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PREFACE

The present thesis deals with the construction of algebraic structure, par-
ticularly products, on generalized differential cohomology from an abstract
homotopy-theoretic point of view.

Beginning with a multiplicative cohomology theory E, we will show that
the corresponding differential cohomology groups E are multiplicative in a
suitable sense, which had been an open question for some time. The goal of
this thesis is to provide two solutions to this problem:

First, we begin with a ring spectrum F up to homotopy. We must then
make some additional assumption that will guarantee various coherence con-
ditions that lie at the heart of any construction of additional data on differ-
ential cohomology. A reasonable class is that of ‘rationally even’ cohomology
theories and it contains most of the theories that arise in practice (the only
notable exception being algebraic K-theory). We will show how our assump-
tion implies half the coherence conditions we are after. We must also deal
with the discrepancy between the cup product of cochains and the exterior
product of differential forms. To this end we will prove, using standard
ideas, a rather general cohomological Acyclic Models Theorem for ‘corepre-
sentable’ functors (Theorems , in Chapter 7, which may be applied
to our situation. Combining this result with the coherence properties above,
we are then able to work out products in even degrees (Theorem [8.7). It will
then be our strategy to transport our construction from even to odd degrees
(Theorem by using so-called integration maps (Theorem , whose
development is another important accomplishment of this thesis (Chapter 6).

In order to verify distributivity of the product and linearity of the inte-
gration map, we must have some information on the additive structure on the
differential cohomology groups, which has unfortunately been constructed in
[HS05| only in a completely abstract way: the diff. cohomology groups are
realized there as homotopy groups of a spectrum which is, strictly speak-
ing, obtained by applying fibrant replacement functors in a diagram model
category (there is a choice of functorial section involved). In particular, no
explicit structure maps are given. The lack of tractable ‘deloopings’ pro-
hibits any understanding of addition. Moreover, the spaces of the differential
function spectra don’t seem to be Kan complexes, so the direct extraction of



algebraic data is problematic at any rate.

We will spend considerable effort in Chapters 4 and 5 to construct an
additive structure on the level of differential cocycles (without any assump-
tions on E), which is a major accomplishment of this thesis (Theorem [5.26]).
Working with simplicial sets, we may slightly remedy the situation with the
structure maps above if we work with ‘cospectra’ instead of spectra. The
main step is then the establishment of a refined generalized Chern character
(Section 5.2)

ch: Hom(K,FE) — Z(K N A®), K € Seta

which relates the mapping spectrum of £ with an algebraic construct that
yields ordinary cohomology, which we call the cocycle spectrum. We will
prove that both sides may be viewed as cospectra and that ch preserves the
structure maps strictly. One may then extract parts of this information (us-
ing a fundamental groupoid construction — Chapter 4) to exhibit an addition
on the level of differential cocycles.

Prior to this, we develop in Chapter 3 an explicit cocycle-based con-
struction of generalized differential cohomology, whose definition is coarsely
modeled on that of [HS05|. We will verify all the axioms for a differential
refinement (Theorem and develop some techniques for manipulating
differential cocycles. Everything will be developed for pairs of spaces (which
is crucial for the construction of the integration map later) and we will es-
tablish a certain long exact sequence for pairs (Theorem , which will
prove very useful later.

This concludes the overview of our first approach.

The second solution is more abstract and views the differential function
spectra as (homotopy) pullbacks in an co-category of spectra. It is our goal
to give them the structure of commutative algebra objects (more precisely,
commutative ring spectra valued presheaves on manifolds, that is, objects of
the oo-category Fun(Man®?, CAlg(Sp))). Roughly speaking, differential co-
homology is a pullback of the diagram determined by the deRham homomor-
phism and the generalized Chern character. [Bunl2] deals with a refinement
of the deRham homomorphism. The situation for the Chern character is



much more involved (we need some hypothesis) and the necessary structure
is assumed in [Bunl2| as additional data.

Note that the construction of E-structures is difficult at the best of times
and is virtually impossible ‘by hand.” We will need some large categorical
machine for this and we will show how to squeeze the most out of the Schwede-
Shipley Theorem [SS03b| for this purpose. In Chapter 9 we will prove a (of
course somewhat restricted) refinement (to the higher-categorical setting) of
a Theorem of Dold [Dol62] on the realization of maps between cohomology
theories (Theorems[9.9 and [9.15)). This will then be applied to construct, un-
der a suitable hypothesis, a canonical (equivalence class) of a refinement of
the generalized Chern character to an F.,-homomorphism (Subsection.
Combined with the discussion in |[Bunl2|, this refinement then determines
a lift of the differential cohomology groups to spectra-valued presheaves. In
particular, the corresponding homotopy groups are graded rings.

In Chapter 10 we investigate what can been said about uniqueness of
differential refinements without restricting to the rationally even case. The
main result (Theorem may be viewed as a (weakened) generalization
of a theorem by Bunke-Schick [BS10].

Integration over manifolds with boundary has not yet received a satisfac-
tory treatment in differential cohomology. We will indicate in Chapter 11
(in the case of ordinary cohomology) that for this one should view differen-
tial cocycles as the ‘fields’ of a Lagrangian field theory and that integration
of fields on manifolds with boundaries should be viewed as taking values in
anomaly lines associated to the boundary. The results there explain also
why it was not possible by [Fre02| to construct the integral of differential
cohomology classes independent of any choices. We interpret Chern-Simons
theory and WZW-lines as the differential intersection pairing in this context,
and show that the analogous construction for K-theory leads to n-invariants.
The generalization of these arguments to other cohomology theories requires
the use of oco-categories and is a future project.

Chapter 1 serves as motivation and introduction to differential cohomol-
ogy and includes some discussion on the history of the subject. In Chapter
2 we establish the classical generalized Chern character, which first appears
in [Dol62] (using different arguments). The appendix fixes terminology from
(higher) category theory and the theory of simplicial sets used in this thesis.
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Notational Conventions

The following standard (ordinary) categories will be denoted by bold face:

Man
Man?

Ab
Set
Cat
MOdR

Vecty
Ch
Ch,
CoCh
CoCh="
cDGA
st

%*

Fun(¥¢, 2)
SetA

Set{

Kan
CGHaus

VectBun

Manifolds and smooth maps

Pairs (M, N) of a smooth manifolds M with a closed
submanifold N C M and smooth maps of pairs
Abelian groups and group homomorphisms

Sets and set maps

Categories and functors

R-modules (R an ordinary ring) and R-module homo-
morphisms

Real vector spaces and R-linear maps

Unbounded chain complexes and chain maps

Positive chain complexes and chain maps

Unbounded cochain complexes and cochain maps
Positive cochain complexes and cochain maps
Commutative differential graded algebras over R
Category of simplicial objects in %, that is, the functor
category s% = Fun(A°P, %)

Pointed objects in %, that is, the comma category
¢* = (x| €) (for * final in ¥)

Functors ¥ — % and natural transformations
Simplicial sets and simplicial maps

Marked simplicial sets

Kan complexes and simplicial maps

Compactly generated Hausdorff spaces and continuous
maps

Real vector bundles and vector bundle homomorphisms



hSp
Alg(%), CAlg(%)
Ar(%)

hModpg

Coh

%O

coSpt
2BrMonCat
MonCat
BrMonCat
R/Z-Spaces

HermLines

Stable homotopy category (see [2.1) and homotopy
classes of ‘maps’ of spectra

Category of (commutative) algebra objects in a (sym-
metric) monoidal category €

Arrow category of € whose objects are morphisms in %
and morphisms given by commutative squares
Monoidal category of E-modules up to homotopy (for
E € CAlg(hSp) a commutative ring spectrum up to ho-
motopy)

Category of reduced additive cohomology theories (see

and transformations of cohomology theories

Full subcategory spanned by the cofibrant-fibrant ob-
jects in a model category €.

Cospectra (Definition

Definition

Monoidal categories and strong monoidal functors (Sub-
section |A.1.2)

Braided monoidal categories and braided strong
monoidal functors (Subsection

Sets with a simply transitive R/Z-action and equivariant
maps

Complex one-dimensional vector spaces with Hermitian
metric and C-linear maps preserving the metric

Note that for us ‘monoidal functor’ refers to what is sometimes called a
strong (or weak — as opposed to (co)lax) monoidal functor. For an ordinary
category €, the set of morphisms will be written Homg (x, y) or also € (z,y).
If € is a V-enriched category (for example, a simplicial category), the map-
ping object will be denoted Mapy(x,y) € V. If K, L are simplicial sets (for
example, co-categories), we will write Hom(K, L) for the internal hom, that

is, the simplicial set

Hom(K, L), = Seta(K x A", L).

Similarly, for pointed simplicial sets K, L we write also Hom(K, L) for the
(pointed) simplicial set whose n-simplices are simplicial maps

K/\Aﬁ—>L.



Following [GJ09|, we will write more generally Homy(X,Y) € Seta for the
mapping space in any simplicial model category %'

If L = € is an oco-category, Hom(K, L) is again an oo-category, which is
usually denoted by Fun(K, €). We will generally try to keep in line with the
notation from [Lur09], [Lurll], and [GJ09].

D(«)
Fun(K, @)
8

C.

Sp
CAlg(©)

MOdR
CAlgp

Unbounded derived oco-category of the abelian category .o/
oo-category of diagrams in € of shape K € Seta

Spaces. The simplicial nerve of the simplicial subcategory of
Seta spanned by the Kan complexes

Pointed objects of €, the full subcategory of Fun(Al,C)
spanned by those edges e : A! — € with ¢(0) final in €
Spectrum objects in pointed spaces S,

Category of commutative algebra objects in a symmetric
monoidal oco-category

Category of R-modules, R € CAlg(C)

Category of H R-algebras, that is, CAlg, = CAlg(Modyg) for
R an ordinary ring

Equivalences will be denoted by ‘~" while the symbol ‘=’ is reserved for
isomorphisms. The degree of an object e (differential form, chain, etc.) will

be written |e|.

I denotes the unit interval [0, 1] whenever this makes sense. S* = A!/9A!
as a simplicial set and S* = /9 as a CW-complex. We will use standard
notation for the following maps:

const
incl
pr;

id

ev
can

Constant map (usually with image a base-point)
Inclusion of a subset

Projection from a product onto the i-th factor
Identity in a category

Evaluation

Canonical projection

If (C,0) is a cochain complex we will write C§ for the quotient group
C"/im(6"~1 : ¢t — C™). Q% (M) denotes the group of closed n-forms on
M and QF , (M) the subgroup of those with integer periods.
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1 INTRODUCTION

1.1 Ordinary Differential Cohomology

One of the basic goals in topology is the distinction of spaces up to homeo-
morphism, diffeomorphism, or homotopy equivalence. The first sophisticated
invariant of a space, the fundamental group, was defined by Poincaré more
than 100 years ago. This concept has many extensions such as the homology
groups H,(M) of a space. Roughly speaking, one investigates a space by
embedding certain simple spaces into it and studying the resulting interrela-
tions. Cohomology is the dual concept, elements of which typically ‘classify’
in some way topological objects defined over the space, such as characteristic
classes of bundles or a ‘bundle gerbe,” a higher-categorical generalization of
a bundle.

On the other hand, classes in differential cohomology classify more ge-
ometric objects defined over the space, for example bundles with metrics
and connections. These groups take the differential structure of the under-
lying manifold into account and are a much finer invariant of the situation,
reflected by the presence of two homomorphisms

[ H*(M)— H*(M),
R: H*(M) — Q5 (M).

Differential cohomology combines ideas from gauge theory (connections,
curvature) and stable homotopy theory. For example, Chern-Weil theory
combines gauge theory and ordinary cohomology. Early interest in differ-
ential cohomology [CS85| arose from the fact that the Chern-Weil homo-
morphism lifts to (ordinary) differential cohomology. In many cases this lift
carries strictly more information than the Chern-Weil form and the charac-
teristic class together, the example being that the holonomy of a flat bundle
may be non-zero, even though the Euler form and class vanish (Example
7).

The differential cohomology groups originate from the study of Chern-
Simons invariants of a bundle with connection and provide a natural home for
these. Oftentimes these invariants are called secondary invariants, reflecting
their dependence on an additional piece of data (the connection). Earlier still,
Deligne considered a sheaf-theoretic definition of differential cohomology in
the context of geometric quantization, which can serve as a starting point of
a discussion on the physical significance of these groups.

11



1.1.1 Classical Gauge Theory

The term ‘gauge theory’ refers to field theory in which a given physical sit-
uation is described by gauge potentials. Different gauge potentials that are
related by a gauge transformation cannot be distinguished by any observer
and are therefore equivalent descriptions of the same physical state. In prac-
tice, this often amounts to choosing antiderivatives of a physically observable
quantity. Sometimes this allows to solve the field equations more conve-
niently. Let us consider electromagnetic field theory and the structure that
naturally comes up when trying to choose antiderivatives:

Example 1.1 (Dirac’s Magnetic Monopole). The electromagnetic field

— —

E(Zt), B(Z,t)

may be combined into a 2-form F' € Q?(M) on Lorentzian space-time M =
(R, dad —da?—dz?—da3). It satisfies a fully symmetric version] of Maxwell’s
equations

dF = jg, d*F = jg

for the magnetic and electric currents jg, jg € Q*(M), which contain infor-
mation about where the charges are and where they are heading to.

As an example of a magnetic monopole, consider the following static
electromagnetic field on M =R x (R®)*: the form

zdxdz + xdydz + ydzdx

F=g 3

is a solution to the Maxwell equations with jp = 0 and jp = 0. This field
is considered to represent a magnetic monopole since by Gauss’ theorem we

have
dmg = / F= / dF.
0B (0) - (0)

In particular, F is closed but not exact on the sphere S? = 9B,.(0). Of course,
we may locally choose gauge potentials A,, A_ € Q'(S%) on the upper and
lower hemispheres, but these will not agree on the overlap. Instead, this data

I'Many scientists believe that in nature there are no ‘magnetic monopoles,’” jz = 0, but
some models of particle physics do predict the existence of particles with non-zero net
magnetic charge.

12



may be viewed as defining a principal circle bundle with connection on S?
with curvature F'/(2mi). The condition for this to work is g € Z (being the
first Chern number).

Apart from mere convenience, let us consider the following justification
for studying gauge theory:

Example 1.2 (Quantum Mechanics). When passing to quantum mechanics
one faces the problem that one has to choose a gauge potential A € Q(M)
with dA = F in order to perform the formal quantization. Different choices
of potentials A lead to formally different Schrodinger equations. Moreover,
the Bohm-Aharonov experiment asserts that on the quantum level the gauge
potentials actually have physical significance. In it, one observes that elec-
trons traveling through a region in space in which the electromagnetic field
vanishes may still experience a force from a field that is trapped inside a
Faraday cage. The solution as proposed by Dirac is to replace the quan-
tum Hilbert space L?*(R?) by the space of sections of a line bundle L on R3
[BryO§|. The point is that even though L is trivializable, there is no pre-
ferred trivialization, or gauge. Any two trivializations will be related by a
bundle automorphism. The Hamiltonian operator then involves a covariant
derivative of a connection on L given by the choice of A (gauge potential) in
the given local gauge.

1.1.2 Motivation: Degree Two Differential Cohomology

The structure appearing naturally in both these examples is that of a prin-
cipal S'-bundle with connection.

Definition 1.3. Let J#?(M) denote the groupoid of principal S'-bundles
(P, V) with connection on M. The morphisms from (P, V;) to (P, Vs) are
given by the set of all bundle maps f : P, — P, (over idy) with f*Vy = V.

By the associated bundle construction, #%(M) is equivalent to the cat-
egory of Hermitian line bundles with connection on M. The tensor product
of line bundles and connections gives rise to a symmetric monoidal structure

on J%(M).

13



Definition 1.4. H 2(M) is the abelian group of equivalence classes of prin-
cipal S'-bundles on M with connection: H?(M) = mg7*(M).

A gauge potential of F € Q2 (M;iR) consists of a circle bundle with
connection that has curvature F'. A necessary and sufficient criterion for the
existence of a gauge potential is that F' be integral (quantization condition).
Moreover, any two gauge potentials will differ by a flat connection, which
in turn are classified by homomorphisms 7y (M) — S'. We get an exact
sequence

0 — HY(M;R/Z) — H*(M) & 02, (M) — 0. (1)

Here, 7, (M) denotes closed differential 2-forms w with integer periods,
with [ w € Z for every cycle 0. On the other hand, a circle bundle is
topologically classified by its first Chern class, and the space of connections
is an affine space modeled on Q'(M). This leads to another exact sequence

QM) /im(d) = Q' (M)g & H2(M) L H*(M;Z) — 0. (2)

Here, a assigns the class of the trivial bundle M x S to § € Q' (M), with the
connection determined by #. To compute the kernel of a, we must understand
gauge transformations g : M — S* from the trivial bundle to itself that pull
the connection 6 back to zero, which solve

g 'dg=0.

