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ABSTRACT. We construct a model of differential K-theory whose cocy-
cles are certain equivalence classes of maps into the Grassmannians and
unitary groups. In particular, we produce the circle integration maps
for these models by using certain differential forms that witness the
incompatibility between the even and odd universal Chern forms. By
the uniqueness theorem of Bunke and Schick, this model agrees with the
spectrum based models in the literature whose nongeometrically defined
Chern cocycles are compatible with the delooping maps of the spectrum.
These constructions favor geometry over homotopy theory.
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1. Introduction

Differential cohomology theories provide a refinement of cohomology the-
ories by incorporating additional geometric data. A historically important
example is differential ordinary cohomology, in which ordinary cohomology
classes are promoted to richer cocycles. For instance, an integral cohomol-
ogy class of degree one, which can be thought of as a homotopy class of a
continuous map from the manifold to the circle, is enhanced to an actual
smooth map from the manifold to the circle. Similarly, an integral coho-
mology class of degree two, which determines an isomorphism class of a
continuous complex line bundle, is enriched to an isomorphism class of a
smooth line bundle with a connection.

Constructions of these sorts have their roots in the original work of
Cheeger and Simons’ differential characters [CheeS|, Harvey and Lawson’s
spark complexes [HL|, and Deligne cohomology defined originally in the
holomorphic setting [D].

Hopkins and Singer in [HS| showed that every generalized cohomology
theory has a differential refinement and gave a construction of the differen-
tial cohomology theory as a homotopy fiber product of two ingredients, a
cohomology theory (homotopy invariant datum) and differential forms (non-
homotopy-invariant datum).

In [BS2], Bunke and Schick gave axioms for differential cohomology theo-
ries and showed that a differential extension, together with an S'-integration
map, often determine the theory up to a unique natural isomorphism. We
apply their characterization to our model of differential K-theory. We refer
the reader to [BS3] for a survey of applications of differential cohomologies
in mathematics and physics.

In [BS], Bunke and Schick construct a geometric model of differential K-
theory, based on ideas of index theory of Dirac operators, with an obvious
advantage in its immediate connection to geometry. Subsequently, Simons
and Sullivan [SS] constructed a differential extension of the even degree part
of K-theory as the Grothendieck group of appropriate equivalence classes of
vector bundles with connection. A particularly nice feature of this model is
that it does not require the additional data of differential forms, as required
in previous models. That is to say, the even degree cocycles are represented
by vector bundles with connection and no additional form data is required,
as opposed to the case in [FL], where an index theorem was established.
More recently, [BNV] proposed that differential cohomology theories can be
viewed in terms of a natural decomposition of general sheaves of spectra
on the site of manifolds into a homotopy invariant and a non-homotopy-
invariant part. In [Schr], differential cohomology theories are explained in
the context of cohesive topoi.

In Section 2 we review the definitions needed in this paper. For a fixed
differential cohomology theory, it follows from the axioms that the underly-
ing functor is well-defined on a nontrivial quotient of the category of smooth
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manifolds. Here, smooth maps are identified using an equivalence relation
determined by the fiber integration of “Chern forms” over homotopies (see
Remark 2.6). This provides a refinement of the homotopy category that
is sensitive to the differential theory. For differential K-theory, this cat-
egory is denoted by Smoothy, and the relation is that two smooth maps
fo, f1 : M — N are equivalent if there is a smooth homotopy f; such that
J; [ X is a Chern form on M, whenever X is a Chern form on N.

In Section 3 we construct models for differential extensions of complex
K-theory in odd and even degrees. The odd case is similar to the au-
thors” work in [TWZ2], using only the mapping space of the stable unitary
group U, though the space U is modified slightly to better accommodate
the S'-integration maps. The construction of a differential extension of
even K-theory defined here is entirely new, and is given by certain equiva-
lence classes of maps into a specific model of BU x Z. That the additional
data of differential forms is not required as input in our cocycles is due to
the nontrivial fact that the geometric classifying space used here contains
all Chern forms as well as all of their transgressions, see Theorem 3.17.

The work of [SS] suggested to us that one might hope for such a model
since one knows that, up to isomorphism, every connection is a pullback of
the universal connection. Yet, there are many seemingly unrelated maps
giving rise to the same isomorphism class of a bundle and connection, which
makes the problem of identifying our model in even degree with the Simons—
Sullivan model somewhat nontrivial.

To make the construction complete, several technical difficulties regard-
ing a suitable model of BU x Z, with explicit requisite structure (e.g., the
monoid structure) had to be surmounted. In one part, we produce explicit
homotopies for commutativity and the additive unit on which the Chern—
Simons forms vanish. It would be interesting to know if there are abstract
reasons why such homotopies exist. Regardless, one can envision possible
uses for the explicit homotopies (¢f. Lemma 3.9, Lemma 3.23, Lemma 3.24).
For instance, the classical Chern—Simons formulae often used with great suc-
cess in physics are a result of making specific choices of homotopies, i.e., the
straight line segment between connections.

A nice consequence of the model given here is that the set of cocycles
is a rather small and familiar objects from geometry. Moreover, there is
a natural map from the even part of our model to the Simons—Sullivan
model of differential K-theory which, by a strengthening of the Narasimhan—
Ramanan theorem, is an isomorphism. The even and odd models are both
expected to have interesting connections with higher degree gerbes and field
theories.

From the onset, in addition to using the explicit classifying spaces, we
insist on using the geometrically defined Chern forms, as opposed to abstract
cocycle representatives used in models constructed by means of homotopy
theory. Unfortunately, in using these classifying spaces, it is not clear how
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to express the multiplicative structure even at the level of non-differential
K-theory. In Section 4 we do construct an explicit S'-integration map for
the theory. In particular, by uniqueness results in [BS], this implies that
the definition given in [TWZ2] does correctly define the odd degree part
of differential K-theory. This was previously shown by Hekmati, Murray,
Schlegel, and Vozzo, in [HMSV], using different methods.

To build the S'-integration map, we construct explicit differential forms
which measure the discrepancy between the Chern forms in one parity and
the S'-integration of the Chern forms in the opposite parity, via explicit
homotopy equivalences BU x Z — QU and Q(BU x Z) — U. The existence
of such cochains in both parities, that agree on the nose with one another
through S'-integration, can be shown using abstract homotopy theoretic
arguments [HS]. Those cocycles, however, are not geometric, and in so
far as they make subsequent constructions easy, they deviate from natural
geometric objects and constructions.

We close with some comments on how our results relate to the possible
representability of differential K-theory. Of course, one could not possi-
bly represent this functor by a finite dimensional manifold, and on the other
hand, any functor extends to a representable functor on some category (e.g.,
the functor category, by Yoneda’s Lemma). One could ask for representabil-
ity in some geometric category such as diffeological spaces.

The results here produce by definition set bijections

KO(M)=Hom(M,BU xZ)  K~'(M) = Hom(M,U)

where the Hom sets are defined as CS-equivalence classes of maps into the
respective target: two maps fy and fi; are equivalent if and only if there is
a smooth homotopy f; such that | ; J{ Chis a Chern form on M, where Ch
denotes the Chern form on BU X Z or U defined below, respectively. One
might hope that the equivalence relation used above to define Hom(M, N)
in Smooth g, restricted to the cases N = BU x Z and N = U, would give
differential K-theory as well, but it turns out that this set is too large, even
for the point, M = pt. We are resolved then that differential K-theory is
equal to equivalence classes of maps determined by fiber integration of the
Chern form on targets BU x Z and U, and is functorial with respect to
equivalence classes of maps determined by fiber integration of any Chern
form on the target V.

2. Differential extensions of K-theory

In this section, we recall the definition of a differential extension of K-
theory with Sl-integration map from Bunke and Schick [BS2] and [BS3],
as well as a uniqueness theorem for differential K-theory, [BS3, Theorem
3.3], which will be used to identify the construction given here with differ-
ential K-theory. Denote by K*(M) the complex K-theory of a manifold M
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(possibly with corners). Recall that the Chern character Ch induces a (Zsg-
graded) natural transformation [Ch] : K*(M) — H*(M). (For an explicit
construction of these, see the next section.)

Definition 2.1 (Definition 2.1, [BS3]). A differential extension of K -theory
is a quadruple (K ,R,1,a), where K is a contravariant functor from the
category of compact smooth manifolds to the category of Zs-graded abelian
groups, and R, I, a are natural transformations

(1) R: K*(M) - Q4(M;R),

(2) I:K*(M)— K*(M),

(3) a: Q(M;R)/Im(d) — K*(M),
such that:

(4) The following diagram commutes

L

“(M) M),

\ Am
(5) Roa = d.

(6) The following sequence is exact

[Ch] 0
—

K*1(M) Q*L(M;R)/ Im(d) —%s K*(M) — K*(M) —2—0.
Remark 2.2. The diagram in condition (4) fits into the following character
diagram for differential K-theory, where the top and bottom sequences that
connect H*~1(M) with H*(M) form long exact sequences.

0
\ /'
Ker(R) K*( M)\
]

N

H*~Y(M) K*(M) H*(M)

SN

Q*—1(M;R)
Im([Ch]) m(R

&
s .
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The group Ker(R) has been considered by Karoubi [K], and subsequently
by Lott [L], as R/Z-valued K-theory. Bunke and Schick have shown that
Ker(R), the so-called flat-theory, is a homotopy invariant, and in fact ex-
tends to a cohomology theory (Theorem 7.11 [BS2]).

The following homotopy lemma is given in [BS2, Lemma 5.1].

Lemma 2.3. Suppose fi : M x I — N is a smooth homotopy. Then for any

x € K*(N) we have
fra~ fie=a( [ 5i7w).

Definition 2.4. For any differential extension K of K, there is a category
Smooth ;. with objects smooth manifolds, and morphisms given by equiva-
lence classes of smooth maps, where two smooth maps fo, fi : M — N are
equivalent if there is a smooth homotopy f; : M x I — N, such that

/ft*X € Im(R) whenever X € Im(R).
I

Let us check this indeed defines a category. The relation is easily seen
to be an equivalence relation, since integration along the fiber is additive,
and image of R is a subgroup. The only remaining item to check is that
composition of morphisms is well-defined. Suppose fy ~ f1, via some smooth
homotopy ft : M xI — N, and g9 ~ g1, via some smooth homotopy

: N xI— P. Then hy : M x I — P defined by hy = (g+ o fo) * (g1 0 ft) is
a homotopy from go o fo to g1 o f1, and, if X € Im(R) then

Juix =5 [aix+ [ eix

For the first summand on the right hand side, | 7 9¢ X is in the image of R
by assumption on g, and therefore so is f§ [ 1 9¢ X by naturality of K. Also,
X € Im(R) implies g7 X € Im(R) by naturality of K, so [; f(gi X) is in the
image of R by assumption on f;. This shows gg o fy is equivalent to ¢y o fi,
and we are done.

Corollary 2.5. For any differential extension K of K, the underlying func-
tor K is well-defined on Smooth ;.

Proof. It suffices to show that if two smooth maps fo, f1 : M — N are
equivalent, then fJ = f{'. Suppose f; : M x I — N is a smooth homotopy

such that
/ [£X € Tm(R)
I

whenever X € Im(R). Then, by the homotopy lemma 2.3, for any = € K(N)

we have
ﬁx—ﬁx=a</ﬁR@Q-
I
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By commutative diagram of K* we have that Im([Ch]) is equal to Im(R)
mod exact, and by the exact sequence we have that Ker(a) = Im([Ch]), so
the right hand side vanishes, and therefore fj = fi. U

Remark 2.6. One can similarly define a differential extension E of any
cohomology theory E, [BS2]. Just as in Definition 2.4 above, one obtains
a quotient of the category Smooth of smooth manifolds, by declaring two
smooth maps fy, f1 : M — N to be equivalent if there is a smooth homotopy
ft : M x I — N, such that

/ft*X € Im(R) whenever X € Im(R).
I

where R : E — Q is given in the differential extension. It follows just as
in Corollary 2.5, using only the axioms of a differential extension, that E is
well-defined on this category.

2.1. Sl-integration. We next recall that the S'-integration map in K-
theory, and then the notion of an S'-integration for a differential extension
of K-theory.

Definition 2.7. The inclusion j : M — M x S! via the basepoint and the
projection p : M x S' — M induce a direct sum decomposition

(M x 5Y) = Im(p") & Ker(j"),
where the map is given by a — (p*j*a,a — p*j*a). The map
q: M xS' = 2M,

induces an isomorphism ¢* : K*(XM,) — Ker(j*), which is composed with
the suspension isomorphism o : K*~1(M) — K*(X M) in the following way
to define the S'-integration map in K-theory

I’ *\—1 —
Jor : K*(M x 8%) —2 Ker(5*) @r, K*(BMy) 2 K*1(M).

Definition 2.8 (Definition 1.3, [BS3]). Let (K, R, I,a) be a differential ex-
tension of K-theory. An S! integration map is by definition a natural trans-
formation of functors Z : K*+1(— x S') — K*(—) satisfying the following
three properties:

(1) Zo (id x r)* = —Z where 7 : ST — S! is given by r(z) = Z.
(2) Zop* =0 where p: M x S — M is projection.
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(3) The following diagram commutes for all manifolds M

R
(M x §1)/Im(d) -% K+ (M x S1) -5 K*+1(M x S1) O (M x St
stl lz stl lfsl
Q= 1(M)/ Im(d) —*—s K*(M) ——— K*(M) (M)

W

where the maps [, on differential forms are integration over the fiber
S and the map [g : K*T1(M x ') — K*(M) is the S'-integration
map in K-theory.

Bunke and Schick have shown these structure uniquely determine differen-
tial K theory. The following theorem follows from [BS2], but was succinctly
stated as such in Theorem 3.3 of [BS3].

