the morphism E™'

simp



CHAPTER 3

H-Spaces and Hopf Algebras

In the next chapter we will be interested in the homology and coho-
mology of the general linear group. The product structure of a topological
group, or more generally of a H-space, induces a product in homology and a
coproduct in cohomology, turning both into Hopf algebras. In this chapter
we will review the definition of H-spaces and Hopf algebras and their basic
properties. All the results stated are classical and can be found, for instance,
in [46] or in [16].

3.1. Definitions

DEFINITION 3.1. Let (X, e) be a pointed topological space. We say that
X is an H -space if there is a continuous map pu: X x X — X, such that, for
all z € X, p(x,e) = p(e,z) = x. We say that X is an associative H-space if
the maps po(Idx p) and po(pux1Id) from X x X x X to X are homotopically
equivalent.

Clearly any topological group is an H-space.

Let us fix a commutative ring k. By a graded module we will mean
graded by non-negative integers. For any pair of graded k-modules A and
B,let T: A® B— B® A, be the morphism defined by

T(z @ y) = (~1)*5 950y @ o,

DEFINITION 3.2. A graded k-algebra is a graded k-module A together
with a unit element e: k — A and a product u: A ® A — A such that the
compositions

AS A0k a4l A

AS koA Agat 4

are the identity. A graded k-algebra is associative if the diagram

AoAo A2 A0 A

u@ldl J/H
m

A®A A

15
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is commutative. A graded k-algebra is commutative if the diagram
AR A

N

T A

7

AR A
is commutative.
A coalgebra is the dual notion of an algebra.

DEFINITION 3.3. A graded k-coalgebra is a graded k-module, A, together
with a counit n: A — k and a coproduct A: A — A ® A such that the
compositions

) A2 A AN Aok 2 A

A8 A4 reAa A
are the identity. A graded k-coalgebra is associative if the diagram
A

A AR A

Ai ild@A
ARId

ARA—ARA®A
is commutative. A graded k-coalgebra is commutative if the diagram
AR A

e

A T

N

AR A
1S commutative.

The coproduct is usually called the diagonal map.

Observe that k has a natural structure of k-coalgebra given by the iso-
morphism k — k£ ® k. Moreover, if A and B are k-coalgebras, there is a
natural k-coalgebra structure in A ® B with coproduct given by the compo-
sition
1d®T®Id
—_—

A9 B2%2 A9 A9 B® B A®B® A® B.

DEFINITION 3.4. A graded k-module A, together with a unit €, a counit
71, a product pu and a coproduct A, is a Hopf algebra if

(1) (A, p,e€) is an associative algebra,
(2) (A,A,n) is an associative coalgebra,
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(3) pu and e are morphisms of coalgebras and
(4) A and 7 are morphisms of algebras.

Observe that once € and 7 are morphisms of coalgebras and algebras
respectively, the fact that A is a morphism of algebras and the fact that p
is a morphism of coalgebras are both equivalent to the commutativity of the
following diagram:

A A<""" Ao AeAxA
s
A [d@T®Id
x

A®A4)A®A ARAR AR A.

A Hopf algebra A is called connected if €: k — Ag is an isomorphisms.
Equivalently A is connected if n: Ag — k is an isomorphism.

EXAMPLE 3.5. Let (X, e) be an associative H-space and let k be a field.
Then the diagonal A: X — X x X and the product structure p induce a
coproduct A, and a product g, in the singular homology H.(X, k). The
inclusion e — X and the projection X — e induce a unit and a counit
respectively. With this structure, H.(X, k) is a Hopf algebra. Moreover,
the coproduct is always commutative. By duality, the singular cohomology
is the dual Hopf algebra. Analogously, if we denote by H.(X) the quotient
of H,(X,7Z) by its torsion subgroup, then H,(X) is a Z-Hopf algebra with
commutative coproduct, and H (X) is the dual Hopf algebra.

Let us write I(A) = Kern. If A is connected then I(A) = @, A
Observe that, since noe = Idg, we have A = k@ I(A) and I(A) = Cokere.
Seeing I(A) as a quotient, the coproduct A induces a morphism

5: I(A) — I(A) @ I(A).

DEFINITION 3.6. Let A be a Hopf algebra. Then the space of indecom-
posable elements, denoted Q(A), is the cokernel of the morphisms

w: I(A) @ I(A) — I(A).
The space of primitive elements, denoted P(A), is the kernel of the mor-
phism

§: I(A) — I(A) ® I(A).

Observe that, since (A, A,n) is a coalgebra, by (3.1), for any element
a € I(A), we have
Ala) =1®a+6(a)+a® 1.

Thus, a € I(A) is primitive if and only if A(a) =1®a+a® 1.
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3.2. Some Examples
Let us give some examples of coalgebras and Hopf algebras over Z.

EXAMPLE 3.7. Let A(x1,...,z,) be the exterior algebra generated by
the elements x1,...,x, of odd degree. We can define a Hopf algebra struc-
ture imposing that the elements x; are primitive elements. The dual of
this Hopf algebra is again the exterior algebra generated by the primitive
elements y1, ..., yn, where (y;) is the dual basis of (z;).

By the Samelson—Leray theorem (see Theorem 3.15) any torsion free
commutative Z-Hopf algebra generated by elements of odd degree is iso-
morphic (as Hopf algebra) to an exterior algebra generated by primitive
elements.

Let us give a pair of examples of evenly generated Hopf algebras.

EXAMPLE 3.8. Let A = Z[z] be the polynomial ring in one variable of
degree 2. Then its dual coalgebra is, as graded abelian group

A" = Pz,
i>0
where ~; has degree 2i and is the dual of z?. The coproduct is given by
Avi= > 7 @
k=i

For instance, we can define a Hopf algebra structure in A by imposing that
x is primitive; then the algebra structure of A* satisfies

i
-

1!

Thus it is isomorphic to the divided power polynomial algebra I'[y;], with
~1 primitive. Observe that A and A* are not isomorphic. The former is
generated by its primitive part and the latter is not.

The following example of self-dual Hopf algebra (see [51]) is more inter-
esting.

ExaMpPLE 3.9. Let B be the Hopf algebra such that, as an algebra it is

the polynomial ring Z[by, be, . .. ], with b; of degree 2i. And with a coproduct
given by
(3.2) Ab; = Z bj @ by.

k=i

The dual Hopf algebra, BY has the algebra structure of the polynomial ring
Z[y1,%2, - - - |, where y; is the dual of bi. Moreover, the coproduct structure
is also given by
Ayi= Y ;i ® .
jtk=i
Thus this Hopf algebra is self dual.
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In this example we can obtain an inductive formula for the primitive
elements of the coalgebra algebra BY (see [51]). Let us write

pry =1, n—1
(3.3) pr,= (—1)""ny, + Z(—l)ﬁ'lyjprnfj, for n > 1.
j=1

PROPOSITION 3.10. The elements pr; form a basis of P(B). Moreover,
<pria bz> =1

3.3. The Structure of Hopf Algebras

The presence of two compatible operations imposes many restrictions on
the structure of Hopf algebras. We will recall some classical results in this
direction. For simplicity, we will state most of the results for Hopf algebras
over a field of characteristic zero or for torsion free Hopf algebras over the
ring of integers.

The first result in the study of the structure of Hopf algebras is the
following.

PROPOSITION 3.11. Let A be a connected Hopf algebra over a field of
characteristic zero.

(1) The product is commutative if and only if the natural morphism
P(A) — Q(A)

is a monomorphism.
(2) The coproduct is commutative if and only if the natural morphism

P(A) — Q(A)

1s an epimorphism. In particular, a connected Hopf algebra with
commutative coproduct is generated, as an algebra, by the space of
primitive elements.

The first statement remains valid if A is a torsion free Z-Hopf algebra.
But as Example 3.8 shows, the second statement does not remain true in
this case.

From now on, we fix a field k of characteristic zero and a connected Hopf
k-algebra A with commutative coproduct.

We can define a structure of graded Lie algebra on A writing

[z,y] = zy — (—1)%87d8Yyq

It is easy to see that the space of primitive elements, P(A), is a Lie subal-
gebra of A. Let us denote by U (P(A)) the universal enveloping algebra of
P(A). Since the inclusion P(A) — A is a morphism of the Lie algebra P(A)
into an associative algebra A, there is a unique extension to a morphism
U(P(A)) — A. Moreover, there is a natural structure of Hopf algebra on
U(P(A)) (see [46] for details). Then the main structure theorem is



20 3. H-SPACES AND HOPF ALGEBRAS

THEOREM 3.12. Let A be a connected Hopf algebra with commutative co-
product over a field of characteristic zero. Then the natural map U(P(A)) —
A is an isomorphism of Hopf algebras.

From this theorem and the Poincaré-Birkhoff-Witt Theorem we can
completely determine the structure of k-module of A.

For a graded k-module B, let us denote by A (B) the free graded commu-
tative and associative algebra generated by B. This is the exterior algebra
over the odd subspace of B tensored with the symmetric algebra over the
even subspace. Let L be a graded Lie algebra. Let us denote by L? the Lie
algebra with the same underlying module as L but with abelian Lie product.
Then A(L) = U(LF).

Using the Lie bracket, we can define a filtration F' on U(L) and on
A(L) = U(L*). This filtration is called the Lie filtration.

THEOREM 3.13 (Poincaré-Birkhoff-Witt). Let L be a graded Lie k-
algebra. Then there is a natural isomorphism of bigraded Hopf algebras

Grp(U(LY) — Grp(U(L)).

COROLLARY 3.14. Let L be a graded Lie k-algebra. Then there is a
(nonnatural) isomorphism of k-modules between \(L) and U(L).

In the case when a Hopf algebra is generated by its odd part we have a
more precise statement, the Samelson-Leray theorem.

THEOREM 3.15 (Samelson-Leray). Let A be a torsion free, connected
Hopf algebra over 7Z, such that the product is commutative and Q,(A) is
torsion for n even. Then

Q(A) is torsion free.

(1)

(2) The morphism P(A) — Q(A) is an isomorphism.

(3) The coproduct is commutative.

(4) The natural morphism N\(P(A)) — A is an isomorphism of Hopf
algebras.

We can apply the structure theorems to the homology and cohomol-
ogy of compact H-spaces. The compacity implies that the homology alge-
bra H.(X,Q) is finite dimensional. Thus by Theorem 3.13 we obtain that
P,(H.(X,Q)) = 0 for n even. In consequence Q" (ﬁ*(X)) is torsion for n
even. Thus the Samelson—Leray theorem implies

__ ProposITION 3.16. Let X be a compact H-space. Then H(X) and
H.(X) are, as Hopf algebras, isomorphic to an exterior algebra generated
by primitive elements of odd degree.

3.4. Rational Homotopy of H-Spaces

As we noted above, the main example of connected Hopf algebra with
commutative coproduct is the singular homology of a connected H-space.
In this case we want to give a more geometric interpretation of the space of
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primitive elements. Let (X, e) be a connected associative H-space. Let us
write P, (X, Q) = P, (H.(X,Q)).

Let S™ be the n-dimensional sphere. Observe that the elements of the
cohomology of the sphere are necessarily primitive elements. This implies
that the Hurewicz morphism factorizes as

(X, e) 2 Po(X,Q) — Hy(X, Q).

Moreover, one can define a Lie product in m.(X,e), called the Samelson
product, such that X\ is a morphism of Lie algebras. For the proof of the
following result see for instance [49].

THEOREM 3.17 (Cartan—Serre). Let (X, e) be a path-wise connected as-
sociative H-space. Then the Hurewicz map induces an isomorphism of Lie
algebras

A (X, e) @ Q — Pu(X,Q).
Therefore we obtain an isomorphism of Hopf algebras

UA): U(m(X,e) Q) — Hi(X,Q).






CHAPTER 4

The Cohomology of the General Linear Group

4.1. The General Linear Group and the Stiefel Manifolds

In this section we shall compute the singular cohomology of the complex
general linear group, GL,(C) with integral coefficients. Since GL,(C) is
homotopically equivalent to the unitary group U, it is enough to compute
the cohomology ring of this latter group. From the last section we know
that ﬁ*(Un) is an exterior algebra generated by elements of odd degree.
Our objective now is to show that H*(U,,Z) is torsion free and obtain a
set of canonical generators. These cohomology groups will be computed by
induction using Stiefel manifolds. The computations are classical and can
be found, for instance, in [60].

We will consider the set of groups {U,}, as a directed system with
morphisms ¢y, 1 Uy, — Uy, for m < n, given by

enn)= (7 9).

Usually, we will identify U,, with its image in any of the groups U,, for
n>m.

DEFINITION 4.1. For any pair of integers 0 < [ < n, the Stiefel manifold,
Vi, is defined as
Vn,l =U, / Up—i.
Geometrically V,,; can be interpreted as the set of sequences of [ orthonormal
vectors in C”.

Observe that
Vn,n =U,, and Vn,l = SQn—l)

the 2n — 1 dimensional sphere. Moreover the natural map V,, ;41 — V;,; is a
fibre bundle with fibres U,,_; / U, _;_; = §27—1-2,

THEOREM 4.2. The ring H*(Vy,1,7Z) is an exterior algebra generated by
elements x; in degree 2j — 1, forn —1 < j < n.

PrOOF. The proof of the theorem is done by induction over [. For [ =1
it is true because we have V,, ; = $?"~1. By the induction hypothesis we may
assume that it is true for V,, ;. Let us consider the fibre bundle V,, ;11 — V,,;
with fibre F = §27—1-2,

23
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LEMMA 4.3. The Leray spectral sequence of the fibre bundle
Vn,l—l—l - Vn,l

has Eo term
EYT = HP(V,,,Z) @ HI(S™ 172 7).

PROOF. Let us write F', E and B for the fibre, the total space and the
base of the fibre bundle respectively. Let us choose a point b € B. The F,
term of the Leray spectral sequence is given by

B} = H?(B,HY(F,Z)).

The fibre bundle V;, ;41 — V;,; is the quotient of the principal U,,_;-bundle
U, — Vp, by the closed subgroup U,_;_;. Therefore, the group U,_; acts
continuously on the fibre, and the transition functions have values in this
group. Hence, the monodromy of an element v € (B, b), is given by an
element of f, € U,_;. But since this group is connected, this action is
homotopically equivalent to the identity. Thus the local system H*(F,Z) is
trivial. Moreover, since by the induction hypothesis the cohomology of the
base is a finitely generated free abelian group, we obtain the result. O

As a consequence of the above lemma, FY? is zero for ¢ # 0,2n—1—21.
Hence the only differential that may be different from zero is do,_o;. Since
FE5,_ o1 is an algebra and do,_o; is a derivation, this differential is determined
by

dop_op: ESZ"2 = HP A"V (R z) — B2 200 — H22(B 7).

But by the induction hypothesis this last group is zero. Therefore F, = F>.
Using again the induction hypothesis and Lemma 4.3 we obtain that F is
an exterior algebra generated by elements v; in degree 2j —1, forn—1—-1 <
j < n. Therefore Theorem 4.2 is a consequence of the following result.

LEMMA 4.4. Let A be a finitely generated graded commutative algebra

over Z and let F' be a homogeneous decreasing filtration such that Fi. FiC
F'™I, Let GA be the associated bigraded algebra:

GAk’l — FkAkJrl/FkJrlAlH»l.

If GA is an exterior algebra generated by r bi-homogeneous elements of odd
total degree, then A is an exterior algebra generated by r elements of the
same total degree.

PRrROOF. Let {v1,...,v,} be a set of generators of GA with v; € GAFili,
For each v; let us choose a representative z; € F ki Akl Let B be the
exterior algebra generated by symbols u;. By the universality of the exterior
algebra there is a natural morphism ¢: B — A that sends u; to z;, for
j =1,...,r. Moreover, the filtration F' induces a multiplicative filtration
on B and ¢ becomes a filtered morphism. Since the graded morphism Gr ¢
is an isomorphism, then ¢ is also an isomorphism. This completes the proof
of the Lemma and of Theorem 4.2. O
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Let us choose a set of distinguished generators of H*(U,,Z). To this
end we choose a square root of —1. Thus an orientation of C". Let 09,1 €
H?"=1(52"=1 7) be the class determined by this orientation. Let us denote
by 7,: U, - U, /U1 =8 2n—=1 the morphism that sends a unitary matrix
to its last column.

DEFINITION 4.5. Let ay2,-1 € H2p*1(Un,Z) be the elements deter-
mined inductively as follows

(1) anon—1 =7 (02p-1)-
(2) Phn—1(an2p—1) = an—12p—1, for 1 <p <mn.

Observe that in this definition we are using the fact that
90:(1,71—1 : Hj(Una Z) - Hj(Un—la Z)

is an isomorphism for j < 2n — 1. Usually we will denote the generators
0 2p—1 for n > p simply by agp—_1.

REMARK 4.6. The elements og,_1 are primitive for the Hopf algebra
structure of H*(Uy, Z) (see Section 4.2). Since P?*~(U,,, Z) is a free abelian
group of rank one, this determines a,—1 up to the sign.

REMARK 4.7. By duality, the homology algebra of U, is also an exte-
rior algebra generated by one element in each degree 2p—1 forp=1,...,n.
Moreover the generators asg,_; determine a set of generators f[a,_1 €
Hy,—1(Up, Z) which are also primitive elements.

4.2. Classifying Spaces and Characteristic Classes

Let G be a Lie group. A universal principal G-bundle is a principal
G-bundle (r, E,m, B), such that the total space E, is contractible. The base
is called a classifying space for the group G (see, for instance, [52]). Any
two classifying spaces for a given group G are homotopically equivalent. The
universality is given by the following property: For any topological principal
G-bundle (r, F, 7, X), with X paracompact, there is a continuous function
f: X — B such that F' = f*FE. Moreover, the function f is determined up
to homotopy.

It is easy to construct B as a topological space. But if we want more
structure (differentiable, algebraic, ...) it is more interesting to use simpli-
cial objects. Recall that in Example 2.5 we defined a contractible simplicial
topological space E.G. We can define a right action of G on E.G by

(907 s 7gk)g = (90.97 B 7gkg)

This action is called the diagonal right action and it commutes with the faces
and degeneracies. Thus the quotient is a simplicial differentiable manifold.