Viewing the left-hand side as a logarithmic derivative, it is clear that we
may always locally find 27iR-valued solutions g. The condition that the
exponential of these local solutions agree on overlaps leads to an integrality
condition on 6, as expressed in the extended exact sequence

HY(M;Z) — Q' (M)y 2 H*(M) 5 H>(M) — 0. (3)

By the Chern-Weil Theorem, the maps I and R are equal upon post-composing
to H*(M;R). These properties of H? motivate the following definition due
to [SSO8]:

Definition 1.5. A differential extension of ordinary cohomology consists of
functors on the category of manifolds

A

H* : Man®® — Ab, *x € 7,

14



along with natural transformations
I:H — H*(—;7),
a: Q7 /im(d) — H,
b: HY(—R/Z) — H".

These are required to fit into a commutative diagram (the unnamed maps
come from the Bockstein sequence)

0 (4)

in which the middle vertical and middle horizontal sequence are exact.

1.1.3 Cheeger-Simons Differential Characters

The construction in the preceding section applies only to 2-forms F'. There
exist higher-categorical objects (bundle gerbes) that are analogous to circle
bundles and have ‘curvatures’ that are 3-forms. Higher degrees are even
more complicated, the definitions being based on éech—type descriptions of
generalized ‘bundles with connection.” While it is possible to carry this gen-
eralization out in detail, we shall proceed in a more elementary fashion. This
is the approach of Cheeger-Simons [CS85| by what are called differential
characters.

15



Definition 1.6. Let M be a smooth manifold. The n-th (ordinary) differ-
ential cohomology group of M is defined as

H™(M) = {(u,w) € Homap(Z,_1(M),R/Z) x Q*(M) | w08 = w mod Z} .

In detail, we require that the homomorphism u on the group Z,_1(M) of
smooth (n — 1)-cycles on M be given on boundaries do by integrating the
differential n-form w over o:

/U w=u(do) mod Z. (5)

Example 1.7. Given a circle bundle with connection (P, V) on M, there
is an element u € H2(M) which maps a closed curve 7 to its holonomy
€ S In case v is the boundary curve of a surface o, then the holonomy may
be computed by integrating the curvature form w over o. We observe that
the holonomy u may be non-zero, even when both the curvature w and the
characteristic class of P vanish (for example M = S*).

R/Z

Lemma 1.8. Forn > 0 the form w in 1S unique.

Proof. Suppose w € 2"(M) has the property that faw € Z for each smooth
o: A" — M. We wish to show w = 0. Given p € M, choose o : A" — M
with p € o((A")°). Pulling back along ¢ and choosing a chart (A™)° ~ R"
we are reduced to showing that a smooth function f : R” — R whose integral
over every simplex o : A" — R" is an integer must vanish. By choosing a
descending sequence of simplices around any point of R", this follows easily
from the continuity of f and by approximating the integral by some value of

16



f times the volume of o. O

Applying the argument of the Lemma to dw, we conclude that a form w
as in must be closed.

Definition 1.9. For u € H"(M) choose w as in (f]). Define

Choose a real-valued lift of v to a map @. By choice of w, the cochain
W =w—1000: C,(M) — Z takes values in Z. It also vanishes on boundaries
and we set

I(u) = [W] € H*(M;Z).
Finally, for 6 € Q""'Y(M) and w € H" ' (M;R/Z) we set

al0) : Zo (M) = R/Z, o+ /9 mod Z,

b(w): Z, 1(M) = R/Z, o~ w(o).

~ Note that b(w) vanishes on boundaries, so that it indeed belongs to
H"(M) and also Rb(w) = 0. The composition I o b is essentially the defini-
tion of the Bockstein homomorphism.

By Stokes” Theorem, a(f) is given on boundaries by df, so that it too
belongs to H"(M) and we have Ra(f) = df. Since & = 0 — [ 0 is a
real-valued lift of a(6), we have Ia(f) = 0.

Theorem 1.10. The groups H”(M) of Definition and the transforma-
tions R, I,a,b of Definition are a differential extension of ordinary coho-
mology.

Proof. Tt remains to prove the commutativity of the two squares in and
exactness. Since 4 o 0 is a real coboundary, the maps R and I agree upon
mapping to real cohomology. For the other square, let z € C,,_1(M) — R
represent a class in H"~1(M;R) and choose 6 € Q2"~!(M) cohomologous to =
(viewed as a real cochain). Then both z and € agree on cycles, so the other
square commutes as well.

The exactness of the vertical sequence is trivial and the exactness of the
horizontal sequence is a direct consequence of deRham’s Theorem. O

17



Example 1.11 (Generalization of Example . Let G be a Lie group with
Lie algebra g. Given an invariant polynomial f on g, the (absolute) Chern-
Simons form on a G-principal bundle with connection (P — M,V) is a
canonical choice of antiderivative of the pullback of the Chern-Weil form
f(V?) € Q*(M) to the total space P. As a consequence, one cannot com-
pare them for different principal bundles P, even if they have the same base
space. However, the mod Z-reduction of the cochain corresponding to the
Chern-Simons form may be viewed as an element v € H*(M), a group in-
trinsically assigned to the base space. This is why differential cohomology is
regarded to be the ‘natural home’ for the Chern-Simons ‘form.” The Chern-
Weil form f(V?) can be recovered by taking the ‘curvature’ R(u), and I(u)
is the characteristic class of P belonging to f € H*(BG;R).

1.2 Generalized Differential Cohomology
1.2.1 Introduction

Generalized cohomology theories have their roots in index theory (K-theory)
and in Thom’s work on cobordisms. In essence, generalized cohomology
classes are invariants attached to topological situations constructed from the
manifold. For example, the families index is associated to a family of elliptic
differential operators over a manifold and represents a K-theory class.

Now again, generalized differential cohomology is a refinement of general-
ized cohomology theory that takes additional geometric features into account.
Its first incarnation was in the form of differential K-theory and allows for
a refined statement of the index theorem. The classical Atiyah-Singer Index
Theorem for families asserts the equality of the analytic index of a family of
Dirac operators with a cohomological quantity, involving the Chern character
of the symbol and an A-class. In the presence of ‘additional geometry’ one
may pick canonical Chern-Weil representative differential forms. The Differ-
ential Index Theorem [BS09], [FLI10] asserts that actually more (in the sense
of Example is true: one may lift both the analytical and topological
index to differential cohomology and these refined indices coincide.

Roughly speaking, the objects of generalized differential cohomology rep-
resent gauge potentials of fields F' € Q"(M; V') whose ‘charges’ have been
lifted along the generalized Chern character (Chapter

ch: B*(M) — H*(M;V), V =FE"(pt)®R.
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Here, E* denotes a generalized cohomology theory, such as K-theory or
cobordism theory.

1.2.2 Axiomatic Approach

For ordinary integer cohomology the axioms in Definition were presented
by [SS08|. By analyzing only these axioms, they proved that the various
constructions of differential cohomology were in fact isomorphic: the sheaf-
theoretic Deligne cohomology [Gaj97], Cheeger-Simons differential characters
ICS85], a stratifold model by Bunke-Kreck-Schick [BKS10|, and the homo-
topy theoretic model of Hopkins-Singer [HS05].

Subsequently, [BS10] considered the case of generalized cohomology. Let
E be a generalized cohomology theory in the sense of the Eilenberg-Steenrod
axioms and let V* = E*(pt) ®z R denote the graded coefficient vector space.

Definition 1.12 (|[BS10]). A differential extension of E consists of functors
E* : Man® — Ab, *x € 7,
together with natural transformations
I:E*— B,
R . E* — Q:l(_, V),
a: 7Y (=, V) /im(d) — E*.

These are required to fit into a commutative diagram

EH M) -2~ QY (M; V) /im(d) —%— E*(M) —— E*(M) —0

T 3

Q(M; V) —= H*(M; V)

with an exact upper horizontal line. Such a differential extension is called
multiplicative if E is a functor into graded commutative rings, if I and R are
unital ring homomorphisms, and if

a@)Ui=al@ ARE) VOeQYM;V), e E™(M).
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The generalized Chern character ch : E*(M) — H*(M;V) will be care-
fully constructed in Section

Example 1.13 (Differential K-Theory). Following [FL10], the 0* differen-
tial K-theory group K°(M) may be identified with a quotient of the set of
Hermitian vector bundles with connection on M equipped with an element
¢ € Q°4(M)/im(d). Then R takes (E,V,¢) to ch(V?) — dg, essentially the
Chern-Weil representative of the Chern character. The map [ simply retains
the ordinary K-theory class.

An isomorphism of differential cohomology theories is defined to be a nat-
ural transformation which is compatible with the maps a, R, I. One of the
main results in [BS10] is the following theorem. It justifies the axiomatic ap-
proach presented above, but note the assumptions on the cohomology theory

E:

Theorem 3.10 from [BS10|. Suppose E is rationally even, that is, E is
a cohomology theory whose graded coefficient group E*(pt) is torsion in all
odd degrees. If E*(pt) is countably generated in all degrees, then any two
differential extensions E with integration will be isomorphic via a unique
1somorphism respecting integration.

We shall see in Chapter how uniqueness may be formulated in the
case of an arbitrary cohomology theory. For this we must introduce a weaker
notion of ‘equivalent’ differential cohomology theories.

1.3 Elementary Notions
1.3.1 Manifolds with Corners

We will need to extend the functor Q*(M; W) to the category Man of mani-
folds with corners, that is, second countable Hausdorff spaces with a smooth
structure modeled on ‘Euclidean corners’

O, = {(21,...,2,) ER" | 21,...,2, > 0}

A map on an open subset U of a Euclidean corner is said to be smooth if it
allows a smooth extension to some open subset of R" containing U. With
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this extended notion of smoothness, charts and atlases may be defined as
usual. The tangent bundle is the unique up to isomorphism functor

T : Man — VectBun with 70, =0, x R".

In particular, it makes sense to consider differential forms on manifolds with
corners.

Example 1.14. The standard simplex A" is an n-manifold with corners.
An atlas is given by the collection ¢ = 0, ..., n of homeomorphisms

{(t07---7tn> eAn’tﬁéO}% {(xlv"'axn) € Dn sz < 1}
(to,...,tn) —> (t(]w--;tifl;tzﬁrla---7tn)-

Note that there are several competing definitions for ‘manifold with cor-
ners.” The one presented here is briefly discussed in the textbook [Lee03] and
called ‘t-manifolds’ in [HS05, C.1].

1.3.2 Smooth Chains and Cochains

For any M € Man one may form the smooth singular set sing (M), whose
n-simplices are smooth maps

o: A" —> M
Passing to the associated Moore complex leads to the smooth chain groups
Co(M) =ED{Z | o : A" — M € sing,(M),,}.

Relative versions C? (M, N) for submanifolds N C M are constructed in the
usual way by taking quotients. For any abelian group A, dualizing yields the
cochain complex of smooth cochains

CT(M; A) = Homap(C5 (M), A).

Note that any singular cochain may be restricted to a smooth cochain.
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1.3.3 Relative de Rham Complex

For a closed submanifold i : N C M we let Q*(M, N
We include the case N = () where we set Q*() =
sequence

) ={w e Q(M)|i*w = 0}.
0. There is a short exact

0—=Q(M,N)— Q" (M) —Q(N)—0 (6)

of cochain complexes, which of course yields a corresponding long exact se-
quence in cohomology. Integrating smooth simplices allows us to view differ-
ential forms as smooth singular cochains

/: O"(M, N) — C"(M, N), (/w)a:/aw.

By the five-lemma and the long exact sequences we have the relative de Rham
1somorphism

H(M,N) — H"(M,N) <— H"(M, N) (7)

2 GENERALIZED CHERN CHARACTER

The goal of this section is to establish the classical Chern Character. This is
a transformation of cohomology theories that derives from the fact that over
the reals there is an essentially unique cohomology theory. This is due to
Dold [Dol62]. It derives from deep results of Serre on the stable homotopy
groups of spheres, namely that

1<0: 0,
m(S)=qi=0: Z,
i >0: finite group.

2.1 Stable Homotopy Category
To formulate and establish the results in this section it will suffice to work

in the stable homotopy category hSp, whose main features we briefly recall.

Definition 2.1. A prespectrum is a sequence of pointed Kan complexes (or
spaces) E, along with pointed structure maps E, — QE, 1. In case these
are all weak equivalences, we speak of a spectrum (for emphasis also called
(2-spectrum).
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The objects of the stable homotopy category are all prespectra, but mor-
phisms are more complicated to define. In short, they are eventually defined
‘maps’ (equivalence classes of cofinally defined ‘functions’) up to eventually
defined homotopy [Ada95, Section III.2|. This category is equivalent to the
category whose objects are all CW-spectra with morphisms given by ho-
motopy classes of ‘functions.” The category hSp has a closed symmetric
monoidal structure given by the so-called smash product and an internal

A :hSp x hSp — hSp, hSp°® x hSp — hSp.

It is also a triangulated category (which roughly asserts the existence of
sensible Puppe sequences), but we will only need that it is additive. The
abelian group of morphisms will be denoted [E, F'|. The 0-th space functor

2°° : hSp — Ho(Set})

has a left-adjoint ¥>° : Ho(Set) — hSp called suspension spectrum. In
addition, there is an adjoint equivalence

Y :hSp_—hSp: Q.

While ¥ is compatible with ¥*>° and the usual suspension, () is compatible
with Q° and the usual loop space. Finally, there is a symmetric monoidal
functor called ‘Eilenberg-MacLane spectrum’

H: Ab — hSp.

Our presentation here is inspired by [Mallll, [Ada95|, and [Swi75|, where the
reader interested in more details is referred to.

Monoids in hSp are called ring spectra (up to homotopy). For each
commutative ring spectrum E we form the category of E-modules (up to
homotopy) hModg which inherits a (closed) monoidal structure Ap with
unit object E (see [HSS00] or [Ada95, p.320]). It is defined by the coequalizer

MANEANN=MAN— M Ag N.

The monoid objects in this category are called E-algebras (up to homo-
topy) and form a category Alg(hModg) (or CAlg(hModg) in the commu-
tative case).
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Remark 2.2. The stable homotopy category hSp is but the first level of a
much richer structure: a stable symmetric monoidal oco-category Sp whose
refined structure we will need later to establish more precise results. The
homotopy category of Sp is equivalent to the stable homotopy category, but
be warned that it is not true that the homotopy category of the co-category of
algebra objects Alg(Sp) stands in the same relationship to Alg(hSp)! Indeed,
as remarked in [Sch07, p.114|, the question of whether one may realize a
ring spectrum up to homotopy as a symmetric ring spectrum involves many
obstructions! Similarly, the homotopy category of the oco-category Modg is
not equivalent to hModg.

A cohomology theory satisfying Milnor’s wedge axiom is also said to be
additive [tDO8|, p.406]. This means that for any family of pointed spaces X,
a € A, the restriction maps induce an isomorphism

E*(\/ Xo) = [] E*(Xa).

acA acA

In this situation, we have the Brown Representation Theorem:

Theorem 2.3 (9.27 and 9.13 in [Swi75| and [Bro62]). Let Coh denote the
category of reduced cohomology theories with values in Ab satisfying Mil-
nor’s wedge axiom. Formation of reduced cohomology induces an essentially
surjective, full (but not faithful) functor of categories

hSp — Coh, FE — E*.

Remark 2.4. If £* is a multiplicative cohomology theory on the homotopy
category of spectra, there exists a ring spectrum F € hSp that gives rise
to the product structure (13.70 and 13.71 in [Swi75]). The corresponding
assertion for theories defined only on spaces seems to be false [Ada72, p.154].

The trouble with faithfulness is that from the equality of two morphisms
E* — F* one may only deduce the existence of level-wise homotopies, but our
homotopies need to commute with the structure maps. The non-faithfulness
in the theorem gives rise to the theory of phantom maps. For example,
there exists a non-trivial map L°CP>® — ¥*S% which induces the zero
transformation of cohomology theories.
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2.1.1 Ordinary Cohomology with Graded Coefficients

Definition 2.5. Ordinary cohomology with coefficients in a graded real vec-
tor space V' is defined as (see for example [tDOS8] p. 520])

HY (X, A V) =][H(X, 4 V).
i€z
It is important to use the product (not the direct sum) in order to obtain
an additive cohomology theory for the establishment of the Chern charac-
ter [Liic05l, 5.12]. Of course for finite-dimensional X there is no difference

between the product and the direct sum. Similarly, the generalized Filenberg-
MacLane spectrum HV € hSp is (where V* =V_,)

HV = [[HVili] < \/ HVili].

1EL 1€EZ

The right hand equivalence is induced by the canonical map [Ada95]
Proposition II1.3.14|. Explicitly, the n-th space of the spectrum HV is

i€z
The adjoint structure maps of HV are defined as the product of the adjoint

structure maps of the individual spectra (this is because €2, being a right
adjoint, commutes with limits).