Theorem 2.9 ([BS2], [BS3)). Let (K,R,I,a,T) and (K',R,I',d',T') be
two differential extensions of complex K -theory with S*-integrations. Then
there is a unique natural isomorphism K — f(’, compatible with all the given
structures.

3. An explicit differential extension of K-Theory

In this section we give an explicit differential extension of K-theory by
taking certain equivalence classes of maps into the infinite unitary group U
or BU xZ. The odd part of the differential extension given here is essentially
the one developed in [TWZ2], whereas the even part is to our knowledge
new. We emphasize that this approach does not require the additional
data of differential forms as input. We rely on specific models for U and
BU x 7, with explicit monoid structures, universal Chern forms, and a Bott
periodicity map.

3.1. Model for U and the odd differential extension. We first recall
some specific constructions for the unitary group U.

Let C=, = span({e; }icz) be the complex vector space given by the span
of vectors {e;}iez. We will also denote this by C>, = CZ,, the space of
maps from Z to C with compact support. It will be useful to adopt the
following notation

C} =span{e; | p < i < g},
C?_ =span{e; | i < q},

C,° = span{e; | p < i}.

There is an inner product on C} given by (e;, e;) = §; ;. Note that we have
the inclusions C} C (CgJrl and C} C (Cg_l.
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Definition 3.1. Let Uy be the Lie group of unitary operators A on Cj, i.e.,
the space of linear maps A : C} — C] such that (A(x), A(y)) = (z,y) for all
z,y € C}. We have the inclusions U(()) cU',cU?,C-- given by

AeUl, w Ide®A@ldee U

(p+1)°
U=U(C>,)=JU?

p=>0

Let

be the stable infinite unitary group on C>_ = (Ccpt Equivalently, U is the
group of unitary operators on C* whose difference from the identity Id
of C=_ has finite rank. We put the final topology on U, that is, a subset
V C U is open if and only if the space V- N U, is open in U for all p.

We remark that this definition of the stable unitary group is isomorphic to
the group U(Cg°) of unitary operators on C3° = (Ccpt whose difference from

the identity on (C . has finite rank. In fact, any isomorphism p : (Ccpt Ccpt
permuting the ordered basis {e;}; induces an isomorphism of the unitary
groups

prU(CL) = UCL), pA)=ptoAop.

In [TWZ2] the authors construct a differential extension of odd K-theory
using the group U(C§®). These constructions work equally well with the
group U = U(C=,) defined above, but the model using C>_ fits better with
our discussion of BU x Z below, so we will review it here for completeness.

In our discussion below, we will need to consider the smooth structures
and deRham forms on U and BU X Z. Since U and BU X Z are not finite
dimensional manifolds, we use the more general notion of plots and differ-
ential forms given by plots, see, e.g., [Chen, Definitions 1.2.1 and 1.2.2].
Since U and BU x Z are filtered by finite dimensional smooth manifolds,
it is sufficient (and in fact equivalent) to consider differential forms on each
finite manifold that are compatible with the filtration, thus justifying the
following definition.

A k-form o on U is given by a sequence of forms {a,, € Qk(Ufp)}pZQ such
that, for all p > 0, we have

incly(apy1) = ap,

where incl,, : Up curtt ) is the inclusion.

—(p+1

Definition 3.2. We define the universal odd Chern form Ch € Q°4(U) by
1 h:=T "
(3.1) ¢ > @iyt (2n+ 1)1
n>0

Here w = {w,} where w, € Q'(U”)) is the left invariant Lie algebra val-
ued 1-form on the unitary groups U” p- Note that w is well-defined since

the inclusions incl, : Uf — UpJ(r1+l)

are group homomorphism and thus
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incl;(pr) = wp. In particular, for any smooth map g : M — U we have an
odd degree closed form

Ch(g) := g*(Ch) € Q' (M).

Definition 3.3. The odd Chern form induces an associated transgression
form CS € Q¢V**(PU) on the path space PU of U, defined

(3.2) CS:= / ev; (Ch)
tel
where ev, : PU — U is evaluation of a path at time ¢.

By Stokes’ theorem we have for v € PU that

(3.3) dCS, = evi(Ch) — evy(Ch).
In particular, for amap g : M x I = U, i.e., g: : M — PU, we have
CS(ge) :==g;(CS) = [ Ch(gy)
tel

satisfies dCS(g:) = Ch(g1) — Ch(go). Note that this implies that the form
CS € Q" (QU), obtained by restriction to the based loop space QU of U,
is closed.

Definition 3.4. Two maps go,g1 : M — U are CS-equivalent if there is a
smooth homotopy g; : M x I — U such that CS(g;) € Q°°"(M) is ezxact.

Remark 3.5. It follows from Theorem 3.17 below that the previously in-
troduced equivalence relation is the same as the equivalence relation: two
maps ¢o,91 : M — U are CS-equivalent if there is a smooth homotopy
gt : M x I — U such that CS(g:) € Q°V°"(M) is an even degree Chern form
on M (see Definition 3.15).

We now wish to introduce a monoid structure on U, making the set of
CS-equivalence class of maps g : M — U into an abelian group. This was
achieved in [TWZ2] using the elementary block sum operation & on U(C°)
defined below, which works perfectly well for constructing both the odd K-
theory group of M, and the differential extension in [TWZ2]. But, since this
operation is discontinuous on U, it is cumbersome to use this operation to
build S'-integration maps that are group homomorphisms induced by Bott
Periodicity maps between BU x Z and QU .

Instead, we will introduce another monoid operation on U, denoted by H,
which is continuous and in fact smooth on plots. As we will show, these two
operations will induce the same operations on the CS-equivalence classes,
cf. Lemma 3.9. First let us recall the elementary block sum.

Remark 3.6. In [TWZ2, Section 2] the block sum operation on U ((C{i?t)

is defined as follows. If A,B € U (Ciﬁ’t) are given by A = A§ @ Id%, and
B = Bf®1d}%,, then A® B = Ak & Bf@1d7%,, . Note that this definition

depends on the chosen integer k, and there is no consistent choice for k to
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make this block sum into a continuous operation on all of U. However, we
may remedy this below by a shuffle sum operation H, which does not depend
on any choice.

We now define a shuffle sum operation H which is continuous on U but
not associative.

Definition 3.7. Consider the inclusion

U(CL,) x U(CZ) — U(CE, @ CL,) = U(CEP).

cpt cpt cpt cpt
Z
cpt

e; of (C%pt and (CCZI')JtZ, there is an induced isomorphism of the unitary groups

For any isomorphism p : CZ, — C?I';’tz given by relabeling the basis elements

pUCH") - UCL) =U, pA)=ptodAop.

cpt

We choose p to be the shuffle map pg, : (C%pt — C%putz’ which maps a basis
element e; with an even index to pgh(egr) = e into the first Z component,
and a basis element with an odd index pgn(e2x+1) = e;c into the second Z
component. With this, we define the (shuffle) block sum as
incl 5s
B:U(CL,) x U(CE,) S U(CE2) 22 U(CZ).

cpt cpt cpt cpt

Note, that H is a composition of two continuous maps, and thus continuous.

Remark 3.8. With respect to the two operations above, we have
Ch(fBg) = Ch(f) + Ch(g) and CS(f;Bg:) = CS(fr) + CS(g),

because in both cases the trace is additive. Moreover,

CS(ft o gt) = CS(ft) + CS(g)-

It follows that the set of CS-equivalence classes of maps M — U inherits
two binary operations, and is a monoid under the operation induced by .
The following lemma shows that these two operations on CS-equivalence
classes are in fact equal.

Lemma 3.9. Let f,g : M — U be smooth. There is a smooth homotopy
hy : M x I — U satisfying ho = f @ g, hy = fHBg and CS(hy) = 0. In
particular, f @ g is CS-equivalent to f B g, so that [f ® g] = [f Bg].

Proof. We may assume f,g: M — U”, for some n € N, so that f & g and
fHg are maps from M to Uzzn The maps f @ g and fH g differ only by an
automorphism of U?3  induced by a permutation of coordinates, and since
an arbitrary permutation of the coordinates of C*% may be obtained as
a composition of transpositions of adjacent coordinates, it suffices to show
there is a path S; from A ® B to B® A, for maps A, B : M — U such that

CS(S¢) = 0. This is proved in Lemma 3.6 of [TWZ2]. O
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In [TWZ2] it is shown that @ in fact induces an abelian group structure
on the set of CS-equivalence classes of maps g : M — U, with the inverse of
[9] given by [¢7!]. So, by the above Lemma, there is also the same abelian
group structure induced by H.

This defines a contravariant functor from compact manifolds to abelian
groups, which we denote by M — K~1(M). In [TWZ2] the remaining data
of a differential extension of K ! are defined. To conclude this section,
we review these here as they’ll be used later for the construction of S!-
integration.

Definition 3.10 ([TWZ2]). We define R = Ch: K~'(M) — Q94 (M) and

I: K" (M) — K~Y(M) to be the forgetful map, sending a CS-equivalence
class of a map g : M — U to its underlying homotopy class. This yields a
commutative diagram

K—1(M)

K=Y(M) Hedd (D).

\ %ﬂl

Qodd M)

The remaining data is given by a map a : Q" (M;R)/Im(d) — K~1(M),
constructed as follows. To define the map a we first construct an isomor-
phism

CS : Ker(I) — (Q°°*(M)/Im(d)) / Im([Ch])
where

Ker(I) = {[g] | there is a path g; such that g; = g and g9 = 1}.

The map CS is defined for [g] € Ker(I) ¢ K~1(M) by choosing a (non-
unique) map g¢ : M x I — U such that g; = g and gop = 1 is the constant
map M — U to the identity of U, and letting

CS([g]) = CS(gs) € (Q°°"(M)/Tm(d)) / Tm([Ch]).

According to [TWZ2], this map is well-defined independently of choice of
representative since, modulo exact forms, every even degree CS-form on M
of a loop M — Q(U) can be written as an even degree Chern form of some
connection; see [TWZ2, Theorem 3.5]. Moreover this map is surjective since,
modulo exact forms, every even form on M is a the CS-form of some path;
see [TWZ2, Corollary 5.8].
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~ 1
Finally, the map a = CS o« is defined to be the composition of the

—~—1
projection w with CS

Qever (M) / Tm(d) —— (Q°¥**(M)/ Im(d)) / Tm([Ch])

Ker(I) ¢ K~*(M)

and this map satisfies Ch o a = d, Ker(a) = Im([Ch]), and Im(a) = Ker(I),
yielding the exact sequence

K1 (00) L 01 (M R) T (d) —s BH (M) — K* (M) —— 0.
3.2. Model for BU X Z and the even differential extension. We now
recall the construction of the model of BU x Z from McDuff [MacD]. We
will use this model of BU x Z to define a differential extension K° of K©.

Let U be the unitary group of operators on C>_, as in Definition 3.1.
We denote by I : C*, — C>_ the orthogonal projection onto C* __. Of
particular interest to us will be the orthogonal projection Iy onto C° __.

Definition 3.11. A Hermitian operator on C} is a linear map h : C} — C}
such that (h(z),y) = (z,h(y)). We denote by H,} the space of Hermitian
operators on C} with eigenvalues in [0,1]. Note, that there are inclusions
Hg C Hll C HE2 C --- given by

heH?, w— ldc@he0eHY .
Let

H=|JH,
p=0

be the union of the spaces under the inclusions. In other words, H is the
set of Hermitian operators h on C>,_ with eigenvalues in the interval [0, 1],
such that h — Iy has finite rank. Again, we put the final topology on the
space H; i.e., V C H is open ifft V.N H? , C H”  is open for all p.

There is an exponential map

(2mih)™

n!

exp: H = U, exp(h):=e™" = Z
n>0

The fiber exp~*(Id) of the identity Id = Idc=_ € U is the subset of H of
operators with eigenvalues in {0, 1},
exp H(Id) = {P € End(C>=,) |
P is Hermitian, spec(P) C {0, 1}, and rank(P — Ip) < oo}.
The space H is contractible with contracting homotopy
h(t) =th+ (1 —t)Io,
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providing a path which connects any h € H to Iy € H. Therefore, there
is an induced map E to the based loop space QU of U. According to [D],
[AP], [B], [B2] this map E is a homotopy equivalence

Proposition 3.12 ([MacD]). The map E : exp~1(Id) — QU given by
E(P)(t) _ 627ri(tP+(17t)]0)
is a homotopy equivalence.

This justifies the following definition, which will be the model of BU x Z
used throughout this paper.

Definition 3.13. We will denote by BU x Z the space

BU x Z :=exp }(Id) = {P € End(C™, ) |
P is Hermitian, spec(P) C {0,1}, and rank(P — Iy) < oo}.

Note, that there is a one-to-one correspondence between BU x Z and the
space of linear subspaces of C*_ which contain some C” __ and which are

—0oQ o
contained in some C? __,

exp (1) = {V € €%, [C7 € V € CL_for some p,q € Z }.

The equivalence is given by P +— V = Im(P) with inverse V' + projy,, where
projy, denotes the orthogonal projection to a subspace V C C>_.

Next, we show how to recover the integer Z factor of BU x Z. We define
the rank : BU x Z — Z as follows. Let P € BU x Z and let V = Im(P) be
the image of P, so that C* _ Cc V C CZ_ for some p,q € Z. With this, the
rank of P is defined to be

(3.4) rank(P) := p + dim(V/C" ).

Notice that the rank(P) is a well-defined integer independent of the choice
of p and q.

The topology that BU x Z inherits as a closed subspace of H has the
property that for any compact subset K C BU x Z, there exist integers p
and ¢ such that K C (BU x Z)}, where

(3.5) (BU x Z)} :={P € BU x Z|C? _, c Im(P) Cc C? _}.