DEFINITION 4.8. Let G be a Lie group. The classifying space B.G of G
is the quotient of E.G by the diagonal right action. Thus it is the simplicial
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differentiable manifold given by
k

—f—
BGy =G x--- x G,

60(917"'>gk) = (927---7916);
57;(917"'79](3) = (glu'°'7gigi+17"'7gk)) for i = 17"'7k_ ]-a
8 (g1,-- - 98) = (g1, -, Gr1),

Ui(gla"'agk) = (glv"'7givlagi+17"'7gk)> fOTiZO,...,k.

Then E.G is an universal principal G-bundle over B.G and the morphism
E.G — B.G is given by

(905 - -+ 9k) — (9091 "5 - - gr—19 )-

The main objective of this section is to recall the structure of the co-
homology of the classifying space B.GL,,(C). The Chern classes of complex
vector bundles and the cohomology of the classifying space B.GL,(C), are
two topics intimately related. One can, as in [24], compute the cohomology
of the classifying space and use it to define characteristic classes or, as in
[47], one can introduce first characteristic classes and use them to study
the cohomology of the classifying space. We will follow the second line of
thought. As in the previous section, we can use the compact group U,
instead of the group GL,(C).

Let us recall a definition of Chern classes. Let X be a differentiable
manifold (simplicial or not) and let 7: F' — X be a complex vector bundle
of rank n. Let mg: S — X be the associated S?"!-bundle. Let EF? be
the Leray spectral sequence of the bundle S. Since it is a $?"~!-bundle,
then EF? = 0 for ¢ # 0,2n — 1. Thus the only nonzero differential is da,.
As in the previous section, the standard orientation of F' as complex vector
bundle defines a class o9,41 € H*"71(S?"17) = Eg’%_l. The Euler class
of F is the class e(F) = dopo2,—1 € E?"? = H™(X, 7).

To give an inductive definition of Chern classes we need two more facts.
First, observe that, for j < 2n — 1, the morphism

7% H(X,7) — H(S,Z)

is an isomorphism. The other fact is that the vector bundle 7gF' has a
canonical rank one trivial subbundle L. The fibre of L over a point v is the
line spanned by v. Let us write Fy = 7§ F/L.

DEFINITION 4.9. Let F' be a rank n vector bundle over X. The integer
valued Chern classes of F, b,(F) € H?P(X,Z) are determined inductively
by the following conditions:

(1) bn(F) = e(F).
(2) For p < n,

T5bp(F) = by(Fo).
(3) For p > n, b,(F) =0.
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For our purposes, it will be convenient to define also the twisted Chern
classes, which differ from the integer valued Chern classes by a normalization
factor. For any subgroup A of C we will write

A(p) = (2mi)PA C C.
DEFINITION 4.10. The twisted Chern classes are
ep(F) = (2mi)Pb,(F) € H* (X, Z(p)).

From the universal principal G-bundle E.U,, — B.U,, we can define a
universal vector bundle. Let us denote by ~ the equivalence relation on
E.U,, xC" given by

(xg,v)~(z,gv), forallz € EU,,veC" and g € U,.

DEFINITION 4.11. The universal rank n vector bundle, is the vector bun-
dle F,, — B.U,, defined by

F,=EU, xC"=EU, xC"/ ~
Up

For the proof of the following theorem see [47].

THEOREM 4.12. The ring H*(BU,,Z) is a polynomial ring generated
by the elements by,(Fy,), p=1,...,n, with by(F,,) of degree 2p.

4.3. The Suspension

In Section 4.1 we described a set of canonical generators of H*(U,,Z)
and in Section 4.2 we recalled that a set of canonical generators of
H*(B.U,,, Z) are given by the Chern classes of the universal bundle. The aim
of this section is to show the relationship between the two sets of generators.
This relationship is given by the suspension map. The main references for
this section are [5,53].

Let (E,m,B) be a fibre bundle with B connected. Let us choose a
point = € B, let F' be the fibre at the point x, and let i: FF — E be the
inclusion. Let j > 0 be an integer and let [a] € H7(B,Z) be a class such
that 7*[a] = 0. Let o € C7(B,Z) be a representative of [a]. By hypothesis,
the cochain 7*(a) is exact. Let us choose any cochain 8 € CV~1(E,Z) such
that d@ = 7*(«). Since the morphism 7 oi: F' — B factorizes through the
point z, the cochain i*7*(a) = 0. Thus i*(0) is closed. Moreover it is easy
to see that the cohomology class [i*(/3)] only depends on the class [a].

DEFINITION 4.13. The suspension of [a] is the class s[a] = [i*(5)].

Thus the suspension is a morphism from Ker 7* to H*(F,Z).

Let us denote by T*(F,Z) the image of s. The elements of this group
are called transgressive. Let L*(B,Z) denote the kernel of s. Thus the
suspension gives us an isomorphism

Ker 7*

NN A
S BZ) (F,Z)
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The inverse of this isomorphism is called the transgression. Observe that,
composing with the inclusion Ker7* C H*(B,Z) we may assume that the
transgression is a morphism

HI(B,7)

i1
t: T (F,Z)HLj(B’Z).

We recall another description of the transgression (for a proof and more
details see [5, §5] and [45, §6.1]). Let EX'? be the Leray spectral sequence for
the fibre bundle 7: E — B. Let us assume that the local systems H’(F,Z),
J 2 0, are trivial. This hypothesis will be satisfied in all the examples. Then
we may identify H’(F,Z) with Eg’] by the morphism i*. Let us identify
also H/t1(B,Z) with EJ™"? by the morphism 7.. Let us denote by R?H

et j+1,0 j+1,0
the projection £ — B

PROPOSITION 4.14. There is a commutative diagram

. t Hj+1 B,Z .
Ti(F,Z) I, HI*(B,7)
ﬂ*i

i* T ™ l
g0 B 10 whs j+1,0
BT By
where the vertical arrows are isomorphisms. In particular, the transgressive
elements, T7(F,7Z), are those in the successive kernels of the morphisms
da,...,d; and LITY(B,Z) is the kernel of K?H.
REMARK 4.15. If EP'? is a first quadrant spectral sequence, then E;.)_’gl
is a subobject of ES’J , and Egill Oisa quotient of Egﬂ’o. The morphism
. 0. j+1,0
dj+1: Bty — Eipy
is called the transgression of this spectral sequence. Thus the meaning of
Proposition 4.14 is that the transgression we have defined as the inverse of

the suspension agrees with the transgression for the Leray spectral sequence
of the fibre bundle.

EXAMPLE 4.16. Let G be a connected Lie group and let (r, E, w, B) be a
principal G-bundle, with fibre F. Then, for all j, the local systems H’ (F, Z)
are trivial, and we may identify H’(F,Z) with H’(G,Z). If E is a universal
principal G-bundle, then it is contractible. Therefore the suspension gives
us a morphism

H/(B,7) — H'™Y(G, 7).

Proposition 4.14 has the following consequence.



4.4. THE STABILITY OF HOMOLOGY AND COHOMOLOGY 29

PROPOSITION 4.17. Let a1, as,...,q,_1 be the generators of the group
H*(Uy, Z) introduced in Definition 4.5. Then the elements cgp—1 are trans-
gressive in the universal principal U, -bundle. Moreover, if s is the suspen-
sion, Fy, is the universal rank n vector bundle, and b,(F,) are the integer
valued Chern classes, then 5(bp(Fn)) = gp—1.

PRrOOF. Since the generators as,_1, the Chern classes of the universal
bundle and the transgression are natural for the morphisms ¢y, ,: U, —
Uy, it is enough to show that ag,_1 is transgressive and that t(ag,—1) is
equal to by, (F,) modulo elements of L**(B.U,,Z). Let us denote by S,, the
sphere bundle over B.U,, associated to the universal vector bundle F;,. Let
vo = (0,...,0,1)! € C". Let e: EU, — F, be the morphism that sends
a point x € E.U,, to the class of (z,vg). Clearly the image of € lies in .S,,.
Moreover, if we restrict € to £y U,, = U,,, we obtain the morphism 7, : U, —
S2n=1 Let 09,1 € H* (5?71 Z) be the generator determined by the
orientation of C". By definition o9,_1 is transgressive in the fibration .S,
and t(oo,—1) = by (F},). Since €*(02,—1) = aa,—1 and €* induces a morphism
of spectral sequences we obtain the result. ([l

The next fact we will recall is the relationship between the suspension
and the spaces of primitive and indecomposable elements. Proofs of the
following results can be found in [50,53].

THEOREM 4.18. Let (r, E, 7, B) be a principal G-bundle with E acyclic.
Then the suspension has the following properties.
(1) T*(G,Z) C P*(G,Z)
(2) The kernel of the morphism H*(B,Z) — Q*(B,Z) is contained in
L*(B,7Z)
Therefore the suspension induces a morphism
s: Q*(B,Z) — P 4G, 7).

In the case of the universal bundle for GL,(C) we can apply a more
precise result due to A. Borel.

THEOREM 4.19. Let (r, E, 7, B) be a principal G-bundle with E acyclic
and such that H*(G,Z) = N\(V'), where V is an odd graded module. Then
the suspension induces an isomorphism Q’(B,7Z) — P'~Y(G,Z). Moreover
H*(B,Z) = N(E[-1]).

Observe that, as a corollary of Theorem 4.19 and of Proposition 4.17 we
obtain that the generators {aop—1}p=1,.n of H*(GL,(C),Z) are primitive.
4.4. The Stability of Homology and Cohomology

The groups GL,(C) form a directed system as in Section 4.1. Let us
write

GL(C) = lim GL, (C).
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Then GL(C) is a topological group with the limit topology. Moreover, since
any compact subset of GL(C) is contained in some GL,,(C) we have that
H;(GL(C),Z) = lim H;(GL,(C), Z),
H’(GL(C),Z) = lim H’(GL,(C),Z).
If m < n, the morphisms
(nm)«t Hj(GL(C), Z) — H;(GL,(C), Z),
(#nm)*: H(GLy(C), Z) — H?(GL(C), Z)
are isomorphisms for j < 2m. Therefore, for j < 2m, the morphisms
(em)«: Hj(GL,(C),Z) — Hj(GL(C),Z),
(6m)*: HY(GL(C),Z) — H(GLy(C), Z)

are isomorphisms. This result is called the stability of the homology and
cohomology of the general linear group. All the classical series of Lie groups
enjoy a similar property.

By the results of Section 4.1 we obtain that, as Hopf algebras,

(4.1) H*(GL(C),Z) = Ao, as, ..,
where the elements ao,_1, B2p—1, p = 1,2,... are primitive of degree 2p — 1.

There is also a similar stability result for the homology and cohomology
of the classifying space B.GL(C). For the cohomology we obtain

(4.3) H*(B.GL(C),Z) = Z[b1, ba, .. .],

where the b; are the Chern classes of the universal bundle. By duality, the
homology is

(4.4) H.(B.GL(C),Z) = Zlys, ys. . .,

where y; has degree 2i and is the dual of bi. The coalgebra structure of the
homology is given by

Aly) = Y v @y
jk=i
As in Example 3.9 a basis of the primitive elements in homology is given by
Pry = Y1, n—1
pr,= (*1)”+1nyn + Z(—l)”“yjprn,j, forn > 1.
j=1

By Proposition 4.17 we have
PROPOSITION 4.20. (1) The suspension
s: H*(B.GL(C),Z) — H* Y(GL(C), Z)

s given by
E(bp) = Q2p—1-
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(2) The suspension map in homology:
s': H.(GL(C),Z) — H.(B.GL(C), 7Z),
s given by
5" (Bap-1) =PI,

It is clear that the space B.GL,,(C) cannot have a structure of H-space,
because its cohomology ring is finite dimensional and evenly generated. On
the other hand, the infinite classifying space B.GL(C) has a structure of
H-space (see [22]). This implies that the homology and cohomology of
B.GL(C) have a structure of Hopf algebras. Moreover these Hopf algebras

are isomorphic to the Hopf algebra of Example 3.9. That is, the coproduct
in cohomology is given by

Abi= > b @b,
k=i
and the product in homology is determined by the equality (4.4) being an

algebra isomorphism. Therefore, as in Example 3.9, a basis of the primitive
elements of the cohomology is determined inductively by

prl = bla n—1
pr'= (—1)"*nb, + Z(—l)j“bjpr”_j, for n > 1.
j=1

DEFINITION 4.21. The (rational valued) reduced Chern character is the
series in the Chern classes .
D L

p>1 4"
The twisted reduced Chern character is the series

2mi)P
ch, = @chp = @7( p') prP
P P ’

In particular, we write

chy, = @;:fy)prp € HQP(B.GL((C), Q(p))

for the component of degree 2p of the twisted reduced Chern character.
For other equivalent definitions of the Chern character and his properties
the reader is referred to [38, §10].

4.5. The Stable Homotopy of the General Linear Group
We know from Section 3.4 that the Hurewicz morphism
7j(GL,(C),e) — P;(GL,(C), Z).

is an isomorphism after tensoring with Q. The aim of this section is to
describe the exact behaviour of the above morphisms when n goes to infinity.
For proofs the reader is referred to [22] and to [48].
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As in the case of the homology, we have
m+«(GL(C),e) = lim 7, (GL,(C),e).

The structure of the homotopy groups of GL(C) is completely deter-
mined by the Bott Periodicity Theorem [10]. For any topological space X,
let us denote by QX the loop space of X. As in the case of the group GL,
we will denote by SL(C) the limit of the groups SL,,(C).

THEOREM 4.22 (Bott’s Periodicity Theorem). There is a weak homotopy
equivalence h: |B. GL(C)| — QSL(C).

Since GL(C) is homeomorphic to SL(C) x C*, we have that 7;(GL(C), e)
= mj;+2(GL(C),e), for j > 0. By induction this implies:

COROLLARY 4.23. The homotopy groups of the infinite general linear
group are given, for j >0, by
0, ifj is even,

7 (GL(C), €) = {Z, if i is odd.

Moreover Bott’s Periodicity Theorem allows us to inductively determine
the Hurewicz morphism (see [22]).

THEOREM 4.24. Let €9,—1 be a generator of the group ma,—1(GL(C),e),
and let Hur be the Hurewicz morphism. Then

Hur(egp—1) = £(p — 1)!B2p—1.

REMARK 4.25. For each p > 1, the component of degree 2p of the twisted
Chern character satisfies

(2mi)P
(p—1)!
Thus, if s is the suspension, then s(ch,) = (2mi)Pagp—1/(p — 1)!. Therefore

s(chy) (Hur(egp—1)) = £(2mi)?.

ch, = b, + decomposable elements € H?? (B.GL(C),Q(p))-

4.6. Other Consequences of Bott’s Periodicity Theorem

In the previous section we recalled a particular case of Bott’s Period-
icity Theorem for the unitary group, whose stable homotopy is periodic of
period 2. But Bott’s Periodicity Theorem ([10], see [15,48]) is more gen-
eral and establishes that the stable homotopy of other classical Lie groups
and homogeneous spaces is periodic of period 8. Let us write U = lii>nUn,
O = lim O,(R) and Sp = lim Sp,,. Then SU and SO will have the obvious
meaning. The inclusions U, C Oy, Sp,, C Us, and O,, C U, induce inclu-
sions U C O, Sp C U and O C U. Then the Bott’s Periodicity Theorem

imply



4.6. OTHER CONSEQUENCES OF BOTT’S PERIODICITY THEOREM 33

THEOREM 4.26. The homotopy groups of the spaces Sp, U /Sp, O /U,
O, U /O are periodic of period 8. Moreover, these groups are given by the
following table

X 0 1 2 3 4 5 6 7
Sp 0 0 0 7  7)27 ZJ2Z 0 7
U/Sp| 0 Z 0 0 0 7 7/27 )27
O/U |Z/2Z 0 Z 0 0 0 7  7)27
O |z/2z2 7/2Z 0 z 0 0 0 Z

U/0| o0 7  7J)27 Z7J)2Z 0 Z 0 0

where the groups listed in the ith column are the groups m;(X,x) for j =
7 mod 8.

Unlike their finite dimensional counterpart, the infinite dimensional ho-
mogeneous spaces U /Sp, O /U and U/O have a structure of H-spaces
([15]). Therefore the above theorem and Cartan—Serre Theorem 3.17 allow
us to compute the rank of the primitive part of its homology groups.

COROLLARY 4.27. The dimension of the group P, (U /O,R) is one if
m =1 mod 4 and zero otherwise.






CHAPTER 5

Lie Algebra Cohomology and the Weil Algebra

5.1. de Rham Cohomology of a Lie Group

Let G be a real Lie group. Let E*(G,R) be the complex of global real
valued differential forms on G. For any element g € G, let I, (resp. r4) be the
map given by the left action (resp. the right action) of g on G. That is [,(z) =
gz and ry(r) = xg. A differential form w is called left invariant if [jw = w for
all g € G. The subspace of left invariant forms is a subcomplex of E*(G,R)
denoted by E*(G,R);,. We define right invariant forms analogously. The
complex of right invariant forms will be denoted E*(G,R)g. A differential
form is called invariant if it is left and right invariant. We will denote
by E*(G,R); the subspace of invariant differential forms. Any invariant
differential form is closed (see for instance [32, 4.9]).

The cohomology of the complex E*(G,R) is the de Rham cohomology
of G. It is naturally isomorphic to the singular cohomology, H*(G,R).
In the sequel we will identify both spaces. The cohomology of the com-
plex E*(G,R)y, is called left invariant cohomology and will be denoted by
H{ (G,R). We have morphisms of algebras

E*(G,R); — H; (G,R) — H*(G,R).

Let us denote by g the Lie algebra of G, and let g¥ be the dual real
vector space. In the exterior algebra A*g" there is a unique derivation such
that

d:g” —g'ANg¥
is the dual of the Lie bracket. Explicitly this derivation is given by

dw(ho, ... hp) = (1) w([hi, hl, ho, o hiy o by hy).
1<j
Since d has square zero, (A*g¥,d) is a differential graded algebra. We will
denote the differential graded algebra (A*g¥,d) by E*(g,R), or by E*(g) if
there is no danger of confusion with the coefficients.

DEFINITION 5.1. The cohomology algebra of the Lie algebra g, denoted
by H*(g,R), is the cohomology of the graded differential algebra E*(g).