Definition 2.6. Suppose V is a graded commutative algebra. Cohomology
classes v € H"(X,A;V),y € H™(X, B; V) are represented by left-bounded
sequences

v e H(X, A, V™Y, v/ € H(X,B; V™), i,j>0.
We define z = x Uy € H"™™(X, AU B; V) as the sequence

= 3 () Uy € HEX AU B YR,

itj=k

Since 7,7 > 0, this sum is finite. The units are given by one-term sequences
(all other entries are zero)

Ix € H(X; V9.
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The sign makes certain that we retain graded commutativity:
(—1)=Digi g = (—1) =D=M i = (—1)mn(—1)MDigd g,

If we define the boundary operators § by (6x)* = dzF~! then these definitions
allow us to view H*(—;V) as a multiplicative cohomology theory [Liic05]
Definition 5.12] on pairs of CW-complexes.

The following will be needed in the proof of Theorem 2.8 it is not a
fact about cohomology theories, but uses that we are working over the real
numbers:

Lemma 2.7. Suppose V' is a graded vector space. Let X, A € L, denote
the poset of finite subcomplexes of X. The restriction maps induce an iso-
morphism

H*(X;V)%’l(iElH*(XA;V). (8)

Proof. Using the Universal Coefficient Theorem, since homology and filtered
colimits X = colim X, commute, and since any two limits commute:

HY(X;V) = [[H(X; V') = [ Hom(H._;(X), V")
1€Z €L
= [ [ Hom(colim H,_;(X,), V*) 2 [ [ lim Hom(H._;(X,), V")
1€Z 1€EZ
= lim | [ Hom(H,_;(X,); V') = lim | [ H* (X, V')
1€EZ 1€EZ

= lim H*(X,; V). O

2.2 Construction

The proof of the following theorem will occupy the bulk of this subsection.
The first part is mentioned without proof in [Liic05, 5.12]. It was first for-
mulated in [Dol62, p.172 and p.175|

Theorem 2.8. Let E be a reduced additive cohomology theory that takes
values in real vector spaces. Then there is a canonical natural isomorphism
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of cohomology theories
E = H(— W),  W*=E"(S".

If E is multiplicative, so is this transformation.

Note that E*(—) ®z R does generally not satisfy Milnor’s wedge axiom
|ILiic05) p.93], so we may not apply Theorem directly to this cohomology
theory. Instead, we will work with £ A HR which satisfies this hypothesis.

Corollary 2.9. For every E € hSp there exists a canonical natural trans-
formation from the associated cohomology theory

ch: E— H(—V), V'=r_(E)oR.
If E € CAlg(hSp), then ch is multiplicative.

Proof. The cohomology theory associated to £ A HR satisfies the conditions
of/T\Izgorem 2.8] so we obtain a cano/ngil isomorphism of cohomology theories
E A HR = H*(—; W) for W* = E A HR*(S°). For finite CW-complexes X
we have [Ada95|, Proposition II1.6.7]

ENHR*(X) = B*(X) @z R,

from which the formula for the coefficients follows. Now precompose with
the transformation associated to £ — E A HR.

Suppose next that £ € CAlg(hSp). Then E' A HR is an HR-algebra
spectrum (up to homotopy) and £ — E A HR is a morphism in CAlg(hSp),
which induces a multiplicative transformation of cohomology theories. By

Theorem [2.8| the isomorphism ENHR=H *(—; W) is multiplicative. O

For any E € Coh we may of course use Theorem to choose an object
F' € hSp representing it, but ' and ' = F' are not canonical.

Example 2.10. Let £ = K be topological K-theory, which is defined as the
cohomology theory represented by the spectrum BU x Z. For path-connected
compact X, the Chern character K (X) — H®*"(X;R) takes the class of a
line bundle L — X to [tD08] p.520]




If L,, denotes the tautological line bundle over X = CP" forn =0,1,..., 00,
we have

ch(L,)=1+X+X?/2! + ...+ X"/nl € H™(CP™;R) = R[X]/(X").
Naturality implies
ch(Ly) = X € H™*(CP™;R) = R[X].

We see again that it is important to take the product in Definition[2.5]because

e* is not an element of R[X].

The cohomological Chern Character is somewhat tedious to establish:

Proof of Theorem[2.8. Since the coefficients of HW and E agree and both
cohomology theories are additive, by a theorem of Milnor [Swi7h, Theorem
7.67] or by the Atiyah-Hirzebruch spectral sequence it suffices to construct
a natural transformation of cohomology theories. The construction has two
steps: first, we shall establish a natural transformation of cohomology the-
ories [, ,_, HY(X;W7) — E™(X) on finite pointed CW-complexes X. In
this case, the product is a biproduct and we may define the map as a sum
of wedges of generalized Hurewicz homomorphisms. Next, using that a CW-
complex X is the colimit of its finite subcomplexes, we will define a natural
transformation for general X.

Suppose that X is a finite pointed complex. For [X A S! ER Sitl) e
7/ (X X) consider the canonical map

Wi = Ei(S°) = Fititl(githy Ly givitl(x A 81 = BH(X).  (9)

More explicitly, choose E € hSp representing E. Elements [SF % B4 €

W' and [X A S ERN Sit] € w7 (X X) are then paired together to an element
of E*3(X) represented by (—1) times the class of

XASHH o SEAX NS T B A ST S By

The signf| ensures that this element only depends on the stable class of o
and f: replacing f by its suspension clearly results in the suspension of the

2Predicted in the sense of [Sch07] by the occurence of i + k + j +1 in the ‘wrong’ order:
k and j need to be exchanged in order to match S**!. Note that all signs depend on
whether one takes suspensions on the left or on the right. We take them on the right.
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paired class. On the other hand, replacing o by o Aidg:1, we need to compare
the stable class of (—1)*+1J times the upper line with (—1)¥ times the lower
line in the following commutative diagram:

oAIAf .
X A Sk+1+l _>51k+1 AXA Sl —>Ei+k A SlJer —— Eih14j1
1XASk/\X1,ll LlEHkAXLjH

XA SkHAL gk A X A S UAfME e A S L.
In this diagram, X, denotes the permutation of sphere coordinates accord-
ing to the block permutation on n + m letters of type (n,m). Using [Sch07,
Lemma 2.3|, we conclude that the upper and lower line represent stable
classes that differ by (—1)7, as desired.

These pairings @ piece together to a natural transformation, compatible
with suspension, on the biproduct

he [ werl(X) - EMX). (10)
i+j=n
Comparing coefficients, we deduce that this map is an isomorphismﬁ. It is
important to remark here that the left hand side indeed is a cohomology
theory on finite complexes (because stable cohomotopy is).
Suppose now that £ is multiplicative and choose maps p;; : £; A E; —
E;.; representing the product (well-defined up to homotopy). The left hand
side of is endowed with the product of graded algebras

(lo] @ [f) Ul @lg]) = (Do) U [r]) @ ([F1U La)).

Our transformation is a homomorphism of graded rings: Unitality is
clear. For multiplicativity, choose representatives

0:8" — E; (0] € W,

7:5° = E; (7] € W7,
f: X ASe— 5P [f] € 72(X),
g: X AST— gatd lg] € T(X).

3Milnor’s Theorem is valid also for cohomology theories defined only on finite pointed
CW-complexes [DKO01, Theorem 8.31]; the proof follows by induction on the number of
cells, the Mayer-Vietoris Sequence, and the Five Lemma.
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For simplicity, we may restrict to 0,7 being defined on S° (since E is an
Q-spectrum). Then we havd]

]U[r] =[S =8"AS" 25 B AEy & Byl

[F1Ug] = (—1)[X A S — X A S°A X ASE LN gpietatd)
h(o] @ [f]) = [X A S¢=S°AX A S I ByASPte S By,
hirl@g)) = [XAST=S"AX AST TS BA ST 5 Byl

Thus, h(([o] @ [f]) U ([T]@[g])) = (=1)¥h([o] U [r] @ [f] U [g]) is represented
by (—1)° times the stable class of the composition

X ASH 5 SONX ASEASOAX A SE TN po A gpte A By A S0t

ENE

I
— Eitpte N Ejigrd — Eigpictjtard: (A)

On the other hand, h([o]®[f]) Uh([7]®[g]) is represented by (—1)<U*+9 times
the stable class of the composition

X ASH 5 SONSOAX ASEAC A SN oA By A P A gatd
Al
55 By ASPTNY S B pborgrd: (B)

The diagram

E; A SPFe A Ej A Satd e E; N E; A SPTe p ot

sAeL LuAl

+etg+d
Eiipre N Ejiqrd Eij N SPrerar

Tl

Ei+p+c+j+q+d

commutes up to sign (—1)P*+9)7 (viewing both ways around as elements of
the group [E; A SPYC A E;j A ST Fiy i et jiqrd); this follows from the com-
patibility of the multiplication on E with suspensions). It follows that the
stable classes of (A) and (B) differ by the factor (—1)®*+<)7. Thus is

“The sign for [f] U [g] arises since we take our suspensions on the right.
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multiplicative.

In the special case E = HW9J we obtain the Hurewicz isomorphism
(X)) @ W/ — H*(X;W7). Taking the product of these and composing
with yields a natural isomorphism

ax;w) = [ #xwd) = I #ixX)ew?’ - EMX). (11
i+j=n i+j=n

This concludes the first step.

The second step is formal. For a CW-complex X, let Lx denote the
directed poset of finite CW-subcomplexes X, C X. We consider the functors

E" H"(—; W) : L — Vectg.
The restrictions determine a canonical map

E"(X) = lim E"(X,) (12)

AL x

which is an isomorphism if X is already finite (being then the initial object
of £F). Recall that by (8) the canonical map

HY(X; W) — lim H"(Xy; W) (13)
AELx

is an isomorphism for any X. For each CW-complex X, the limit of the maps
therefore determine maps

E"(X) = lim E"(X,) — lim H"(X,;W) = H"(X;W). (14)

Aelx Aelx

which generalize those for finite complexes. A map f : X — Y of CW-
complexes induces a functor £Lx — Ly and therefore determines maps

lim A"(Y,; W) 55 lim A*(XuW),  lim E°(Y,) & lim E7(X,).
nely AeLx nely AeL x

Explicitly, the component of f* for A € Lx is given by projecting to Y, =
f71(X,) and then using f* for finite complexes. With these definitions,
and are natural transformations. From the naturality in the case of
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finite CW-complexes we conclude that is natural. To show that is
compatible with suspensions it suffices to observe that X, A S* for A € L is a
cofinal subcategory of £ xagq1, so that we may take the corresponding limits
in and over these objects. Comparing coefficients, we conclude that
is an isomorphism of cohomology theories. It is multiplicative since the
restriction maps are multiplicative and because this was true in the case of
finite complexes. [

3 DIFFERENTIAL COHOMOLOGY

We will be concerned with the construction of differential cohomology the-
ories F satisfying the axioms of Definition (except the additive struc-
ture). The treatment in this section is completely elementary and requires
no knowledge of abstract homotopy theory.

The additive structure is more difficult to see explicitly and will be devel-
oped in Section [5} This will be important for us since we will later construct
products ‘by hand’ and this enables us to prove distributivity.

3.1 Fundamental Cocycles
3.1.1 Setup

We begin with a reduced additive cohomology theory E* € Coh. Choose an
Q-spectrum (FE,,e,) representing E. We will require the adjoint structure
maps

4 B, = QF, (15)

n—1

to be pointed homeomorphisms (this can always be arranged).

Remark 3.1. Making a different choice of representing spectrum (E,,e,)
leads to an isomorphic differential extension of E. They are not, however,
canonically isomorphic. On the one hand, this makes the construction of
additional structure so difficult. On the other hand, it is precisely this kind
of behavior which ‘enriches’ differential cohomology as compared to classical
cohomology theory. Otherwise one might suspect that the uniqueness result
of [BS10] guarantees that nothing has been gained. This is not the case.
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3.1.2 Implementation of the Chern Character

Recall the generalized Chern character, which was a transformation
ch: B* — H*(—;V)

of reduced cohomology theories. Since E™ is represented by E,, Yoneda’s
Lemma shows that the Chern character is implemented by pullback along
the so-called fundamental cohomology classes [i,] € H"(E,;V):

ch[X L B = B(f) ]

Since ch is a transformation of cohomology theories, the elements [¢,,] are re-
lated by the suspension and the structure maps and may therefore be viewed
as an element of the group lim H"(E,,; V'), the inverse limit being taken over

*

En—1 susp

H*(E,; V) H**"(SE,_1;V) H*"YE, 1. V).

Lemma 3.2. lim H"(E,; V) is isomorphic to the 0™ cohomology of the cochain
complex lim C*"(E,,, pt; V'), where the limit is taken over

C T (En,pt; V) — C*H(SE,—1,pt; V) — C*" N B,y pt; V).

n—1 sl

Proof. Using universal coefficients, the fact that Homg takes colimits in the
first variable to limits, that any two limits commute, and that directed co-
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limits and homology commute, we calculate:

() L5 )
jEL

— i ([Ttim 95 (B, pt; V) ) = [T 17 (tim €7 5(By, ot V7))

JEZ JEZ

= H Homg (Hn(colim Ci—jrr(Ex, pt)), Vj)

— H Homgp ( colim Hy, (Ci—j41(Ex, pt)), Vj)

JEZ

= H lim Hompg (Hn(c*—jJrk(Ek’ pt)), Vj)

JEZ

= lim [] H"(C*9**( By, pt; V7)) = lim H”(H IR (B, pt; vj))
J€L J€L

= lim H*(C***(E,, pt; V) = lim H" 5 (E,; V) O

If follows from Lemma that we may choose fundamental cocycles t,, €
Z"(E,,pt; V) with the property that

Ln_lz/ £ _1ln. (16)
Sl

3.2 The Construction
Fix the data (E,,¢,) from Subsection and let v, € Z% . (FEn,pt; V) be

a fixed choice of fundamental cocycles.

Definition 3.3. Let N C M be a closed submanifold. The n-th differential
E-cohomology E™(M, N) is the set of equivalence classes of triples

c:(M,N)— (E,,pt), we€Q4M,N;V), heCr'(M,N;V)

satisfying
oh =w — c*ipy.

An equivalence (cg,wo, ho) ~ (¢1, w1, hy) with wy = wy is a pair

C:10,1] x (M,N) = (E,,pt), H€C"[0,1] x (M,N);V)
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with the properties

0H = priw — C*t,
ZSC = Cp, ZTC = (1, ’LSH = ho, ZTH = hl.

An equivalence class [c,w, h| is called a differential cocycle.

Here, ig,4, : (M,N) — [0,1] x (M, N) denote the inclusions of the end-
points and pr, : [0, 1] x (M, N) — (M, N) is the projection.

By pulling maps, forms, and cochains back along smooth maps we see
that the differential cohomology sets may be organized into a functor

E"™ : (Man?)°® — Set,

into the category of pointed sets. The base-point is [const, 0, 0].

Remark 3.4. Two different choices of fundamental cocycles lead to isomor-
phic, but not canonically isomorphic differential cohomology theories. This
makes the definition of structure on these groups very difficult, and every
construction ultimately boils down to a compatibility statement for the fun-
damental cocycles. One might hope to obtain a family of fundamental co-
cycles compatible with the cup product structure by applying the approach
of Lemma to diagrams on index categories more sophisticated than N.
Unfortunately, the proof of this lemma relies on the fact that homology com-
mutes with filtered colimits.

In general, one can obtain a spectral sequence which, when it collapses,
guarantees that a compatible choice is possible:

3.2.1 Aside: Spectral Sequence for the Simplicial Resolution of a
Diagram

Suppose F' : I — Ch is a diagram of chain complexes of vector spaces,
indexed on some category I. The standard simplicial resolution of F' is the
simplicial chain complex S € sCh with n-simplices

Su= P Flin).

i:[n]—1I
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For 0 < k < n, the face maps dj; on S,, are given by ‘covering up i;.” Formally,
dy o in; = in;ogr, where in; : F'(iy) — S,, denotes the canonical inclusion. The
map dy is defined by

do 0 in; = ingeg o F(i(0 — 1)).
The simplicial object S, may be visualized as follows:

@ Flio).= @ Fli).= @ Flio).

i0€Ob(I) 10—11 10—i1—12

From S, € sCh we may extract a double complex T,. = (S,). with
horizontal differential § = Y (—1)*d; and vertical differential d = (—1)"d® :
(Sn)s = (Sn)«_1, where d° denotes the differential on S,,.

Of course the double complex induces a (homological) spectral sequence
[McCO1]

E]?,q = 1,,(H(T',0),6) = Hp4q(Tot(T)).

By first applying the vertical differential 9 to T" we get

B H(F6) @ H(F i) B H.(F(ip))

i0€0Db(I) lo—i1 t0—i1—>12

The first two columns of T are just the coequalizer that is used to ex-
press an arbitrary colimit using coproducts and a coequalizer, hence an =
colim;e; H,(F(7)).

Since our spectral sequence is in the right half-plane, we have edge ho-
momorphisms Ej, — Eg5, C H,(Tot(T)). Using the Universal Coefficient
Theorem, these induce maps for every vector space V' (in Vectr, monos
dualize to epis and epis dualize to monos):

H"(Tot(T); V') = Hom(H,(Tot(T)), V) — Hom(Eg5,, V) (17)
— Hom(c%ijm H,(F)),V)= liienll H"(F(i); V)

By taking direct products, generalizes immediately to graded vector
spaces V.