Let M be a smooth compact manifold. A map P : M — BU x Z deter-
mines a vector bundle with connection over M, which is well-defined up to
the addition of the trivial line bundle with the trivial connection d, and a
realization of this bundle as a sub-bundle of a trivial bundle, in the following
way.

Definition 3.14. Let P : M — BU x Z be smooth. Choose p,q € Z such
that C” , C Im(P) c CZ_, i.e.,,

Im(P(z)) = C" & V(x), with V(z) c C}
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for all z € M. Let Ep = UzepV(z), which is a sub-bundle of the trivial
bundle M x CJ. This vector bundle inherits a fiber-wise metric by restriction
of the metric on H. The projection operator onto V(x) defines a connection
on Ep, given by Vp(s) = P od(s), which is compatible with the metric.
Note that changing the integer p, say by subtracting one, adds on the trivial
line bundle with the trivial connection. So we have an assignment

P~ (Ep,Vp)
where the right hand side is well-defined up to addition of (C",d), for some
n € N.

The curvature of the connection Vp is given by R = P(dP)? = (dP)*P.
This justifies the following definition, in which we use the notion of plots and
forms given by plots, where BU x Z is filtered by the spaces (BU x Z)"
from Equation (3.5). In particular, a k-form o« on BU x Z is given by a
sequence of forms {a, € *((BU x Z)” ))}p>0 such that

incly (apt1) = ap,
where incl, : (BU x Z)",, € (BU x Z)"*!, |, P — Idc @ P &0, is the

—(p+1)’
inclusion.

Definition 3.15. The universal even Chern form Ch € Q5" (BU x Z) is
defined by

(3.6) Ch(P):=Tr)

n>0
where, by definition, Tr(P) = rank(P), c¢f. Equation (3.4).

1 1
— P(dP)*"
(27i)™ n! (dP)

Note this is well-defined since PdP? is invariant under pullback along the
maps incl,, since d(Idc @ P ®0) = 0@ dP @ 0. We also have the associated
Chern—Simons form.

Definition 3.16. Denote by P(BU x Z) the path space of BU x Z. The
universal Chern-Simons form CS € Q°Y(P(BU x 7)) is given using the
evaluation map at time ¢, evy : P(BU x Z) — BU x Z, by

(3.7) CS ::/ evy (Ch).
tel

It is straightforward to check that for a map P : M x I — BU X Z, i.e.,
P, : M — P(BU x Z), we have that the pullback P;(CS) € Q°4d(M) is
given by (cf. [TWZ2, (2.2)])

(3.8) CS(B)
.= PF(CS)

1 9 2n+1 factors
1 1 —_—N—
= — T Id-2P) | =P |dP,N---ANdP; | dt
/0 2 | 0472 (at ) t t
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where R; = Pt(dPt)Q is the curvature of P.. Moreover, by Stokes’ theorem
we have that

(3.9) dCS., = ev’(Ch) — ev}(Ch).

Let K°(M) = [M, BU x Z] denote the homotopy classes of maps from M
to BU x Z. It follows from (3.9) that there is an induced Chern homomor-
phism [Ch] : K°(M) — H®"*"(M), given by P ~ [Ch(P)].

We now state some fundamental results concerning Chern and Chern—
Simons forms on a manifold.

Theorem 3.17. Let M be a smooth compact manifold and consider the
maps

Ch : Map®’(M,U) — Q5 (M;R)
Ch : Map® (M, BU x Z) — Q5" (M;R)

cl

given by the pullback of forms (3.1) and (3.6), where Map® denotes the
connected component of the constant map. Furthermore, consider the maps

CS : Map, (M x I,U) — Q%*(M;R)
CS : Map, (M x I, BU x Z) — Q°(M;R)

given by the pullback of forms (3.3) and (3.7), where Map, indicates based
maps whose time zero value is constant at 1 € U, respectively Iy € BU X Z.
Finally, consider the induced maps

CSq : Map(M,QU) — Q4" (M;R)
CSq : Map(M, Q(BU x 7)) — Q%34(M;R)

obtained by restricting the maps CS above to those based paths that are based
loops. Then, for both even and odd degree cases, we have the following
statements.

(1) Im(d) C Im(Ch), where d is the DeRham differential.
(2) CS is onto.
(3) Im(Ch) = Im(CSgq) modulo exact forms.

Proof. The first statement (1) for odd forms is given by Corollary 2.7 of
[TWZ2]. For positive degree even forms we know from Proposition 2.1 of
[PiT] such exact even real forms can be written as the Chern form of con-
nection on a trivial bundle, so the result follows from Narasimhan—Ramanan
[NR] and the fact that trivial bundles are represented by nulhomotopic maps.
The second statement (2) for odd forms was proved in Corollary 2.2 of
[PiT] (sharpening Proposition 2.10 of [SS]), and the second statement for
even forms is proved as follows. Corollary 5.8 of [TWZ2] states that the
map CS is onto Q¢V*(M)/Im(d). By the previous case, we may write an
exact error as an even Chern form, which by Theorem 3.5 of [TWZ2] may
be written as the even CS-form of a based loop. By taking block sum of (or
concatenating) the path with the loop, we obtain the desired result.
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For the third statement (3), first note that the map CSgq indeed lands in
the space of closed forms, due to Equations (3.3) and (3.9).

For the case of even forms, statement (3) is Theorem 3.5 of [TWZ2].
(Alternatively this also follows from Lemma 4.1 below using the map F,
by an argument very similar to the one that we give next for the case of
odd forms.) For the case of odd forms, we use Lemma 4.15 below, which
shows that the map h : Q(BU x Z) — U induced by holonomy satisfies
CSa(f) = Ch(ho f) € Q54(M;R) modulo exact forms. But the map h is
a homotopy equivalence, so by choosing any homotopy inverse we see that
the other containment holds modulo exact forms as well. ]

Definition 3.18. Two maps Py, P : M — BU x Z are CS-equivalent if
there is a smooth homotopy P; : M x I — BU x Z from P, to P; such that
P (CS) = CS(P,) € Q°44(M) is exact.

Remark 3.19. It follows from Theorem 3.17 that the previously intro-
duced equivalence relation is the same as the equivalence relation: two maps
Py, Py : M — BU x Z are CS-equivalent if there is a smooth homotopy
Py : M x I — BU xZ from Py to P; such that P;(CS) = CS(P;) € Qo4 (M)
is an odd degree Chern form on M.

We denote the set of CS-equivalence classes of maps from M to BU X Z
by the suggestive notation KO9(M). This is a contravariant functor from
the category of smooth manifolds and maps to sets. We wish to introduce
an abelian group structure and show this is indeed a differential extension
of K-theory. The naive definition of sum is given as follows, but suffers
the same issue of not being continuous as does Definition 3.6, since it de-
pends on noncanonical choices. Nevertheless, on plots it is well-defined and
associative.

Definition 3.20. We define @ : (BU X Z) x (BU x Z) — BU x Z as follows.
For P,(Q € BU x Z choose maximal p,m € Z, and minimal ¢,n € Z, such
that Im(P) = C? _ &V and Im(Q) = C™_ & W, where V and W are finite
dimensional subspaces satisfying V' C C} and W C C?,. Then, define

P& Q= projerime, (vyms,w)

where proj, denotes the orthogonal projection to a subspace Z C C=,
and sj denotes the operator given by sk(e;) = e;1x. Note that the above
definition depends on the integers p, g, m,n, which, in general, may vary
discontinuously.

We now define a second sum operation, which is a continuous operation
on BU X Z, but is not associative.

Definition 3.21. We define H : (BU x Z) x (BU x Z) — BU x Z by
defining a shuffle block sum H : H x H — H and then by showing that

this factors through BU x Z C H. Recall that H = H(CL) is the set of
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hermitian operators h on (C?pt with eigenvalues in [0, 1] such that h — Iy has
finite rank, and, similarly, denote by H ((C%pt @ (C?pt) the set of hermitian
operators h on Cczpt @ Ccht with eigenvalues in [0, 1], such that i — (Ig ® Ip)
has finite rank. In analogy with Definition 3.7, we define the shuffle block
sum to be the composition

incl ~s 1
H: H(C%pt) X H(C%pt) — H((Cz:pt D (Ccht) = H(CZHZ) g H((Ccht)v

cpt
where the first map is the inclusion, and the second map is the map induced

by the shuffle map pg, : C%; — CZ5% from Definition 3.7 via

pan s H(CHE) = H(CY),
psu(h) = Pl o h o ps,. Note that jg, indeed lands in H ((C%pt). Further,

since the eigenvalues are preserved by incl and pg,, we see that BU X Z is
preserved by H, inducing the desired map

B:(BU xZ) x (BU xZ) — BU x Z.
Remark 3.22. With respect to the two operations we have
Ch(f @ g) = Ch(f) + Ch(g) = Ch(f Hyg)
and
CS(fe ® g¢) = CS(fe) + CS(gr) = CS(fe B gr),
since in either case trace is additive. Moreover, for the path composition

gt * hy, we have CS(f; x g¢) = CS(f;) + CS(g¢)-

We will first show in Lemma 3.23 that restricted to any plot, the operation
@ is abelian up to a path that has vanishing CS-form, and also that each
plot P: M — BU x Z has an additive inverse P+ : M — BU x Z, again up
to a path that has vanishing CS-form. Then, in Lemma 3.24, we use similar
techniques to show the operations @ and H are in fact homotopic, and even
more, CS-equivalent, and so introduce the same operation on K O(M). It
will be useful for calculations and propositions that follows to have both
operations.

Lemma 3.23. For any P,Q € Map(M, BU x Z), there exists a path I'y €
Map(M x I, BU x Z) such that

Iy=PaQ, I=Qa& P, and CS(I'y) =0.
Also, for any P € Map(M, BU x Z), there exists a path
T, € Map(M x I, BU x Z)

such that
Iy=P®Pt, Ty=1I, and CS(T})=0.
Here Pt is defined by

1 .
P~ =proje-u g, (v
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where Im(P) = C* @V with V. C C}, and V+ C C} is the orthogonal
complement of V in C}, and sy denotes a “shift” by £ as in Definition 3.20.

Proof. For the first statement, we assume that for some integers m,n,r, s €
Z, the maps P and @ have images Im(P) = C™ &V, where V C C}}, and
Im(Q) = C" & W, where W C C:. By picking p > 0 large enough, we
may assume without loss of generality, that m = r = —p and n = s = p.
We construct a path of the form I'; = id o2 @ S b 0|(C°° such that I'; has

vanishing CS-form and the path T' equals P ® Q and Q @ P at the two
endpoints.

To simplify the notation we’ll define our paths on the interval [0, 7/2],
which can always be reparametrized to be a path on I = [0,1], with the

same properties as stated above. We will use X (t) : C p C*, | defined

_2p7
by

cost sint
—sint cost|’

X(t) = [

where this block matrix acts on (C%pQP = (C(l?pEBCgp ) Furthermore we denote

by A the 2p x 2p-matrix representing the map P|cr : C p CP_, and by
-p

Zp
B the 2p x 2p-matrix representing Q|e» : CP » CcP I and we use these to
—-P

define the map F': (CQp — Cngpa

A 0
F = 3—p(P|(Czlp) s> 3p(Q|(Czip) = |:O B] ’
With this notation, consider the path S; € Map(M x [0, 7/2], End((Czﬁp))v
S = X(OFX ()"

so that Sg = [61 g} and Sy/p = [g SJ . Using the fact that

—(X(®) ==X X)X,
we get
S =X'(OFX(t) ™ — X FX () X' ()X ()~
and we have that
(dSy)*™! = (X (H)dFX (1)) = X (1) (dF)> 1 x (1)
Using the explicit formula for CS(I';) = CS(S;) from (3.8), it suffices to show

Tr<(Id - QSt)S;(dSt)Q”“) ~0.
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First, we have

Tr (Sg(dst)%ﬂ)

Te (X (¢ F(AF)* X (1) = X(OFX (67 X' (6)(dF)* 1 X (1))
= r(X (O X @) F(AF)* T - X (t)*lx’(t)FL(dF)%H),

where we used F(dF)? = (dF)F*(dF) = (dF)*F and the fact that trace is
cyclic. Next, we compute

T ((5)Si(ds)™ )
= Tr(FX(t)’lX’(t)F(dF)Q”“ - FX(t)*X'(t)(dF)%H)
= Tr (X ()7 X (1) (~F)(dF)* )
T (FX ()7 X (F(F)? ) = Te(X ()7 X/ ()FF(dF)> ) = o.
Putting this together and using F — F+ — 2(—F+) = Id we have
Tr((Id - zst)s;(dst)%ﬂ) =Tr (X(t)_lX’(t)(dF)2”+1) —0,

since X (¢)7'X'(t) = [—2d I(()i , and (dF)**! is block diagonal.