The group G acts on itself by conjugation. This induces an action of G
on g, called the adjoint action and denoted by Ad. The derivative of Ad
is an action of g over itself that we will denote by #. This action is the

35
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Lie bracket: §(h)(x) = [h,x]. Both actions, Ad and 6, can be extended to
actions on E*(g). The last one is given explicitly by

(5.1) O(h) (@) (b1, ... hy) == @(ha,..., [h R, .., hy).
i=1

Let us denote by (E* (g))Ad the subalgebra of invariant elements and let
us write

(E"(8,R)) gy = {® € E*(g,R) | 0(h)(®) = 0,¥h}

Clearly there is an inclusion (E* (g))Ad — (E*(g>)9:0' Moreover, if G
is connected, both subspaces agree.
Evaluation at the unit element determines an isomorphism of differential
graded algebras
E*(G,R)r, — E*(g).

This isomorphism induces an isomorphism
E*(G,R) — (E*(g))

Thus we obtain a commutative diagram, where the vertical arrows are iso-
morphisms.

Ad

E*(G,R)] — H (G,R) —= H*(G,R)

| |

(E*(9))* — H*(g).

In general, the horizontal arrows of this diagram are not isomorphisms. But
in the case of compact connected groups we have the following result:

PROPOSITION 5.2. Let G be a compact connected Lie group. Then the
inclusions

i: E*(G,R), — E*(G,R) and j: E*(G,R)1 — E*(G,R)
are homotopy equivalences. In particular the induced maps
E*(g)o—o — H*(g,R) — H*(G,R)
are isomorphisms.

SKETCH OF PROOF. Let dg be a normalized Haar measure on G, that
is, a normalized invariant measure. Since G is compact, we can use this
measure to average any differential form with respect to the left action of G
over itself. Namely we define a morphism

p: E*(G,R) — E*(G,R)y,
by
p(w) = / g'wdg.
G
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Then p is an homotopy equivalence quasi-inverse of i (see for instance [32,
4.3]). To prove that j is a homotopy equivalence we can consider the action
T of G x G on G given by

Top(x) = axb™

and also use an averaging argument. O

From this result on compact real Lie groups we can obtain an analogous
result for complex reductive groups. A complex reductive group is a complex
analytic group that has a faithful analytical representation and such that ev-
ery finite dimensional analytical representation is semisimple. Examples of
reductive groups are the semisimple complex analytical groups and the gen-
eral linear group GL,(C). The main structure theorem of complex reductive
groups is the following (see [39, XV Theorem 3.1 and XVII Theorems 5.1
and 5.3])

THEOREM b5.3. Let G be a complex analytic reductive Lie group. Then
there is a real mazximal compact Lie subgroup U of G such that G is isomor-
phic, as real analytical manifold, to the product U x E, where E is a real
vector space. Moreover, if g is the complex Lie algebra of G and u is the real
Lie algebra of U, then

g=u®C.

Let G be a closed analytic subgroup of GL,(C) that is connected and
reductive. Let us denote by Q*(G) the complex of global holomorphic differ-
ential forms. Since G is a Stein manifold, the sheaves of holomorphic forms
are acyclic. Therefore there is a natural isomorphism

H*(2(G)) — H*(G,C).

Let g denote the complex Lie algebra of G, and let us denote by g¥ the
complex dual. As in the case of real Lie groups, we can define a complex
graded differential algebra E*(g,C) = A*gV, and we can identify E*(g,C)
with the subspace of left invariant holomorphic differential forms, Q*(G)y.

COROLLARY 5.4. The natural morphism
H*(E*(g,C)) — H*(2°(G))
18 an isomorphism.

ProOF. Let U be a real maximal compact Lie subgroup of G. Let u be
its real Lie algebra. By Theorem 5.3 we have that

H*(U,C) = H*(G,C), and E*(g,C)= E*(u,R)®C.

Therefore the corollary is a direct consequence of Proposition 5.2. U
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5.2. Reductive Lie Algebras

In this section we will review some results on the cohomology of re-
ductive Lie algebras. The main references are [11,33]. Let us fix a field
of characteristic zero, k. Through this section Lie algebra will mean finite
dimensional Lie algebra over k.

Let g be a Lie algebra. A (finite dimensional) representation of g is a
Lie algebra homomorphism

p:g—gl(V),
where V' is a finite dimensional vector space.

DEFINITION 5.5. Let g be a Lie algebra and p a representation. The
trace form associated to p is the bilinear form

(X.Y), = Tr(p(X) 0 p(Y)).
The basic property of the trace form is:
(5.2) (X, Y], Z)+(Y,[X,Z]) =0, X)Y,Z¢€g.
DEFINITION 5.6. A Lie algebra g is called reductive if
9=2399,
where Zg is the center of g and ¢’ is a semisimple Lie algebra.

THEOREM 5.7. Let g be a finite dimensional Lie algebra. The following
conditions are equivalent

e g is reductive.

e g admits a faithful, finite-dimensional representation with nonde-
generate trace form.

e g admits a faithful, finite-dimensional semisimple representation.

ExampLE 5.8. If G is a compact Lie group then its Lie algebra is a real
reductive Lie algebra. Analogously, if G is a complex reductive group then
its Lie algebra is a complex reductive Lie algebra.

For any representation p of g in a vector space V' we will denote by p(V')
the subspace of V' generated by the vectors p(X)v, for X € g, and v € V.

The adjoint action of g on itself induces a representation, 6, of g on the
graded vector space E*(g). Moreover this representation is compatible with
the differential. Therefore we have induced representations in the subspace
of cycles, denoted Z*(g), the subspace of boundaries, denoted B*(g) and the
cohomology, H*(g). The representation 6 is semisimple, therefore there is a
direct sum decomposition

E*(g) = E*(9)o=0 ® 0(E*(g)).

The relationship between invariant forms and Lie algebra cohomology is
given by the following result.
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LEMMA 5.9. Let g be a reductive Lie algebra. Then
Z*(g) = E*(g)o=0 ® B*(9).  B*(a) =0(Z"(9)) = Z"(9) N O(E"(g)).

As a direct consequence we have:

THEOREM 5.10. Let g be a reductive Lie algebra. Then the projection
Z*(g) — H"(g)

induces an isomorphism
E*(g)o=0 — H™(g).

We can introduce in E*(g)p—¢ (hence in H*(g)) a structure of Hopf
algebra. Let pu: g ® g — g be the linear map given by u(X,Y) = X + Y.
Then p induces a linear morphism

p': E(g) — E*(g @ g)-
Let
n: E*(g®g) — E*(8)o=0 ® E*(8)o=0
be the projection with kernel §(E*(g ® g)). Let us write
B (g): B (@)o=0 — E*(8)o=0 ® E"(g)o=o0-

THEOREM 5.11. The space E*(g)p—o provided with the wedge product, A,
the coproduct, A, and the unit and counit determined by the isomorphism
E%(g) = k, is a Hopf algebra.

COROLLARY 5.12. Let P*(g) be the subspace of primitive elements of
E*(g)o=0- Then, the inclusion P*(g) C E*(g)g=o induces an isomorphism
A P*(g) = E*(g)o=0-

The structure of Hopf algebra and the subspace of primitive elements is
functorial.

A=nop’

PROPOSITION 5.13. Let f: h — g be a morphism of Lie algebras. Then
the induced morphism

[ E*(g) — E*(h),
restricts to a morphism of Hopf algebras
f71 E*(8)o=0 — E*(h)o=0-
In particular f*(P*(g)) = P*(b).
Let G be a compact Lie group, and let g be its Lie algebra. The cohomol-
ogy H*(G,R) has a structure of Hopf algebra induced by the multiplicative

structure of G. On the other hand, by Proposition 5.2 there is a natural
isomorphism H*(G,R) — H*(g,R).

PROPOSITION 5.14. Let G be a compact Lie group, and let g be its Lie
algebra. Then the natural isomorphism

H*(G,R) — H*(g,R)

is a Hopf algebra isomorphism.



40 5. LIE ALGEBRA COHOMOLOGY AND THE WEIL ALGEBRA

5.3. Characteristic Classes in de Rham Cohomology

In this section we will review the construction of characteristic classes in
de Rham cohomology by means of a connection. We will work in the general
case of a principal bundle. The basic references for this chapter are [18,24].

Given a differentiable manifold M and a vector space V', we will denote
by E*(M,V) the space of differential forms on M with values in V.

Let (r, E,m, B) be a G-principal bundle with base B and total space E.
Since G acts on E on the right by r, we obtain a left action, r* of G on
E*(E,V).

Let g be the Lie algebra of G and let h € g. We can make h to act on
E*(E,V) in two different ways. For each x € E, the map g — xg induces a
morphism v,: g — T, FE. Let X} be the fundamental vector field generated
by h. This vector field is determined by the condition

(X1n)z = vz(h).

We will denote by i(h) the substitution operator by the vector field X} and
by 6(h) the Lie derivative with respect to the vector field X;. Explicitly, if
® € EP(E,V),

i(W0(Xa,.... Xp) = ©(Xp, Xa, ., X)),
O(M)D(X1,..., Xp)= Xp®(X1,..., Xp) = > (X1, [Xp, Xi], .., Xp).
=1

The operators i(h) and 6(h) are derivations (in the graded sense) of degree
—1 and 0. They satisfy the following properties

i([h, k]) = 0(h) oi(k) —i(h) 0 O(k),
0([h, k]) = O(h) 0 (k) — O(h) o O(K),

(5:3) O(h) =i(h)od+doi(h),
do0(h) = 0(h) o d.

In particular, when the base is a point and F = G, we have operators
i(h) and O(h) defined in E*(G,R). We may restrict these operators to the
subalgebra E*(G,R), that is, to E*(g,R). In this case the operator 6(h)
agrees with the operator of the same name defined in Section 5.1 ([33, 4.8]).

A differential form ® € E*(E,V) is called horizontal if i(h)® = 0 for all
h € g. The subset of horizontal differential forms is a subalgebra denoted
E*(E,V);—p. A differential form is called invariant if it is invariant under
r*. A differential form is called basic if it is both horizontal and invariant.

The induced morphism

7™: E*(B,V) — E*(E,V)

is injective and we may identify E*(B,V) with the subset of basic forms
([32, 6.3]). Moreover, if G is connected the subset of invariant forms agrees
with the subset E*(E,V)g—o. For simplicity, in the sequel we will assume
that G is connected.
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The key concept in the theory of characteristic classes in de Rham co-
homology is the concept of a connection.

DEFINITION 5.15. Let E = (r, E,m,B) be a principal G-bundle. A
connection in E is a 1-form V € E*(E, g) such that
(1) i(h)V = h.
(2) r(g)*V = Ad(g 1) o V.

A connection V induces a morphism
fo: E'(g) = E'(E,R),

given by fy(x) = x o V. We can extend this morphism multiplicatively to
obtain a morphism of algebras.

fv: E*(g) — E*(E,R).

EXAMPLE 5.16. Let us consider the principal bundle G — {*} with the
usual right action r4¢" = ¢'g. Let l; denote the usual left action. The
Maurer—Cartan connection is the 1-form VMC € E1(G, g) defined by

(5.4) VY = (Iy-1)s

Then the morphism fymc: E*(g) — E*(G,R) sends an element of E*(g) to
the corresponding left invariant form.

In general the morphism fy is not a morphism of complexes. The map
¢: El(g) — E*(E,R) given by ¢(z) = dfy(x) — fv(dz) measures how far is
fv from being a morphism of complexes. It is called the curvature tensor
of the connection.

Let us denote by S*(g,R) or by S*(g) the symmetric algebra over g".
We view S*(g) as a graded module by saying that the piece SP(g) has degree
2p.

DEFINITION 5.17. Let G be a Lie group and let g be its Lie algebra. The
Weil algebra of G is the bigraded algebra W (G) defined by

WP(G) = WPI(G,R) = SP(g) @ E7P(g).

Initially we will consider the Weil algebra only as a graded algebra with
the total degree.

The map fv: E*(g) — E*(E,R) can be extended to a map defined on
W(G). To this end, for x € S'(g) = g¥, we write fv(z) = ¢(z) and we
extend fy multiplicatively. By definition fv is a morphism of algebras.

We want to define in W(G) a differential, d, and operators i(h) and 6(h),
for h € g, which are derivations of degree 1, —1 and 0 and that satisfy the
conditions (5.3).

We first define the operator i(h). It is already defined in E*(g). We put
i(h) = 0 in S*(g). Thus there is a unique derivation i(h) extending these
data.

To define 6(h) in W(G), it is enough to define it for S'(g) = g". Here
we may use the natural action 6 of g on g (see formula (5.1)).
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Now we want to introduce the differential in W(G). Let us denote by
dg the differential in the complex E*(g). And let

h: E'(g)=g" — S'(g) = ¢"
be the identity map.
If z € BE'(g) we write
dx = dgz + h(x).

Let x1,...,7, be a basis of g. Let x,...,2}, be the dual basis. If
x € SY(g), we write

P
do = Z O(zp)x @ .
k=1
Then d can be extended uniquely to a derivation of degree one in W (G).
For a proof of the following result see [18]

THEOREM 5.18. Let (r, E,m, B) be a principal G-bundle and let V be a
connection. Then the map

fv: W(G) — E*(E,R)

is a morphism of differential graded algebras compatible with the operators
O(h) and i(h) for all h € g.

Let W2 (G)i=0,0=0 be the subspace of basic elements of degree 2p of
W(G). Tt agrees with the subalgebra of invariant elements SP(g)p—o. We
will denote it by Iép. The morphism fy: W(G) — E*(E,R) sends I,
to the subalgebra of basic elements of E*(E,R) which has been identified
with E*(B,R). Therefore, since the elements of I are closed we obtain a
morphism of graded algebras

wg: I& — H*(B,R).
DEFINITION 5.19. The Chern-Weil morphism is the morphism
wg : Iy — H*(B,R).
The next result is the heart of the de Rham realization of characteristic

classes (cf. for instance [17])

THEOREM 5.20. The Chern—Weil morphism is independent of the con-
nection.

As a consequence of this theorem, the image wg(Ig) is a subalgebra of
H*(B,R) which is characteristic of the principal G-bundle E.

REMARK 5.21. Since the Weil algebra and the subspace of invariant
elements only depend on the Lie algebra g we will sometimes write W (g)
and I(g) for W(G) and Ig. Moreover, observe that we can define the Weil
algebra and the subspace of invariant elements for a Lie algebra over any
field.
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We can think of the algebra W(G) as an algebraic analogue of the
de Rham algebra of the total space of the universal principal G-bundle.
For instance, in the next section, we will see that the Weil algebra can be
used to compute the suspension map. The first ingredient of this analogy
is that the Weil algebra also has trivial cohomology. For a proof see [17,
Theorem 1].

THEOREM 5.22. The cohomology of W (G) is
HY"(W(G)) =0 and H°(W(G)) =R.

To fully develop the relationship between W(G) and E*(E.G,R) we
have to introduce connections in simplicial principal G-bundles. We will

use the complex of simplicial differential forms, E, (E.G,R), because it

is a commutative and associative algebra. Let m: E. — B. be a simplicial
principal bundle. A connection for « is a differential form V € E;imp (E.,g),
such that its restriction to H? x K, is a connection for the principal bundle
HP x E, — H? x B,.

Let us choose a connection V for the universal bundle £.G — B.G. Since
E;mp(E.G, R) is a differential graded commutative and associative algebra,
we have a morphism

fo: W(G) — E%. (EG,R)

simp
and a Chern—Weil morphism
wga: I — H*(B.G,R).
Observe that this Chern—Weil morphism is functorial on the group G. More-
over, if G is compact we have the following result (cf. [24]).

THEOREM 5.23. Let G be a connected compact Lie group. Then the
Chern—Weil morphism for the universal bundle

wrag: I — H*(B.G,R)
s an isomorphism.

ExaMPLE 5.24. Let V be a complex vector space of dimension n. For
any endomorphism ¢ € gl(V) we will write AP¢ the morphism induced in
AP V. We define bilinear maps

O: gl(APV) x gl(ATV) — gl(APTIV),
writing
(@O Y) (@1 A ATpig) =
1
- > (DT @a(1) A A To() AY(@aprt) A A Togpig)-
pP:g: ceGPta

In particular
oO---O¢p =p! AP ¢.
N——
P
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DEFINITION 5.25. Let V be an n-dimensional complex vector space. The
pth characteristic coefficient is the element

C, € I**(gl(V)),
given by Cy = 1, and
Cp(o1,...,0p) =Tr(p1 O---Ogpyp).

Observe that the homogeneous polynomials

Cyld) = Cylo...6) = Tr(70)

are the coefficients of the characteristic polynomial of the endomorphism ¢.

DEFINITION 5.26. The trace coefficients of the complex vector space V
are the elements Tr, € I??(gl(V)) defined by

Trg =dimV

and

Trp(d1,. .., dp) = Z Tr(dg(1) 0+ © Po(p))-

ceBP

The trace coefficients and the characteristic coefficients are related by
(see [33, A.3])

Try = (1, n—1
Tr,= (—1)"+1nCn + Z(—l)jHCj Tr,—;, forn>1.
j=1

ProposiTIiON 5.27. Let U, be the unitary group. Then the elements

Cp, p = 0,...,n generate If; @ C as an algebra. Moreover, the class
wp U, (Cp) = ¢, agrees with the twisted Chern class of the universal rank
n vector bundle. The elements Trp, p = 0,...,n also generate Ij; ® C

as an algebra, and the class wg v, (Trp)/p! agrees with ch,, the component
of degree 2p of the twisted Chern character of the universal rank n vector
bundle.

REMARK 5.28. Let G be a compact Lie group, and T" be a maximal
torus. Then T = S! x -+ x S'. Let v be the Weyl group. Thus I}, = (I})®
and Iy = Ig ® --- ® I, Therefore by functoriality and multiplicativity,
the Chern—Weil morphism for any compact group G, wg.g, is completely
determined by the Chern-Weil morphism for the group S', wg gi. This
result is a version of the splitting principle.

The universal principal bundle has a canonical connection which allows
us to obtain canonical representatives of the characteristic classes. This
connection is defined using the Maurer-Cartan connection, VMC, (see Ex-
ample 5.16).