Proposition 3.5. If our spectral sequence collapses, 1S surjective.
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A representative cocycle on the left may be interpreted as a coherent
family of cocycles, refining the cohomology classes on the right. Indeed, an
n-cocycle of Hom(Tot(T"); V') consists for each 0 < p < mn and ¢ : [p] — I of
a homomorphism

fo i F(0)n—p — V, that is, cochains f, € C"P(F(g), V).

These vanish on coboundaries of Tot(T"), which implies ‘coherence’ relations
among them. The above map sends such a family to the element of the
limit represented by the subfamily of cohomology classes of f.g—r @ F/(2), —
V,iel.

Unfortunately, there is no indication why the corresponding spectral se-
quence should collapse, except if we make homological assumptions on E.

3.2.2 The Equivalence Relation

To keep control over E”(M , N) it is important to observe that ‘~’ is indeed
an equivalence relation, so we don’t have to pass to a ‘generated’ equivalence
relation. It is obvious that the relation defined above is reflexive and sym-
metric (pull back along ¢ x ida,n) for ¢ : [0,1] — [0,1], ¢(t) =1 —1t). To
prove that our relation is transitive, we need a lemma on gluing cochains:

Lemma 3.6. Let AU B = X be an open covering and A C~A,l~3~ C B
be subsets with AN B = BN A. Then, restriction C"(AU B,AU B) —
C"(A, A) xcnanp) C"(B, B) is surjective. Similarly for smooth cochains.

Proof. Suppose u € C™(A, A), v € C"(B, B) have equal restriction to AN B.
Consider the projection

tnl tn—‘rl
AT S AT (to e ) [t 4+ 2t .
@ (to +1) (o il il
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The coface map d" ™' : A" — A" (tg, ... t,) = (to,...,tn,0) then satisfies
mod" = idan. Let 0,11 : A" — X be a simplex. For ¢ := 0, o7 let
oi=0cod =0, 0mod sothat we have

Jo=09—01+09--+ (—1)”+1an+1.
We define a subdivision operator (not a chain map)
sd : Cp(X) = Cr(X)

on a basis by sd(0,,11) = 0, —0p_1---+(—1)"0¢ = (—1)"do+0,,41. Our sub-
division lets the diameters tend to zero and A" is a compact metric space.
Therefore after a finite minimal number m = m(o) of applications of sd

any simplex o € C,(X) will be a chain > ny - 7 consisting only of sim-
k
plices 7, whose image lies entirely in A or entirely in B. We define w(o) as

u(ty) if 7 (A™) C A, o _ .
> o Tk (7) ) H(A") By the minimality assumption, w restricts
v(g) if 7(A™) C B.
to w and v respectively; thus w is preimage of (u,v). This proves that the
restriction map is surjective. We remark that our subdivision operator takes

the subcomplex of smooth chains to itself. O
Remark 3.7. Cocycles are invariant under the subdivision operator sd. In-
deed, by definition sd(o,41) = (—1)"00 + 0,41 from which we conclude
u(sd(op41)) = u((—=1)"00 + 0,41) = u(0,41). Closed differential forms are
also invariant under sd.

Proposition 3.8. The above relation is an equivalence relation.
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Proof. We first remark that if (o, wo, ho) ~ (c1, w1, hq) then there exist H,C
as above such that Clj1/4 = co o pr,Clja1 = ¢1 0 pr, H|p1/4 = prrho,
Hli3/41) = prhy, so H and C are ‘constant’ near the endpoints. Indeed,
given C, H we may pull back along ¢ x id(,x) where ¢ is a smooth strictly
increasing function [0, 1] — [0, 1] with ¢|p1/4 = 0, ¢|f3/4,1 = 1.

Suppose now that (co,wo, ho) ~ (c1,wr, hy) via Hy, Cy and (¢, wq, hy) ~
(€, wa, he) via Hy,Cy where the H’s and C’s have been replaced as above so
that they are constant near the endpoints. We apply the above lemma to

[0,2] x (M, N) with open cover [0, 1[x (M, N),]3,2[x(M,N), ]1,2] x (M, N)
and the cochains Hy, pr*hy, H, translated properly to obtain H. The cochain
H clearly restricts to hg and hy at the endpoints. Let C' be the composition

of homotopies Cy, C;. We have to verify the equation of cocycles
0H = priw — C*u,,.

By Remark it suffices to consider a smooth simplex o with image entirely
contained in one of the three open subsets (because dH (o) = 0 H osd" (o) for
any n € N). For example, if 0(A™) C [0,1[x M then o = 4.0 for the inclusion
i:[0,1[xM C [0,2] x M. We have

(0H)(0) = (6i"H)(0) = (6Ho)(0) = priw(o) — (C5)un(0)

which is also the value of pr*w — C*i,, on ¢ = i,0. n

3.3 Verification of the Axioms

In Theorem [3.12] we will give an elementary verification of the fact that the
differential cohomology groups of Definition along with maps (I, R, a),
to be defined below in Definition .11 do indeed constitute a differential
extension of E-cohomology (the group structure will be treated later).

It is clear that this verification on the elementary level must be somewhat
technical in nature. We refer to Section [J] for a more elegant (but also more
involved) treatment in terms of co-category theory.

Definition 3.9 (p.240 in [tD08]). The ‘standard’ Alexander-Whitney map
is the natural chain equivalence

AW : Co(X xY) = @ Ci(X) & Cy(Y)

pt+gq=n
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which assigns to o : A" — X X Y the sequence in the direct sum

Y s(bri00) @ (pryo o).

ptq=n

Here, ,7(to,...,t,) = 7(to,...,tp,0...,0) denotes the front p-face of 7, and
similarly 7, is the back g-face with the zeros up front.

The standard Alexander-Whitney map has better formal properties than
those that are obtained abstractly from the theory of Acyclic Models.

Lemma 3.10. For any v € C""1(X, A) there exists a cocycle E € Z™(I x
(X, A)) such that iSE =0, iiE = év. In particular, for differential cocycles

h—h €im(d) = [c,w,h]=][c,w,h']. (18)

Proof. Suppose first that A = (). Define the cochain E as

E:Co(I x X) 22 0y(1) @ Cu(X) 2225 Co(1) @ Oy (X) <25 R,
where
£ <er[A0 —{z} C I]> = er ST
zel zel
From the formula for AW

(An 01 02)
It follows that ifE = 0,¢7E = dv, and that E is a cocycle. In the relative
case, the cochain E just constructed is zero on C,(I x A), by naturality of
AW. There is an analogous result for smooth cochains since AW takes the
complex of smooth cochains to itself. A version with coefficients in a graded

vector space is deduced by applying our result to each component of the
product (see Definition [2.5). O

I xX)=0(0 ) v(0oy).

Definition 3.11. Define natural transformations
I:E"(M,N)— E"(M,N), [e,w, h] — [d],
R:E"(M,N)— Q"(M,N;V), [c,w,h]— w,
a: QY (M,N;V)y — E"(M,N), 0 — [constpier,, db, 0.
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Note that a is well-defined since §6 = df = df — const*t,, (the fundamen-
tal cocycles are reduced). By (1§), a vanishes on im(d).

Recall that a sequence of maps between pointed sets
AL BS o

is said to be exact if im(f) = g~ !(pt). If A, B,C are abelian groups, f, g are
homomorphisms, and the base-point is the zero element, then this implies
that we have an exact sequence in the usual sense.

We will use slant products along I of cochains from the left

[ O x X) — C™(X),
1

whose definition and elementary properties are reviewed in Remark Re-
call that the singular cohomology and the deRham cohomology agree for
manifolds. We obtain a transformation

Qq (M, N;V) QY (M, N;V)

EY M. N) S gV (M. N:V) =
(M, ) = H (M. N;V) im(d) im(d)

which is used in the following theorem:

Theorem 3.12. The following sequence is exact:
E"YM,N) -2 Qv Y(M, N; V) /im(d) - E"(M,N) - E"(M,N) — 0

Moreover, Roa = d and canoR = chol (straightforward from the definitions).

Proof. We begin with two observations from the deRham isomorphism :

(i) Every smooth cocycle is cohomologous to a closed form.

(ii) If a closed form bounds a singular cochain it also bounds a form.

Ezactness at E™(M,N): I is surjective by (i) applied to the cocycle ¢*t,,.

Ezactness at E"(M,N): Clearly I oa = 0. Conversely, I[c,w,h] = 0 yields
a homotopy C' : ¢ ~ const rel N. Since also C' >~ const rel N we may pick

e e C" I x (M,N);V) with de = C*1,,. Consider
u=nh-+ige—itec C?Y(M,N;V)
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for the inclusions g,y : (M, N) — I x (M, N). Then éu = w is a differential
form so that by (ii) we may write du = dk for some differential form x €
Q" Y(M,N;V). By (i) we may then write

u—rk=n+0v for neQ'(M,N;V),veC?*MN;V).

cl

Using Lemma choose a cocycle E € Z" Y1 x (M, N);V) with i}F =
0, itE = dv. Set

H :=prih + (pryig —id)e — E € C*Y(I x (M,N);V) and 6 =k-+n.
By construction, the pair (C, H) witnesses (¢, w, h) ~ (const, df, 0) = a(6).

Exactness at Q" '(M, N;V)4: Suppose next that (const,0,0) ~ a(f) =
(const, df, ), that is, we have df = 0 and are given H € C*" (I x (M, N); V),
C' : const ~ const : (M, N) — (E,, pt) with

PH =0, H =0, SH = —C*,,.

We have to show that 6 is cohomologous to an element of type c*i,,; for a
map ¢ : (M, N) = (E,_1,pt). Using the structure maps, let ¢ = (¢*% )~1 o
C?*4 | 5o that we have C' = ¢,,_1 o (X¢). We will write ‘=’ for ‘up to cobound-

ary.” Using the compatibility of the fundamental cocycles ([16|) we have

Ctpa=c" ey jtn=[C"1y=—[0H=0[H+iH—-i{H=90.
I I I I

To conclude the proof of exactness at Q" '(M, N; V), it remains to check
aochlc] = 0. This may be concluded from the following proposition, applied
to the homotopy C' : const ~ const, corresponding as above under the adjoint
structure maps to ¢: (M, N) — (E,_1,pt). O

It is our convention that homotopies I x X — Y have the unit interval
on the left, so in the following proposition the integral is taken from the left.

Proposition 3.13. Given a homotopy C : ¢y ~ ¢ (rel N) we obtain for all
weQM,N;V),hg € C""Y(M,N;V) equivalences

(co,w, ho) ~ (c1,w,hg — [ C*1,) in E"(M,N) (19)
I
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Proof. Set hy = hg — f[ C*t,.  We first remark that (ci,w,h;) satisfies
) (ho — fl C*Ln) = (W—Cjty) +i5C* 1y —i5C* 1, = w— 1, We seek a suitable
H e CYI x (M,N)) with i*H = hy , i{H = hy and 6H = priw — C*1,, =
dpr*hy + ((¢1 o pr)* — C*) . The homotopy K : C' ~ (¢, o pr)

C(t,x) (s <t),
C(s,x) (s >1t)

K:IxIx(M/N)— (E,,pt), (s,t,2) — {

is relative to I x N and yields a chain homotopy
5/K*Ln = (01)" K"ty — (10)" K"y, = (¢1 0 pr)*t, — Cep.
I
We may thus take H = pr*hy + [, K*1,. Then

(Zo)*H = hl + /(ld[ X io)*K*Ln = hl + /C*Ln = ho,

1 1

(i) H = hi + /(idl i) K = by + /(cl o pr)i.
I I

The assertion now follows from Lemma since [;(c10pr) e, = [, pri(w—
ohy) = [, priw — [, pr*d6hy = — [, pr*dhy = ¢ [, pr*hy is a coboundary, using
the fact that [ ;briw = 0 for differential forms. O

3.4 Exact Sequence of Pairs

Definition 3.14. The associated flat theory is defined as

EAgat(Ma N) := ker (E*(M7 N) i> Qzl(Mv N))

In [HS05, (4.57)] it is shown that EZ (M) may be canonically identi-
fied with ER/Z**(M). Applying the same reasoning to relative differential
function complexes (using the obvious relative version of [HS05, Definition
4.1]) shows that Ef. (M, N) may be identified with ER/Z* (M, N). We
will only need that Ef*lat is a cohomology theory, which is also independently
shown in [BS10, Theorem 7.11].
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Theorem 3.15. For any closed submanifold N C M we have a natural long
exact sequence

—— BN (M, N) S B (M) s EpY(N)

flat flat

LE”(M N) —“ Br(M) —L— E7(N)
)

L>E’”‘+1<M, N) s B (M) L B (N) —

o1

Here, the coboundary maps are defined as the compositions

8y : EnY(N) =2~ En (M, N) —<— E"(M, N)

flat

8y : EM(N) ——~ E"(N) —2— E"*Y(M, N).

Proof. FExactness at E"(M ): j*oi* = 0 follows directly by definition. Suppose
conversely that (c,w,h)|y ~ (const,0,0). This means that there exists a
homotopy C : ¢|y =~ const and cochain H € C"1(I x N;V) satisfying

icH = hln,itH =0, jw=0, 0H=-C",.
Pulling back along a smooth strictly increasing function ¢ : [0,1] — [0, 1]
with ¢[0,1/4} = O,¢3/471 = ]., Wwe may assume that O|[0,1/4}><N = ClN o pr and

Hljo1/4xn = Pr*h|n are ‘constant near the endpoints.’
Applying Lemma [3.6] to the open subsets

1
0x MU [O,Z[XN, 10,1] x N
and the cochains prih, H, we find H € C"1(0 x M UI x N) with
ﬁ’OXM = h7 ﬁ’IXN =M.

Because 0 x N C 0x M UI x N is closed we may define C by gluing C' and c.
As in the proof of Proposition , Remark|3.7|implies that 6 H = prw—C*¢,,.
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Since N C M is a cofibration we may find a smooth retractionlﬂ
r:IxM— (0xM)U( xN).

Pulling back along r we obtain or*H = prw — (C o 7)1y, which witnesses
an equivalence in E™(M) from (c,w,h) to ((C o 7)|ixnr,w,*H|ixr), which
represents an element of E™(M, N).

Ezactness at E"(M,N): If i*[c,w, h] = 0 then w = 0 so that [¢,w, h] €
E2 (M, N). By the exactness of the sequence of pairs of E%, at Ef (M, N)
it follows that [c,w,h] lies in the image of the coboundary operator ¢ :
E-Y(N) — Ep (M, N) which is also the image of d;. It is also clear that

flat

1* 001 = 0.

Exactness at Eg;(]\f): Clearly 0, 0 7* = incl o § o j* = 0. Conversely, if
d1(x) = 0 then §(x) = 0. By the exactness of the sequence of pairs of Ef,, it

follows that x lies in the image of j*.

Ezxactness at E"(N): We have 5 0 j* = 0 by the commutative diagram

Suppose next that d3(2) = 0. Then 6(1(Z)) = 0 so that 1(Z) has a preimage
y € E"(M) under j* : E"(M) — E™(N). By the surjectivity of I we may
write y = I(g) and then j*y — & € ker(I) = im(a) so that we may write
a(f) = j*y — & by Theorem . 6 € Q""1(N;V) may be extended by (6
to a differential form 6 € Q"~1(M; V). Then

7§ —a(0) = j"g — a(0) = 2.

Erxactness at E"™Y(M, N): Clearly i* o 65 = i* 0 § o [ = 0. Conversely, if
i*r = 0 for x € E""(M, N) then by the exact sequence of pairs of E* we

5Start with a continuous retraction and deform to a smooth map relative to the closed
subset 0 x M UI x N.
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may write z = d(y) for y € E"(N). Since I is surjective, y = I(§) for some
g € E"(N) and then d5(y) = x. O

3.5 Addition (Rationally Even Case)

The goal of this section is to quickly sketch how to construct the additive
structure on the differential cohomology groups in an elementary manner. A
similar method will be applied when we deal with products later. An explicit
abelian group structure in the general case will be the topic of a later chapter.
We will assume that F is rationally even, which means that

T (E) @R =0, VneZ.

This condition allows us to make arbitrary choices in even degrees. It is
then our strategy to extend this data to odd degrees by a specific choice.

Using Theorem [2.3] select for n even maps «, : E,, x E,, — E,, representing
addition in cohomology E™. These are then extended to odd degrees by
using the structure maps F,_; =~ (1F,. Since suspension is linear, a,,_; also
represents addition. Because «,, represents addition and the Chern character
is linear, pri[t,]+prilin] = @ [u,] in cohomology and we may therefore choose
reduced cochains A, € C"1(E, x E,;V) with

dA,, = prit, + pPrit, — iy, (20)

Using ¢, : (B, X E,) = LE, x 2E, =" E, ., x E, 1 we make a specific
choice for A,,_1:

Ap1=— [ A€ C 2 (Eyy X Ey_y;V)
Sl

The formula for A, implies a corresponding formula for A,_1. The
addition is then defined as

[co, wo, hol + [c1, w1, h1] = [an 0 (co, c1),wo + wi, ho + b1 + (co, 1) Ayl
This is well-defined: If (Cy, Hy) witnesses an equivalence zq = (cg,wp, ho) ~
(¢, wo, hy) = xy and (Ch, Hy) witnesses 1 = (¢1,wy, hy) ~ (¢}, wr, b)) = 2}
in the sense of Definition [3.3] then

Y = (a0 (Co, Ch), pr(wo +wi), Ho + Hi + (Co, C1)" Ay)
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relates the corresponding sums.