For the second statement, write Im(P) = C? _ & V, where V C C}.
Denote by V+ C C} the orthogonal projection of V' in C}, and let P+ be the
orthogonal projection onto C~ @ s_,_,(V+). By Definition 3.20, P @ P+
is the projection onto C” ! & s_q(V)@s_p(V+). Notice that s_q(V) € CY_,
and s_,(V+) € C{™". Similarly to the previous case, let X (t) : CI~% — CI~%
be the map

X(t) = {

cost sint
—sint cost

regarded as an endomorphism of Cg_q @ CEP. We denote by A the (q —
p) x (g — p)-matrix representing the operation P|cq : Cj — Cj, and by At
the (¢ —p) % (¢ — p)-matrix representing P*|.—» : C_ — C_. Denote by
—q
. (9P q—p . (4P q—p
G:C,_,—Cp_jand H:C,_, — C,_ the maps
A 0
G = S_Q(P|(Cg) ©® Id|(Cg_p = |:O Id:| )
Id 0
_ €L _
H=1dley @ sy(P7le—r) = [ } |

0 At
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Consider the path S; € Map(M x [0,7/2], End(C]~7)),
A+ sin?(t) At cos(t )sm( )AL
cos(t) sin(t) A+ cos?(t)ALt |-

Then Sy = [61 /?4 , and Sy = [151 8] Also, S; is symmetric and S =

Sy, for each t, so I'y :=id—» @S @ 0 satisfies I'y : M X [0,7/2] - BU x Z,
and Ty = P & P+ and T'; = Iy. We then calculate

S, = X(t)GX(t)'H = [

_ cos?(t) — cos(t) sin(t)
dS: = - cos(t) sin(t) - cosQ(t) ] d4,
cos?(t
(d5e)* = 0 cos?(t) ] (a4
Qst _ [ 2cos(t)s n(t)AL (cos?(t) — sin?(t)) A }
ot |(cos?(t) —sin®(t)) AL —2cos(t)sin(t) AL |’

and with this,
(Id — 25;)S.(dS;)* 1
= (Id — 25;)S;dS; - (dS;)*"

—sin(t) cos(t) - A- —cos?(t) - A+
—cos?(t) - AL sin(t) cos(t) - A+

Thus, we see that we have a vanishing trace,
Tr((Id — 25;)S;(dSy)*" ) = 0.

It therefore follows from Equation (3.8) that CS(I';) = CS(S¢) = 0, which is
the claim. O

] - cos?™(t)(dA)*" T,

We now show the operations & and H are CS-equivalent.

Lemma 3.24. Let M be a smooth compact manifold.

(1) Let k A€ € Z and let T : BU x Z — BU x Z be the map induced by
the isomorphism 7 : C2°_ — C=_ which exchanges the k' and the
(M basis vectors of C=. Then there is a map

I'': BUXZx1— BU xZ,

ie.,I': BUXZ — P(BU XZ), such that T'(P)o = P, I'(P); = ToP,
and CS(I'(P);) = 0.
In particular, any plot g : M — BU X Z is CS-equivalent to T o g.
(2) Let P,Q: M — BU x Z. There is a smooth homotopy

I'n: MxI— BUXZ

satisfying To =P ® Q, 'y = PHQ and CS(I'y) = 0.
In particular, P ® @ is CS-equivalent to PH Q, so that

[PeQ]=[PBQ]e K'(M).
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Proof. First the first statement we may assume ¢ = k + 1 since any per-
mutation can obtained by a composition of such transposition and CS is
additive with respect to compositions, ¢f. Remark 3.22. For this case we
cos(t sin(¢
B s11(1()t) cos((t))} on (C]/,z+2 and by the
identity everywhere else (compare this with the proof of the first part of the
previous Lemma 3.23). Setting T'(P); = X (t)PX (t)~!, the same argument
and calculation as in the first part of the previous Lemma 3.23 shows that
['(P); swaps the k' and (k+1)** basis vectors and has a vanishing CS-form.
Now, for the second claim, for fixed plots P,(Q, we may find numbers
p, ¢, m,n, such that Im(P(x)) = C? _ &V (z) with V(z) C C} for all z € M,
and Im(Q(x)) = C” & W(x) with W(z) C C}, for all x € M. Without
loss of generality, we may assume that p = m (by taking the minimum of p
and m) and ¢ = n (by taking the maximum of ¢ and n). Then

use the rotation family X (¢) given by [

P(z) ® Q(x) = projges + Projs,(v(a)) + Projs,w(z))

has an image Im(P(x) ® Q(z)) = (C2_poo ® sp(V(z)) ® sqg(W(x)). Thus, the
direct sum @ (for these plots) can be expressed as the composition

incl

D H(C%pt) X H(Ccht) — H(C%pt D (C%pt) = H(C%I‘a_tlsz) £> H(C%pt)a
where p : CZ — CZGZ is given by
psh(er), for k < 2p,
€k—p, in the first Z component for 2p < k <p+q,
plex) = e%_(ﬁq), in the second Z component for p+q < k < 2gq,
psh(ek)v for 2q < k.

Therefore, P(z) & Q(z) and P(z) BQ(x) € H(C%,) differ only on ng, and

there P(z) ® Q(z) = &(P(x) B Q(x)) for some isomorphism
a: (ng — (ng

which relabels the basis elements of (ng. Fach such isomorphism is a com-
position of transpositions as in part (1), so that the result follows from the
claim in (1). O

Corollary 3.25. The set of CS-equivalence classes of maps of M into BU x
Z has an abelian group structure induced by @ or B, with identity [Iy], and
so M — K'O(M) defines a contravariant functor from compact manifolds to
abelian groups.

We now show that the functor K9 admits the data of a differential exten-
sion. By Theorem 2.9, i.e., [BS3, Theorem 3.3] of Bunke and Schick, it then
follows that this model is isomorphic to any other model of even differential
K-theory, via a unique natural isomorphism.
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Definition 3.26. Let I : KO(M) — K°(M) denote the forgetful map which
sends a CS-equivalence class of maps to its homotopy class. By Equation
(3.9) we have a well-defined map R = Ch : KO(M) — Q&**(M), and by
definition of the Chern character (3.6) we have a commutative diagram

[Ch]

I
RO( M)/ Heven(ag).
\ deRham

Q5" (M)

KO(M)
Ch

The remaining data is given by a map a : Q°%(M;R)/Im(d) — KO(M),
constructed as using the ideas from [SS]. To define the map a we first
construct an isomorphism

CS : Ker(I) — (QOdd(M) /Im(d)) /Im([Ch])
where

Ker(I) = {[P] | there is a path P, : M x I — BU x Z such that P, = P
and Py = Ip: M — BU x Z is the constant map to Iy}.

The map CS is defined for [P] € Ker(I) € K°(M) by choosing a (nonunique)
P, : M x1I— U with P, =P and Py = Iy, and letting

GS(P) = CS(R) € (2(M)/Tm(d)) / 1m((Ch)).

We first show this map is well-defined. For two different choices P; and @
satisfying P} = ()1 = P and Py = Qg = Iy, consider the composition

F,=Q_1xP: M — QBU x 7).

But CS(P;) — CS(Q:) = CS(F;) € Im(Ch) mod exact forms by Theorem
3.17(3), and Im(d) C Im(Ch) by Theorem 3.17(1). Thus, CS(P;) and CS(Q;)
coincide modulo Im(Ch), which shows that CS is well-defined. Next, the
map CS is onto, since CS is onto by Theorem 3.17(2).

Finally, we show the map CS is one to one. Suppose [P] € Ker(I), so
that G\S([P]) = 0, i.e, that CS(FP) € Im(Ch) for some choice of P; as
above. Then CS(F;) = Ch(g) for some g : M — U. By Theorem 3.17(3) we
have Ch(g) = CS(Q:), modulo exact, for some Q; : M — QBU x Z. Let
K; = Q1_+*P; be the concatenation, which is a new homotopy from P to the
constant Iy, and satisfies CS(K;) = CS(FP;) — CS(Q:) = Ch(g) — Ch(g) =0
modulo exact. Thus, K; is a CS-exact path from P to Iy, so that [P] =
[Io] = 0.
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Using the map (/]\S, we define the map a as the composition of the projec-
~ 1
tion w with CS

Qo4 (M) / Im(d) —— (2°49(M)/Im(d)) / Im([Ch])

\ J/é\sl

Ker(I) ¢ KO(M)
yielding the exact sequence

K1 (M) 22 00dd (A7, R) / Tin(d) —%s KO(M) ——s KO(M) —2 0,

It remains to show this map satisfies Ch o @ = d. This equation follows,
since doCS = Ch as maps Ker (/) — Q&*" (M), which can be seen calculating
for any [P] € Ker([) and P, connecting P; = P with Py = Iy,

—~ 3.9
A(CS([P))) = d(CS(P) "=’ Ch(Py) — Ch(Ry)
= Ch(P;) = Ch(P) = Ch([P)).

Remark 3.27. Note that the uniqueness of even differential K-theory does
not require an S'-integration, see [BS3, Theorem 3.3]. Since the definition
of KO(M) given here satisfies the axioms in Definition 2.1, this is already
isomorphic to any other model of even differential K-theory. For example,
KO(M) coincides with Simons and Sullivan’s model K 25(M) in [SS], given
by the Grothendieck group of structured vector bundles (i.e., isomorphism
classes of CS-equivalence classes of bundles with connection). There is a
natural map between these two models, given by the “pullback”: for

P:M — BU XZ
consider the following difference of structured vector bundles
P* = (Ep,Vp) — (C*,d)
where the choice (Ep, Vp) is made as in Definition 3.14, and
k = rank(Ep) — rank(P).

Note this is well-defined since (Ep, V p) is well-defined up to adding a trivial
line bundle with trivial connection. In fact, this map induces an isomor-
phism, as we now explain.

Given a smooth map f; : M x I — BU x Z such that CS(f;) is exact,
consider a choice for the total pullback bundle P* = (E,V) — (C*, d) over
M x I whose slice at time t € I is (F;, V;) — (C¥,d). Parallel transport P, :
Ey — E; provides an isomorphism between (F, V) and the product bundle
Ey x I, and a path of connections P;*V; on Ey such that CS(P;V;) = CS(f;)
is exact. So, (Eyp, Vo) and (Ep, P{'V1) = (Eq, V1) are CS-equivalent, and the
integer k is time independent, which shows the pullback map is well-defined.
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Since any element of KgS(M ) has a representative of the form

(B, V), ("))

for some k (cf. [SS] (3.1)), the map is a surjective by the the Narasimhan—
Ramanan theorem [NR], and a group homomorphism by Lemma 3.24.

Finally, the map is one to one, as we now sketch. Given two maps
fo,f1 : M — BU x Z whose pullbacks are equal in KgS(M ), we may as
well assume the second (trivial) summands C* of the pullbacks are equal,
and even that they are zero, since fo = fo B CF @ (CF)*, and similarly for
fi. Then it suffices to consider (Ep, V) and (Ep, V1) that represent the
same isomorphism class of CS-equivalence class of bundles with connection.
Using the isomorphism to transport both connections to Ejy, we have two
connections, say Vg and V4 on Ey, and a path of connections V; from Vg to
V1 such that CS(Vy) is exact. We can regard this as a bundle with connec-
tion on M x I, and represent this as a map Gy : M x I — BU X Z using the
Narasimhan—Ramanan theorem [NR], so that CS(Gy) is exact, by assump-
tion. The pullback bundles via Gy and G| may not equal Ey and E7 with
their connections (respectively), but since they are isomorphic, there are
homotopies F; : M x I — BU X Z from fy to Gy, and H; : M x I — BU X Z
from G; to f; defined explicitly by families of rotations of coordinates, by
the main theorem of [Schl]. By an argument similar to Lemma 3.23 above,
for such homotopies given by rotations we have CS(F;) = CS(H;) = 0.
Therefore F} x G * Hy is a homotopy from Ej to E; and

CS(F, % Gy x Hy) = CS(F,) + CS(G) + CS(H,) = CS(Gy)

is exact, as desired. The details of this argument will be exploited in [TWZ4],
to provide a means for classifying structured vector bundles.

4. Constructing S'-integration

Our goal in this section is to construct an S'-integration map (Defini-
tion 2.8) for the differential extension of K-theory defined in Section 3. By
Theorem 2.9 (i.e., [BS3, Theorem 3.3]) this shows we have defined a model
for differential K-theory. In Section 4.1 we discuss the even to odd part,
while in Section 4.2 we discuss the odd to even part of the S'-integration
map.

Constructing the S! integration in these models is quite nontrivial, so
we begin with a motivating discussion, focusing for concreteness on the
integration map from the even to the odd part. Suppose that, for all compact
manifolds with corners M, we had a natural map

i : Map(M x S, BU x Z) — Map(M, U)
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that induces the S'-integration map [, : K°(M x S') — K~*(M) in K-
theory and makes the following diagram commute

Map(M x S, BU x Z) —% Qeven () x S1)

Ji J/fsl
Map(M,U) ——2— qedd(f).
By applying this diagram to the manifold M x I and integrating out the
interval I we obtain the commutative diagram

Map(M x I x S', BU x Z) =22 Qeven(M x T x S1) L Qodd (1 x Sty

J,i lfsl Jf51
Ji

Map(M x I,U) —— Qodd(Af x T) — L Qeven(Af).
The composition of the top and bottom horizontal rows define the even and
odd Chern-Simons forms, respectively. The integration over S' is a chain
map, since S’ is closed. So, if the Chern-Simons form for an element of
Map(M x I x S', BU x 7Z) is exact, then so is the Chern-Simons form for
the element of Map(M x I,U) induced by i. This shows there is an induced
map i : KO%(M x $') — K~1(M) making the following diagram commute

KO(M x S1) - qeven(pf x S1)

L

K-Y(M) — 5 odd(py).
The maps a : Q*(M)/Im(d) — K**1(M) induce maps
Q*(M)/Im(Ch) — Ker(I) ¢ K**1(M)

which are isomorphisms. In fact, in both the even and odd parts of the
differential extensions given here, the map a is defined to be the inverse of
the map CS : Ker(I) — Q*(M)/Im(Ch) which is simply given by taking the
Chern—Simons form. By the remarks above, the map induced by i commutes
with the Chern—Simons forms, so it follows that the diagram

Q1M x §1) —2— K*(M x §1)

o
(M) ——— K*TY(M)

commutes, and so we would have produced an S'-integration map according
to Definition 2.8.

Unfortunately, it is difficult to give natural maps which commute on the
nose with these geometric representative for the Chern Character. The
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natural candidates for these two maps from Bott periodicity and homotopy
theory do not make the diagrams commute on the nose, but rather commute
only up to an exact differential form, compare [FL]|. This exact error makes
the previous argument fail at the first step, since integration over the interval
is not a chain map.