Let ¢;: HP x E,G — G, i = 0,...p, denote the projection over the ith
factor of E,G. Let us write V; = q;‘VMC and let

(5.5) Vea =1tVo+: - +1pVp,
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where to, . ..,t, are baricentric coordinates of H?. Since ) t; = 1, the form
VEG € Ejnp(E.G,R)

is a connection, and it is called the canonical connection of the universal
principal bundle.
Let ¢ : H — G be a morphism of Lie groups. Then we have that

(5.6) (E.9)'VEG=p«oVEH.

From the canonical connection we obtain a morphism
fvEG: Ié - :imp(B-GaR)'

A direct consequence of the equation (5.6) is that this morphism is func-
torial on the Lie group G.

REMARK 5.29. Composing with the integration morphism
E}.,(B.G,R) — sCE*(B.G,R)

simp

we obtain also a well defined morphism
fVpet 16 — sCE*(B.G,R),

which is also determined by the case G = S'. It is easy to show that the
image of this morphism is included in N E*(B.G,R).

Changing the ground field from R to C, the definition of the Weil algebra
and the Weil homomorphism carries over to the case of complex analytical
groups. Moreover, using Theorem 5.3, as in Corollary 5.4, we obtain the
analogue of Theorem 5.23 for connected complex reductive groups:

THEOREM 5.30. Let G be a complex connected analytic reductive Lie
group. Then the complex valued Chern—Weil morphism for the universal
bundle

weag: I — H(B.G,C)

s an isomorphism.

5.4. The Suspension in the Weil Algebra

Recall that to define the suspension map in a principal G-bundle
(r,E,m,B) we choose a point x € B and an inclusion i: G — FE of G
as the fibre over x. Let us start by describing the simplicial analogue of this
situation.

The classifying space B.G has ByG = {e}. Therefore it is naturally a
pointed space. Let e. denote the simplicial point given by e, = (e, ..., e).
The fibre of the universal principal G-bundle at this point is the simplicial
manifold G., which has G, = G and all faces and degeneracies equal to the
identity. Let A denote the inclusion

A:G. — EG
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as the diagonal. There is a homotopy equivalence

e: EX_(G.,R) — E*(G,R),

simp

which sends a sequence of forms {n(™},, to the form 7(®). The composition
€ o A* sends a sequence of forms {1}, with
n™ e E*(H" x E,G,R),
to the form
n'% € E*(EyG,R) = E*(G,R).

The morphism € o A* is the simplicial analogue of the morphism 7*.

Let us denote also by

W(G)
5*(g) @ E*(g)

the natural projection. Then there is a commutative diagram

e: W(G) — = E*(g)

I¢ W(G) ‘ E*(g)
fVE.GJ/ fVE.GJ/ lvaC
Emp(B.G.R) —> E%(E.G,R) <21 B*(G,R).

If G is a compact connected Lie group, then the vertical arrows are quasi-
isomorphisms. Thus, in this case we can compute the suspension map as
follows (compare with Section 4.3). Let a € I;. Since « is closed and W (G)
is acyclic, there exists an element 3 such that dG = «. Then

(5.7) s(we.ala)) = [e(B)].

Let us give another description of the suspension morphism. We can
give it in a purely algebraic setting. So let k a field of characteristic zero
and let g any Lie algebra over k.

Let us denote by F' the filtration of the Weil algebra associated with the
first degree.

FPW(g) = D W (g).
p'>p
We will call this filtration the Hodge filtration. By the definition of the Weil
algebra, it is clear that

H*(F*W(g)) = I**(g).
Let us denote by
0: H*P~1(E*(g)) = H*~H(W*(g)/F'W*(g)) — H* (F'W*(g)),
the connecting morphism for the exact sequence
0 — F'W(g) — W(g) — W(g)/F'W(g) — 0.

Since W (g) is acyclic, ¢ is an isomorphism.
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DEFINITION 5.31. Let g be a Lie algebra. Then the suspension s, is the
composite map

12(g) — H» (FPW (g))
— H?(F'W (g))
S (W () /FU W (g))
== H*"!(g).

This definition is equivalent to the definition given at the beginning of the
section. Thus the suspension just defined for the Lie algebra is compatible
with the suspension in a compact Lie group or a complex reductive group.
More concretely we have the following results.

PROPOSITION 5.32. Let G be a compact connected Lie group, and let g
be its Lie algebra. Then the suspension can be factored as

-1
YE.G

H*(B.G,R) =% [ 2%, g%~(g) = H* (G, R).
PROPOSITION 5.33. Let G be a connected complex reductive Lie group,
and let g be its Lie algebra. Then the suspension can be factored as
-1
H?(B.G,C) “£5, 127 2, =1 (g) = B~ 1(G,C).

Moreover, the suspension computed using real linear algebra and the
suspension computed using complex linear algebra are compatible.

PROPOSITION 5.34. Let gr be a real Lie algebra and let us write g =
gr ® C. Then there is a commutative diagram

I (gr) ———— I?"(g)

H2p_l(gR7 R) - H2p_l(ga C)

The relationship between the suspension and the subspaces of primitive
and indecomposable elements of Theorem 4.18 has a complete parallelism
in the case of Lie algebras (see [33, §6.14]).

THEOREM 5.35. Let g be a reductive Lie algebra. Then
Im(sq) = P*(g),
Ker(sq) = I (g) - 1" (g).

The suspension in the Lie algebra can be realized as an explicit linear
morphism I%P(g) — E?P~1(g)y—o (see [33, §6.8]).
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PROPOSITION 5.36. Let U € I?P(g). Then s4(V) is represented by the
form

(-1 (p—1)!
20-1(2p — 1)!

sg(U)(z1,...,2p) =

X Z (_1)0\11(1'0(1)’ [ma(2)’ xa(3)]a s [xU(Qp—Q)ama(Qp—l)])‘

occ&2r—1
EXAMPLE 5.37. By Proposition 5.27, ch,, the component of degree 2p of
the twisted Chern character, is represented by Tr, /p! € 1, 22 , where the trace

coefficients Tr,, is defined in Definition 5.26. Therefore s(ch,) is represented,
in H?~(u,, C) by the form ®s, 1 = s(Tr,)/p! given by
Doy 1(21, ..., T2p-1)
(=P (p—1)!

= (2]9 — 1)| Z (_1)0 Tr(xa(l) ©---0 xo’(2p—1))'
oceG2r—1

5.5. Relative Lie Algebra Cohomology

Let g be a Lie algebra over a field of characteristic zero k, and let h be a
subalgebra. Let us denote by 60y the restriction of the action ¢ to . Since b
is a subalgebra, we have an induced action of §j on the quotient vector space
g/bh. Let us write

E"(g,b) = Homy(A"(g/b), k),
where we consider k as a trivial g module. Then E™(g,b) is a subgroup of
E"(g). Moreover, since

d(E"(g,h)) € E™(a.b),
we have that E*(g,h) is a subcomplex of E*(g).

DEFINITION 5.38. The relative Lie algebra cohomology groups are the
cohomology groups of the complex E*(g,h). These groups will be denoted

by H*(g,b).

ExXAMPLE 5.39. Let G be a connected Lie group and let H be a subgroup.
Let us write M = H\G. Then E*(g,b) is naturally isomorphic to the
complex of G-invariant differential forms on M, E*(M,R)%. Moreover, if G
is compact, an averaging argument as in Proposition 5.2 shows that there is
an isomorphism

H*(g,h) — H*(M,R).

DEFINITION 5.40. Let g be a Lie algebra and let j: h — g be a subalge-
bra. We say that b is reductive in g if the representation 6y is semisimple.
We will say that b is noncohomologous to zero if it is reductive in g and the
morphism

j*: H*(@) — H*(h)

is surjective.
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Our interest in the noncohomologous to zero subalgebras is the following
result ([33, §10.18])

PROPOSITION 5.41. Let b be a noncohomologous to zero subalgebra of g.
Then the morphism

H*(g,h) — H"(g)
18 injective.






CHAPTER 6

Group Cohomology and the van Est Isomorphism

In this section we will recall the notions of group cohomology and of con-
tinuous group cohomology. Moreover we will recall the van Est isomorphism
that relates continuous cohomology with relative Lie algebra cohomology.
We will follow [35]. For more details the reader may consult [9].

6.1. Group Homology and Cohomology

Let G be an abstract group. The homology and cohomology groups of
G can be defined in many equivalent ways. One of them is the following.
Let X be a contractible topological space, where G acts freely and properly
discontinuously on the right; this means that the stabilizer of each point is
trivial and that, for each point x € X, there exists a neighbourhood U of
x such that xG N U = {x}. Then the topological space X/G is a K(G,1)
space. That is, the fundamental group of X/G is G and the other homotopy
groups are zero. For any abelian group A we put

H.(G,A) = H(X/G,A) and H*(G,A) = H*(X/G,A).

In particular, the topological space | E.G| is contractible and the right action
of G on E.G is free and properly discontinuous. Therefore

(6.1)  H.(G,A)=H(BG,A) and H*(G,A)=H*(B.G|A).

In order to distinguish between group homology and singular homology,
if G is a topological group, we will denote Hg,,,, (G, A) and HE""P(G, A) for
the cohomology and homology of G as an abstract group. This distinction
will not be necessary when G is a discrete group or an abstract group.
Thus, in this case we will denote the group cohomology groups and the
group homology groups by H*(G, A) and H,(G, A) respectively.

Let us recall another way to define the cohomology groups of G. A
G-module is an abelian group F provided with a left action of G by au-
tomorphisms. A G-morphism is a morphism of abelian groups compatible
with the action of G. An injective G-morphism is called strong if it has a
left inverse as a morphism of abelian groups. A G-morphism f: F — F is
called strong if the injective G-morphisms Ker f — F and E/Ker f — F
are strong.

The group cohomology groups are derived functors in the framework
of relative homological algebra. This means that we will consider mainly
strong morphisms. This amounts to considering only exact sequences which

51
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are split as sequences of abelian groups. Examples of this point of view are
the notions of strong resolution and of relatively injective G-modules.

DEFINITION 6.1. Let E be a G-module. A strong resolution of E is a
long exact sequence

0—-FE—E'—>E"—...

such that all morphisms are strong morphisms.

DEFINITION 6.2. A G-module [ is called relatively injective if, for any
strong injective G-morphism f: E — F and any G-morphism u: E — I,
there exists a G-morphism v: F' — [ such that vo f = u.

DEFINITION 6.3. Let I'g be the functor from the category of G-modules
to the category of abelian groups, that sends any G-module F to its subgroup
of invariant elements I'g(E) = E. The functor I'g is left exact. The group
cohomology groups of a G-module E are the relative right derived functors
of FG

H'(G,E) = RTg(E).

The adjective relative in this definition means that, to compute the
cohomology groups of a G-module E, we need a strong resolution

O—)E—)EO—>E’1—>~-7

with all the G-modules E’ being relatively injective. Then the cohomology
groups of E are the cohomology groups of the complex (E*).

Let A be an abelian group. We will consider A as a G module with the
trivial action. Let us denote by F(E,G, A) the group of maps from E, G to
A. Then F(E.G,A) is a cosimplicial abelian group and let CF(E.G, A) be
the associated complex. Since the group G acts on E.G on the right, there
is an induced left action on CF(E.G, A). Observe that

F(E,G,A)Y = F(B,G, A).
For a proof of the following result see [35].

PROPOSITION 6.4. The G-modules F(E,G,A) are relatively injective
and the complex

0—A—CF(E\G,A) — CF(E1G,A) — ---

is a strong resolution. The same is true if we replace the complex CF(E.G, A)

by the normalization NF(E.G, A).
As a consequence of Proposition 6.4 we recover equation (6.1):
H*(G,A) = H*(|B.G|, A).

As in the case of singular homology, there is a stability result for the
homology of the series of classical groups. In particular we will use the
following result established in [41,59].
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THEOREM 6.5. Let A be a local ring. Let us write
GL(A) = @GLH(A).
Then the natural morphism
Hy(GLu(A), Z) — Hy(GL(4),7)

is an isomorphism for k < (n—1)/2.

6.2. Continuous Group Cohomology

Let now GG be a connected Lie group. The theory of group cohomology
carries over to the category of continuous (or differentiable) G-modules and
we obtain the theory of continuous group cohomology. See [35, Chapter I11]
for the details. The continuous cohomology groups of a continuous G-module
E will be denoted by H}, (G, E). We are interested in the continuous G-
module R with the usual topology and the trivial G action. Let E°(E,G,R)
denote the space of differentiable functions. The differentiable analogue of
Proposition 6.4 is:

PROPOSITION 6.6. The complezes
CE°(E.G,R) and NE°(E.G,R)

are strong resolutions of the continuous G-module R by relatively injective
continuous G-modules. In consequence the continuous cohomology groups of
R are the cohomology groups of either complex

CE°(B.G,R) or NEYB.G,R).

Let us construct another resolution of the G-module R. Let U be a
maximal compact subgroup of G. Let M be the homogeneous space M =
U\G. Then M is diffeomorphic to a real vector space. Thus it is contractible
([39, XV, Theorem 3.1]). There is a right action of G on M defined, for
p = Uz, by r4(p) = Uzg. This right action induces a left action of G on the
complex of differential forms E*(M,R).

PROPOSITION 6.7. The complex
0 —R— E°M,R) — E*(M,R) — ---
is a strong resolution by relatively injective G-modules. Therefore the con-

tinuous cohomology groups of the G-module R are the cohomology groups of
the complex E*(M,R)C.

By this proposition and Example 5.39 we can relate continuous coho-
mology and relative Lie algebra cohomology.

PROPOSITION 6.8. Let G be a connected Lie group, U a mazimal compact
subgroup and M = U\G. Let g and u be the Lie algebras of G and U. The
isomorphism E*(G,R)r — E*(g,R) induces an isomorphism

E*(M,R)Y — E*(g,u,R).
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From this proposition we obtain the van Est isomorphism:

THEOREM 6.9 (van Est). With the hypotheses of the above proposition,
there is a natural isomorphism

Hjont(G7 R) - H*(g7 u, R)

6.3. Computation of Continuous Cohomology

The van Est isomorphism can be used to compute the continuous coho-
mology of Lie groups. Let G be an algebraic reductive group defined over
R. Let us assume that G(R) is a connected Lie group. Then G(C) is a com-
plex connected reductive group. Let gr be the Lie algebra of G(R). Then
gc = g ® C is the Lie algebra of G(C).

Let K be a maximal compact subgroup of G(R), let ¢ be the Lie algebra
of K and let

grR=EtDp
be the Cartan decomposition of gg with respect to €. Then

gu:E@ipggC

is a compact form of ggr. Thus, the corresponding Lie group G, is a maximal
compact subgroup of G(C) that contains K.

Let us write X = K\G(R) and X,, = K\G,. Strictly speaking, X,
is the compact twin of the symmetric space X and is determined by the
pair (G(R), K). But since it is determined up to isomorphism by the group
G(R), and in all the applications the compact subgroup K will be fixed,
we will denote X, by CT(G(R)) and call it the compact twin of G(R).
We consider the right actions of G(R) on X and of G, on X, given by
r¢(p) := pg. As in Proposition 6.8, the complex E*(gg, £, R) is isomorphic
to the complex of G(R)-invariant forms on X and E*(g,, ¢, R) to the complex
of Gy-invariant forms on X,,. Since X, is compact, an averaging argument as
in Proposition 5.2, shows that the last isomorphism induces an isomorphism

a: H*(Xy,R) — H*(gu, &, R).
Let now
L: E*(gu7E7R) - E*(9R7E7R)

be the isomorphism that sends w € E7(gy, ¢, R) = Homg(A? ip, R) to t(w) =
w € B’ (g, t,R) = Homg(/\” p,R). Let us denote by 4/ the composition

(6.2) H*(X,,R) % H*(g,, e, R) & H*(gg, &, R) N H: (GR),R),

where [ is the inverse of the van Est isomorphism.

Since a, 3 and ¢ are isomorphisms, 7’ is an isomorphism. Therefore
we can use the fact that the cohomology groups of the classical Lie groups
and their associated homogeneous spaces are well known, to compute the
continuous cohomology groups of the classical Lie groups.
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EXAMPLE 6.10. Let us consider the group
G = RGSR/C GLn,(C .

That is, G(R) is the Lie group GL,(C) but viewed as a real Lie group. Then
the maximal compact subgroup of G(R) is U,. The complexification G(C)
is GL,(C) x GL,(C), with the inclusion
GL,(C) — GL,(C) x GL,(C)
M s (M, M)

The complex conjugation 7: GL,(C) x GL,(C) — GL,(C) x GL,(C) is
given by 7(M,N) = (N, M). Therefore the compact subgroup of the com-
plexification is U,, x U, and the compact twin of G(R) is homeomorphic to
U,.

Thus, in this case, gg is gl,,(C), but viewed as a real vector space. The Lie
algebra of the compact subgroup is € = u,,. The subspace p is the subspace
of Hermitian matrices. The other Lie algebras are gc = gl,,(C) @ gl,,(C) and
gu = U, Du,. With these iientiﬁcations, the inclusions gg — gc and ¢ — g,
are both given by M +— (M, M). Therefore g,/ = u,,, with the projection
(M,N) — N — M. We have that E*(g,, & R) is naturally isomorphic to
E* (un, R)gzo.

PROPOSITION 6.11. The continuous cohomology groups of GLy,(C) are
Hgkont(GLn(C)v R) = H*(Una R) - /\(041, as, ..., a2n—1)-

By the naturality of the construction and the stability of the singular
cohomology of the groups U,, we obtain:

COROLLARY 6.12. Let n < n’ and m < 2n be positive integers. Then
the morphism

Prr it Heont (GLpy (C), R) — Hego (GLn (C), R)

s an tsomorphism.






CHAPTER 7

Small Cosimplicial Algebras

In this section we will recall briefly the notion of cosimplicial algebras
and we will review the theory of small cosimplicial algebras and small dif-
ferential graded algebras. This theory was introduced by Beilinson in order
to compare his regulator with Borel’s regulator. We will follow [55].

7.1. Cosimplicial Algebras

Let k be a field of characteristic zero, and let A be a k-linear tensorial
category with unit 1, such that End(1) = k. During this section the category
A will be fixed, and all objects will belong to this category. For simplicity,
we will work as if A were a category of vector spaces, that is, we will work
with elements.