The abelian group axioms are then more or less automatic in even de-
grees. To prove the various equalities we need to construct equivalences as in
Definition [3.3] between the involved triples. Using Lemma and Proposi-
tion [3.13] this ultimately boils down to proving that certain combinations of
cochains differ only by a coboundary. Using ‘rationally even,’ this is easy in
even degrees n since it then suffices to prove that their difference is a cocycle.
Our choice of «,,_1 and A,_; then allows us to conclude the same for degree
n — 1, by constructing specific equivalences, using the structure maps and
integration.

Consider for example associativity: we have to compare the differential co-
cycles

[on (i, X 1d) (co, €1, €2), (wo + wi) + wa, ho 4+ hy + (co, c1)* Ay + ho + (an(co, ¢1), c2) Ay,
[, (id X ) (o, €1, €2), wo + (w1 +wa), ho + h1 + ho + (c1,¢2)" A + (co, an(c1, ¢2)) Ay

Choose H,, : a,(ay, xid) >~ a,(id X «,,) for n even and extend by requiring
the formula e, 1 0¥ H, 1 = H,o (id; X £,_1 X g,_1 X €,_1). Using and
(18]) we see that it suffices to show that the pullback along (¢, ¢y, ¢a) of

prisA, + (o, xid)* A, — [ Hit, — pragAn, — (id X ay,)* Ay, (On)
T

is a coboundary. Since F is rationally even and n is even, it suffices to show
that it is a cocycle. Applying d yields
Pris(Pritn + Pty — aty) + (X id)*(pritn + prot, — arin) + (a, X id)*ag e,
— (id X ap) gty — Prag(Pritn + praty — ajty) — (id X @) " (Pritn + prytn — aity)
which is zero. Let ¢, 1 : X(F,1 X B, 1 X E, 1) — E, X E, X E, be
the obvious map. Applying — [, ¥5;_; to () we obtain the corresponding
coboundary (<{»,_1), by the way we have chosen everything in degree n — 1.
Remark 3.16. Let E be an (2-spectrum. We can make canonical choices

an By X B, = QF, 1 x QF, 11 — QF, 1 ~ E,,

where the map k is concatenation, which is compatible with the integra-
tion of cochains up to explicit coboundary terms. For e = 7 : A? —
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AL (tg, ty,ta) > (to+1t1/2,ta+11/2) we have, denoting by [a, b] the 1-simplex
A = [a,b], (z,y) — ya + b, the relation de = [0, 3] — [0,1] + [3, 1] so that

Ju= [ u+ [ u—[u= [ u+ | u+((—1)|e‘5{u—£5u).

o0l g de @

This may be used to show that o ¢,, and prj¢,+prie, differ by the coboundary
of the canonical cochain

Ay = (295 x 29)" [ (kM) 01,
e

This observation can be used to exhibit an abelian group structure in the
general case. One can then construct ‘by hand’ higher simplices that exhibit
the coherence conditions.

The idea of the previous remark will be dealt with more systematically
in the following two chapters.

4 FUNDAMENTAL GROUPOIDS OF COSPECTRA

It is well-known that infinite loop spaces possess a rich algebraic structure,
they are all algebras for the little co-cubes operad. In this section, we shall
extract parts of this algebraic structure, adapted to our context. While none
of the results here should come as a surprise, they are much less trivial to
establish than one might expect (especially for spectra of simplicial sets and
if the adjoint structure maps are not isomorphisms). This is reflected for
instance by the fact that we are only able to construct an equivalence class
of lifts of the fundamental groupoid functor . In particular, we lack a
canonical choice.

4.1 Cospectra and the Category 2BrMonCat

A cospectrum is a spectrum object in the opposite of the category of spaces.
Everything in this chapter goes through for spectra as well, but it will turn
out later that it is more convenient for us to regard the spaces we are inter-
ested in as spectra whose adjoint structure maps are looking in the ‘wrong’
direction.
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In this section we will freely use the theory of simplicial sets, whose basic
notions are recalled in[A.3] For the more involved parts of the theory we will
refer to the appropriate places in [GJ09].

Definition 4.1. A cospectrum is a sequence of pointed Kan complexes E,,,
n € Z, which are equipped with pointed ‘structure’ maps (weak equivalences)

QE,.1 = E,. (21)

Example 4.2. Every spectrum FE = (E,,¢,) whose adjoint structure maps
ed . B, - QF,, are isomorphisms may be regarded as a cospectrum.
More generally, suppose that all 29 are trivial Kan fibrations. By choosing
sections, F may be viewed as a cospectrum.

Definition 4.3. Cospectra are the objects of a category coSpt. Morphisms
f + E — F are sequences of pointed maps f, : F, — F, which commute
strictly with the maps (21]).

The goal of this section is to construct, for each n, a lift of the functor
‘fundamental groupoid at level n,’

(I1y)_, : coSpt — Cat, E — I,E,, (29)
along the forgetful functor to the following category:

Definition 4.4. The category 2BrMonCat has as objects (small) cate-
gories € with two braided monoidal structures ‘Q’, ‘6©’, sharing a unit, and
a braided monoidal structure on the identity functor e : (€, ®) — (€, 8). As
morphisms we take functors F' : € — D which are braided monoidal for both
structures and which induce a commutative diagram in MonCat

©,0) = (D, 0) (22)

(€,6) — (D, ).

FO

We will call the isomorphisms e, , : @Oy — v©y encoded in the monoidal
structure on the functor e the Eckmann-Hilton isomorphisms.
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A morphism F': (C,0,8,¢) = (D,D,6,¢) in 2BrMonCat is said to be
strict if the two braided monoidal structures on the functors

F?:(€,0) = (D,0), F°:(¢0)—=(D,0)
are strict.

The elementary theory of (braided) monoidal categories, functors, and
transformations is outlined in [A.Tl A number of non-standard results on the
behaviour of ‘monoidal notions’ under equivalences are developed in [A.2]

Remark 4.5. There is a forgetful functor from the category of ‘tensor cat-
egories with strict braided multiplications’ as studied in [JS93 p.56] to
2BrMonCat. In fact, the objects of 2BrMonCat we shall use arise in this
way (see the discussion following Definition [4.9). Objects of 2BrMonCat

are not what are traditionally called 2-monoidal categories.

Example 4.6. Any braided monoidal category is an object of 2BrMonCat
in which @ = © and e =id.

The following example will be studied in more rigor in the next subsection:

Example 4.7. Suppose X is a pointed topological space. Let
QX = (X,pt)*") = {7:8" = X continuous | (1) = pt}

denote the loop space of X (with the compact open topology [DKO1l, p.113]).
The one-fold loop space (IT; Q' (2X), @) is easily seen to give rise to a monoidal
category. Also, M(f,g) = f © g is a (strict) multiplication on (I[;Q?X, ©)
in the sense of [JS93| on account of the identity

(A6B)0(CeD)=(A0C)e (BoD).

Here we view M as a strict monoidal functor and the transformations p; :
M(f,const) >~ f, A\f: M(const, f) ~ f are given by the obvious homotopies.
This implies I1,Q22X € 2BrMonCat. Pictorially:
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fOg=| f | 9 feg=

4.1.1 Fundamental Groupoids of Double Loop Spaces

The two monoidal structures on the fundamental groupoid Q22X of a double
loop space of a pointed topological space (X, pt) are given as follows:

C[fes (0<s<1/2),
(f®g)(s’t)_{g(2s—1,t) (1/2<s<1).
fs2)  (0<t<1/2)

(feg)(sﬂt):{g(&mﬁ_l) (1/2§t§1)

The unit object 1 € II;Q?X in both cases is given by the constant loop.
Let us consider ‘@’ in detail; the structure ‘©’ in analogous by replacing the
roles of s and t. Clearly, a map X — Y induces a strict monoidal functor
I1,02X — I1,Q%Y for each of the monoidal structures ‘Q’, ‘©’.

Proposition 4.8. (II;Q22X, ©, 1,a®, A%, p®) is a monoidal category (the iso-
morphims a®, X%, p® are defined below).

Proof. We begin by turning ‘@’ into a functor I1;2X x I1;2X — I1,9%2X.
Write F' o GG for the composition of homotopies

G(s,t,2u) (0<u<1/2),
F(s,t,2u—1) (1/2<u<1).

(FoG)(s,t,u) = {
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For f € Q*X, ids(s,t,u) = f(s,t) denotes the constant homotopy. If F :
fi~ foand G : g1 ~ g are homotopies, we set

F(2s,t 0<s<1/2
(FOG) (s t,u)= 4 - 20bu) - (0ss<1/2)
G(2s—1,t,u) (1/2<s<1).
These definitions turn ‘@’ into a functor, on behalf of the equalities (Fo F") ®
(GoG') = (FOG)o(F'OG") and idf ®id, = idfq,. For a monoidal structure,
we also need to provide associativity and unit constraints a®, A%, p®. Set

f(555.1) (0<s<iP),
afon =4 9(4s —1—ut) (B <s<HY),
h(z2 =35t (Pt <s<)

The verification that a is a natural transformation is based on the following
observation:

Claim: A continuous map h : [0,1] x [0, 1] — X induces a homotopy A(1, —)o
h(—,0) ~ h(—,1) o h(0,—).

Proof. We can take the homotopy

(h(2t,0) (0<t<1/2,0<u<1/2-1),
h(t—u+1/2t+u—1/2) (0<t<1/2,1/2—t<u<1/2+1),
(t0) h(0,2t) (0<t<1/2,1/2+t<u<1),
’ h(1,2t —1) (1/2<t<1,0<u<t—1/2),
h(t—u-+1/2,t+u—1/2) (1/2<t<1,t—1/2<u<3/2—1),
(A2t —1,1) (1/2<t<1,3/2—t<u<1). O

We need to check that af, , , o[(F ®G)® H] is homotopic to [F O (G ©
H)]oaf , - This follows by applying the claim (using u,v) to the map

F(1+u7tv) (OSSSITT“’
(8,t7U,U)’_> G(43_]—_U7t7v) (H_TUSSS%TIL)’
H(z% =3 to) (B <s <)
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The unit constraints are given by the following formulas:

t 0<s<izu
AP1of = f, AP(situ) = P 0% Y (1723_ 7 ):
f&5 — 5 t) (F<s<1),
f(E.t) (0<s<HY)
O . () _ 1+w? 2 9
fO1—f, s, t,u) =

The triangle equality prqo, > (idy @ pg) © ay 41 is exhibited by the homotopy

(ot O<u<l,®l <s<1),
Crrsil) (0<u<io<s<ututly
(8,8, u,0) = g(ufizﬂ - TZﬁﬁ,t) (0<u< %7U+UT”+1 <5< UTH>7
f o) (3 <u<1,0<s < uhmuvtly
\g(u—u-ﬁwﬂ - Z+Z+zzﬁ,t) (% <u< 17U+U—Tuv+1 <s< uT-H)

The other triangle equality is analogous. The commutativity of Mac Lane’s
Pentagon can also shown by linear reparameterization: both

af,9.h0i © Afoghis (Lf © agni) 0 afgoni© (afgn O 1;)

are homotopic to the homotopy

/(¥ ) (0<s< ),
b(s. 1, u) = g(fgﬁu 21?0 (B <5 < i),

h<2_su - 2+177t) (14 Ss< 4+83u)’

il — o) (e ss<),

For example, a homotopy a4 hpi © Gfrogh: = b is given by

(1) (0<u<10<s< Hbuu)
g(H_Ss_uv o 111?2?’15) (0 <u< 1 1+31§+uv <s< 122u)’
h(%_§+;¥z,t> (0§u§;,1+2“<8<4+4u vu)7

(s,t,u,v) — i(474§f+vu - ifiﬁlﬁﬁ) (0<u< %v 4+4u < s < 1),
f(v—uS’LJ$+4u’t> (% su<10 < § < = uv+4u)’
g<2—§j—uv - g—%ﬁff? ) (3 Su< 1 =gt <s < B2,
h(5 v+828u+uv - 57v24:r2£iu+uv) (% S u S 1 +42U S § S W)’

\i(srtsemm — 3recmumas) (3 Su <1 =i <s <),

The other homotopy is similar and has twelve cases. O
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The monoidal structure ‘&’ is obtained by replacing the roles of the vari-
ables s and ¢. To establish the monoidal structure on the identity functor (the
‘Eckmann-Hilton isomorphisms’) it is difficult to proceed directly: instead,
we will use the following proposition, due to [JS93| (see also [AM10, Proposi-
tion 6.11]). Definition [4.9]is a special case of [AM10), Proposition 6.4|, where
we assume that the units [ = J strictly coincide and that A; = py; = id.

Definition 4.9. A strong 2-monoidal category (sharing units) consists of a
category €, two monoidal structures (@, I,a® A% p®), (&,1,a°, A%, p®) on
C, sharing a unit [ with I @ I = I,1 © 1 = I, and a natural isomorphism

Capep:(A6B)0(CoeD)— (A0C)e(BoD). (23)
The maps are required to endow both functors
O (€xC0)>(€6), 6:(€xeo0) (€0 (24)
with the structure of strong monoidal functors.
Proposition 6.11 in [AM10]. A strong 2-monoidal category (sharing units)
C gives rise to braidings on each of ‘©’, ‘©°. The identity functor can be
viewed as a braided strong monoidal isomorphism e®® : (C, @) — (C,©) (the
monoidal structure is defined in terms of the interchange isomorphism).
This braid on ‘@’ is given by the composition
A(De 0]
’ (*)

a0b % o oken21obo@nl) 2% bea

0] 0] [S) (S]
PP O AP Op
— (

bol)e(10a)=(bel)d(1ea) —S5b0a.

The strong monoidal structure e®© on the identity functor will be called
Eckmann-Hilton isomorphisms for the structures ‘Q’, ‘@’ because they are
given by the familiar composition
S} (S () )
2 anb weno(leb)=@ol)e (b “ 2 aob.

The unit constraint e?’e : I — I is given by the identity morphism.
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Consider the category II;(2?X) with the two monoidal structures ‘O@’,
‘©’ defined above. Then we even have an equality

(feg)o(hei)=(fOh)e(g0i).

By the way we have defined the associativity and unitality constraints (not
using the ¢ variable) we have identities

O O _ 0
CI/A7A/7A// e aB7B/7B// — CI/AGB7A/GB/’A//6B//7
O _ O~ 0
PacB = P4 © Pps
O _ O O
)‘AeB =\, © 5.

This is just the assertion that ‘©’ in is a strict monoidal functor. By
changing the roles of s and t we get dual identities which show that ‘@’
in is also strict monoidal. The two monoidal structures on IT;(?X)
therefore satisfy the conditions of [AMI10, Proposition 6.11]. We conclude
that I1;(2?X) has two canonical braided monoidal structures (given by the
compositions (*) above) and canonically the structure of braided monoidal
functor on the identity between these two monoidal structures. Spelling out
the definition, we have explicitly

(f(2s.15) (u<bs<iit<i—u),
pt (uﬁ%,sﬁ%,tZl—u),
pt (u< 3,82 35,t <),
06 _Jo@s -1 - ) (W<gs>gt>u),
efvg (S’t’u) - s 1 1 (25)
f(2,2t) (u>it< i s<u),
pt (u>3,t< 3,5 >u),
pt (uZ%,tZ%,sgl—u),
gz -2t —1)  (u>it>1s>1-u)

The definition makes no explicit use of the space X so that a map X — Y
clearly preserves the Eckmann-Hilton isomorphisms. To conclude:

Proposition 4.10. For each pointed space X, I1,Q9?°X may be viewed as an
object of 2BrMonCat. A pointed map X — Y induces a strict morphism
I,?X — I,Q%Y in 2BrMonCat.
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4.2 Fundamental Groupoids of Loop Spaces
4.2.1 Fundamental Groupoid of a Kan complex

Definition 4.11. Let K € Seta be a Kan complex. The fundamental
groupoid II; K has object set Ky. A morphism from k& € K, to k' € Ky is a
homotopy class [u] (rel 9A!) of paths u : A’ — K from k to k¥’. Composition
[u] o [v] is given by choosing an arbitrary filler in the diagram

A2 b g (26)

4
l y
‘o
/

A2

and passing to the homotopy class of d;o.

The following is an elementary, though important observation:

(*) Suppose a,a’ : A — X are homotopic rel C; X fibrant. If
i: A C B is a trivial cofibration and b, : B — X are extensions
of a,d’ along i, then b and b" are homotopic rel C' as well.