The resolution is to study this exact error and use it to define a new
integration map. We will show using methods of homotopies and associated
transgression forms how to correct such a situation, in the end yielding a
bona fide S!-integration map.

4.1. Odd to even. Recall from Section 3.2 that H is the subspace of her-
mitian operators h on C>_ with eigenvalues in [0, 1] such that h — Iy has
finite rank (see page 539). Recall furthermore from page 539, that we have
the exponential map exp : H — U, exp(h) = e*™ih =3~ _ (272?)71, and from
Proposition 3.12, that we denote by E : BU x Z — QU the exponential of

the straight line to Ip,
E(P):S' U  givenby  E(P)(t) = 2™tP+1-0l)

Recall from (3.6) that Ch € Q" (BU x Z), and from (3.3) that CS €
Qv (PU), which we may restrict from the path space on U to the based
loop space of U, also denoted by CS € Q¢ (QU). The next lemma shows
that E*CS equals Ch on BU x Z modulo exact.

Lemma 4.1. There exists a form B € Q°(BU x Z) such that
(4.1) df = E*CS — Ch.

In other words, the following diagram commutes modulo dB for all compact
manifolds with corners.

Map(M x St,U) -2 qedd(Af x S1)

| |5

Map(M, BU x Z) —2— Qeven ().
Proof. For k € Z, consider the maps ~y : BU x Z — Map([0, 1], H) given
by taking the straight line path ~4(P)(t) = tP + (1 — t)I from I} to P,
where I, is the projection to C* __ as before. Also denote by

pr : BU x Z — Map([0, 1], H)

the constant map to the straight line path pg(P)(t) = tIx + (1 —t)Ix—1 from
Ij,_1 to Ij,. Furthermore, there is a map hy, : BU xZ — Map([0,1] x [0, 1], H)
given by hg(P)(s,t) = tP+(1—t)(sIx+ (1 —s)Ix_1) such that the boundary
consists of Ohy(P) = vy, (P) — vk—1(P) — constp + pr(P). Note that vk, pk,
and hy can be composed with exp : H — U, giving rise (by slight abuse of
notation) to maps exp oy : BU x Z — Map([0,1],U), etc.
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According to [TWZ2, Propositions 3.4 and 3.2], one can construct a form
H € Q°4(Map([0,1] x [0,1],U)) such that

dH = 0;CS — 95CS — 9;5CS + 9;CS,

where 9; : Map(]0,1] x [0,1],U) — Map([0,1],U) is induced by the ith
boundary component of [0,1] x [0, 1], and CS € Q°V*(Map([0,1],U)) is the
universal Chern—Simons form. The form H is determined by its pullback
under any map ¢ : M — Maps([0,1] x [0,1],U) to a manifold with corners
M, and given by

(4.2)

=Tr Z Z Cnyij

n>1 i£j
2n-+1 terms
0 4 0 _
// “ldg)...(g 1&9) (g 1%9)...(9 'dg) dtds,
—————

Z'th

jth

where ¢, ; ; are some constants. Note, that in the above situation, we have
that

(exp ohy)*(dH) = (exp ohy)* (07 CS — 05CS — 95CS + 0, CS)
= (expoy,)*CS — (exp oyk—_1)*CS + (exp opg)*CS.
We then define 3 € Q°4(BU x Z) by setting

8= Z(exp ohp)*H = (expohy)*H + (expoh_1)*H + (expoh_9)*"H + - -

We claim that (8 is a well-defined odd form on BU x Z, that is, the infinite
sum reduces to a finite sum whenever applied to tangent vectors vy, ... vy at
some P € BU x Z. Indeed, if we represent vy, ...,v, by a map

f:B(0) - BU X Z

from a compact ball B(0) C R centered at 0 with f(0) = P and f*(%) =
vj, then the image of f is contained in some subspace

{P € BU x Z| Pl = Idcr }
for some r (see page 540). Now, for any k < r, we claim that
(4.3) (expohy o f)*H =0,

so that B(v1,...,vp) = f* (Zkgo(eXPOhk)*H> (%, By 2.} becomes a fi-
)

nite sum. To see (4.3), let ¢ = expohy o f : B(0) — Map([0,1] x [0,1],U),
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which is given by
g(a:)(s,t) — 627ri(tf(96)+(1*t)(sIk+(1,3)Ik71))

_ 627ritf(z) . e?m(l—t)(slk—f—(l—s)lk_l)’

where the last equality follows, since f(x) commutes with (sl + (1 —s)I;_1)
for k < r, as f is the identity on C" . If we decompose C>,, = C*  &CP3,,
then we can see that g(z)(s,t) preserves these subspaces for each x € B(0)
and s,t € [0,1]; that is, g(z)(s,t) maps C*__ to C*__ and Ciq to €54

Thus, ¢!, dg, %g, and %g also preserve this decomposition. Finally note,
that g_lgg = 2mi(1 — t)(Ix — I—1) which vanishes on C5;, while

gfldg _ 6727ritf(a:)d(627ritf(x))

which vanishes on C* __. Thus, by (4.2), we see that ¢*(H) = 0, which is
the claim of (4.3).

It remains to check Equation (4.1). We calculate df by evaluating the
first k£ terms in the expansion of 3 as follows,

dB = d((expohg)*H + (expoh_1)*H + (expoh_9)*H + ---)

= (expohg)*dH + (expoh_1)*dH + (expoh_2)*dH + - - -

= (exp 070)*CS — (exp oy_1)*CS + (exp opg)*CS
+ (expoy—_1)*CS — (exp 0y_2)*CS + (exp op_1)*CS
+ (expoy_2)*CS — (exp oy_3)*CS + (expop_2)*CS + - - -
+ (expOY_ (- 1))"CS — (exp o7_1) " CS + (expop_(-1))*CS
+ Z(exp oh_;)*dH.

ik

Now, since (expop;)(P)(t) = 2™ #iT(1=D1i-1) s 4 constant map (indepen-
dent of P) with winding number 1, we see that (expop;)*CS = 1. Next,
note that exp oyg(P)(t) = e2™(tP+(1=0l) — E(P)(t) so that the first term
is (expov9)*CS = E*CS, while the terms (expov;)*CS for j < 0 cancel
pairwise. Thus, for any k > 0, we have

dB = E*CS — (expoy_;)*CS + k + Z(exp oh_;)*dH.
Jj=k
Now, the calculation from [TWZ2, Theorem 3.5] shows that for k£ > 0 suf-
ficiently large (i.e., when P and I_j commute), we have for all j > k that
(expoy_;)*CS = Ch + j, where j is a constant function. Thus, the terms
(expoh_j)*dH = (expoy—;)*CS — (exp oy_(;41))*CS + (expop_;)*CS van-
ish for all j > k. Using this together with —(exp oy_;)*CS + k = —Ch, we
obtain that df = E*CS — Ch, which is Equation (4.1). O

We recall from [TWZ2, Lemma 3.6] that we may associate to each g :
M — U™, amap v, : M x I — U%},, such that 7,(0) = g ® ¢! and

2n>
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v4(1) = id, and CS(yy) = 0. The path 7, is essentially given as in Lem-
ma 3.23 using a sin/cos-matrix, but with U instead of BU X Z, but we repeat
it here for completeness. For g : M — U™, let v,(t) : M x I — U?3, be
given by

() = GX(OHX ()"
where (cf. Lemma 3.23)

o=lo ] m=|y b xo=|SER

so that 7,(0) = g ® g~ and 7,(1) = id. It is straightforward to check that

for all g,h : M — U™, mapping into the same components U”", of U, we
obtain:
(4.4) Y(gmn) = Vg B Vh;

where g B h is given by a map g @B h: M — U3,

The obvious map from from the free loopspace LU to the based loopspace
QU , given by left U-action at the base point, does not preserve the CS form.
The following map, defined using H, does.

Definition 4.2. For any ¢, : M — LU", C LU we define
Wt M — QUL C QU

Wy

by conjugating g; ® gal (under path composition “x”) with the path ~g, (t),
ie.,
1 —
<9t = Ygo (£) * (90 © g ) * Vg0 (1),
where 7 denotes reversal of a path . The notation ,g; is meant to denote
the based map associated to the free loop g.

We give some useful properties of this map. In particular, it is a monoid
morphism LU — QU that preserves the CS-forms.

Lemma 4.3. The based loop map induces a well-defined map LU — QU,
denoted by g — «g¢ as above, and satisfies

CS(xgt) = CS(gr) and  CS(.g: © +he) = CS(«(g: & he)).

Furthermore, the map g; — «g; s a homomorphism with respect to the shuffle
block sum, i.e., for g, hy : M — LU™, , we have

—n

*(gt H ht) = %0t H «he.

Proof. According to Lemma 3.6 of [TWZZ] we have CS(v,4(t)
first result follows since CS(g: @ g5') = CS(g:) + CS(gy') =
second statement now follows formally since
CS(xgt ® «h¢) = CS(+9¢) + CS(xhs) = CS(gs) + CS(hy)
= CS(g9: @ ht)) = CS(«(g: ® ha))-

) = 0 so the
CS(g¢). The
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The last statement follows using two facts. First, the operations H and &
satisfy the interchange law for maps g, he, ke, Iy : M — LU™, , i.e.,

(g h)B(kidly) = (9:Bke) & (b Bly)

and, secondly, since the shuffle sum preserves unitary matrices, and the
inverse of a unitary matrix is the conjugate transpose, we have

(gBR) ' =(¢gBh) =¢"Br =g 'Br L
Therefore, using (4.4),
«(gt B hy)

= Y(gmn)o () * ((9: B he) & ((9 B h)o)™") * gmmy, (t)

= (Yoo ) Bng (1)) * (90 0 951 B (e & b)) % (70 (D) Bn D))
= +g¢ B Ay O

We are now ready to define the S'-integration map. We fix once and for
all a (continuous) homotopy inverse to the Bott Periodicity map E, i.e., a
map ¢ : QU — BU x Z, and a homotopy F, : QU x I — QU satisfying
Fy = Foiand F} = id, and a homotopy H, : BU x Z x I — BU X Z such
that HO =40 F and Hl = 1d.

It is worth noting that if we could choose ¢, F;,. and H, to be smooth,
then the presentation here could be simplified considerably.! Such a smooth
choice is unknown to us at the time of this writing, nevertheless we’ll over-
come this by replacing our maps by certain smooth maps from M, and then
showing our constructions are independent of the choices.

Definition 4.4. We now define the map Z : K~'(M x S') — K°(M). Let
gt : M x St — U be a representative for an element [g;] € K~1(M x S!), and
denote by .g: : M — QU the based map from Definition 4.2. Composing
this with the fixed (continuous) homotopy inverse i : QU — BU x Z to
the Bott Periodicity map E : BU x Z — QU gives a (continuous) map
104.qg;: M — BU x Z.

To define Z, we make two choices. First, choose a smooth map h : M —
BU x Z which is homotopic to i o .g;, via some continuous homotopy h, :
M x 1 — BU XZ, so that hg = h and hy = io.g;. Note that (Eoh,)*(F.0.g:)
is then a continuous homotopy from F o h to ,g:.

IThere is a geometric map from QU to the space of Fredholm operators on a separable
Hilbert space, extensively studied in [PrS]. It would be interesting and useful if this map
can be used in the way mentioned above.
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Second, choose a smooth homotopy k. : M x I — QU between the smooth
maps kg = Foh and k1 = g+

h
M QU BU x Z

With these choices, denote by 7 € Q°44(M) the form
n= / k:CS+h*p
T

and define Z(g;) € K°(M) by
Z(gt) = [h] + a(n),

where [h] indicates the CS-equivalence class of the smooth map h : M —
BU xZ, and a : Q°4(M)/ Im(d) — K°(M) is the map from Definition 3.26.

Remark 4.5. We note that the choice of homotopy h, is not part of the
data in the above definition. In fact, for any chosen h homotopic to i o g,
and any smooth homotopy k, : M x I — QU between kg = E o h and
k1 = «gt, there always exists a homotopy h, from hg = h to hy = i 0 ,g¢
such that k, is homotopic to (E o h,.) * (F, o .g;) relative to the endpoints
Eoh and ,g;. To find the homotopy h, from h to i o ,g; with the desired
property, we first choose any homotopy h.. from h{, = h to b} = io.g;. Then,
for any homotopy k, from kg = F o h to k1 = .g+, the path composition
ky % (Fi—y 0 4+g) * (E o h}_,) is a homotopy from E o h to itself, and it
thus defines an element in the homotopy group 71 ((QU)M, E o h). Since
the induced map EM : (BU x Z)M — (QU)M is a homotopy equivalence,
there is an element h! € 71 ((BU x Z)M,h) such that EM(h”) = E o h! is
homotopic to ky * (Fi_y 0 .gt) * (E o b _,) relative to the endpoints.

EOh th;" Eoio*gt

th;n/ Fr o4

FEoh ky *Jt

FIGURE 1. The homotopy from k, to (E o h;,) * (F, o +g¢)
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But this means in turn that k, is homotopic to (Eoh))x(Eohl)*(F,0.g:)
relative to the endpoints. Choosing h, = h!/ x hl., we get the desired map
from hg = h to hy = i0.g¢, such that k, is homotopic to (E o h;) x (Fy 0 .g¢)
relative to the endpoints.

In the following Lemmas 4.6—4.12 we will show that Z is well-defined, and
satisfies all the properties of an S'-integration from Definition 2.8.

Lemma 4.6. The map T : K~Y(M x S') — KO(M) is well-defined.