The fact that A is a k-linear tensorial category with unity implies that
the category of cosimplicial objects of A, CS(A), is also a k-linear tensorial
category with unit. Explicitly, the tensor product in the category CS(A) is
given by

(XY)"=X"Y",
with

T(z®y) =7(z) @ 7(y),
for any increasing map 7: [n] — [m]. The unit element, that we will also
denote by 1 is the constant cosimplicial object

17 =1,

with all the structure morphisms equal to the identity.

Let X,Y € CS(A). The relationship between the tensor product of
simplicial objects and the tensor product of complexes is given by the
Alexander—Whitney morphism and the shuffle morphism (see for instance
[21, Chapter VI, §12] or [43, Chapter VIII, §8]):

cxecy W exey),
cXx®eY)Scexecy

The morphism AW is given componentwise, for each pair of integers p, g,
with p+ g = n, by
XPRY!I—-X"Y"
x@yo—>6”0---05p+1(.23)®(5Oo---o50(y).

57
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Let us explain the definition of the shuffle morphism. Let p,q be non
negative integers. A (p,q) shuffle, (u,v), is a pair of disjoint sets of integers
1< <pe<---<pp<p+tgq, I1<m<wm< <y <p+q.

The sign of the shuffle, €(u,v), is the sign of the permutation

(15 s fopy V1o V).
If p + ¢ = n, the shuffle map is given componentwise by
S: X"Y" - XPgY?

TRY+— Z 6(/,6, l/)ng_l ce O-Vq_ll» ® O-Hl—l c. O-.U»p_ly7
(,v)
where the sum runs over all shuffles.
Both the Alexander—Whitney morphism and the shuffle morphism re-
spect the normalized complexes. Thus they induce morphisms

NXeoNY Y V(X oY),

NX®Y) S NX @NY.

Moreover, at the level of normalized complexes they satisfy S o AW = Id
(see [26, Theorem 2.1a)).

DEFINITION 7.1. An (associative) cosimplicial algebra (with unit) in A,
is an associative and unitary algebra object of the category CS(A). That
is, it consists of an object X € Ob(CS(A)), together with morphisms

15X
Xoxt x
satisfying the axioms of an associative algebra (see Section 3.1).

In this section all algebras will be associative and unitary, thus we will
use the word algebra to refer to associative unitary algebra.

It is easy to see that the above definition is equivalent to saying that a
cosimplicial algebra is a cosimplicial object X, such that each X", n > 0, is
an algebra, and each structure morphism is a morphism of algebras.

The Alexander—Whitney morphism and the shuffle morphism allow us
to transport the multiplicative structure of a cosimplicial algebra to its as-
sociated complex, and the multiplicative structure of a differential graded
algebra (DGA for short) to its associated cosimplicial object.

Let X be a cosimplicial (associative) algebra. Then the morphisms

1=c1% cx,

U:exocx Woex e x) S ex,

provide CX with a structure of DGA. Explicitly, if x € XP, y € X9, then
ny:5p+qo-~~05p+1(:C) '600---050(3/).
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By the properties of the Alexander—Whitney morphism, the associa-
tivity of X implies the associativity of CX. On the other hand, if X is
commutative, then CX does not need to be (graded) commutative, but only
commutative up to homotopy.

Let us see that the complex of degenerate elements, DX, is a left ideal
of CX. Let x € XP and y € X971, Then

(7.1) 2 U (y) = 6P o 0 8P (z) - (8°)P o 5 (y)
—§HPoggpta—lo.. .6 5p+1($) P o (50)p(y)
= 0" (z Uy).

Analogously one can see that DX is also a right ideal. Moreover, we have
that N'X is a subalgebra: let x € NX? and y € N X7 Then, if i <p—1,

oz Uy) =0'(" 008" (z) - (8)(y))
= ' ("0 -0 P (2)) - 0" ((6°)P(y))
—oPtelo...06P0 O'i(LU) . (50)p71(y)
= O’
whereas, if i > p,
o'(zUy) =o'(6" o 05”“(96) (6°)"())
= ' (P 00 8P () - 0" ((67)P(y))
=PIl o . 0 P (2) - (8°)P 0 o (y)
=0.
As in the case of CX, the commutativity of X does not imply the commu-
tativity of N'.X.
Let now Y be a DGA. We want to induce in Y a structure of cosim-

plicial algebra. Since K1 is the constant cosimplicial unit object, which we
have denoted also by 1, we can take as the unit of KY the morphism

K1 X ky.

Let u: Y ® Y — Y be the product of Y. Let us consider the composition

N((KY @ KY) 2 NKY @ NKY =Y @Y 5 YV = NKY.
Since N is an equivalence of categories, we obtain a morphism
KY  KY — KY.

The associativity of Y implies the associativity of LY. But in contrast
with the Alexander—Whitney morphism, by the properties of the shuffle
morphism (see for instance [21, Chapter VI, §12]) the commutativity of ¥
implies the commutativity of Y.
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7.2. Small Algebras

The fact that, if X is a commutative cosimplicial algebra, N'X does not
need to be commutative, leads to the following definition.

DEFINITION 7.2 (Beilinson). (1) A cosimplicial associative algebra
X is called small if it is commutative, it is generated by X° and
X' under the cup-product and, if I = N X! = Kero® C X! then
I? =0.
(2) A differential graded associative algebra Y is called small if it is
commutative and it is generated, as an algebra, by Y° and Y.

For simplicity we will consider only reduced cosimplicial algebras and
reduced DGA. A reduced cosimplicial algebra is a cosimplicial algebra X,
such that X° = 1. Therefore 6° = 6': X° — X! are the unit morphism,
and, by Corollary 2.10, there is a canonical decomposition

(7.2) Xl=1eNXL

A reduced DGA is a DGA 'Y with Y = 1. Therefore the differential d° = 0.
The main result about small algebras is the following one.

THEOREM 7.3. The functors N and K induce an equivalence of cate-
gories between the category of reduced small cosimplicial algebras and the
category of small differential graded algebras.

PROOF. For the proof of this result we will follow [55].

LEMMA 7.4. Let X be a reduced commutative cosimplicial algebra. Then
X is generated (in the sense of the cup-product) by X' if and only if N X
is generated by N X",

PROOF. Let us denote by m the morphism
m: X'@ @ X' - XP
1R Qxpr— a1 U---Uxp.

The decomposition (7.2), X! = 1 & NX!, induces a decomposition of
(X1H®P. A typical summand being NX!'®...1---®@ N X!, with the factor
1 in the positions i; < --- < 4,. By the same argument as in (7.1), the
restriction of m to one of such summands is given by

(7.3) m(r; @ 1---@x,) =07 o 0d (2 U---Umy).

Therefore m sends the summand N X' ® --- @ N X! to N XP and the other
summands to DXP. Hence, if X is generated by X', then N'X is generated
by NX!. Assume now that N'X is generated by N X'. Since DX is gen-
erated, as an abelian group, by elements of the form §° o --- o §% (z), with
r € N X, equation (7.3) implies that X is generated by X*. O

LEMMA 7.5. (1) If X is a reduced small cosimplicial algebra, then
NX is a reduced small DGA.
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(2) If Y is a reduced small DGA, then KY is a reduced small cosim-
plicial algebra, and the natural isomorphism Y = NKY is an iso-
morphism of algebras.

PROOF. (1) Clearly N X is reduced, and by Lemma 7.4 it is gener-
ated by N’ X!, It remains to show the commutativity. Since N’X! generates
NX, it suffices to show that z Uz = 0 for z € N’ X!. Since

de = 0% — 6tz + 6%z e N X2,
and using again the fact that N’ X' generates A'X we have
'z =00+ 0+ i UBi ="+ 0%+ 6%wds;,

for some elements «;, 3; € NX'. Using the fact that X! Is a commutative
algebra, that A’ X! is a square zero ideal and that the faces 67 are morphisms
of algebras we obtain

(6'x)? = 6226% + 6%26%z = 2z U .
Therefore
2r Uz = (6'x)? = 6'2® = 0.

(2) That KY is reduced is obvious. That it is commutative follows
from the properties of the shuffle morphism. That KY is generated by KXY
follows from Lemma 7.4. Let us show that NKY! is a square zero ideal.
Let 7,y € NKY!. Then x ® y € N(KY ® KY). Therefore

z-y=p(Szey) =pc’rey+reay) =0,

where p is the product in Y. Hence KY is a small cosimplicial algebra. To
prove that the multiplicative structures of Y and NKY agree, let us consider
the following commutative diagram

Y®Y

NKY @ NKY —= NKY

o

N(KY @ KY) —= NKY

y

Y®eY

Y

Y,

where the fourth horizontal arrow defines the multiplicative structure of
Y, and the first arrow is induced by the second one. Thus the first arrow
corresponds to the multiplicative structure of NKY. Since at the level
of normalized cochains S o AW = Id we obtain that both multiplicative
structures agree. ([l
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To prove the theorem it only remains to show that the functor K is
essentially surjective. This will be a consequence of the next result.

LEMMA 7.6. Let X be an object of CS(A), provided with two structures
of small reduced cosimplicial algebras, (e, ) and (¢/, ). If these structures
induce the same multiplicative structure on N'X then they agree.

PROOF. That the unit morphisms e and €’ agree is obvious. Since X is
small and reduced for both algebra structures, in the decomposition X! =
1®NX!, the summand N X! is an ideal of square zero for both structures.
Therefore p and 4/ agree on X!. Let us denote by U and U’ the cup-product
induced in CX by p and p’ respectively. Let us show that they agree. To
this end, we only have to show that the two linear maps

mm: X'® - X' — XP,

induced by U and U’, agree. This follows from equation (7.3) and the fact
that U and U" agree on N'X.

Since the morphism m is surjective, to show that p and u' agree, we have
to show that the morphisms po(m®m) and u'o (m®m) agree. Since p and
1 agree on X', this is a consequence of the bimultiplicativity of the cup-
product, which holds by the commutativity of either algebra structure. [

Let now X be a small cosimplicial algebra, and let ¢: X — KN X be
the isomorphism provided by the Dold-Kan correspondence. Since N (1))
is an isomorphism of algebras, by Lemma 7.6, ¢ is also an isomorphism of
algebras. O

From now on we will focus our attention on two tensor categories.

(1) The category Vecy, of vector spaces over k. In this case the concepts
of cosimplicial algebra and differential graded algebra are the usual ones. We
will call them c-algebras and d-algebras respectively.

(2) The category C*(Vecy,) of cochain complexes of vector spaces in non-
negative degrees. In this case we will call a cosimplicial algebra a cd-algebra
and a DGA a dd-algebra. Thus a cd-algebra is a cosimplicial differential
graded algebra. By convention we will assume that the differential degree is
the first one and that the cosimplicial degree is the second one. The concepts
of reduced and small will refer to the cosimplicial degree. A dd-algebra is a
bigraded algebra with two differentials, d’ and d”, of degree (1,0) and (0,1)
respectively, with d'd” = d”d’ and which are graded derivations with respect
to the first and the second degree respectively. To be consistent with the
corresponding concepts in the cosimplicial case, the concepts of small and
reduced dd-algebras are not symmetrical with respect to the two degrees. A
small dd-algebra will be a commutative dd-algebra, X* generated by X*
and X*!. The dd-algebra X*" will be reduced if X°9 = k and XP¥ = 0, for
p=> 1
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The functor {d-algebras} — {k-algebras} that send a DGA to its zeroth
component has a left adjoint: the algebra of differentials 2* that sends a k-
algebra R to the DGA Q*(R) = QJ, /- Therefore *(R) solves the following
universal problem. Given a k-algebra R, a DGA X* and a morphism of
algebras f: R — X0, there is a unique morphism of DGAs Q*(R) — X*
extending f.

Analogously we have functors

{cd-algebras} — {c-algebras},

{dd-algebras} — {d-algebras}
whose left adjoint is also denoted by Q*. Finally we may consider the func-
tors

{reduced small cd-algebras} — {reduced small c-algebras},

{reduced small dd-algebras} — {reduced small d-algebras}.

They also have a left adjoint which we will denote by Q°. If X is a reduced
small d-algebra then *(X) is reduced and small. Therefore in this case
Q" = Q*. On the other hand, if X is a reduced small c-algebra, then Q*(X)
is reduced but not necessarily small. In this case

QX)) = Q*(X)/{cd-ideal spanned by [Ker ot (XY — Q*(XO)]2}.

The fact that N is an equivalence of categories, between the category of
small reduced c-algebras and the category of small reduced d-algebras, and
also between the category of small reduced cd-algebras and the category of
small reduced dd-algebras, implies the following result (see [2, Apendix A]
and [55, §2]).

PROPOSITION 7.7. Let X be a small reduced c-algebra. Then

QNVX) = NQ(X).






CHAPTER 8

Higher Diagonals and Differential Forms

8.1. The Sheaf of Differential Forms

Let X be a scheme over a field k. Let us denote by A: X — X x X the
diagonal morphism, and by Za the sheaf of ideals of the subscheme A(X).
Then there is a canonical isomorphism ([37, I1.8])

(8.1) Qk — AN (ZA/TR).

For instance, in the affine case, if X = Spec(A), the diagonal morphism
is induced by the morphism of algebras

AR A— A
f®gr fg.

Therefore the ideal of the diagonal is Ker(y). The isomorphism (8.1) is given
by the morphism

1 O — Ker(p)/ Ker(p)?
df =1 f—-f®l1.
The inverse is induced by the morphism
P: AR A — 9}4 Jk
f®gw— fdg.
The aim of this section is to generalize this description of Q}( to the

n
sheaves €)' .

DEFINITION 8.1. Let X. be a simplicial scheme. A sheaf of ideals J  C
Ox. is a family of sheaves of ideals {J"},, with J™ a sheaf of ideals on X,
such that

of( g g™t i=0,...,n—1,
and
ST g, i=0,...,n+1.

Let X be a scheme over a field k. Let E.X be the simplicial scheme
defined in Example 2.5. Observe that the degeneracy maps o;: Ep, X —
E,+1X are given by

oi=Id"x AxId"% i=0,...,n,
and the face maps ¢;: E,X — E,_1X by
S =Id" xexId"%, i=0,...,n,

65
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where £: X — Spec(k) is the structural morphism.

Let us write Zn = Ker(oj) C Op,x = Oxxx. Let J, be the ideal
generated by Ii.

For each pair of integers 0 <14 < j < n let us denote by

0p: En X — 1 X

the morphism
=e" xIdx e/ xId x "7,

0

O]

LEMMA 8.2. The sheaf of ideals J, 1is given by

n
2
TR =D SIX
ij=0
1<J

PROOF. Let us write J" =" 6%1%. The ideal J is the smallest ideal

that contains Ii. Thus it is closed under the face and degeneracy mor-
phisms. Therefore it contains J . On the other hand, using the commuta-
tion rules between faces and degeneracies and the fact that Za = Ker oy, it
is easy to see that J" is closed under the face and the degeneracy morphisms.
Therefore, since it is an ideal that contains Z3%, it also contains 7, A- O

Let us denote by EYX the simplicial subscheme of E.X defined by
the ideal Ja. Let A,: X — X"! be the diagonal morphism, A, (z) =
(z,...,x). The following result is a direct consequence of Lemma 8.2.

PROPOSITION 8.3. The reduced scheme (E.(l)X)red is the diagonal sub-
scheme A.(X).

Since the simplicial scheme A.(X) is the constant simplicial scheme with
A, (X) = X, and all the faces and degeneracies equal to the identity, we
may think of O p(y as a sheaf of cosimplicial algebras over X. Let us give
another description of this sheaf.
The family A7 O0r x = {A1Op, x}nen is a cosimplicial sheaf of alge-
bras over X. Explicitly we have
n+1

——
A;IOEnX :OX%"'%OXa

Ui(f0®"'®fn) =fo® @ fic1® fifit1® fir2®@ - ® fn,
S (fo® @ f)=fo® @ fir1®1Qfi® @ fu
The sheaf A7L7T '\ is a cosimplicial sheaf of ideals of AT1Og x. Then
Oy = AT Opx /AT A

By construction O is a sheaf of small cosimplicial associative and

M x
commutative algebras. Although OE(l) + 18 not reduced, the proof of
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Lemma 7.5 can be applied to show that N (O is a sheaf of differential

graded commutative associative algebras.

EF”X)

THEOREM 8.4. Let X be a reqular scheme over a field k. The sequence
of morphisms
(N AT OE x — Q}/k
fo®Rfi® - fnr fodfi A--- ANdfyn

induces a natural morphism of sheaves of differential algebras
¥ N(AT O x) = Qs
and an isomorphism of sheaves of differential algebras

PRrOOF. Since the morphisms of sheaves ¢™ are defined globally, to prove
that they are zero on J4, and that they induce the desired isomorphism, is
a local question. Thus we may assume that X = Spec(A), with A a local
regular k-algebra. Let us denote by A" the cosimplicial ring of sections of
A7 O x, by J the cosimplicial ideal of sections of J,, by Ia the ideal of
sections of Za, by N* the complex of sections of NA™'Og x and by N” the
complex of sections of N(AT'Og x/ATLTL). An easy computation shows
that ¢"(J%) = 0. Thus we have well defined morphisms ¢": N — Q% k-

By definition,

n—1
N" = ﬂ Ker Ei,
i=0
where 5%: A"/ J% — AL/ Jgfl is the morphism induced by ¢*. Let us give
a more pleasant presentation of N'.