Proof. Use the standard cylinder object A x A! — A x A' — A in Seta.
Since X is a Kan complex a ~ o' implies that we may find a homotopy
h:Ax A' - X. By [GJ09, 1.4.6] the map A x A'UB x A - B x Al is
again a trivial cofibration so that we may extend h along it. O

We conclude from (*) that composition determined via is well-defined.
It is associative and has identity morphisms sok for every k € Ky (cf. [GJ09,
Section 1.8|). The groupoid IT; K is equivalent to the more traditional ‘topo-
logical’ fundamental groupoid II; | K| of the topological space |K| by [GJ09,
Theorem III.1.1]. The equivalence is given by taking the geometric realiza-
tion of points k : A — K and paths u: A! = K.

4.2.2 Loop Spaces

The loop space QK of a pointed Kan complex K is the simplicial set whose
n-simplices are given by pointed simplicial maps (here, L, := LUA® denotes
the simplicial set L together with a disjoint base point)

fiS'AAL 5 K.
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This is again a Kan complex. A pointed simplicial map K — L induces
a map QK — QL of the loop spaces by post-composition. That is, 2 is a
functor. We wish to lift the composition of the functors
x « 11
Kan® — Kan®™ — Cat
to a functor ‘11,2’ taking values in monoidal categories.
Recall that we have a pair of adjoint functors (even Quillen adjunction),

which relate the theory of simplicial sets and topological spaces (see [GJ09,
Theorem 1.11.4]):

|- | : CGHaus — Set, : sing
For any pointed Kan complex K, geometric realization induces an equivalence

|| QK = IL,Q|K]. (27)

In more detail, for any pointed simplicial set K there is a canonical map
(inducing by applying II;)

QK — singQ| K|, (*)
which takes an simplex S* A A% — K to the adjoint of the geometric real-
ization |S*| A |AS| — |K|, that is, the pointed map |AS| — |K|15"1) which
amounts to an unpointed map A® — |K ||Sl‘. For pointed Kan complexes K

the map (*) is a homotopy equivalence [HS05, Section 4.6], by the following
computation of homotopy groups

QK =m0 K,
msingQ| K| = mQ K| = i |[K| = m K.

For later use, we record also that, due to the Quillen equivalence | - | - sing,
the adjoint map
QK| — QK|

is a weak equivalence for every pointed Kan complex K.

Of course, IT;Q| K| has a canonical monoidal structure ‘O’ determined by
the composition of loops. According to Proposition we may choose a
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monoidal structure ‘©’ on II;Q2K so that becomes a monoidal equiva-
lence. To make II;€2 a functor we need to define a monoidal structure on
IT,Q2f for each map f: K — L:

QK — 11,0/
H1ij jHIQ.ﬂ

Proposition implies that there is a unique monoidal structure on I1;9f
so as to refine this diagram to MonCat. Uniqueness of course implies func-
toriality:

Proposition 4.12. There exists a functor 11,2 : Kan® — MonCat into
monoidal categories with p o I, = II; o ), where p : MonCat — Cat
denotes the forgetful functor. For each K € Kan™, geometric realization
induces a monoidal functor

(ILOQK, D) = (ILQK|, D).

These are natural in K.

4.2.3 Aside: Exhibition of Monoidal Structure

Unlike the case of spaces, the fundamental groupoid of a loop space of a Kan
complex does not carry a canonical monoidal structure. Using (27), we have
singled out above an equivalence class of monoidal structures.

In this subsection we will give another view of this equivalence class, more
intrinsic to simplicial sets. It may safely be skipped.

The objects of II; QK are based loops u : S* — K. A morphism h : u — v
is (a homotopy class of) a homotopy of based loops & : S* x Al — K which
restricts on OA! to u LU v. We now define a monoidal structure on I1;QK.
For any pair of objects u,v € II;QQK choose fillers

A% K
4

/
lg / /U(u,v)
A

58



We set u ®@ v = dyo(u,v) on objects. Suppose [h] : u; — uy and [g] : v — vo
are morphisms in II;Q2K. Then we may choose a filler in the diagram

(hug)U(o (u1,v1)Uo (uz,v2))

K.

(AT x A1) Upzoar (A% x 0AY)

AZx AT

o (ug, v9)

h® g

Define h® g as the homotopy class of 7|A%2} x Al Using (*), this homotopy
class is seen to be independent of the choice of representatives h, g and of
the choice of filler 7.

Remark 4.13. The similarity between the definition of ‘®’ and ‘o’ is no
coincidence: II1Q2K can be identified with the automorphism category (at the
base-point) of the fundamental 2-groupoid of K. Under this correspondence,
the tensor product corresponds to vertical composition.

Lemma 4.14. We have defined a functor ® : ILQK x [1QK — II;QK.

Proof. We must check (hy ® g1) o (ha ® go) = (h1 0 hy) ® (g1 © g2). Choose a
filler x in the diagram

7(h2,g2)Ut(h1,91)

A% x A2

—
—
—
—
—
-~ K
—

A2 x A2

Then x|A{%2} x A? is a filler as in the definition of composition of x|A{%2} x
A0 and k|AT02F x ATL2E whence k| AT2F x A02} represents the class of
(h1®g1)o(ha®gs). Also, k|ATO x A2 k| ATH2E x A? are valid choices for fillers
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in the diagram defining composition in IT; QK. The classes of x|A{%1} x A{0:2}
and k| A2 AT92} are therefore hiohy, g1ogy. The restriction r|A% x A2}
shows that k|A{02 x Af92}is the class of (hy o hy) ® (g1 © g2).

Next, we have to check that id, ® id, = id,, for every v : S* — K. This
follows since we may choose the filler 7 : A2 x A! — K defining the tensor

product as a degenerate simplex (pieced together by the degenerate simplices
u: A= A - K). O

To prove that this really defines a monoidal structure on II;Q2K, we will
take a shortcut that appeals to the readers knowledge that I1;Q|K| carries
a monoidal structure. At the same time, this will show that the monoidal
structure on I1; QK is independent (up to monoidal equivalence) of the choice
of fillers o(u,v) above. Note that we ‘keep track’ of o(u,v).

Recall that the monoidal structure on the fundamental groupoid I1;Q| K|
may be defined similarly to the above, except that one takes a ‘standard’
choice of filler, coming from a standard retraction |A?| — |A%[:

____>____

T orth. projection

This amounts to the usual placing of loops and homotopies ‘next to each
other.” The associators and unitors are defined by the ‘standard’ homotopies,
analogous to those used for the fundamental group.

Proposition 4.15. The functor ® determines a monoidal structure on 11, QK.
Different choices of fillers o(u,v) lead to equivalent monoidal structures. For
each choice, the functor induced by geometric realization

18 a monotidal equivalence.

Proof. This follows from the proof of Proposition [A.9] It suffices to remark
that by (*) the geometric realization of any choice of filler o (u, v) is homotopic
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to the standard choice in II;Q|K|. Restricting to the bottom face we obtain
a homotopy |u ® v| ~ |u| ® |v| which, in the notation of the proof of [A.9]is
‘a’ tensor product for |u| and |v| in I} QK. O

4.2.4 Double Loop Spaces

We have a forgetful functor

q : 2BrMonCat — MonCat, (C,0,6,¢)+— (C, D).

Proposition 4.16. The composition I1;€2 o Q : Kan® — MonCat may be
lifted along q to a functor I1,Q% : Kan* — 2BrMonCat is such a way that
for each K € Kan™ ‘geometric realization’

(LK, ©,0,¢) — (ILQ*|K],0,0,¢)

1s a morphism in 2BrMonCat.

Proof. The composition 1,2 o 2 may be lifted to BrMonCat: we have a
diagram of monoidal equivalences

(IL,Q)(QK) — ILQQK| — TLQQ|K]|. (28)

The first functor is by definition of the monoidal structure on (II;Q)(QK)
and is given by geometric realization. The second is induced by the canonical
map |QK| — Q|K| and is obviously monoidal.

The category on the right of is braided monoidal. Using Proposition
[A10], we obtain canonical braided monoidal structures on each of the cate-
gories and functors in . Since T1;Q?| f| is braided monoidal, Proposition
implies that the functors (I1,Q2)(2f), I1;Q2|Q2f| induced by a simplicial
map [ are automatically braided.

According to Proposition [4.10] I1;92?| K| € 2BrMonCat. Using Proposi-
tion [A.9 we see that we may transport the second braided monoidal structure
‘0" to II122K as well. The functoriality of the second structure is again de-
termined by Proposition [A.14] Also, the identity functor may be viewed
uniquely as a monoidal functor (II;Q*K, ®) — (I[;Q*K,©), on account of
Proposition This concludes the proof of Proposition [4.16| O
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Remark 4.17. It is our convention that ‘Q’ denotes the monoidal structure
on the fundamental groupoid of Q2K which comes by viewing it as the one-
fold loop space of QK. The symbol ‘©’ indicates ‘horizontal concatenation.’

4.3 Construction of Cospectrum Groupoids

We now come to the construction of the functors
(I1;)_, : coSpt — 2BrMonCat, n € Z, (29)

which lift the assignments F,, — 111 E,,.

4.3.1 Definition on Objects

For each object ¥ € coSpt we have weak equivalences
QZEnJrQ — QlEnJrl — En

Let 2BrMonCat - MonCat %> Cat denote the forgetful functors. We
have a diagram of equivalences of categories

qu1Q2<En+2) = pliQ(Enq) — L E,.

According to Proposition we may choose a monoidal structure ‘O’ on
IT, E,, so as to make
HIQ(En—l—l) — (HlEn, CD) (30)

a monoidal equivalence. Also, ¢I[;Q?(E, 12) = (ILQ)(QE,.2) — (L) (E,y 1)
is monoidal (since I1,2 is a functor). Therefore,

QH192(E71+2) — HIQ<En+1> — (HlEn7 ®) (31>

is a diagram of monoidal equivalences. The category on the left is braided,
so Proposition implies that we may choose braids on the other two
categories so as to refine to BrMonCat.

With help of Propositions [A.9] the second braided monoidal struc-
ture ‘©’ on I1;Q%(E,,») is analogously transported (involving choices of ‘©’
and of the braids) to I1;Q2(E, 1) and then to II;E,, so we have another
diagram in BrMonCat

(ILQ*(Epy2), ©) = (ILQ(En1), ©) = (ILE,, ©).
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Consider now the following diagram in MonCat (the monoidal structure e
on the identity functor on the left is provided by Proposition [4.16)):

<H192(En+2)7 CD) - (HlQ(En+l)> CD) - (HlEm CD)

(L2 (Ey 1), ©) — (ILAEy1), 6) — (L Ey, ©)

Using Proposition[A.13] the dashed identity functors uniquely inherit monoidal
structures, making the diagram commute. All in all, we have constructed a
diagram

H192<En+2) — (HIQ(EnJrl), 6, 6) — (HlEnu CD, 6, 6).

in 2BrMonCat. We now set (II;)_,F = (Il £,, ©,6,¢). This completes
the definition of on objects.

4.3.2 Cospectrum Groupoids for Abelian Group Spectra

For a spectrum of simplicial abelian groups, the above construction may
be greatly simplified: take both monoidal structures to be induced by the
addition in the abelian group and the trivial Eckmann-Hilton isomorphisms.
We prove below in that this construction may be canonically identified
with the one given above.

If A is topological abelian group, the fundamental groupoid has a strict
symmetric monoidal structure given by addition:

a1 & ag = ay + ag, (a1i>b1)®(a2£>b2) =f+g

The loop space of a topological abelian group is again a topological abelian
group, by pointwise addition of functions. The geometric realization |A|
of a simplicial abelian group A, is a topological abelian group (induced by
[Al x |A] = [AXx Al — |4]).

Lemma 4.18. Suppose X is a topological abelian group, base-pointed by 0.
Then there is a canonical morphism in 2BrMonCat

(IL*X, ©,0,e%°) — (IL*X, +, +,id)

covering the identity functor in Cat.
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Proof. We need to turn the identity functor into a monoidal functor in two
ways:

(H192X, CD) — (H192X, +), (H192X, @) — (H192X, +)

This will be done by an Eckmann-Hilton argument, that is, by appealing to
Proposition 6.11 in [AM10] (recalled above): the equality

(f+9)O(h+i)=(fOh)+(gDi)
along with the identities
o) © _ 0 o _ 0 o O _ O o
Ay pr. + Agg'9" = Qftg.frag fr14+g"  Pirg = Py + Py > /\f+g - /\f + /\g

yields the structure e®* of braided monoidal functor on id. Unravelling the
definition of the Eckmann-Hilton isomorphism, we have

(35,1 (s < 5Y),
e (s,t,u) = F(E5, 1) +g(2 — 22 1) (5 <s< ),
95 — 1o t) (s > 1Y)

Exchanging the roles of s and ¢t we obtain a similar Eckmann-Hilton homo-
topy for the other monoidal structure:

. fs, %) (t < 15Y),

) 2 2 1—u 1—u 14+u

€rg (s:tu) =4 f(s, 35) + (s, 75 — ) (St < 59),
9(s: T — 17 (t>5*)

Recall that from a morphism in 2BrMonCat we require that it be compati-
ble with the Eckmann-Hilton isomorphisms on the target and source category.
We have taken ‘id’ on the target category, so we must show €2 0e®® = 0+
as morphisms in I1;22X. We have:

(f(25, 75;) (u<ds<iit<1-2u),

9(2s — 1, o — %) (w< i8> 36> 2u),

f(55:2t) t<u<is<2ut<l,
o+ 0.0 o — 52t - 1) (3<u<s,s>1-2ut>1),
epnoer (s, tu) = . )
o f(s.%) (u>1t<1-uw),

f(s, D) Fg(s, L=5) (u=j1-u<t<u),

g(s, 5 — %) (w>Lu<t),

(0 (else)
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A homotopy € 0 e®® ~ ¢+ ig given by H; + H,, where

Hi(s,t,u,v) =

H2(37t7u7 U) = <

Remark 4.19.

(i Togee) (@< 18 < H2 <1 =20+ 2w),

2 2 1 1 Au—3 1
f(v+4us—3uv’ ﬁ> (Z_l S u S 5’5 S MTw’t S %)’
f(Qfgiv'u’m) (%SU,SSH%,tSU—FU—UU),

L0 (else),
2-2 1- 1 1
(9(1 - o L — 172u<tk2'u) (< g8 25912 2u—2uw),

2-2 2-2 1 1 2 v—dut3 1
g<1_v+4u—§uv’1_ 1—|—1}t) (Z SU’S 5782 W,tz TU)’
gl =221 — ) (S <u,s> 5™ > 1—u—v+uw),
L0 (else). O

We have just defined a functor (I1;)_,, : coSpt — 2BrMonCat.

For cospectra (E,,e,) of simplicial abelian groups (with linear structure
maps) there is another such functor

(I19%)_,, : coSpt® — 2BrMonCat, (E,,¢,)— (E,,+,+,id).

We shall now describe a canonical natural isomorphism

(Hl)—n = (H(llb)—n (32>

covering the identity isomorphism between the corresponding Cat-valued

functors. When

understood that we are working with a spectrum E of sim-

plicial abelian groups, we will identify (II;)_, F with the easier construction
(T1¢%) _,, ' using this natural isomorphism.
By Lemma [£.18] there is a canonical way to view the identity as a mor-

phism in 2BrM

onCat

(IL Q| Epyal, ©,©,e%°) = (IL Q| By, +, +, id).

By definition of the structure on (II;)_,FE, the first row in the following
diagram consists of morphisms in 2BrMonCat. The second row is obviously
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by morphisms in 2BrMonCat and the left vertical morphism has just been
endowed with such a structure:

~

(H1Q2‘En+2’a (D7 e? GCD’G)

| i

|

|

Y
(HIQQ|EH+2|7 +7 +7 1d> =< (HIQQE'IH-Q; +7 +7 1d) = (HIETM +7 +7 ld)

(I Q%) B

(Hl)an

By Propositions [A.TT] [A.13] and [A.14] the dotted arrow may uniquely be
endowed with the structure of morphism in 2BrMonCat, making the dia-
gram commute in 2BrMonCat. The right vertical isomorphism yields the
sought-for (32)); naturality follows from uniqueness.

4.3.3 Definition on Morphisms

Suppose next that f : F — F is a map of cospectra. Since I1;Q?(f) is a
morphism in 2BrMonCat we may use Propositions [A.13] to uniquely
endow II; (f) and IT; (£2f) with the structure of a monoidal functor, for each
of the two structures:

| |
lnlgz(f)cb/e |ng(f)®/e |H1(f)®/e
Y

(L2 (Foy2), ©/0) — (ILQ(Foya), ©/0) — (HanYG)/@»

The uniqueness of the monoidal data implies that the assignments f +—
I, fO/© 11,2 f®/© are functorial also in this data. The commutativity of
I, f with the Eckmann-Hilton isomorphisms (namely commutes) follows
from the uniqueness part of Proposition and since this is true for I, Q2 f

(by Proposition [4.16]).

5 ADDITIVE STRUCTURES

For our construction E above to qualify as a differential extension of E in
the sense of Definition [1.12| we must produce abelian group structures on the
sets constructed in Definition [3.3[and prove that a, I, R are homomorphisms.

We have already mentioned that the construction of additional structure
on F relies on a coherent choice of the fundamental cocycles. The choice
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is well-suited for defining integration maps.