Proof. We first show that Z(g;) = [h] + a(n) is independent of the choices
of h and the homotopy k, that are used to define Z(g;). Given

gtIMXS1—>U,

suppose we have two choices of smooth maps, A’ and k', which are both
continuously homotopic to i.g;, via some homotopies h? and hl, respec-
tively. Then h° and h' are smooth and continuously homotopic via the
continuous homotopy h? * hl .. So we can choose a smooth homotopy
sp : M x I — BU x Z between h? and h', which is a deformation of the
continuous homotopy hQ * hi_,. This means the triangle in Figure 2 can be
filled in by a smooth homotopy 77, and so F o T} is a homotopy between
Eos, and (Eohl)*(Eohl ), asindicated in Figure 2.

ho Eoh®
by

Sr gt E o sy *Jt
hy

h! Eoht

FIGURE 2. Homotopies between two possible choices. Tri-
angle T} with vertices h°, h!, and i,g;, and triangle 75 with
vertices E o hY, Eoh!, and ,g;.

The homotopy (E o h?)  (F, o g;) is a continuous homotopy from E o h°
to «gs. We can deform this to a smooth homotopy £, and similarly we can
deform (E o hl) x (F; 0 g;) to a smooth homotopy k!. This shows the second
triangle 75 in Figure 2 can be filled in, and we may as well assume it is filled
in by a smooth map, which we also denote by T5.

For i = 0,1, let

i = / (KI)*CS + (h)°.
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By definition of the “a” map (see Definition 3.26), there is a path
Yo : M x I — BU XZ

such that a(n’) = [y1], CS(y,) = 1°, and o is the constant map to the
identity. Similarly, there is a path

pr: M xI— BU XZ

such that a(n') = [p1], CS(p,) = n', and pp is the constant map to the
identity.
Then s, B (p, B~1_,) is a path from a representative of

[h° 8 (po By1)] = [1°] + a(n®)

to a representative of [h! B (p1 B~o)] = [h'] + a(n'), and it suffices to show
that the CS-form of this path is exact. Note that the CS form is given by

CS(sr 8 (pr By1-r)) = CS(sr) + CS(pr) — CS()

=/8i0h+771—170
:/S:Ch+/(k})*cs+(h1)*ﬁ

- / (K0)*CS — (h0)8.

T

Using the fact that df = E*CS — Ch we have
/S:Ch _ /s:E*cs—/s:dﬁ - /(Eosr)*CS—i-d/sﬁB— (W) B+ (h0)*B.
So that, modulo exact forms,

C8(sv B 5 Brr)) = [(Bos)es+ [iyes— [wdres

:d//Tgcs

where T3 is the smooth homotopy filling the second triangle, as in Figure 2.
This shows that Z is independent of the choices made.

It remains to show that if g;o and g1 are CS-equivalent then Z(g; o) =
Z(gt1). Let gep : M % Sl x I — U forte S relbeasmooth homotopy
from g;p to g¢1 such that CS(g,) is exact. By definition of the map Z we
must first choose smooth maps h® and h' which are homotopic to i o «9t.0
and 7 o ,g; 1, respectively. Since g;o and g;1 are homotopic via the smooth
homotopy g, above, it follows that i o g and i o ,g;1 are (continuously)
homotopic via the homotopy ¢ o .g:,. Since we have already shown that
Z(g:) is independent of the chosen representative h, we may as well choose
the same map h for both g;o and g;1. Next, we must choose a smooth
homotopy ko : M x I — QU from E o h to .g:0, and a smooth homotopy
kri: M x I — QU from Eoh to ,g:1. If we choose any homotopy k.o
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from F o h to .g:0, then we may pick k.1 to be the path composition
kr1 = kro * (+Gt,r), since we have already shown that Z(g; 1) is independent
of the choice for k. ;.

Now, to show that Z(g:0) = [h] +a(n®) and Z(ge1) = [h] +a(n') are equal,
it suffices to show n° = n' mod exact, since the map a vanishes on exact
forms (cf. Definition 3.26). But for the chosen k1, we get

' = /(kr,l)*cs +h*B = /(kno)*CS + /(*gt,r)*cs +h*p

=1+ /(*gt,r)*CS-

By Lemma 4.3 we have

/(*gtﬂ”)*cs = /QZTCS :/ / gZJ‘Ch
r r rel JteS?!

_ / / g.Ch= [ CS(g).
teSt Jrel tesS!

But CS(g,) is exact by assumption and d commutes with the integral over
S1 since S' is closed, showing that n' and 1° only differ by an exact form.
This completes the proof that Z is well-defined. O

Lemma 4.7. The map T : K~Y(M x ') — K9(M) is a group homomor-
phism.

Proof. Recall that the group structure “+” on K* (M) is induced on rep-
resentatives by “H” from Definitions 3.7 and 3.21. Let g; and f; be repre-
sentatives for elements in K ~!(M x S'), and denote with the induced based
maps «Gt, « ft : M — QU. We must show that
Z(ge B fr) = [u] +a(n™)
is CS-equivalent to
L(ge) + Z(fo) = [s] + [t] + a(n®) + a(y™).

where u is smooth and homotopic to 7o (,g; B . f;) via some homotopy u,, s
is smooth and homotopic to i o ,g; via some homotopy s,, and t is smooth
and homotopic to ¢ o . f; via some homotopy ¢,. Recall that

o= [arcs s

r

= /(kr)*CS ey
T
o — /(hr)*CS L
'
where [, k., h, are smooth and, by Remark 4.5, we may assume are homo-

topic to (Eouy)* (Fpo(wgtB.ft)), (Eos;)*(Fro.gr), and (Eoty)*(Froyfi),
respectively.
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We choose representatives for a(n'*), a(n) and a(n"r) € K°(M) and
denote these by 71 , k1, and p; : M — BU X Z, respectively. By definition
of the “a” map (as the inverse of the CS-form obtained by a path to the
identity), there are maps v,, k., pr : M x I — BU X Z satisfying vo = ko =
po = id and CS(v,) = n'*, CS(k,) = ¥, and CS(p,) = n'.

The proof will be an adaptation of an argument by Upmeier in [U].

Consider the following diagram

M u

« gt X« ft
QU x QU — 3 .U

] |

(BU x Z) x (BU x Z) —— BU x Z

sXt

There is a homotopy K : QU x QU x I — BU x Z given by

_JiFBF,), ifrel0,1/2]
K(r) = {Hr(iEEz'), if r € [1/2,1]

where F,. : QU x [0,1/2] — QU is as before (suitably reparametrized for
better readability), satisfying Fy = id and F'j = E o, and

H:BUxZx[1/2,1] = BU x Z

satisfies H; /o = io E and Hy = id so that K(0) =ioM and K(1) = iM@.
Note this is well-defined at r = 1/2 since (A—cly)B(B—cly) = (ABB)—cly
and exp(A B B) = exp(A) Bexp(B), so that E(PH Q) = E(P) B E(Q).

This implies there is a smooth homotopy between u and sH¢t, since u and
s Ht are homotopic via the continuous homotopy

C(r) =up * (K(r)o (xgt X «ft)) * (51— Bt1_,).

For a choice of a smooth homotopy «, from u to s H ¢, we must show
that the smooth homotopy «, B (yi1—, B (k, B p;)), from the representative
uw B (y; Bid) of [u] + a(n'") to the representative (s B ¢) B (id B (k1 B p1))
of [s] + [t] + a(n*) + a(n™"), has an exact CS-form. This CS-form is in fact
equal to

CS(ay) — 0" + 0+
— CS(ar) — /z;scs _ w4 /k:;fCS bR /h:cs L

T T
In order to show that this form is exact, it is enough to show that the form
is exact thought of as a cocycle, via the deRham Theorem.
Choose a nice cochain model with a representative for integration along
the interval I. For example we may take the cubical singular model, and
then for a cochain ¢ we can represent integration along the interval by the
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slant product ¢ — ¢\ [I], where [I] is the fundamental chain of the interval.
Notice that the deRham map w — dR(w) = [w commutes with the slant
product and integration along the interval I, i.e., dR( [, w) = dR(w) \ [].

Now, for any choice of smooth «, continuously homotopic to C(r) (rela-
tive to the boundary smooth maps u and s H¢) we have that the cochains
dR(CS(ayy)) and C(r)*(dR(CS)) differ by a coboundary. In fact, if ¢ is
a continuous relative homotopy from «, to C(r) fixing the maps at the
boundary, then integrating over s € I we have

5(a dR(CS) \ [I)) = @}, dR(CS) — a7,y dR(CS)
= *dR(CS) — C(r)*dR(CS)

since 0dR(CS) = 0. So, working modulo exact cochains, we can replace
CS(ay) by

C(r)*(dR(CS)) = dR(CS(ur)) + (K (r) o (xgt X «ft))" (dR(CS))
— dR(CS(s, Bt,))
and it suffices to show that

X = up(dR(CS)) + (K(r) o (xg¢ x «ft))" (dR(CS))
— s3(dR(CS)) — t7(dR(CS))

+dR <— /z:cs — w4 /k;fCS + 5B /h:cs + t*B)
is an exact cochain, where we used that

CS(s, Bt,) = CS(s,) + CS(t,).

Now, adding to X the exact cochains

—5((urdR(3) \ [1]) = —(i0 (90 B . f1)) dR(B) + u"dR(5)
+u*dR(E*CS — Ch) \ [1]

6((s3dR(A)) \[1]) = (i 0 .ug0)* dR(B) — 5" dR(3) — s;dR(E*CS — Ch) \ [1]
6((ErdR(8)) \ [1]) = (i 0 - f)"dR(B) — t"dR(8) ~ t;dR(E*CS — Ch) \ [1]

and using the relations
R / 1:08) = —((E 0w dR(CS)) \ [1
— ((Fro (s Bf1)) dR(CS)) \ [1]
AR / £ 0S) = ((B0.5,)"dR(CS)) \ U] + (0.0 dR(CS)\ [1))

4R( [ 108) = (B o4, aR(CS)) \ [+ ((Fr )" dR(CS)) \ 1)
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which follow from our assumptions on [, k, and h,., we obtain, modulo exact,
that

= (K(r) o (xgt x +f¢))"(dR(CS))
(Z © (+g¢ B+ f1))*dR(B) + (i © xg¢) "dR(B) + (i 0+ fy)"dR(S)

(g1 B )" dR(CS)) \ 1]
+ (m 0.vg0) dR(CS)\ 1)) + ((Fy o - ) dR(CS)) \ 1.

Notice that this can we written as
X = (egt X o f1)*(Y) for Y € Co(QU x QU)
defined to be
Y = K(r)"(dR(CS)) — (i o B)"dR(B) + (i o pr1)"dR(S)

+ (i 0 pra)*dR(B) — ((F, o B)*dR(CS)) \ [1]
+ (B 0 pro)"dR(CS)) \ 1] + ((Fr 0 pra)dR(CS)) \ [1],

where pri,pro @ QU x QU — QU are the projections onto the first and
second factors, respectively. To check that X is exact it suffices to show
that Y is exact, since the pullback (.g: X «f;)* preserves exactness. Now,
since H°Y(QU x QU) = 0, it suffices to show that Y is closed. We check
this using the facts that 0dR(8) = E*dR(CS) — dR(Ch), F) is a homotopy
from Fy = Eoi to Fy = id, CS is closed, and K(r) is as above, so that

6<K(r)*dR(CS)> - 6<(K(r)*dR(Ch)) \ [

]
= K(1)*dR(Ch) — K(0)*dR(Ch)
(i x i)* o B*(dR(Ch)) — B 0 i*(dR(Ch)).

With this we obtain
0Y = (i x i)* o B*(dR(Ch)) — B* 0 i*(dR(Ch))
— (ioB)"(E*dR(CS) — dR(Ch)) + (i o pr1)*(E*dR(CS) — dR(Ch))
+ (i o pro)*(E*dR(CS) — dR(Ch)) — (H — E o i o H)*dR(CS)
+ (pr1 — Eoiopr)*dR(CS) + (pro — E oioprg)*dR(CS)
= (Ho (i xi) —iopr; —iopry)*dR(Ch) — (B — pri — pra)*dR(CS)
= (i x14)" o (B —pr; —pre)*dR(Ch) — (B — pr1 — pra)*dR(CS)
= O,
where in the last equality we used that, in general, Ch(xHy) = Ch(z)+Ch(y)

and CS(xy Byy) = CS(xy) + CS(yt).
This completes the proof that Z is a group homomorphism. O

Lemma 4.8. The map T satisfies T o (id x r)* = —T where r : St — St is
given by r(z) =z = 2~ 1.
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Proof. Note that for a map g; : M x S' — U we have that (id x r)*g; = g,
where g; is the reversed loop. The desired condition holds if and only if
Z(g: B g:) = 0 since

Z(gt) + Z(g:) = Z(g¢ B ge).

Let ¢ : QU — QU be given by ¢(ki) = ks Bk and let f.: QU x I — QU
be any (continuous) homotopy satisfying

fo(kt) =1, and f1(ke) = &(ky).

For example we may choose the composition of homotopies whose value on
some k; is given by

keBky=(keB1)- (1Bk) ~ (k,HB1) - (k,HI1)
= (ki -k B1) ~ (kokyB1) ~ (1H1).