LEMMA 8.5. Let A" be a cosimplicial ring and let J be a cosimplicial
ideal. Then

n—1 n—1
() '™ =[] Kero' + "
=0 =0

PRrROOF. The fact that the right term is included in the left term is clear.
To see the inclusion in the opposite direction, let

z e (o) I,
Let us define inductively
rg =T — 500‘0.7}, Ty = Tj—1 — 5i0'i33i71-

Then, using the commutation rules between faces and degeneracies, and the
fact that J is a cosimplicial ideal, we obtain that
n—1
Tp1 € ﬂ Kero' and z—xz,_1 € J" O
i=0
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This lemma implies that

n—1 n—1 ]
. : K {2 NTL
N" = ﬂ Kera' = TD}:O 4T —.
i—0 Ny Kero?nJn  N"NJR
Using the regularity of A, and the fact that the ideals Ker o’ correspond
to regular subschemes that intersect properly, it follows that N Kero' =
[[Kero®. Thus

N — 17, Kero' '
1=y Keroin Ju

Let us write B = A ® A. Then there is a natural isomorphism
k

n n+1

B® - - @BXA®---QA.
A A k k

Observe that Ia is an ideal of B and that
Kero'=B®---®Ip ®---® B.

i+1
Therefore
n—1 n
N'=][Kero'=Tr®...01IA.
11 oo ol

The following result follows from a direct computation.
LEMMA 8.6. The restriction of Y™ to N™ can be factored as

—
N = [9n P1EEVL gl e, gn
= 1A Ak Alk:

Now we want to identify JX N N™. First observe that the ideals of the
form

IA®"'®—’2®"'®IA
i
are contained in JX. Therefore N" can be identified with a quotient of
(Ia/1%)®". In addition we have the following result.
LEMMA 8.7. Let x1,...,x, be elements of In, and let 1 < i < n. Then

9:1%(%(%%f&ﬂ*’%ﬂ%%)%%fnet]g

PROOF. It is enough to treat the case n = 2, ¢ = 1. Since x1,x2 € Ia,

we can write
$1:Zfi%gi and iL'Q:ZSj%tj,
( J

with

Zflgl = ZS]TJ' =0.

J
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But then

i © i) ®(s; @15) + 55 @t;) ®(fi @ gi
izj(fzkgz)A(Jk ]) ;(Jk J)A<fzkgz)
= i @ gisj D lj+ 55151 @ gi
SN (elel-10fi0)(1es0l-5010 )10 got)
]
+) (fioleg)(selet)+) (ivgel)(sot;el)
ij ij
Y (1efivl-folol)(s;04 1) (1011 g).
]
Since all the terms on the right hand side belong to Ji we have proved the
lemma. ([l

As a consequence of this lemma, we have that N is a quotient of
A" (Ia/I%). But since the composition

—_./n

A'(Is/13) = N" 2o,

is an isomorphism, we obtain that ¢™ is an isomorphism.

The fact that 1) is compatible with the differential is immediate.

Let us end the proof of the theorem discussing the compatibility with
the product. Let us consider A a graded algebra with the cup-product.
Then

n+1
n

and
fo® - ®@f[LUG® Q@gm=[fo®@ @ fngo® - X gm.

Thus it is clear that ¢ is not a morphism of algebras. On the other hand,
if we consider the presentation

n __
A"=B®.. o8,

then, if n,m > 0,
i@ ®f[Un® Qgn= QM ®g R gm.

Therefore, the fact that i restricted to N is a morphism of algebras follows
from Lemma 8.6. (|
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8.2. The Weil Algebra Revisited

In this section we will apply Theorem 8.4 to the case of a complex
algebraic reductive group and show that we can obtain the Chern—Weil
morphism from the morphism .

Let G be a connected complex reductive group. Let Z. be the ideal of
OpB,¢ = O¢ defined by the unit point e. Let us denote by 7, the cosimplicial

ideal generated by Z?2. Let BWG be the subscheme defined by Je. The right
action of G over E.G induces a left action on the algebra of global sections
O(E.G). The ideal JA(E.G) is invariant for this action. Therefore, there is

an induced action of G in O(E.(l)G). We have that
O(EG)Y =0(BG),
JIA(E.G)Y = J.(B.G).

Therefore, G being reductive,
(8.2) o(EV@)¢ = oBYa).

REMARK 8.8. Indeed, it is not necessary to appeal to the reductivity of
G to prove equation (8.2). The natural morphism

(8.3) O(E,G)C | TA(EnG)E — (O(EG)/Ia(EnG))”

is always injective. Thus, to prove equation (8.2), we only need to show
the surjectivity of morphism (8.3). For each n, the principal G-bundle
n: BE,G — B,G is trivial. Therefore we can choose a section s: B,G —

E,G. But, if f € O(E,G) has its class f € (O(EnG)/jA(E.G))G, then
s*(f) € O(E,G)¢ and 7*s*(f) = f. Therefore the morphism (8.3) is
surjective.
Let g be the Lie algebra of G. By Theorem 8.4, there is a natural
isomorphism
¥: N(o(EVG)) - (@),
where Q'(G) is the space of algebraic differentials. By construction, this
isomorphism is compatible with the right actions of G on EVG and G.
Therefore we obtain ([2, A 4.1]):
PROPOSITION 8.9. There is a natural isomorphism
N(OBYG) = N(OEVE) - Q(G)r = E(s,C).
Recall that the Weil algebra has a bigrading given by
WPU(G) = S5P(g) @ E*P(g).

By construction, it is clear that W*(G) satisfies the universal condition that
defines Q* (E(g)) Thus both algebras are naturally isomorphic. Therefore,
by Proposition 8.9, there is a natural isomorphism

0 (N (O(BF”G))) W (Q).
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Hence, using Proposition 7.7 we obtain:
ProroOSITION 8.10. There is a natural isomorphism

o N (BYG)) = N(ﬁ*(O(BF”G))) L WH(Q).

The isomorphism v induces a morphism
Y N(Q*(BG)) — W*(Q).
Since the canonical connection is algebraic, the image fv, (1) lies in
N (Q*(BG’))
LEMMA 8.11. The diagram
NQ*(B.G)

-

I, 0

N

W (G)
18 commutative.

PrOOF. By the splitting principle (see Remark 5.28) it is enough to
check the case G = G,,. This case follows easily from the definitions. O

Let us denote by F the filtration by the first degree of N'(Q*(B.G)).
That is
FPN (Q°(B.G)) = PN (27 (B.G)).
p'>p
Since ¢: N(Q*(B.G)) — W*'(G) is a bigraded morphism, it is a filtered
morphism with respect to the filtration F'.

Since B.G is a simplicial quasi-projective variety over C, the cohomology
of B.G has a natural mixed Hodge structure. In particular there is a Hodge
filtration F' of H*(B.G, C). Moreover, it is known [20] that the mixed Hodge
structure of H?P(B.G) is pure of type (p,p). Therefore

FP(H*(B.G,C)) = H®(B.G,C).
There is a natural map (that in general is not an isomorphism)
FPH?(B.G,C) — H*?(FPNQ*(B.G)).

Composing this morphism with the morphism 1), we obtain a morphism
H>(B.G,C) 5 H? (FPW (g)) = 12
From Lemma 8.11 it follows:

THEOREM 8.12. The morphism 1)’ is the inverse of the Chern—Weil mor-
phism.
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8.3. A Description of the van Est Isomorphism

Let us begin this section by stating the analogue of Theorem 8.4 in the
differentiable case. The proof is similar and will be omitted. Let X be a
differentiable manifold. Then E.X is a simplicial differentiable manifold and
E°(E.X,R) is a cosimplicial algebra. We have that

n+1

E'(E,X,R)=E°X,R)®---® E°(X,R).
R R

Let us write I = In = Ker(¢?) ¢ E°(E;X,R) and let J = Ja be the
cosimplicial ideal generated by I?. The morphism

Y5 %X, R)@---® E°(X,R) — E"(X,R)
fo®@ fi® @ fur— fodft A+ Ndfy

extends to a unique continuous linear morphism
P E°(E,X,R) — E"(X,R).

THEOREM 8.13. The sequence of morphisms 1§ induces a morphism of
differential graded algebras

¢Y: NEY(EX,R) — E'(X,R)
and an isomorphism of differential graded algebras
¥: N(EY(EX,R)/J) — E(X,R).

Let now X = G be a connected Lie group. The right action r of G on E.G
induces a left action of G on NE°(E.G,R). The subcomplex of invariant
elements is NE°(E.G,R)Y = NE°(B.G,R). The ideal J is invariant under
this action and J. = J¢ is the cosimplicial ideal generated by Ker(c?)? C
E°(B1G,R). Therefore, as in Remark 8.8,

N(EY(E.G,R)/J)Y = N(E°(B.G,R)/J.).

We also consider the left action of G on E*(G,R) induced by the right
action r. The subcomplex of invariant elements is the subalgebra of right in-
variant forms E*(G,R)r. With these actions the morphism 1) is a morphism
of G-modules. Thus, if we restrict this morphism to the subcomplexes of
invariant elements, we obtain:

PROPOSITION 8.14. Let G be a connected Lie group, with Lie algebra g.
Then the morphism v induces a natural isomorphism

N(E°(B.G,R)/J.) — E(g,R)

Now we can use the morphism 1 to give an explicit description of the
van Est morphism ([35, III 7.3], [2, proof of Corollary A 5.2], [55, §3]).
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THEOREM 8.15. Let G be a connected Lie group, U a mazimal compact
subgroup of G and g and u the Lie algebras of G and U respectively. Then
the induced morphism

2 (G.R) = H* (W (B(E.G,R)) %) T B(B*(G.R)Y) = H*(g.R)

can be factored as
Hékont(Gv R) L H*(gv u, R) L> H*(g7 R))
where v is the van Est isomorphism and ¢ is the obvious natural morphism.

PRrROOF. Let us write M = U\G and let 7: G — M be the projection.
There is a commutative diagram of G-modules

N (E°(E.G,R))

|¥

E(M,R) —"—~ F'(G,R).

R

The theorem follows from this commutative diagram taking continuous
group cohomology. ([






CHAPTER 9

Borel’s Regulator

9.1. Algebraic K-Theory of Rings

In this section we will recall the definition of the algebraic K-theory of
a ring. This section is based on [58]. In order to define Borel’s regulator
and to compare it with Beilinson’s regulator for number fields, there is very
little about K-theory that is needed. Only the relationship between K-
theory and group homology that follows from the definition of K-theory
as homotopy groups. Note however that, for the general construction of
Beilinson’s regulator map, and to establish its properties, it is useful to see
algebraic K-theory as generalized sheaf cohomology ([13], cf. [29]). For
more details about higher K-theory and Beilinson’s regulator, the reader is
referred to the appendixes of [40] and the bibliography thereof.

Let A be a commutative ring with unit. The groups GL,(A) form a
directed system as in Section 4.1. Let us write

GL(A) = lim GL,(A).

The topological space BGL(A) = | B.GL(A)| is a K(GL(A), 1) space.
The plus construction of BGL(A), denoted by BGL(A)™, is a topological
space provided with a morphism

f: BGL(A) — BGL(A)™.
The space BGL(A)™ is characterized up to homotopy by the following prop-
erties:

(1) The map f is an acyclic cofibration. In particular H.(f) is an
isomorphism.

(2) m1(BGL(A)™) = GL(A)/[GL(A), GL(A)].

The space BGL(A)"™ has a natural structure of H-space. In fact one can
think of BGL(A)™ as a universal H-space associated to BGL(A).

DEFINITION 9.1. Let A be a commutative ring with unity. The algebraic
K groups of A are the homotopy groups of the topological space BGL(A)™:

Kn(A) = 1, (BGL(A)T).

REMARK 9.2. Using the Hurewicz morphism and the fact that f is an
acyclic morphism, we obtain a morphism

75
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Kn(A) = 1, (BGL(A) T, e)

1, (BGL(A)T, Z) = H,,(BGL(A), Z) = H,,(GL(A), Z),

where the last group is group homology.

Since BGL(A)™ is an H-space, the results recalled in Chapter 3 imply
that H,(BGL(A)",Z) has a structure of Hopf algebra. Moreover, if we
denote by P,,,(BGL(A)*,Q) the subspace of primitive elements, by Cartan—
Serre Theorem (Theorem 3.17), the Hurewicz map induces an isomorphism

Kn(A)® Q — Pp(BGL(A)*,Q) = Py(GL(4), Q).

Therefore, a good knowledge of the homology of the group GL(A) will allow
us to obtain information about the K-groups.

9.2. Definition of Borel’s Regulator

For more details on the topics of this section and the next two sections,
the reader is referred to the original paper of Borel [8] and the Bloch notes
[3].

Let k be a number field and let v be its ring of integers. For each m > 2,
Borel’s regulator map is a morphism

K (o) — Vi,
from the K-theory of the ring v to a certain real vector space. This map

can be factored through the Hurewicz morphism

K(o) 2% P, (GL(v), Q).

The group GL, is reductive but not semisimple. In order to apply Theo-
rem 9.6 below, Borel defined the regulator using the group SL, instead of
GL,,. The use of SL,, is justified (see [4, 3.3]) by the fact that the inclusion
SLy,(v) — GL,(v) induces isomorphisms, for m > 2,

Therefore the Hurewicz morphism also induces isomorphisms
K, (0) ® Q — P, (SL(v),Q), for m > 2.

Let G be an algebraic group defined over Q. Let us assume that G(R) is a
connected Lie group. Let I" be a discrete group. Any group homomorphism
¢: I' - G(R) induces a morphism

©*: H (G(R),R) — H*(I',R).

cont

Recall that in Section 6.3 we constructed an isomorphism

y': H*(CT(G(R)),R) — HZ, (G(R),R).

cont

Thus, we obtain a morphism

j= (P* O’y/: H*(CT(G(R))’R) — H*(F,R)
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It is clear from the construction using differential forms that this morphism
is a morphism of algebras.
Let us denote by 7 the dual morphism
j': H(I',R) — H,(CT(G(R)),R).

Since j is a morphism of algebras, 7V is a morphism of coalgebras. Therefore
it induces a morphism, also denoted jV, between the primitive subspaces in
homology
j’: P.(T,R) — P.,(CT(G(R)),R).
For each n > 1 let us write G, = Resg/;, SLp . That is, we view SLy, ¢
as an algebraic group over Q. The subgroup SL,(v) is a discrete subgroup

of G,(R). Let
jgn+ Ho(SLp(v),R) — H,(CT(Gn(R)),R)
be as before. Let us denote
G(R) = lim G,(R),
n—oo
CT(GR)) = lim CT(Gn(R)).
n—oo
Taking the limit as n goes to infinity, we obtain a morphism
j¥+ Hi(SL(v),R) — H,(CT(G(R)),R).
DEFINITION 9.3. Let m > 2. The mth Borel regulator map is the com-
position
-V
rho: Kin(0) =5 Py (SL(v), R) <5 P, (CT(G(R)), R).
For the statements we will often need this process of taking the limit as
n goes to infinity. But usually the proofs will be done for a fixed finite n.
Since all the homology and cohomology theories that will appear satisfy a
stability property, it is useful to have the following definition.

DEFINITION 9.4. Let n and m be positive integers. We will say that
n,m are in the stable range if n is odd and m < (n —1)/2.

Observe that the condition m < (n — 1)/2 ensures that the morphisms

H,, (SLi(0), Q) — Hpm(SL(v), Q),
H™(SL(C),R) — H™(SL,(C),R),

and the corresponding morphism for SL,,(R) are isomorphisms. The condi-
tion n odd implies that the inclusion so,(R) — u, is noncohomologous to
zero. Therefore the morphism

H* (1, 50,(R)) — H*(uy)
is injective.
In order to know the behavior of Borel’s regulator map, we need more

information about the morphism jV. This is provided by Borel’s theory of
arithmetic groups. Let G be a closed subgroup of GL(V'), for V a finite
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dimensional Q-vector space. Let L be a lattice of V. Let us write G, for
the subgroup of G(Q) that leaves L fixed:

Gr={9€GQ)|g(L)=L}.

DEFINITION 9.5. A subgroup I' of G(Q) is called arithmetic if it is com-
mensurable with Gr. That is, if I' N G, has finite index in I'" and in Gp.

For the properties of arithmetic subgroups the reader is referred to [6].
For our purposes the main result of the theory is the following.

THEOREM 9.6 (Borel [7]). Let G be a semisimple algebraic group defined
over Q and let T' be an arithmetic subgroup of G(R), with ¢: I' — G(R) the
inclusion. Let CT(G(R)) be the compact twin of G(R) and j as before. Then
there exists a number p(G) such that

j: H"(CT(G(R)),R) — H™(I,R)

is an isomorphism for m < p(G). This number p(G) is computable from the
algebraic structure of G.

REMARK 9.7. For any given Lie group G, the number p(G) may be
small. For instance p(SL,,) = n/4. But, as the rank of G goes to infinity, the
number p(SL,) also goes to infinity. Thus this result allows us to compute
the stable real cohomology groups of the arithmetic groups.

COROLLARY 9.8. Let m > 2 be an integer. Then the Borel regulator
map induces an isomorphism

Kpn(0) @R — P, (CT(G(R)),R).

9.3. The Rank of the Groups K,,(v)

Let k£ and v be as in the last section. Let X be the set of complex
immersions of k, and let V be the set of Archimedean places of k. We will
use Vg to refer to the set of places corresponding to the real immersions and
Ve to refer to the set of places corresponding to the complex immersions.
Let d = [k : Q] be the degree of k. As usual, we write r; = §Vg and ro = §)¢.
Then d = r1 + 2r9. For a fixed m let us choose an integer n such that n,m
are in the stable range.

As in the previous section, let us write G,, = Resg/;, SLn . Then the
Lie group G, (R) is

Gn(R) = ] SLa(®) x J] SLa(C).

veEVR veVe

In order to construct the compact twin of this group we can work component-
wise. For the group SL,(R) we have that the maximal compact subgroup
is SO, (R). The complexification is SL,,(C). The compact subgroup of the
complexification is SU,. Therefore the compact twin is CT(SL,(R)) =
SO, (R)\ SU,,.
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For the group SL,(C) the maximal compact subgroup is SU,. The
complexification is SL, (C) x SLy,(C), with the inclusion

SL,(C) — SL,(C) x SL,(C)
M s (M, M)
The complex conjugation 7: SL,(C) x SL,,(C) — SL,(C) x SL,(C) is given
by 7(M,N) = (N, M). Thus the compact subgroup of the complexification
is SU,, x SU,, and the compact twin is homeomorphic to SU,,.
Therefore, after taking the limit when n goes to infinity, the compact

twin CT(G(R)) is homeomorphic to (SO\SU)™* x SU"2. Hence, Theo-
rem 9.6, Corollary 4.27 and Corollary 4.23 imply

THEOREM 9.9 (Borel). The rank of the groups K, (v), m > 2, are

0, if m is even,
tk(Kp(b)) =< 71 472, if m=1mod 4,
r9, if m = 3 mod 4.

9.4. The Values of the Zeta Functions

In this section we will recall Borel’s Theorem relating the regulator with
the values of zeta functions.