For the additive structure it is possible to proceed in several ways:

1. Restrict to rationally even cohomology theories F. This was sketched
in Section 3.5l

2. View E"(M ) as a homotopy group of an appropriate spectrum that
depends on M. This will be the method of choice in the more advanced
approach presented later. The main drawback is that it is hard to ‘see’
how addition works concretely. As such, it is difficult to relate it with
other explicitly constructed structures.

3. Take a middle ground between 1. and 2. by observing that in an -
spectrum (whose adjoint structure maps are homeomorphisms) there
is a canonical choice for the maps «,, : £, X E, — FE, representing
addition:

Ey X By~ QF, 1 X QF,1 =22 OF, 1 ~ E,. (33)

In this case, elements A, with may be written down concretely
(Remark and the coherence conditions are exhibited by certain
higher dimensional ‘canonical” simplices. We will use the results of the
previous chapter to proceed more systematically.

5.1 The Cocycle Spectrum

The goal of this section is to construct a spectrum whose n-th space is given
by (singular) cocycles on the cosimplicial space K A A :

ZMK ANAY) (34)

The spaces have been introduced in [HS05|. The arguments presented
there imply that there exists a spectrum whose n-th level is weakly equivalent
to . In part this is because they need to chose certain functorial sections
which, strictly speaking, involves a fibrant replacement in a diagram model
category (in particular, the spaces are replaced).

We will give a refined treatment which produces functorial spectra with
the actual spaces (34). This additional control will be crucial in verifying
linearity of explicit constructions of further data defined on E.
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5.1.1 Reduced Chain Complex of a Space

The forgetful functor sAb — Set), has a left adjoint Z given on a pointed
simplicial set K € Set by the formula

7K, = free abelian group on generators K, \ {*} = ZK, /Z{*}.

Composing it with the Moore complex functor C' : sAb — Chs into the
category of positive chain complexes yields the reduced chain complex functor

C : Set’, — Chsy.

Being the composition of two left adjoints, C' preserves colimits.

For a pointed topological space X, we will use the functor sing from ((108))
to extract a pointed simplicial set K = sing(X). We will also use the notation
C*(X) = C*(K) = C(Zsing(X)).

5.1.2 Alexander-Whitney and Eilenberg-Zilber Maps

For each p + ¢ = n € N define morphisms ,0 : [p| — [n],8, : [¢] = [n] in A
by ,0(i) = 1,0,(i) =i+ p.

Definition 5.1. The Alezander- Whitney map is a canonical quasi-isomorphism

AW : C(A® B) = C(4) ® C(B), A, B € sAb
AW(@@b) = Y (0)"a® (6,)D, a€ A, be B,
ptg=n

from the complex of the level-wise tensor product of simplicial abelian groups
to the tensor product of the corresponding chain complexes.

A shuffle A € 3(p,q) is a morphism A : [p + q] — [p| x [¢] from (0, 0)
to (p,q). Tt induces a map A, : APT? — AP x A% A shuffle has a signum
sgn(A) (cf. [tDO8, p.240]). Working instead with normalized complexes, the
following map is a canonical section of AW

Definition 5.2. The Filenberg-Zilber map EZ (or shuffle map) is
EZ:CA)®C(B) = C(A® B)
EZ(a®b)= Y sgn(d)-(a®@b)oA,

AEX(pyq)
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where a : A? - A'in C(A), and b: A? — B in C(B),.

We will mainly apply these maps for simplicial abelian groups A = ZK,
B = ZL where it should be noted that

ZK @ ZL =ZL(K AN L), K, L € Set.

Remark 5.3. There are version of AW, EZ for the normalized complex as
well, and below it is possible to work with them instead.

5.1.3 Structure Maps of the Cocycle Spectrum

Definition 5.4. Fix a Z-graded real vector space V*, which we will view as
a chain complex, having n-th chain group V,, = V™" and zero differential.
The vector space of reduced n-cocycles of K € Set)y (with coefficients in V)
is the vector space of chain maps

Z"(K) = Chso(C(K),V[-n]), necZ

Here [k] denotes the shift of a chain complex, given by C[k], = Ci ..

We may view A Sety, — Vectr as a functor. In particular, the
cosimplicial object A% of Set} gives rise to simplicial vector spaces (these
are always Kan complexes [GJ09, Lemma I.3.4])

I (KAAY), nel (35)

We shall place these vector spaces inside a spectrum. That is, we will
produce weak equivalences

ZHK ANAS) — QZM(K AAY). (36)

Remark 5.5. The spaces are equivalent to the value of the Dold-Kan
functor DK : Chsy — sAb on the truncated mapping chain complex

m>oHom(C(K), V][—n]).

In particular, is equivalent to the mapping space Mapc, (C(K), V[—n])
in the oco-category Ch of all chain complexes. The cocycle spectrum may
therefore be viewed as a kind of function spectrum construction.
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We have a diagram of quasi-isomorphisms

C(K ANASASY) —>C(K ANAY) ® C(Sl) o C(KAAY) @ Z[1]. (37)

EZ 1d®1ncl

The complex on the right may be identified with the shift C'(K A A% )[—1].

Lemma 5.6. There is a canonical isomorphism of simplicial sets

QZ"(K ANA%) =2 Z"(K AAS A SY. (38)

Proof. The usual subdivision of the prism in terms of the maps h; : AF! —
AF x Al (i =0,...,k) [GI09, p.17] leads to a coequalizer diagram in Set}

KA (Ak MATTE RN (ARFL)T

Llnj

\/;;_1 K A (AR)* VA KA (AR 2 B A (ARYE A ST
Tinjﬂ
A (Ak)+ A (Ak+1)+

idAdI 1

Here, the righthand vertical maps in; map to the base point if [ = —1,k + 1
In view of the description of the simplicial loop space in Corollary
an element of QZ”(K A (A¥)*) amounts to a map to V[—n] on C of thls
coequalizer. Since C preserves colimits, we conclude the result. O

We remind the reader that V' is suppressed from the notation (35)).

Lemma 5.7. The homotopy groups m; (Z”(K NAT), 0) are given by coho-
mology H" ' (K; V) with coefficients in V.

A similar statement appears without proof in [HS05, D.13| and also con-
tains a slight inaccuracy (the complex needs to continue to the right). It
seems better therefore to prove our assertion.

The homotopy groups of a simplicial group (or vector space, etc.) are
defined as the simplicial homotopy groups of the underlying simplicial set
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(110). We will use that the simplicial homotopy groups m;(A, 0) of a simplicial
abelian group A can be identified with the homology of the corresponding
Moore complex [GJ09, Corollary I11.2.7].

Proof. The proof has two parts:

(i) For each n € Z, the simplicial abelian group C™(K A A%; V) of all
n-cochains with coefficients in V' is contractible.

Using the obvious abbreviations (for example, B" = B”(K ANAY; V) we then
show:

(i) The short exact sequences 0 — Z" — C™ — B"*! — (0 and 0 — B" —
Z™ — H™ — 0 of the Moore complexes imply Lemma [5.7]

Here, the Moore complex construction refers to ‘the e-direction’ and there-
fore produces a positive chain complex (regardless of V).

To prove the first assertion, we use ‘extension by zero’ [HS05, D.11]:
Hy, : C"(K ANAR V) — O (K A AR Y)

sends u € C"(K A A%:V) to the V[—n]-valued cochain on C(K A AR
which is given by w on simplices contained in K A A% (viewed as the face
opposite to 0) and takes every other simplex to zero. The maps Hy define a

chain homotopy from the identity to zero, so the chain complex belonging to
C™(K ANA%; V) is acyclic: In detail, Hy : C"(K AAR; V) — CM(K AAET V)
is given by

(Hu)(A" 5 K A AR = {3(7) S;e)g = (idg A d°) o 7),

u (1=0),

Observation: We have (id A d)*(Hyu) = .
ve (id A &) (Hiw) {Hk+1((id/\d’1)*u) (i # 0).

Proof. Clearly, (idAd°)*(Hyu) = u. Suppose i > 0. In case (idAd')oo = (idA
d®)ok for some k we have (idAd")*(Hyu) (o) = u(k) and (idAd")*(Hyu) (o) =0
otherwise. But this is also the value of

Hia((id A d™1)u) (o) = {g“i“f”‘ Jer) Ejf;(i)a = (dAd)oT),

due to the following observation (applied to the second component):
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Suppose 0 € AF. If d* o 0 = d° o k for some k, then there exists
7 with ¢ = d° o 7. Moreover, Kk = d" "' or.

The observation holds because o corresponds to a map o : [n] — [k — 1] and
the equation d‘c = d’kx shows that 0 is not in the image of o, so one may
factor 0 = d°7. Since d° is injective, d°d"'r = d'd°t = d'oc = d°k implies
k=d tor. O

Using this observation, we calculate that (Hj) defines a chain homotopy

k+1 k
> (dAd) Heu+ Y (—1) Hep[(id A &)l
i=0 J=0

k+1 k+1

—u+zldAd% Hku—i—z 1) Hyq [(id A d Y] = u,

where we have reindexed the second summation according to j = ¢—1. Using
[G.J09, I11.2.7], we conclude (i).

To deduce (ii), we consider long exact sequences in homology. First
note that the projection induces an isomorphism from H"(K A A%; V) to
H"(K;V). The differential 3(—1)?(d")* then corresponds to 1 or 0, depend-
ing on the parity of the dimension. The homology of the simplicial abelian
group H"(K AA%;V) is therefore H"(K; V) in degree 0 and zero else. Using
(i) and the long exact sequence

5 H(Z") = H(C") = H(B") &
we deduce that Hy(B"™') = 0 for each n. The other long exact sequence
% H(B") = H.(Z") - H.(H") %

now implies 7o (Z"(K A A%;V),0) = Hy(Z") = Hy(H") = H"(K;V). Using
this and Lemma we may now calculate

i (Z"(K AAT), o) S (QiZ"(K ANAT), o) S (Z”(K AAS A S, o)
H"(K ASHV) = H YK V). O

72



Remark 5.8. For every pointed space X, the simplicial abelian group Z (XA
|A%|; V) also has i-th homotopy group H"*(X; V). We need only to change
the use of Lemma to the assertion that the canonical map

ZM(X A|ASIASY; V) = QZMX A AL V)

given by ‘subdivision of the prism’ is a weak equivalence of simplicial abelian
groups [HS05, (4.45)].

Now for the definition of the structure maps (36). We have
QZ"(K ANA%) =2 Z"(K AA% A S') = Chso(C(K AASASY), V[-n]),
Z"HK AA%) = Chso(C(K AAY) @ Z[1], V[-n)).

Definition 5.9. The structure maps Z" (K AA%) — QZ"(K AAY) in (36)
are defined as pullback AW*(id ® pr)* along (37).

Lemma 5.10. The maps (36| are weak equivalences.

Proof. Since Z"(K/\Ajr A S1) is isomorphic to QZ"(K/\AZF), we are reduced
to proving that . .
ZVHE ANAY) = ZM K ANAS A SY

is a weak equivalence. But, applying the i-th homotopy group, this map
induces the suspension isomorphism

H 'K, V) - H (K ASL V). O

As already mentioned, it will be more convenient to work instead with
the following weak inverse of :

(id®@incl)*EZ* : QZ"(K ANA%) — Z"HK AAY). (39)

5.2 Chern Character Transformation

We view Z"(K A A%) as a cospectrum because we wish to define a map

ch: Hom(K, E) — Z"(K A A%) (40)
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and in ‘elementary’ treatments of spectra one usually requires that maps
commute strictly with the structure mapsﬂ. We will instead define a cospec-

trum map (40).

We will work in this chapter with a spectrum (E,,&,) of pointed Kan
complexes and suppose that the adjoint structure maps

e B QF,

n .

are 1somorphisms of simplicial sets. Beginning with a spectrum as in ,
such a spectrum may be obtained by applying the singular space functor:

singE, —» sing(QEn41) = Qsing(Eys )

To explain the isomorphism, note that a k-simplex of sing(Q2F,, 1) amounts
to a simplicial map S*' A |A%| — E,;1, while a k-simplex of Qsing(E,+1)
amounts to a map S' A A¥ — sing(E,41) (or |S' A A%| — E,4). The
isomorphism now follows from the fact that | - | preserves products [GJ09,
Proposition 1.2.4], so that [S* A A¥| = |S*| A |A%|. By definition of singular
cochains (and of [q1), our fundamental cocycles then amount to elements

Ly € Z"(En; V), n €z,
with the property that each of the following diagrams commute:

(fn)*

C(BE,) @ Z[1] —= C(E,) ® C(SY) 2% C(E, A SY) —25 C(Epyy)  (41)

C(E)[~1] Vien—1].

tn[—1]

5.2.1 Mapping and Loop Spaces

We recall in this section the most commonly used notions of mapping spaces.
The mapping space Hom(X,Y') [GJ09, Section 1.5] between simplicial sets
X,Y has as n-simplices all simplicial maps

X x A" =Y.

61t is possible to develop stable homotopy with maps which commute with the structure
maps up to homotopy, provided one keeps track of them (and uses them to define the notion
of homotopy of such maps). This has already been observed in [Ada95l p.141] and is the
homotopy category hSp of the oco-category of spectra in [Lur07c].
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We have an adjunction Seta (K, Hom(X,Y)) = Hom(X x K,Y’) given by
evaluation |GJ09, Proposition 1.5.1]. These definitions turn the category of
simplicial sets into a simplicial category. Another common example is the

category of pointed simplicial sets Set), which is tensored over simplicial
sets via [GJ09, p.84]

XoK=XANK,, X € Set), K € Setx.

The mapping space is given by Hom,(X,Y), = Set)(X ® A" Y). For
example, the loop space is defined by

Q(X) = Hom,(S", X).
The suspension is defined by ¥X = X A S'. We have isomorphisms
Hom.(XX,Y) = Hom, (X, QY)

Recall that a simplicial category (in the sense of [GJ09) Definition I1.2.1])
is a category % along with functors

Homgy : €°° X € — Seta,
®:€ x SetA — Cg,
homy : Set? x ¢ — €.

such that

1. The zero simplices of Homg(X,Y') is given by the set €(X,Y) of
morphisms in the category &.

2. We have adjunctions [GJ09, p.83|
Homget, (K, Hom(X,Y)) = Homy (X ® K,Y),
= Homg (X, hom(K,Y)).
3. X®(KxL) 2 (X®K)® L.

Parts of this data is determined by the other parts, for example, we have
Homy(X,Y), 2 €¢(X @ A")Y).

The most obvious example is the category of simplicial sets with ® = x
and Homget, (X,Y) = hom(X,Y) (whose n-simplices are simplicial maps
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X x A" = Y). If € = Set}, is the simplicial category of pointed simplicial
sets |[GJ09, p.84], we have

X®K=XAK;,, hom(K,X)=Homge,(K,X).

Here, hom(K, X) has the constant map given by the base-point of X as
base-point. The n-simplices of the mapping space are simplicial maps

XNAY =Y.

If understood from the context that X,Y are to be viewed as pointed sim-
plicial sets, we will also write Hom(X,Y") for Homgeey (X,Y). Using the
constant base-point map allows us to view Homgets (X, Y') as a pointed sim-
plicial set.

The adjunction above specializes to the isomorphisms of simplicial sets

Hom(K,QY) = Homge; (S} A K,Y) = QHom(K,Y).

Note that S1 A K is the unreduced suspension of K. If we base-point
Homgeiy (X,Y) by the constant base-point map, we have an adjunction in
Set’\

(= A X) 4 Homgees (X, —)

Proof. We must show that for any pointed simplicial set A we have Sety (AA
X,Y) = Set, (A, Homgetsy (X,Y)). An unpointed simplicial map f : A —
Homg,x (X,Y) amounts by the adjunction 2. above to a pointed map g :
A, N X — Y, that is, a map A x X — Y which takes A x {pt} to the
base-point. The condition that f be pointed means precisely that g take
{pt} x X to the base-point as well, that is, defines a map on the smash
product AN X. n

From this adjunction we deduce pointed isomorphisms
Homg (X, QY) = Homgeey (XX,Y) = QHomgees (X,Y). (42)
Indeed, simplices in these simplicial sets are described respectively by

X ANAL —QY,
XAS'AAYL =Y,
S'AASAX =Y.
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The category CGHaus of compactly generated Hausdorff spaces is also
a simplicial category, but we will instead usually use the internal hom

V¥ = {X — Y continuous},

endowed with the compact-open topology. We then have [DKO1, Theorem

6.5] homeomorphisms
ZX XY ~ ( ZY)X )

If X,Y € CGHaus" are pointed, we let

Y* = {X — Y continuous, pointed},

topologized as a subspace of the unpointed exponential. The above homeo-
morphism then restricts to a pointed homeomorphism

ZX/\Y ~ (ZY)X
For pointed X, we let QX = X" and ©X = X A S'. Then
(QY)X _ (Ysl)x ~ Y EX o (YX)5’1 _ Q(YX)

5.2.2 Mapping Spectra

Let (F},)nez be a spectrum of pointed Kan complexes so that we have pointed
weak equivalences
F, — QF,.;.