For later use, we note that ¢*(CS) = 0, since for any plot k; : M — QU we
have

ki (¢"(CS)) = CS(¢(kt)) = CS(ky B ky)
= CS(ky) + CS(ky) = | Ch(k) + | Ch(ks) = 0.
Sl Sl

Since ¢ is homotopic via f, to the constant map, i(.g: B.g:) = i(d(x9¢)) :
M — BU x Z is also homotopic to constant map. So, we may choose the

map h as in the definition of Z to be the constant map, which is smooth. Let

Ky MxI — QU be given by k, = fyo(wg,xid) : MxI "2 ouxr I qu,

so that k, is a homotopy from kg = 1 to k1 = ¢(+g¢). This map may not be
smooth, but we can choose relative homotopy to amap k; : M xI x1 — QU
which extends the map k¥ = k,, fixing the smooth maps at the endpoints
k) = k§ =1, and k) = k§ = ¢(.gt), so that the map k! is smooth.

k) =ky = fr 0 (ug: X id)

kg =1 kY = d(agt)
ko =1 ky ki = &(:9t)
k=1 ki = ¢(xgt)

kL (smooth)

FIGURE 3. The homotopy k; : M x I x I — QU
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Then we let
(4.5) n— /(k})*cs B = /(k;)*cs € Qodd(pp)

and by definition we have Z(g; B g¢:) = [h] + a(n) = a(n), where the last
equality follows since h is constant. In order to show that Z(g, B g;) = 0,
it now suffices to show that 7 is an exact form, since a vanished on exact
forms. (Note that 7 is closed, since dn = (k})*CS — (k{)*CS = CS(¢(+g1)) —
CS(const) = CS(¢p(+g:)) = 0.) We will show that n is indeed exact by
showing that the deRham form 7, thought of as a cocycle via the deRham
Theorem, is an exact cocycle.

As in the previous lemma, we choose a nice cochain model with a rep-
resentative for integration along the interval I, so that for a cochain ¢ we
can represent integration along the interval by the slant product ¢ — ¢\ [{],
where [I] is the fundamental chain of the interval. Recall that the deRham
map w — dR(w) = [w commutes with the slant product and integration
along the interval I, i.e., dR([;w) = dR(w) \ [1].

Consider the cochain

X = (k)" dR(CS) \ [T x T
where \[I x I] =\[I] (\[{]). Then
0X = ((k,)"dR(CS)) \ [1] — ((k7)*dR(CS)) \ [1]
— ((k1)"dR(CS) \ [{] = ((k5)"dR(CS)) \ [1]

Since k§ = 1, the last term vanishes. Also, the second to last term vanishes
since k§ = ¢(+g¢) and CS(¢(+g¢)) = 0, as shown above. This shows that

5X = ((k)*dR(CS)) \ [1) = ((K2)*dR(CS)) \ [1]
— ar / (k)08 ) — ((fi(onge x id))*dR(CS)) \ 1],

r

since k! is smooth, and for cochains in the image of the deRham map, the
slant product equals the integration along I. By Equation (4.5), it thus
suffices to show that the last term is exact. But

((fr 0 (sg¢ xid))"dR(CS)) \ [I] = ((sg¢ x id)" o frdR(CS)) \ [I]
= (x9¢)" (f;7dR(CS) \ [1])
and fdR(CS) \ [I] is a closed odd degree cochain on QU, since
6 (f7dR(CS)\ [I]) = f{dR(CS) — fodR(CS)
= dR(¢*CS) — dR(const*CS) = 0.
Since H°(QU) = 0, the term f*dR(CS) \ [I] must also be exact, showing
that (+g¢)* (fFdR(CS) \ [I]) is exact as well, and so we are done. O

Lemma 4.9. The integration map T : K~*(M x S') — KO9(M) satisfies
Zop* =0, where p: M x S' — M is projection.
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Proof. Let ¢ : M — U be a representative for [g] € K~'(M). Then
gt : M x S' — U defined by g; = p*g satisfies g; = ¢ for all t € S'. Recall
from page 556, that 74 : M x I — U is a path with v,(0) = g ® ¢~ and
vg(1) = id. It follows that the induced based map .g; : M — QU defined by

9t = 9(t) % (9: ® gg ) * (1)

is the path from id to ¢ © ¢! and back to id (¢f. Lemma 4.3). We must
show Z(g;) = 0.

Denote by v;(t) = 74(1 — s(1 —t)) the path from v,4(1 — s) to 7,(1) = id,
and consider the homotopy h;s : M x I — QU which contracts ,g; to the
identity, which is defined by concatenating the following paths,

his = g * consty, (1_g 75, forsel.

Then hy1 = 74 % (9 @ g_l) *Yg = «gt, and hyo : M — QU is the constant
map to the identity in U.

Since .g¢ is homtopic to a constant, we can choose (in the definition of Z)
h: M — BU x Z to be the constant map. Then E o h is also constant and
we can let ks = hy s be the chosen homotopy from ki = .g; to kg = E o h,
the constant map. Then

n= [y s ens = [(uycs
= CS(v,) + CS(const) + CS(v§) = CS(y,) — CS(v,) = 0.

So that
Z(gt) = [h] +a(n) =0 O

Lemma 4.10. The map T makes the following diagram commute
K=Y(M x §1) -, qodd(f x 1)
lz J Js1
KO(M) — qeven(pp).

Proof. This follows by a direct computation. As in the definition of Z,
choose h homotopic to i0,¢g; and choose a homotopy k, such that kg = Eoh
and k1 = ,g¢. Define n = fr k:CS + h*3, then by Lemma 4.1 we have

dn = k7CS — k;CS + h*(E*CS — Ch)
=,9;CS — (Eoh)*CS+ h*(E*CS — Ch) = g;CS — h*Ch
so that
Ch(Z(g)) = Ch([h]) + Ch(a(n)) = Ch([h]) + dn

= Ch([h]) + g;CS — h*Ch = g; CS = /g;Ch. O
t
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Lemma 4.11. The following diagram commutes.

K=Y(M x SY) —L K=1(M x SY)

T

KO(M) ——L 5 KO(M)

where the right vertical map is the S'-integration map in K -theory.

Proof. As in the definition of Z, choose h homotopic to io ,g; and choose a
homotopy k, such that kg = F o h and k; = .g¢. Define n = fr EXCS + h*g.
Since Z(g¢) = [h] +a(n), where h is homotopic to io.g; and Im(a) = Ker(I),
it suffices to show for any representative g; that

Iita) = [ @)

Consider the following diagram, where the bottom row defines the S!-
integration in K-theory as defined in Definition 2.7:

T

[M, BU x 7]

(M, LU] —— [M, QU]
Jz ZJ (q)l\ Jz

KY(M x SY) P Ker(j*) s BY(EM,) = K- N(M A SY) —2— KO(M).

The map 7 is defined as follows. The adjoint of a map M x S' — U is a
map M — LU. Using the transport to the identity map, g — go_lgt, we
have LU = U x QU, and we let m denote projection onto the QU factor.
Note that since g, g is homotopic to 4g¢, we have that the induced map on
homotopy classes 7 : [M, LU| — [M, QU] is the same as the map g; — .g:.
This shows that on homotopy classes we have

(ix o m)(gt) = i(xgt),

so the top row of the diagram represents I(i(.g¢)).

The left square and middle triangle commute. So, it suffices to show the
rightmost quadrilateral commutes. But ¢, is an isomorphism with inverse
induced by the Bott periodicity map E : BU x Z — QU, which induces the
suspension isomorphism o. O

Lemma 4.12. The following diagram commutes for all manifolds M :

Qeven (M x §1)/Im(d) —*— K—1(M x S)

Jo |

Qedd (A1) / Im(d) ——2—— KO(M).
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Proof. By definition of the maps a : Q**1(M)/Im(d) — K*(M) we can
write the diagram of interest as

Qeven(M x §1)/ Tm(d) —2 Q90 (M x §1)/ Im(Ch) <5 Ker(I) € K~ (M x S

Js | P

Qo4 (A7)/ Tm(d) — 5 Q049(01) / Tm(Ch) — " Ker(I) ¢ KO(M)

where pr is the projection, which is well-defined since Im(d) C Im(Ch) by
Theorem 3.17(1), and the middle vertical map is well-defined since

Im (/Sl o Ch) C Tm(Ch),

by Lemma 4.15 (which will be proven independently from this lemma) and
Theorem 3.17(1). The left square clearly commutes, so it suffices to show
that the right square commutes. Note, that the maps CS™! are isomorphisms
onto Ker(I).

For given g; € Ker(I) € K~'(M x S*) there is a path g, : (M xS")x T —
U such that g; o = id is constant for all ¢ € S and gt1 =gt + M x St U.
Note that the parameter for this path g; s is s € I, so that

CS(gt.s) = Ch(g,s)-
sel

It suffices to show that

CS(Z(qr)) = CS(gt.5) mod exact,
tesSt

which is the same as showing

CS([h]) +n = / Ch(gt,s) mod exact.
teSt Jsel

for some choices (as in the definition of Z) of a smooth map h : M — BU XZ
that is homotopic to 7 o 4g¢, and a smooth map ks : M x I — QU such that
ko = E o h and ki = .g;, where, as always

n= /k;‘CS+h*5

Since the map g¢; is nullhomotopic via g; s from above, the map i o ,g; is
also nullhomotopic via ¢0,g; s , so we may as well choose h to be the constant
map, which is smooth. Then F o h is also the constant map (without loss
of generality, to the identity). So, we may choose the homotopy ks = gt
and then ky = F o h is constant, and k1 = ,¢;. Then CS([h]) = 0 and using
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Lemma 4.3

os(lu) +n=n= [Kcs= [(a)cs

=/C%@g=/b&%g=/ Ch(ge.s),
s s teSt Jsel

so we are done. O

4.2. Even to odd. We now define an integration map
T: K%M x S - K~1(M)

and check the axioms for it.
In the spirit of the last subsection, there is at least morally a “wrong way”
map
H : Map(M,U) — Map(M x S', BU x Z)

such that the following diagram

Map(M x ST, BU x Z) —2 Qeven(M x S1)

| I

Map(M,U) ——%— Qodd(}y)

commutes for all compact manifolds with corners. Geometrically, for g :
M — U(n) = U(C"), consider the C"-bundle with connection V over M x S*
constructed by gluing the C™-bundle over M x I with connection tg~'dg for
t € [0,1] along the endpoints 0 and 1 € [0, 1]. Then the diagram commutes
in the sense that (¢f. [TWZ2, Equation (2.4)])

(4.6) Ch(V) = CS(tg~'dg) = Ch(g).

Sl
We use this idea as a guide in constructing an integration map in the correct
direction.

Recall from Definition 3.14 that a map P; : M x S — BU x Z induces a
projection operator P; on a trivial C}; bundle over M x St (for some integers
p,q), and an induced sub-bundle Ep, C (M x S') x C}, with connection
Vp, = PdP;, where Ep, is well-defined up to adding a trivial bundle with
trivial connection. To simplify the notation in this subsection, we will use
the notation of denoting the Chern character Ch(F;) by

Ch(Vp,) = Ch(P).
There is a map
hy : Map(M x S', BU x Z) — Map(M, U)

given by
h«(P;) = holg1(Vp,) @ id
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where holg1 (Vp,) € End <Ept |MX{0}> is the holonomy of Vp, along the S*
factor of M x S, regarded as an endomorphism of the fiber of
Erlarxioy © (M % {0}) x €

over M x {0} € M x S, and id is the identity endomorphism on the
orthogonal complement of Ept‘MX{O} in (M x {0}) x C}. Note that

h*(Pt)M—>U

is unchanged under adding a trivial bundle with trivial connection, since the
holonomy of the trivial connection is the identity.

The following diagram commutes in degree one, but does not commute
in general for higher degrees.

(4.7) Map(M x S!, BU x Z) - Qeven (M x S1)

|- |5

Map(M,U) ——— Qodd(y).
In fact, here is an explicit example showing the diagram does not commute
in higher degrees, compare [FL]. We show below (Lemma 4.15) that the
error in the diagram is always given by an exact form on M.

Example 4.13. By the Narasimhan—Ramanan Theorem, it suffices to pro-
duce an example of a bundle with connection for which the diagram does
not commute. Let M = S x S' x S! and consider the trivial line bundle
over M x S' with connection V = i(A + Bdt), using coordinates (p, q, s,t) €
M x S'. We verify that the diagram does not commute in degree three if
A = f(p)dq and B = g(s) where f and g are such that af gg is not identically
zero. For example, we may let f(p) = cos(p) and g(s ) = sin(s).

First, the degree three component of Ch(holg:(V)) is zero for line bundles
since if g = holg1 (V) = exp(2mi [ Bdt), then (g7'dg)® = 0. On the other
hand, —R = —V? = dy;A + dyBdt, so that R? = 2dy;A A dyrBdt, and in
degree three of [ Ch(V) we have

/S1 R? = /Sl 2 A A dyy Bdt = 2gf ggdpdqu

For example, f(p) = cos(p) and g(s) = sin(s), then in degree three we have
Js1 Ch(V) = —2sin(p) cos(s)dpdqds. Note this is exact on M, which is the
case in general, by Lemma 4.15 below.

Now, let (E, V) be the bundle with connection induced by
P; € Map(M x S', BU x 7).

Let V; be the connection on the slice of E; over M x {t} and let g, € U(C})
be the parallel transport from Ey to E;. Then go = id and g1 = holg:1 (V).
Note that Vo = Vi. We can pullback the bundle E — M x S! along the
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projection M x I — M x S! via the map I — S' which identifies the
endpoints of I. By abuse of notation, we also denote by (E, V) the pullback
bundle E — M x I from E — M x S'. Then we have,

[ Ch(v) = /I Ch(V).

The latter term can be expressed equivalently using the following gauge
transformation induced by parallel transport. There is a bundle isomor-
phism ¢; : Eg x I — E given by (v,t) — ¢¢(v), so the bundle Ey x I over
M x I, with connection g;V, is isomorphic to the bundle E — M x I with
connection V. Therefore

[ onw) - /1 Ch(V) = /1 Ch(g; V).

Finally, since the connection g;V vanishes on 9/9t, we can regard this as a
path of connections on the bundle Fy — M, and so

(4.8) [ onw) - /1 Ch(V) = /1 Ch(g!V) = CS(g; V).