The main reason for using P»,—1(CT(G(R)),R) as the target for the
regulator map is that it has a natural integral structure. Since K-theory is
defined using homotopy, Lichtenbaum [42] proposed to use the lattice given
by the image of ma,_1(CT(G(R)), e) under the Hurewicz morphism. Let us
denote by Ly, ; this lattice. This is also the lattice used in [8, §6.4] to define
the regulator number.

DEFINITION 9.10. The Borel regulator, Rgop, is the covolume of the
lattice

o (Kzp1(8)) € Poper (CT(G(R). B)
with respect to the lattice Ly, ;.
Let us write

dy = 1k(Kzp-1(0)) = dim (Poy-1 (CT(G(R)), R) ).

Let (x(s) be the Dedekind zeta function of the number field k.
Lichtenbaum ([42]) proposed the following question, which is known as
Lichtenbaum’s conjecture.

QUESTION 9.11. When is it true that

Koy rsion . —
£Kop 1(9)torsio Hm  Cu(s)(s+p—1) dp9

Rpo, ==
Bop ﬁKgp_g(U) s——p+1
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When asking this question, Lichtenbaum remarked that, due to the lack
of known examples at that time, the normalization may not be the correct
one and that the formula might need to be adjusted by some power of m and
some rational number.

Later Borel ([8], see also [3]) proved the transcendental part of Lichten-
baum question. Given two real numbers a and b we will write a ~ b if there
is a non zero rational number g with a = ¢b.

THEOREM 9.12 (Borel). Let k be a number field. Then
(9.1) Rp,, ~m % lim (u(s)(s+p—1)"%.
P s——p+1

Observe that the factor 7~ % implies that the lattice chosen is not the
best one. This will be one of the reasons for renormalizing Borel’s regulator.

REMARK 9.13. The value of Borel’s regulator is determined by the inte-
gral structure given by the lattice L’prl. Therefore, for any real vector space
V, any lattice L of V and any isomorphism f: Pa,_; (CT(G(R)),R) -V
with f (L/2p—1) = L, we will say that the composition forf, is equivalent to
the Borel regulator map.

9.5. A Renormalization of Borel’s Regulator

The definition of Borel’s regulator given in Section 9.2 is the original def-
inition which appears in the paper [8]. Nevertheless, in the literature there
appears a slightly different morphism with the name of Borel’s regulator
([2,23,25,34,55]). The aim of this section is fill the gap between the two
definitions. The first difference is obvious and the reason for it is to avoid
the factor 7=% in equation (9.1). The second difference is related with the
choice of the lattice L’ and the reason for it is the different behavior of the
homotopy groups of the compact twins of SL(R) and SL(C). As we will see,
this behavior implies that Borel’s regulator, as defined, does not factorize in
a uniform way through the K-theory of the field C.

A key ingredient in the definition of Borel’s regulator is the isomorphism

~: H* (CT(Gn(R)),R) — H} (Gh(R),R).

We have used this isomorphism only for odd degrees. Let us denote by
gR, ¢ and g, the Lie algebras of the group G, (R), of the maximal compact
subgroup K C G,(R) and of the compact subgroup Gp. = (Gn(R)), C
G (C) respectively. Recall that the isomorphism 4’ is the composition

H?* ' (CT(Gn(R)),R) 2> H¥ (g, t,R)
—> 0% (gg, £, R)

Lo HZ N (Ga(R),R),

cont

where ( is the inverse of the van Est isomorphism, the isomorphism « is
constructed by means of invariant differential forms and ¢ is the isomorphism
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given by multiplication with i??~!. The first change we will make to the

regulator is to keep a twist and replace the isomorphism ¢ by the identity
B (gr, &, R(p — 1)) = E ™ (gu, &, R(p)),
where R(p) is the subgroup (27i)PR C C. Let v be the composition

H?~1(CT(Gn(R)),R(p)) = H>* (g, t, R(p))

= H?~! (gR, ELR(p— 1))

2 B2 (Ga(R),R(p — 1)),

cont

Twisting the source and the target of v by R(1 — p) and composing with ¢*
as in Section 9.2 we obtain a morphism

§": H*71(CT(G,(R)),R(1)) — H* (SL,(v), R).
Taking duals and restricting to the primitive subspaces we get a morphism
(j")": Pap—1(SLy(0),R) — Pap—1(CT(Gn(R)),R(-1)).

Taking the limit as n goes to infinity and composing with the Hurewicz
morphism we obtain a morphism

"Bt Kap-1(0) = Pap1 (CT(G(R)), R(~1)).
In Py,—1(CT(G(R)),R(—1)) we put the lattice
Lgp—1 = Wprl(CT(G(R))»e)(_I) = (27Ti)_17T2p71(CT(G(R))>e)'

REMARK 9.14. With this lattice, the morphism 7  is not equivalent

to 15, but to 27rg,. Thus this change will take care of the factor 7% in
Theorem 9.12.

In order to try to factor rf}, through the K-theory of C, let us consider
Gn(C) as a real Lie group. Its compact twin is homeomorphic to SU. As
before, the morphisms SL,(v) — G, (C), for all n, induce morphisms

p: Kop_1(0) — Pay1(SUZ, R(—1)).

Let F' be the involution of P, (SUE,R(—l)) that acts as complex
conjugation on the space SU* and on the coefficients at the same time. Note
that complex conjugation on the space SU™ means complex conjugation in
each factor SU, and complex conjugation in the set of complex immersions .
Let us denote by P»,_1 (SUZ,]R(—l))F the subspace of invariant elements.
We will use the same letter F' in any circumstance when such an involution
can be constructed.

The morphism of real Lie groups G,,(R) — G,(C) induces a morphism
of compact twins

¢: CT(G(R)) = (SO\SU)™ x SU™ — CT(G(C)) = SU*.
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PROPOSITION 9.15. The morphism
Yot Hap 1 (CT(G(R)), R(-1)) — Hap 1 (CT(G(C)), R(~1))
mduces an isomorphism
Yot Py 1 (CT(G(R)), R(~1)) = Py 1 (CT(G(D)), R(-1)".

PROOF. It is enough to treat the casesry = 1,79 =0andr; =0, ro = 1.

Let us prove the first case. If 11 = 1 and r9 = 0 then G(R) = SL(R)
and G(C) = SL(C). The inclusion SL(R) — SL(C) induces a commutative
diagram of compact subgroups and compact twins

SO SU SO\ SU
w T
SU—2 SUxSU £~ SU,
where (M) = (M, M), whereas (M) = (M, M). Thus
o(M,N) =M "N = M'N

and ¢ (M) = M!M. Since the rows are fibrations, the homotopy long exact
sequence of a fibration gives rise to a morphism of exact sequences

P,(SO,R(-1)) P, (SU,R(-1)) P,(SO\SU,R(-1))

| i |

P.(SU,R(-1)) — P,(SU xSU,R(-1)) P,(SU,R(-1)),

By Theorem 4.26 we know that P, (SO,R(—1)) = R(—1) if m = 3 mod 4
and zero otherwise, and that P, (SO \ SU,R(—1)) = R(—1) if m = 1 mod 4
and zero otherwise.

LEMMA 9.16. Let s: SU — SU be the morphism given by complex con-
jugation. Then the induced morphism

S2p—1+ ngfl(SU,R(—l)) — ngfl (SU,R(—l))
is equal to (—1)P.

Proor. This follows from the explicit description of the generators of
the group Pop—1 (SU, R(—l)) given in Definition 4.5 and the fact that com-
plex conjugation reverses the orientation of C? if p is odd and preserves the
orientation if p is even. ([l

Observe that in this lemma the morphism s acts as complex conjugation
on the space and not on the coefficients. Thus it does not agree with F,
in fact, since the coefficients are R(—1), ' = —s. Therefore, if p is even
Py,_q (SU7 R(—l))F = 0, proving the proposition in this case.

Let p be an odd number. We can identify Ps,_1(SU,R) & P,—1(SU,R)
with P,_1(SU x SU, R), by the isomorphism defined by the two projections
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of SU x SU. By Lemma 9.16 we have that, for x € Py,_1(SU,R), f.(x) =
(—z,z), whereas oy (z) = (z,x). Therefore, if  # 0, ¢, (a(x)) # 0. Hence
W, is injective. But by Lemma 9.16, P,,(SU,R(=1))" = P,,(SU,R(=1))
has dimension one. This proves the case p odd.

If r; =0 and 7 = 1, we have that G(R) = SL(C) and G(C) = SL(C) x
SL(C). Thus in this case the analogue of diagram (9.2) is

SU SU x SU SU

oo 1, g

SU x SU —2> SU x SU x SU x SU —> SU x SU,

with
a(M,N) = (M,N,M,N),
/Q(M’N) = (N’M7M’N)?
©(A,B,M,N) = (B'M, A'N)
and
(M) = (M', M).
The result follows as in the previous case. [l

COROLLARY 9.17. The image p(Kap—1(v)) lies in the subgroup of F-

invariant elements Pap_1 (CT(G((C)),R(—l))F. Moreover there is a com-
mutative diagram with the vertical arrow being an isomorphism,

Py 1 (CT(G(R)),R(-1))

1
%

KQp—l(U) Y

T

Py, 1 (CT(G(C)),R(-1))"

This corollary means that, for computing the rank, it is the same to use
!
p oI TR, .

Let us see what happens to the integral structure. The natural lattice

to consider in the real vector space Py,_1(SU>, R(—l))F is

Lop-1 = (map_1(SUZ, e)(=1))".

In order to compare the lattices L’Q’p_l and Lo, 1, we have to study the

effect in homotopy of the morphism CT(G(R)) — CT(G(C)). It is enough
to treat the cases ri =1, 7o =0and r{ =0, ro = 1.
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LEMMA 9.18. (1) The morphism CT(SL(R)) — CT(SL(C)) sends
a generator of the group msx+1(SO \ SU, €) to a generator of wgy+1(SU, e) and
sends a generator of mg+5(SO\ SU, e) to twice a generator of wgr15(SU, e).
(2) For each p let us denote by €ap—1 a generator of map—1(SU, e). Then
the morphism CT (SL(C)) — CT(SL(C) x SL(C)) sends ez,—1 to the element

((_1)p+162p717 621771) .

PrOOF. Using Bott’s Periodicity Theorem (Theorem 4.26), and the ho-
motopy long exact sequence of the fibration

SO — SU — SO\ SU,

one can see that the morphism m,,(SU,e) — m,(SU/SO,e) is surjective
if m = 5mod 8 and has cokernel Z/27Z if m = 1 mod 8. Thus case (1)
follows from this and from the morphism of homotopy long exact sequences
associated to diagram (9.2).

Case (2) follows from the morphism of homotopy long exact sequences
associated to diagram (9.3). O

DEFINITION 9.19. The (renormalized) Borel regulator map is the map
F
Kop-1(0) & Py, 1 (CT(G(C)),R(-1))",
where the space in the right hand side is provided with the lattice
Lgp_l = (7T2p_1 (CT (G(C)), 6) (—1))F.

This map will be denoted by rg,. We denote by Rp, ) the covolume of the
lattice rgo (Kgp,l(n)) with respect to the lattice Lo,_1.

REMARK 9.20. If the field k£ does not have real immersions, Lemma 9.18
implies that rg, and rf, are equivalent. Therefore the factor 27 is the
only discrepancy between the two definitions of Borel’s regulator. On the
other hand, if the field has real immersions, by Lemma 9.18 there is also
a difference by a factor of 2 in the component corresponding with the real
immersions, when p = 3 mod 4. Therefore, we have

(9.4) Rpop = (2m)" Rp,,,  if p# 3 mod 4,
(9.5) Rpop = (2m)%2" Ry, if p = 3 mod 4.

Let us see that the renormalized Borel regulator map can be factored
through K (C). The group SL,,(C) with the discrete topology will be denoted
by SL,(C)°. Applying the process that defines the renormalized Borel reg-
ulator map to the natural morphism

SL,(C)? — SL,(C)
induces, for p > 2, a map
Kop—1(C) = Pyp—1(SU,R(—1))

denoted by rpo,c. The following result is clear.
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PROPOSITION 9.21. Let k be a number field, v its ring of integers and X
the set of complex immersions of k. For each o € X, let us also denote by
o the induced morphism o: Kop_1(0) — Kop_1(C). Then the renormalized
Borel requlator map can be factored as

H o e E
Koy 1(0) —— (Hsz 1 ) ek, (Hngl(SU,]R(—l))> .
S

The last objective of this section is to give an equivalent definition of
the renormalized Borel regulator that hides the fact that the integral lattice
we are considering is given by the homotopy of the compact twin. The key
ingredient for this alternative definition is the Chern character.

A class a € H*#1(SU,R(p)) determines a morphism

a: Hyp 1 (SU,R(—1)) — R(p — 1).
Hence, by restriction, it determines a morphism
a: Py_1(SU,R(-1)) — R(p — 1).
Moreover, if the class « is invariant under F', then we obtain a morphism

a: Py, 1 (SUZ R(— <H]R —1>

oeY

Let ch,, be the component in H? (BSU, R(p)) of the twisted Chern char-
acter of the universal bundle. Let s denote the suspension. By Remark 4.25
we know that, if e9p_1 is a generator of m,_1(SU,e) and Hur denotes the
Hurewicz morphism then s(ch,) (Hur(e2p—1)) is a generator of Z(p) C R(p).
Moreover, s(ch,) is invariant under F. Thus if we add to the real vector

space ([[R(p— 1))F the integral structure given by ([]Z(p— 1))F, we have:

ProrosITION 9.22. The morphz’sm

HS(Ch D Top— 1(SU — —>HR -1)
b

18 an isomorphism. Moreover it is compatible with the integral structure and
with the involution F'.

COROLLARY 9.23. The composition

(H sz—l((c)>F
> F
RICLUEY (H ngl(SU,R(—D))

T s(chy) <HR 1) )

s equivalent to the renormalized Borel requlator map.

Kop—1(v)
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9.6. Borel Elements

Recall that we have defined algebraic K-theory using the general linear
group GL. But in the definition of the Borel regulator we shifted to the
special linear group SL in order to apply Theorem 9.6. Since the inclusion
SL,, — GL,, induces isomorphisms, for m > 2

P, (SL,(v),R) = P,,(GL,(v),R),
T (SUn, €) = w1 (Up, €),

we can replace, in the definition of the renormalized Borel regulator, the
group SL,, with the group GL,,.

By Proposition 9.21 Borel’s regulator for number fields is determined by
Borel’s regulator for the complex field. By Corollary 9.23 Borel’s regulator
for the complex field is equivalent to the composition

Fop-1(C) *5 PEP(GL(C),R) — R(p — 1),

where PQg}fiulp denote the primitive part of group homology. Therefore,
Borel’s regulator is determined by a map between the primitive part of
the homology groups Py,”"(GL(C),R) and the real vector space R(p — 1).
For the sake of comparison, it is useful to work, not with the map from
homology, but with the corresponding element in cohomology. By construc-
tion, we know that this element comes from continuous cohomology. The
Borel element will be this element in continuous cohomology. Let us choose
n such that n,2p are in the stable range.

DEFINITION 9.24. Let ch, € H?’(B.GL,(C),R(p)) be the p-th compo-
nent of the twisted Chern character. Then the Borel element, Bo, is the
image of ch, under the composition

H?(B.GL,(C),R(p)) > H>»~1(GL,(C),R(p))

L g (GLL(C),R(p - 1)).

cont

The isomorphism « is defined using invariant forms in the homogeneous
space U,, = U, \(U, ® U,). The isomorphism Id is obtained by identifying
both spaces with the same subspace of H*~!(gl,(C),u,,C). And 3 is the
inverse of the van Est isomorphism. In these groups gl,(C) is viewed as a
real Lie algebra.

We will also denote by Bo, the corresponding element in the group
H?~1(gl,(C), un, R(p—1)). Moreover, since u, is noncohomologous to zero
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in gl,,(C) (see Definition 5.40) the morphism
H2p—1 (g[n((c)v Up, R(p - 1)) - H2p_1 (g[n(c)a R(p - 1))

is injective. Therefore the element Bo, is determined by its image in the
group H?~1(gl,(C),R(p — 1)). We will also denote this element by Bo,.

9.7. Explicit Representatives of the Borel Element

Let us determine explicitly a representative of Bo, in the group
H?~1(gl,(C),u,,R(p — 1)). For explicit representatives of the Borel ele-
ment in continuous cohomology, the reader is referred to [23, 36].

By Example 5.37, the class of s(ch,) is represented in the group
H?r—1 (un, R(p)), by the form ®3, 1 given by

2p—1 _
(—1Pi(p— 1! ,
%"1( A xj) = o 2 (U e o0 ms).
j=1 oce&2r—1

The isomorphism «: Hzp_l(Un,R(p)) — H2p_1(un & un,un,R(p)) is
obtained viewing U,, as the homogeneous space U, \ U, x U,, where the
inclusion U,, — U, x U, is given by M + (M, M). Therefore the projection
¢: U, x U, — Uy, is given by ¢(M, N) — M'N. The induced map @y : u, ®
U, — U, is given by (z,y) — a! + y. Therefore a(s(chp)) is represented by
the form w given by

2p—1 2p—1

w( A (g;j,yj)> = cpzp_1< A x§.+yj).

Jj=1 J=1
This form extends to a C-linear form

we € B*7 (g, (C) @ g1,(C),C) = E*~(g1,(C) ® C,C)
R

given by the same formula. The inclusion
g, (C) — g1,(C) © C — gl,,(C) & gl,,(C)
is given by z +— (Z,x). Thus we obtain:
PROPOSITION 9.25. The Borel element Bo, is represented by the form

2p—1 2p—1

/\ Tj— (I)Qp_1< /\ wé—l—ay),
j=1 =1

which is an element of E*P~!(gl,,(C),un, R(p — 1)).