To see that diagram (4.7) commutes up to an exact form, it now suffices
to show that CS(g;V:) and Ch(g;) differ by an exact form that depends
naturally on the map P, : M x S! — BU x Z that determines V. This is
the form 1 we now define.

Definition 4.14. For a map P, : M x S' — BU x Z, let V be the induced
connection on the sub-bundle £ C (M x S') x C, and let V- be the induced
connection on the complementary bundle E+. Define € Q¢V*"(M) by

n=np

= // Ch((l —r)Vo+rg;th)
(rt)eIxI

T / /(r,t)ele Ch((l -7) (tVo ® tVé) + (g1 ®id)” (tvo ® tVé) )

Note, that n is given by integrating the Chern forms of two two-parameter
families of connections over a square; see Figure 4. Note further, that since
np, is determined by the connection V = P;dP; defined by the projection
operator F;, it follows that np, is natural in the sense that for a map f :
N — M, we have that f*(np,) = np,o(fxid) € Q" (V).

The definition of the n form and some of its important properties are
illuminated by the following lemma and its proof.

Lemma 4.15. For a map P, : M x S' — BU x Z we have

dinp) = [ Ch(P) = Ch(ha(P),

This shows that h, makes the diagram in (4.7) commute modulo exact forms.
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Proof. Let V be the connection induced by F;. The two terms in np, are
induced by squares of connections as in Figure 4. We obtain d(np,) from the
sum of the boundaries of the two squares.

g:vt
Vo 91 V1
Yo (1=7)Vo+rg;Ve | (1 =7)Vo+19iV2
VO v0

Vo

. * iR
(91 @ id)* (Vo ® V#) e (tvo o ) (91 @ id)*(0)

(1-r (VO@VUL) (1—r) (tVUEBtVd‘)
+ + r(g1 @ id)*(0)
r(g1 @ id)”* (Vo &3] Vé) (g1 ®id)* (tvo 22} tv(f)

€
Vo & Vp tVo &tV

FIGURE 4. The two parameter squares of connections defin-
ing 7.

For the first term we have

d (/ /(r’t)EIXI Ch((1—-7)Vo+ rg;"Vt))

= CS(g; Vi) = CS((1 = r)Vo + g1 V1)

since the other two boundary terms are constant paths of connections, so
the Chern—Simons form vanishes. By Equation (4.8) above we have

CS(gfVy) = / Ch(5i V1) = [ On(w).

Calculating the boundary for the second square, the top and bottom edges
(g1 @id)* (tVo@®tVy) and tVoDtVy are gauge equivalent, so that they have
equal Chern—Simons forms, which cancel, since they appear with opposite
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signs. Therefore,

d (/ /(M)GM Ch ((1 —r) <tVo = tv&) +7(g1 @ id)* <tV0 o tvé)))

- CS((l—r) (VO ® v&) +r(gy ®id)* (vo @ vé) ) —CS (7“(91 @id)*(o)).
Note, that the last term does not vanish, since ¢7(0) = g; Ldgy, but it is
CS(r(g1 @ id)*(0)) = CS(r(g; 'dgr ©0))
— CS(rgy dgi) = Chlgr) = Ch(h.(P)).
The remaining two CS terms cancel, because

(1—7) (vo @ V&) + (g ®id)* (vo ® v&) - ((1 Vo + rg;vo) OV,

and since the right summand VOL is time independent, it does not contribute
to the CS form, so that using Vo = V1, we have that

CS((l—r) (vo @ v&) (g1 @id)* (vo ® v&) ) - cs((1—r)vo+rgfv1).
This shows that dn = [¢ Ch(V) — Ch(h«(P)), which is the claim of the

lemma. O

We define the S'-integration map Z using this error of making diagram
(4.7) commute, c¢f. Definition 4.4.

Definition 4.16. We define Z : K(M x S') — K'(M) for a representative
P,: M x S' — BU x 7Z by setting

I(P;) = [he(Py)] + alnp,)
where [h.(P;)] € K~'(M) is the equivalence class of h.(P;).

In the following Lemmas 4.17-4.23, we will show that Z is well-defined,
and satisfies the axioms for the integration map from Definition 2.8.

Lemma 4.17. The map T : KO(M x S*) — K~1(M) is well-defined.

Proof. Let Pig, Py : M x S' — BU x Z be given and CS-equivalent, so
there is a path P; s : M x S x I — BU x Z such that

CS(P,s) = Ch(P;,) € Q°44(M x SY)
sel

is exact. Note this assumption implies that

/ Ch(PtVS) == / Ch<Pt,s)
teSt Jsel sel JteSt
is also exact.

We show that
[hse(Pr1)] = [Pa(Pro)] = a(np,,) — a(np,,)-
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Since hy(Py o) and hy(P; 1) are homotopic via s — hy (P s), the class
[ (Pe1)] = [ha(Pro)]
is in the kernel of . So it suffices to show that the path s — h, (P ;) satisfies
CS(h«(Prs)) = np.y, — MPsyg mod exact forms.
and that
CS([ha(Pi)] — [ (Pro)]) = CS(hu(Prs)  mod Tm(Ch).
The idea for showing the first equality is to consider the data in Figure 4

varying smoothly with parameter s € [0, 1], and construct a differential form
whose exterior derivative is the difference CS(h.(Ps)) +np,; — 1P, - Let

W= / T]Pt,s'
sel

Then, with dnp, , = [,cg1 Ch(P:s) — Ch(hi(Ps)), we have

dw =mnp,; — NP, / dnp, ,
sel

==~ [ ( Chm,s)—Ch(h*(Pt,s))).
sel teSt

But [,cq1 Ch(h(Prs) = CS(h«(Prs)) and [ ; [,cqr Ch(P:s) is exact by
assumption.

It remains to show CS([h«(P1)] —[h«(Pro)]) = CS(h«(P;,s)) mod Im(Ch).
There is a path s from h.(Pio) ® ha(Pro)~! to 0 such that CS(ys) = 0
(by the proof of the existence of inverses). Composing this with the path
hi(Prs) @ id, from he(P;1) @ hy(Pro) ™t to ha(Pro) @ hy(Pro)~t, we obtain
a path (hy(P.s) @ id) *7vs from hy(Py1) — hi(Pro) = hi(Pi1) ® hi(Pro) ' to
0 whose CS-form equals CS(h«(P;s)) + CS(vs) = CS(h«(Pys)). This shows
that

CS(h«(Py5)) = CS([hs(Pr1)] — [P (Pro)]) mod Im(Ch).
This completes the proof of the lemma. O
Lemma 4.18. The map T : KO(M x S*) — K~Y(M) is a group homomor-
phism.
Proof. Let P, 1, P2 : M X S — BU x Z. By re-ordering we have

hy(Pi1 @ P;2) =holgi1 (P & Pio) ®id
is CS-equivalent to
h*(Pt,l) D h(Pt,Q) = holg1 (Pt,l) @ id & holg (Pt72) @ id

50 [he(Piy ® Pr2)] = [ha(P)] + [hu(Pr2)]. Also,

NP, 1®&P2 = 1Py + NP, 2

since the induced connections’ parallel transport, and the Chern Character,
respect block sum. So, we conclude that Z is a group homomorphism. [J
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Lemma 4.19. The map T : KO(M x S) — K~1(M) satisfies
Zo(idxr) =-1
where r: St — St is given by r(z) = z =z~ L.

Proof. Since holonomy along the reverse loop gives the inverse group ele-
ment, we have, for P, : M x S' — BU x Z,

[h((id > )" P)] = [(h(P)) ] = ~[(hu(F2)].

Secondly, since a is linear, it suffices to show that 1qx,)«p, = —np,. Recall

- / / Ch (1= $)Vo + s65V4)
(s;t)elxI

* //(s,t)em Ch ((1 - 5) (tVo ® tVol) + s(g1 ®id)* (tvo @ tV&)) 7

where for the purposes of the integral the variable ¢ € I can also be regarded
as t € S'. In this way, the map r : S' — S' corresponds to the substitution
t+— 1 —t for t € I. Making this substitution in the equation above yields
—MN(idxr)*p;» Which shows the claim. O

Lemma 4.20. The map T : KO(M x S') — K~Y(M) satisfies T o p* = 0,
where p : M x S* — M is the projection.
Proof. Let P : M x S' — BU x Z be a representative for [P] € K(M).
Then P : M x S' — BU x Z defined by P; = p*(P) satisfies P, = P for all
t € S1. Therefore the connection V on E — M x S' induced by P, is zero
in the S' direction, i.e., Vysor = 0, and that V; = V) for all ¢. It follows
that the parallel transport in the S' direction satisfies g; = id for all ¢, and
in particular, the holonomy along the S! direction satisfies h.(p*(P)) = id.
Also, the two squares of connections defining 7,~(p), as in Figure 4, do not
depend on r, since

(1=r)Vo+rg;Vi= V)
and

(1—r) (tVo ® tvé) + (g @ id)* (tVo @ tvé) = 1V &tV
for all 7. Thus, n,«py = 0. It follows that a(n,-py) = 0 and so
Z(p*(P)) = [h«(p"(P))] + 1y~ (p) = 0.
This completes the proof of the lemma. ([

Lemma 4.21. The map T : KO(M x S') — K~1(M) makes the following
diagram commute

KO(M x S1) — qeven(af x S1)

o

K1 (M) — 5 godd(pp).
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Proof. Given a representative Py : M x S' — BU X Z for [P,] € KO(M x S1),
we have, using Ch o a = d, that

Ch(Z(P)) = Ch(hs(P)) + Ch(a(np,))
= ( . Ch(P) —dnpt> +dnp, = /51 Ch(P).

This is the claim of the lemma. |

Lemma 4.22. The map T : KO(M x S') — K~1(M) makes the following
diagram commute

KO(M x SY) —L KO(M x S1)

L

K~ (M) —L— Kk=1(M).

Proof. Since Im(a) C Ker([I), it suffices to show that if P, : M x S! —
BU x Z, then

(1.9 [, 10RD = 100(P).

Recall that the S'-integration map in ordinary K-theory is defined by the
lower row in the following diagram,

[M x S, BU x Z] [M, U]

I I

KOM x S — 2 Ker(5%) 0 ROEM, ) = KO(M A SY) 2 K-1(M)

where h.(P;) = holg:(P;) @ id is the map induced by holonomy in the S*
direction, and I(h«(P;)) : M — U is the homotopy class of the holonomy.
The lower row can be interpreted geometrically as follows. If E is the bundle
over M x St determined by P;, then pr(E) = E®p*j*E~* is the bundle over
M x S' obtained by adding to E the bundle p*EOL over M x S', where
p: M x St — M is projection, and j*FE is the restriction of E to M x {0}.
This bundle pr(E) is trivial over M x S', and the induced bundle over
Y M, is determined by (a homotopy class of) a map M — U, given by
the clutching map, which is determined by trivializing the bundle over each
half of the suspension. But, this clutching map is given up to homotopy by
h«(P;) = holgi (P;) @ id since parallel transport of the connection trivializes
the bundle over each cone. This shows that the above diagram commutes
up to homotopy, and thus we have Equation (4.9). This completes the
proof. O
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Lemma 4.23. The map T : KO(M x S') — K~1(M) makes the following
diagram commute

Q0dd(M % S1)/Im(d) —2— KO(M x S1)

Je |

Qeven (M) / Im(d) —2— K—1(M).

Proof. By definition of the maps a : @*t*(M)/Im(d) — K*(M), we can
write the diagram in the statement of the lemma as

Q0 (Af % §1)/ Tm(d) —2 QoM x 1)/ Im(Ch) S5 Ker(I) © KO(M x SV

Je Jn |

Qeven (M) / Tm(d) —2—s Qever (M) / Im(Ch) — - Ker(I) € K~1(M)

where pr is projection, which is well-defined since Im(d) C Im(Ch) by The-
orem 3.17(1), and the middle vertical map is well-defined since

Im ( /S o Ch> C Tm(Ch)

by Lemma 4.10. The left square clearly commutes so it suffices to show the
right square commutes. The maps CS™! are isomorphisms onto Ker([I).

Given P, : M x S' — BU x 7Z such that P; € Ker(I) we can choose
Pis: M x St x I — BU x Z such that P;; = P; and P, is constant. We
need to show that

CS(Z(R)) = CS(Ps) mod exact forms.
tesSt

The class [h«(P;1)] is also in the kernel of I, and hy(P;s) is a path from
h«(fpa) to the constant h.(P: ). So it suffices so to show

CS(h«(Prs)) +np,, = CS(P,s) mod exact forms.
test

w = / 7IHDt,s'
sel

Using dnp, , = [,cq1 Ch(P;s) — Ch(h«(P;s)) we have

do = 1p,, — 1Py — / Ch(Py)+ [ Ch(ha(Pus)).
sel Jtest sel

Now 7p,, = 0 since Pyg is constant, [ _; [,cq1 Ch(Prs) = [,cq1 CS(Pis),
and [, g1 Ch(hi (P s) = CS(h«(P;s)), which shows that

As in Lemma 4.17, let

dw=np,, — CS(Pis) + CS(h«(Pr)).
test

This completes the proof of the lemma. ([
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The collection of lemmas in subsections 4.1 and 4.2 prove the following
corollary.

Corollary 4.24. The map T : K*t1(M x S') — K*(M) defines an S*-
integration map.

Finally, by the uniqueness theorem of differential K-theory (Theorem 3.3
of [BS3]) we have

Theorem 4.25. Differential K -theory is represented by
K°%M) =Hom(M,BU xZ) K~ Y(M) = Hom(M,U)

as functors on Smooth . (see Definition 2.4) where Hom means CS-equival-
ence classes of maps (see Definitions 3.18 and 3.4).
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