The image of the representative we have obtained in the group
E?~1(gl,(C),R(p — 1)) is not invariant under the action 6 of gl,(C). For
comparison with Beilinson’s regulator we will need a representative of Bo,, in
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the group E?P~!(gl,(C),R(p — 1))9:0. To obtain it we will use that s(ch,)
is primitive. Let us denote by p the product in the group U,:

w: U, xU, — U,
(M,N)— MN.
The fact that s(ch,) is primitive implies that
1" (s(chy)) = s(chy) ® 141 ® s(chy).
Since there is a commutative diagram

U, U,

U, U,

with ¢(M,N) = (M', N) we obtain that a(s(chy)) is represented, in the
group H*~1 (un D Uy, R(p)) by the form

2p—1 2p—1 2p—1
w’( /\ (-ijyj)> = (b2p1< /\ 56;) +‘1>2p1< /\ yj)-
j=1 j=1 j=1

Observe that this form is not an element of EF2P~! (un@un, Uy, R(p)). Apply-
ing to w’ the same process applied to w, we obtain that Bo, in represented
by the form

2p—1 2p—1 2p—1
=t t
Ao o) (<)
j=1 j=1 7=1

By the properties of the trace of a matrix is easy to see that
2p—1 2p—1

¢2p_1< A gzg) = (—1)P—1c1>2p_1< A xj>_.

j=1 j=1
Let us denote by m,_1: C — R(p — 1) the projection given by
1
mpr(a) = 2@+ (~1P7),
Then

PROPOSITION 9.26. The image of the Borel element Bo, in the group
H?~1(g1,(C),R(p — 1)) is represented by the form 2m,—1 0 Pgp_1.



CHAPTER 10

Beilinson’s Regulator

10.1. Deligne—Beilinson Cohomology

In this section we will recall the definition and some properties of Deligne-
Beilinson cohomology. For more details the reader is referred to [1,2,27].

Let X be a proper smooth algebraic variety over C. Let D C X be a
normal crossings divisor and let X = X — D. We will consider X and X as
complex analytical manifolds. Then Q% will denote the sheaf of holomorphic
forms on X. Let us denote by j: X — X the inclusion. Let z1---2; = 0
be a local equation for D. Then the sheaf of holomorphic forms on X with
logarithmic poles along D, denoted Q*Y(log D), is the subalgebra of j, Q%
generated locally by Q*Y and the sections

dzi

2

, fori=1,... k.
Since j is affine Rj,Q% = j.{0%. In the derived category of sheaves over
X there are quasi-isomorphisms
(10.1) Rj.C — Rj.Qy = j.Q% « Q%(log D).
On the complex Q%-(log D) there is defined a Hodge filtration
FPQ(log D) = €P Q%(log D).
p'2p

In view of the quasi-isomorphisms (10.1), this filtration provides the coho-
mology of X, H*(X,C) with a Hodge filtration. This is the Hodge filtration
of the mixed Hodge structure of H*(X,C) [19].

Let A be a subring of C and let us denote by A(p) the subgroup (277)PA C
C. Let us consider the complex of sheaves on X

(10.2) Ap)p = s(RjA(p) ® FPQ(log D) * j.0%),

where s( ) means the simple complex of a morphism of complexes (i.e., the
cone shifted by one) and u(r, f) = r — f. In other words,

A(p)p = RjA(p)" @ FPQ%(log D) @ 1.5,
with
(10.3) d(r, fyw) = (dr,df,r — f — dw).

89
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DEFINITION 10.1. The Deligne—Beilinson cohomology groups of X are
the hypercohomology of the complex of sheaves A(p)p. These cohomology
groups will be denoted by H7 (X, A(p)).

There are obvious morphisms of complexes
ur: A(p)p — RjA(p),
uz: A(p)p — FPQ*(log D),
that induce morphisms
ui: Hp (X, A(p)) — H* (X, A(p)),
uy: H{)(X, A(p)) — FPH*(X,C).
LEMMA 10.2. The diagram

H (X, A(p)) —> H* (X, A(p))

“| l
FPH*(X,C) — H*(X,C)
18 commutative.
PRrROOF. Let (r, f,w) € A(p)}y be a closed representative of a class = €
H7 (X, A(p)). By (10.3), r and f are closed. Moreover r represents uj(z)

and f represents ug(x). But, since dw = r — f, both elements represent the
same class in H™(X,C). O

Alternatively we may represent Deligne—Beilinson cohomology by the
complexes
(10.4) A(p)p = s(RjA(p) — cone(FPQ5(log D) — 7.92%)),
(10.5) Alp)p & s(FpQ*Y(log D) — cone(Rj.A(p) — jiQ%)).
From the presentations (10.2), (10.4) and (10.5), and the fact that the spec-

tral sequence associated with the Hodge filtration degenerates in the term
FE1, we obtain the exact sequences

(10.6) HYY(X,C)— HL(X,A(p)) — HI(X,A(p)) ® FPHI(X,C)— - - -,

q—1
(10.7) MHH%(XA@))—’HWX’A@))H-~,
(10.8) HIH(X, C) — HA (X, A(p)) = FPHY(X,C)— --- .

Hi=1(X, A(p)
For instance, if A = Z and ¢ = 2p we obtain a short exact sequence
0 H?1(X,C)
N
Fp [ 2p—1 (X, (C) 4 H2p-1 (X, Z(p))
— Hy (X, Z(p) — H¥ (X, Z(p)) N FPH*(X,C) — 0
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Therefore, if X is projective, the group H%p (X,Z(p)) is an extension be-
tween the intermediate Jacobian, J,(X), and the group of Hodge classes
HPP (X, Z(p)).

We will be interested in the real Deligne—Beilinson cohomology groups of
X, H% (X , R(p)). These groups can be represented using smooth differential
forms. Let £* be the complex of sheaves of C-valued smooth differential
forms on X, &g be the subcomplex of real valued forms and E*Y(log D) be
the sheaf of smooth differential forms with logarithmic singularities along D
([14]). We will denote by E*(X), E(X) and E%(log D) the corresponding
complexes of global sections. If the compactification X and the divisor D
are fixed, for simplicity, we will write Ef;g(X ) = E*Y(log D). Let us denote
ER(X,p) = (2mi)PER(X). Since & is a resolution of R, €3 (log D) is a
resolution of Q% (log D) and £ is a resolution of %, then real Deligne-
Beilinson cohomology is the cohomology of the complex

D*(X,p) = s(Ex(X,p) ® FPE,(X) = E*(X)).
Let us denote by m,: C — R(p) the projection
(@) = (0 + (~1)77) /2.

In analogy with (10.5), the complex D*(X,p) is quasi-isomorphic to the
complex
Dj(X,p) = s(FPEjpy(X) == E3(X,p—1)).

The definition of Deligne—Beilinson cohomology can be extended to real
varieties. A smooth real variety Xg, is a pair (X, o), where X is a smooth
complex variety and o is an antilinear involution. Thus if Xk is a smooth
real variety, we can define an involution F' on H% (X , R(p)), acting as o on
the space and as complex conjugation on the coefficients.

DEFINITION 10.3. Let Xg be a smooth real variety. Then the real
Deligne—Beilinson cohomology groups of Xg are

F
Hp, (Xg, R(p)) = Hp (X, R(p))",
the subspace of invariant elements under F'.

EXAMPLE 10.4. Let us consider the variety X = Spec(C). From the
exact sequence (10.7) it is clear that

R, ifn=0,p=0,
(10.9) HE(X,R(p)) =< R(p—1), ifn=1,p>0,
0, otherwise.

ExAMPLE 10.5. Let k£ be a number field. Let X = Spec(k) ® C and let
Xg be its natural structure of real variety. Then, for p > 0,

F
Hp(Xg,R(p)) = (H R(p — 1)> :
b
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REMARK 10.6. In general it is not obvious how to put an integral or
even a rational structure on Deligne—Beilinson cohomology. Nevertheless, if
X is defined over k, using the natural k-structures of Betti cohomology and
of algebraic de Rham cohomology over k, one can define a k-structure on
Hp(X,R(p)), for certain values of n and p. See [2] for the details. In the case
of Example 10.5, since all the contributions to Deligne—Beilinson cohomology
come from Betti cohomology, H3, (XR, R(p)) has a natural integral structure

given by (HE Z(p — 1))F

10.2. Deligne—Beilinson Cohomology of B.GL,,(C)

In this section we will compute the groups H%p (B.GLn((C),]R(p)) and
relate them with the continuous cohomology groups of GL,,(C).

If X. is a simplicial smooth complex variety then D*(X.,p) is a cosim-
plicial complex and we may define

Hp (X, R(p)) = H* (s/\/(D(X.,p))).

In particular, the exact sequences (10.6), (10.7) and (10.8) are also valid for
simplicial varieties.
Since the group H??(B.GL,(C),C) is pure of type (p, p) (see [20]), then
H?*(B.GL,(C),C)
FrH?(B.GL,(C),C)
Moreover H?*~1(B.GL,(C),C) = 0. Therefore by the exact sequence (10.7),
the morphism

(10.10) wl: HZ (B.GL,(C),R(p)) — H*(B.GL,(C),R(p)).

=0.

is an isomorphism.

From the stability of the de Rham cohomology of B.GL,,(C) we obtain
also a stability theorem for the Deligne-Beilinson cohomology of B.GL,,(C).
We will write

HE (B.GL(C),R(p)) = lim Hpy (B.GL,(C),R(p)).

If n,m are in the stable range, then, for all p, the natural morphisms
Hp (B.GL(C),R(p)) — Hp (B.GL,(C),R(p))

are isomorphisms.
For any complex manifold X, and for p > 1, let us define a morphism of
complexes
n: D*(X,p) = Eg(X,p—1)[-1],
given, for (r, f,w) € DI(X,p), by

) mpa(w), ifj=1,
T](r7f7w)_{0’ ifj?él,
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Here we consider EJ (X, R(p —1))[—1] as a complex concentrated in degree
one. In particular, if X = SpecC, this morphism induces the isomorphism

Hp(X,R(p)) — R(p—1).
For the classifying space we obtain a morphism of complexes
N D*(B.GL,(C),p) — NEg(B.GL,(C),p - 1)[-1],
which induces a map

n*: Hb(B.GL,(C),R(p)) — H t (GL,(C),R(p — 1)).

cont

10.3. The Definition of Beilinson’s Regulator

In Section 10.1 we have defined Deligne—Beilinson cohomology as the
hypercohomology of certain complex of sheaves on the analytic topology of
a compactification X of X. Nevertheless Deligne-Beilinson cohomology can
also be defined as the hypercohomology of certain complex of sheaves over
the Zariski topology of X (see [2,27]). Therefore we can apply Gillet’s
construction of characteristic classes for higher K-theory [29]. Beilinson’s
regulator map is the Chern character map between higher K theory and real
Deligne—Beilinson cohomology.

For simplicity, instead of giving the general definition of Beilinson’s reg-
ulator map, we will give an ad hoc definition in the case of number fields.
The reader is referred to [2] for the general definition. Note that the defi-
nition presented here is simply a down to earth version of the definition in
[56] (see also [57]).

Let us fix an integer p and let n be such that n, 2p are in the stable range.
Let us denote by B.GL,(C)s the simplicial set underlying B.GL, (C). We
can consider Spec(C) as a complex manifold with only one point. Let us
write

B.GL,(C)? = Spec(C) x B.GL,(C)s.
There is a natural morphism of simplicial complex manifolds
ev: B.GL,(C)’ — B.GL,(C),
that induces a morphism
ev': HY (B.GL,(C),R(p)) — HY (B.GL,(C)’, R(p)).

Using equation (10.9), and Proposition 2.18, we can compute the
Deligne-Beilinson cohomology of B.GL,,(C)® and we obtain, for p > 1,

H(B.GL,(C)’,R(p)) = H>~! (B.GLn(C)5, H}, (Spec(C), R(p)))

= Hom(Ha,_1(B.GL,(C)°,R),R(p — 1))
= Hom (H5,”P(GL,(C),R), R(p — 1)).
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By the stability of group homology (Theorem 6.5) we obtain a stability
result for H2Dp (B.GL,(C)°,R(p)). As usual we write

B.GL(C)’ = lim B.GL,(C)’,

and we define H%p (B.GL(C)°,R(p)) accordingly. The map ev* induces a
map
ev': H (B.GL(C),R(p)) — HZ (B.GL(C)’,R(p)).
Therefore, to each class « € H%p (B.GL(C),RR(p)), we can associate a mor-
phism
Hzy_1(B.GL(C)*, R) "L R(p — 1).

If ch, € H*(B.GL(C),R(p)) is the component of degree 2p of the
twisted Chern character, we will also denote by ch, its image in the group

H?(B.GL(C),R(p)) by the isomorphism (u})~! (see (10.10)).

DEFINITION 10.7. Beilinson’s regulator map, for the field of complex
numbers, is the composition

Hur ev*(chp)
B

Kop-1(C) = Hazy1(B.GL(C)’, R) R(p—1).

This map will be denoted as rpe,c.

DEFINITION 10.8. Let k& be a number field, v its ring of integers and X
the set of complex immersions of k. Then the Beilinson’s requlator map for
the ring v is the composition

Kap( HEU (HK2p 1 ) Iz 7eec, <HR —1>

Let us see that Beilinson’s regulator map is also determined by an ele-
ment in continuous cohomology. Since B.GL,(C)? is discrete,

EY(B.GL,(C)%) =0, forq >0,
Eg(B.GLy(C)’,p— 1) = F(B.GL,(C)’, R(p - 1)),
where F (B, GL(C)°,R(p — 1)) is the space of functions from B, GL(C)°

to R(p — 1). Therefore the morphisms ev* is represented at the level of
complexes by the morphism

ND}(B.GL,(C),R(p)) — NF(B.GL,(C)’,R(p — 1))[-1],
(fr) { =1

0, otherwise,
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Moreover, by the commutativity of the diagram

ev™

HZ(B.GL,(C),R(p)) —=— HZ(B.GL,(C)’,R(p))

g |

HZH (GL(C),R(p — 1)) — Hekoup (GLn(C), R(p — 1))

cont

we obtain that Beilinson’s regulator map is determined by the elements

cont

n*(chy) € H2 (GL,(C),R(p — 1)).

These elements will be called Beilinson elements and denoted by Be,,.

10.4. The Comparison Between the Regulators

In this section we will compare Beilinson’s regulator, rge, and the renor-
malized Borel’s regulator, rg,. Observe that, in view of Proposition 9.21 and
Definition 10.8 it is enough to treat the case of Spec(C). Clearly, to com-
pare the morphisms we can compare the elements Bo, and Be,, in the group

H2 1 (GLn(C),R(p — 1)), for n,2p in the stable range (see Definition 9.4).

cont
THEOREM 10.9.
Bo, = 2Be,,.

PRrOOF. Since we have an explicit representative of Bo, in the group
E2p—1(g[n(C),R(p — 1)), the strategy will be to look for an explicit repre-
sentative of Be, in the same group.

Let us choose a compactification B.GL,,(C) of B.GL,,(C) with the divisor
at infinity D. a simplicial normal crossing divisor. Let

j: B.GL,(C) — B.GL,(C)

be the inclusion. Let us denote by £},

B.GL,,(C) with logarithmic poles along D.. Let £2 be the sheaf of real C>
functions on B.GL,(C) and & (p) = (27i)PER.
Let 7 C Op,aL, () = OaL,(c) be the ideal Keroy. It is the ideal of the

point e. Let J be the ideal of Op g1, (C) generated by Z2. Let B.(I)GL,L((C)
be the subscheme defined by the ideal J. We will consider it with the
analytical topology. Observe that B.(I)GLn (C) is concentrated on one point

in each degree. Let us denote by

the sheaf of holomorphic forms on

i: BYGL,(C) — B.GL,(C)

the inclusion.
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For p > 1, we have the following commutative diagram of sheaves

.
Ug

| | |

FFPOy, < i*s(RjR(p) @ FPQY — 5.9%) — s *€0 (p — 1)[—1]

|

i*(Rj«R(p) — j.O)

where the morphism 7 is induced by 1. The fact that B.(I)GL,L((C) has
support on only one point has several consequences. First, the sheaves of
the second and third row are, in fact, cosimplicial abelian groups. Moreover

"0y, = ' = @*(BYG). Finally i*(Rj.R) = R.

Let us compute the normalization of the cosimplicial abelian groups of
the second and third row.

N (i*(Rj.R)) = N(R) =R,

a complex concentrated in degree zero. Therefore for computing the coho-
mology in degree greater than zero we can ignore it. By Proposition 8.9,

Ni*O = E*(gl,,(C),C).
By Proposition 8.10,

NiQ* = W (g1, (C)).
Hence we also have

./\/'i*FinkOg = FPW*" (g[n((C)).
Note that, in the above equalities, gl,,(C) is considered a complex Lie alge-
bra. Finally, by Proposition 8.14
N EY(p—1) = B* (g1, (C), R(p — 1)).

In the last equality, gl,,(C) is viewed as a real Lie algebra. Therefore, taking

cohomology, we obtain the diagram

(1) n*

H?(B.G,C) H?(B.G,R(p)) HZ NG R(p - 1))

| | Jo

H?(FPW) <—— H2?(s(FPW — W)) —> H» (g% R(p — 1))

l Tp=1

H*~}(g,C)

(2)

where we have written G for GL,(C), g for the complex Lie algebra gl,,(C),
g® for the Lie algebra gl,(C) viewed as a real Lie algebra, and W for
W (gl,(C)).
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By Lemma 10.2, the morphism (1) is the isomorphism uj (10.10), fol-
lowed by the inclusion

H?*?(B.GL,(C),R(p)) — H*’(B.GL,(C),C).

By Theorem 8.12 and Proposition 5.33, the morphism (2) is the suspension
followed by the identification

H* Y(GL,(C),C) = H* (gL,(C), C).

By Theorem 8.15 the morphism (3) is the van Est isomorphism followed by
the inclusion

H*" (gl (C), up, R(m — 1)) — H*™ (g1, (C),R(m — 1)).
Therefore we have proved the following result

LEMMA 10.10. The image of the Beilinson element under the composi-
tion

HZ N (GL,(C), R(p — 1)) 2% B2 (g1,,(C), up, R(p — 1))

cont
— H*7}(gl,(C),R(p — 1))
agrees with the image of ch, under the composition
H??(B.GL,(C),R(p)) — H?*(B.GL,(C),C)
—2> H%?~1(GL,(C),C)
— H*"1(gl,(C),C)
B (gL, (C),R(p — 1)).

Let ®9,_1 be the forms used in Section 9.7 to obtain an explicit repre-
sentative of Borel’s element. Then, by Proposition 5.34, Example 5.37 and
Lemma 10.10 we obtain:

PROPOSITION 10.11. The image of Be, in H**~'(gl[,(C),R(p — 1)) is
represented by the form mp,_1 0 ®o,_1.

This proposition and Proposition 9.26 conclude the proof of the theorem.
O
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