Both sides are fibrant. By applying (the dual of) [GJ09, 11.3.15] to Sety we
deduce that for any (automatically cofibrant) K € Set)y the structure maps
induce weak equivalences

Hom(K, F,) — Hom(K,QF, ;) =~ QHom(K, F,,). (43)

The last isomorphism is .

Definition 5.11. For a pointed simplicial set K, the spaces Hom(K, F,,)
along with the structure maps form the mapping spectrum Hom(K, F).
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5.2.3 Construction of ch
In this subsection, we will define the cospectrum map from above
ch: Hom(K, E) — Z"(K A A%). (m)
Definition 5.12. The n-th level of the map is defined as ‘pullback along
the fundamental cocycles:’
ch: Hom(K, E,) — Z"(K A A%)
(f: KAAY = E,) — (C(K AAY) L5 C(B,) 5 V—n)) = f..

Proposition 5.13. The maps in Definition [5.12] commute strictly with the
cospectrum structure maps (the inverse of and the canonical section

(39))-

Proof. For each f: KANAS ANS' — E, i let g : K ANAS — E, be the unique

adj adjy—1
map with €, o (g A 1g1) = f (given by K N A% EAN QF, 1 % E,).

Unwinding the definitions, we see that we need to compare
CIKAAY) @ Z[1] 2225 C(K AAS) @ C(SY) 25 C(K AAYASY
L C(B) S Ven — 1]
with the shift of
C(K ANA%) 2% C(E,) 2 V[-n].

By naturality of £Z and the compatibility we have a commutative
diagram in which the maps we wish to compare appear:

C(K AAY) @ Z[1] 22 C(E,) @ Z[1] =2 V]—n] @ Z[1]
1®inc1L L 1®incl
CKAAY)®@C(SY L C(E)@C(SY) @) |m=
EZL L
C(K AAT A SY)— G(E, A S C(Enst)
e L]

(En)*
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5.3 The Additivity Coherence Conditions

5.3.1 Chern Character as a Functor

The Chern character may be regarded as a functor
Kan* — Ar(coSpt)

into the category of arrows in coSpt, whose morphisms are commutative
squares. Post-composing with the fundamental groupoid construction (I1;)_,
of cospectra takes us to the category Ar(2BrMonCat):

Theorem 5.14. For each K € Kan®, the Chern character induces a natural
family of morphisms in 2BrMonCat

() _,Hom(K, E) — (TI})_,Z(K A A%).

Let us unwind what this means in more detail. First we recall the def-
inition of (II;)_,Hom(K, E): it denotes category Il;Hom(K, FE,) and is
a braided monoidal category in two ways ‘Q’, ‘©’ (arising essentially from
E, & O?FE,,,). We had also defined a braided monoidal structure on the
identity functor (stemming from an Eckmann-Hilton argument)

e®®: (II{Hom(K, E,),®) — (II;Hom(K, E,,), ©).

The structure on the category (II;)_,Z(K A A%) is defined in the same
way. It was seen above that we may identify it (in 2BrMonCat) with
(TI$")_, Z(K A A%), which as we recall denotes the category IT; Z"(K A A%)
with both monoidal structures given by addition ‘+’ in the simplicial abelian
group and the strict monoidal structure on the identity functor.

The theorem now asserts that the functor IIych : I[I;Hom(K, E,) —
I, Z"(K A A%) may be viewed as a monoidal functor for each of the struc-
tures ch® : @ — +, ch® : & — +. Since II;ch is a morphism in 2BrMonCat,
these two monoidal structures on Il ch are related by the following commu-
tative diagram in braided monoidal categories:

(IiHom(K, E,,), D) b, (L, Z™(K A A%),+)

e@;@l lid

(ILHom(K, E,),8) —= (ILZ"(K NAY), +)

ch®
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5.3.2 Transition to Spaces

We now indicate how Theorem [5.14] specializes to pointed spaces. Suppose
still that (E,,e,) is a spectrum whose adjoint structure maps are pointed
homeomorphisms and that X is a pointed space. We may then apply our
result to K = sing(X) and (sing(E,,), sing(e,)).

As outlined in Appendix a space X gives rise to a Kan complex
sing(X') whose n-simplices are continuous maps |A"| — X. There is a canon-
ical map

sing(Y™) — Homgey, (sing X, singY’), (44)

which takes an n-simplex o : A" — Y¥ to

sing (o)

A" x sing(X) — sing(A") X sing(X) = sing(A" x X) ——— sing(Y").

The simplicial map is a weak equivalence: applying [GJ09, Lemma
I1.3.15] to X =~ |sing(X)| and Y yields a weak equivalence

sing(Y™) = Homeg (X, Y) ~ Homgg([sing(X)],Y).

The map is the composition of this equivalence with the equivalence
Homcg (Jsing(X)|,Y) ~ Homge , (sing(X), sing(Y))

from |GJ09, p.95].

Definition 5.15. For X, Y € CGHaus,, let Map(X,Y) = II,Y* = II;sing(Y¥).

Proposition asserts that Map(X, E,) € 2BrMonCat, by writing
E, ~ QB2 and Map(X, E,,) = IL (P E40)" = HlQQ(Eiiz)-
Lemma 5.16. The natural equivalence induced by
Map(X, E,,) — (I1;)_,Hom(sing X, sing ) (45)
may canonically be viewed as a morphism in 2BrMonCat.
Proof. By definition of (II;)_,Hom(singX,singF) we have morphisms in
2BrMonCat
(I,) _,Hom(sing X, sing ) <= II;Q*Hom (sing X, sing ,, ), (A)
1, Q*Hom(sing X, sing E,, 12) — I1,Q*|[Hom(sing X, sing E,,12)|. (B)
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As an ordinary category, IT;Q?Hom (sing X, singE,, ;2 ) is isomorphic to IT; QQELSTQgXl

(an object S? — Hom(sing X, singF,, ) amounts to S2AsingX — sing(E,2)
or to |S2|AlsingX| — E,42). Using Proposition|4.10, we may view IT, Q2 El""e*]
as an object of 2BrMonCat. The map

EeX _ Hom(sing X, singE, 1)),

taking f : [singX| — FE, o to its adjoint singX — singF, .o (viewed as a
zero simplex of the right hand side), induces a strict morphism (second part
of Proposition |4.10))

I QQEETQgX‘ — I, Q?|Hom(sing X, sing E,, 1 5)|.

It lifts uniquely via Propositions [A.11] along (B) to a morphism in
2BrMonCat

I, Q2B 5 I OHom (sing X, sing B, 1.5). (C)

Pullback along |singX| — X, the map EX,, — E"#*| induces another
strict morphism (second part of Proposition :4.10)

Map(X, E,) = I, QP EY,, — I,O2E7EY, (D)

Each of (A), (C), (D) are morphisms in 2BrMonCat, so that their compo-
sition (45)) is also a morphism in 2BrMonCat. O

Definition 5.17. For X € CGHaus, and a graded vector space V, let
¢"(X) denote the strict symmetric monoidal groupoid from Example
induced by the homomorphism § : C"1(X;V)s — C"(X; V).

These may be organized into a functor " : CGHaus® — SymMonCat
by pullback of cochains along maps.

strict

Lemma 5.18. We have strict symmetric monoidal functors, natural in X,
(1) Z(sing(X) A A%) = T, 2" (sing(X) A A%) > €7(X)  (46)

gwen by inclusion on objects (the first equality is by definition). To the class
of f: C(sing(X) A AL) — V[—n] we assign by the class of the (n —1)-
cochain a1 f.
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Proof. is well-defined: making use of the abelian group structure, it
suffices to show the following: if u € Z(sing(X) A A%) with dyu = dou = 0,
then the (n — 1)-cochain associated to dyu bounds. This is immediate from
Lemma (ii). Since [g, is linear, is a strict monoidal functor. Also

Jg is compatible with pullback, by Lemma (i). O

Pre- and post-composing the result of Theorem with these functors
we deduce:

Theorem 5.19. The Chern character induces morphisms in 2BrMonCat
Map(X, E,) -2 €"(X).

Ezplicitly, ch(c) = c*i, on objects and ch(h) = [; h*t, on morphisms. These
are natural in X in the sense that any pointed map f : X — Y induces a
commutative diagram in 2BrMonCat:

Map(Y, E,,) —2~ € (Y)

1

Map(X, E,) —=¢€"(X)

5.3.3 Display of Coherence Conditions

Theorem [5.19| is really a result about our fundamental cocycles ¢, and the
possibility of coherently chosing cochains A, as in . We will make this
explicit in this section.

Remark 5.20. For the results of this section it would have sufficed to work
in BrMonCat instead of 2BrMonCat. This is only needed later for the
integration maps.

Fix the associativity and unit constraints a, r, [ and the braid s in Map(X, E,,):

a: B <= E,, a0 (a, X id) =~ a, o (id x ),
s: B x 1 — B, Q, © twist ~ ay,,
r:E,xI— E,, o, o (id, const) ~ id.
We will write ‘=" for ‘up to coboundary.’
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Corollary 5.21. Let ay, : B, x B, — B, be concatenation of loops .
There exist cochains A, € C" Y E, x E,; V) with

0A,, = PIity + Proly — Qi lp. (47)
These are coherent in the sense that

prisA, + (o x 1) A, = prisAn + (1 X a,,)* A, +ch(a)  associative
twist*A,, = A, + ch(s) commutative
(idg, , const)* A,, = ch(r) unit

Proof. According to Theorem (forgetting the second monoidal structure
©) we have natural (in X) braided monoidal functors

ch: (Map(X, E,), D) — (€™(X),+).

The data of a monoidal functor includes isomorphisms in ‘é”(X ) relating the
two tensor products, that is, elements chy; € C"~'(X)s with

dchgy = ch(f © g) — ch(f) — ch(g). (48)

For the units we have ch® . = 0, which induces an isomorphism 60 =

ch(const) — 0. Naturality asserts that we have a commutative diagram of
braided monoidal categories

(Map(X, E,), ©) = (€"(X),+)

T

(Map(Y, Ey), ®) 5 (€"(Y), +).

By definition of the composition in €™ (X) and since the vertical functors are
strict this means

frehd, =chd .y in C"N(X)s, e d:Y = E, (49)

The structure on a braided monoidal functors has to satisfy several coherence
conditions:

ch((f © g) © h) “2Ech(f ® g) + ch(h) % (ch(f) + ch(g)) + ch(h)

Ch(a)l H

h(f © (g © h)) 5 ch(f) + chlg © h) o ch(f) + (ch(g) + ch(h).

g,h
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ch(f) + ch(const) ch(f)+0

()
Chf,constT H

ch(f @ const) FOE ch(f)

ch(f) + ch(g) ch(g) + ch(f)

Chf’gT Tchgyf

ch(f ®©g) ch(g O f)

Set ¢ = pr,,d =pry : B, X E,, = E,, in to define

ch(s)

(50)

The three coherence diagrams then express the three equations we wish to
prove: the associativity diagram says

ch®, + chf o, + ch(a) = ch?, +chp,, in CPH(X)s. (51)

If we set f = pry,g = pry,h = pry : B, x B, x E, = E,, naturality
yields the following implications:

f=(0xa,)pr;,g0h=(1Xa,) pry= Ch?’g@h =(1x ozn)*chlqulﬂprz,
o)

pry,prg?

fOg= (o x1)pr;,h=(ax1)pry = chfy , = (an x 1)*chy,

Pry,pPro?
f = pri,pry, g = pri,pry, = ch®? = pri,ch®
12K+ 1> 122 1.9 12~ pry,pry°

g = Praspry, h = prazpry = Chgj,h = prasch

Inserting these equalities and into then gives
prygA, + (1 X )" Ay, + ch(a) = prisA, + (ay, X 1)"A,.

Similarly, the second coherence diagram for f = pr; asserts ch(r) =
chgfrl’const = (id, const)*chpy, pr, = (id, const)*A,, (the second equivalence is

by naturality ) The third diagram for f = pr;,g = pr, says, using
naturality for pry, = twist*pr,, pr; = twist*pry:

twist* A, + ch(s) = twist*chy, + ch(s) = chy  + ch(s) = chp, = A, O
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The existence of inverses in a monoid is a property, not additional data.
This is reflected in the following corollary. Pick arbitrary maps

v, B, — E,

and homotopies h : E,, x [ — E, from idg, O v, to const.

Example 5.22. We will usually make the following choices:
Upt By — QEnie 2% 02F, .5 + E,

given by exchanging the two path variables. Another possible choice is v/, :
E, = QF,.1 = QF,,1 + E, using loop inversion. There is a standard
homotopy A’ : id®v), ~ const. To define h we precompose i’ with a homotopy

v, =~ v}, given by ‘rotating the axis of reflection:’

Corollary 5.23. There exist cochains N, € C"Y(E,; V) with the property
ON,, = —t, — VlLy,. (52)

n

Moreover, we have

N, + (id, v,)* A, = ch(h). (53)
Proof. 1f we define N,, according to , then a calculation shows that
holds, taking and
dch(h) = ch(idg, © v,) — ch(const) = (id, v,) e, — 0
into account. ]

Of course we have an obvious version of Corollary for left inverses,
but this leads to different elements N;..

Remark 5.24. For any choice of (v,, h, N,) as in Corollary the triple

(Vy 0 ¢1, —w1, —hy + ¢; N,,) will represent a (two-sided) inverse in differential
cohomology of [c1,ws, hy]. This will be clear from the proof of Theorem [5.26]
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5.4 Group Structure on Differential Cohomology

Definition 5.25. Let 2, = (c1,wr, h), 29 = (c2,ws, hy) be representatives of
elements of E"(M, N) as in Definition . We set

1+ T = (v, 0 (c1,02), w1 + wa, hy + ha + (c1,c2)"Ay). (54)

Also, let 0 = (const, 0,0).

Theorem 5.26. Let 11,19 € E”(M, N) be represented by triples x1, x5 as in
5.25] Then iy + &9 := [x1+ 3] is well-defined and endows E™(M, N) with the

structure of an abelian group. The maps a, I, R are group homomorphisms.

Proof. If (C1, Hy) witnesses an equivalence xy = (c1,wq, hy) ~ (¢}, wi, b)) =
2} and (Cy, Hy) witnesses xo = (c2, wa, ha) ~ (ch, wa, h}) = x4 in the sense of
Definition then

Y = (Oén e} (Cl, CQ), pI'*<W1 + WQ), H1 -+ H2 —+ (Cl, Cg)*An)

relates the corresponding sums. For Y obviously restricts on the boundary to
x1+ 9, 2} + ), and it is also easily checked that §(Hy + Ha + (Ch, Co)*A,) =
pre(w; + wq) — (C1, Cy)* i t,. We conclude that addition is well-defined.

Using Proposition m (with the canonical homotopies of Subsection
, the proofs of associativity, unitality, commutativity, and of inverses
reduce immediately to the corresponding parts of Corollaries [5.21] [5.23] For
example, let us show that [, oc, —w, —h+c¢*N,] is a right inverse for [c, w, h]:
select the homotopy h : a, o (id,1,) ~ const from Corollary [5.23] Then
Proposition shows that

[c,w, h] + [vn 0 ¢, —w, —h + "N, = [ (id, v) 0 ¢,0, ¢ (N, + (id, v)* A,,)]
= [const, 0, (N, + (id, v)* A, — [ h)]

We conclude by applying Lemma [3.10} since N, + (id,v)*4,, — [ h bounds
by Corollary (in this case even zero). Similarly, [v, o ¢, —w, —h + N/] is
seen to be a left inverse (at first sight different from the right inverse). But
of course the existence of all left and right inverses in any monoid shows that
we have a group and that the two inverses coincide.
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The proof that the maps I, R from Definition are homomorphisms
is trivial. Since we have chosen A, as a reduced cochain, we deduce that
a(f) = [const, df, 0] is a homomorphism as well. O

5.5 Bicategory Construction

We present here an approach to the construction of E™ in which it is not
necessary to make the coherence conditions explicit. The other axioms for
a differential extension are also easily verified in this context. The main
technical difficulty is the construction of a functorial inverse of the deRham
homomorphism, which may systematically be produced in the context of
bicategories.

5.5.1 Inverting the deRham Homomorphism

Using Example [A.3] the map d : Q" (M;V); — Q(M;V) gives rise to
a strict symmetric monoidal groupoid &™(M) which, for varying M, piece
together a functor

0" : Man®® — SymMonCat

strict
Similarly for § : C"Y(M;V)s — Z"(M; V) we obtain
Z" : Man®”® — SymMonCat

strict*

Note that the objects of 2™ (M) is the set of cocycles, not all cochains.
The deRham homomorphisms may be interpreted as a strict symmetric
monoidal equivalence of categories

px : O"(M) — Z"(M),

which are the components of a natural transformation 6" — Z™. Every
component is an equivalence and we would like to invert p.

With monoidal transformations as 2-arrows, SymMonCat forms a strict
2-category. We will view Man as a 2-category with only identity 2-arrows.
Then p is a strict transformation between the two strict functors 0™, Z" of
bicategories.

Lemma 5.27. Suppose € is a category, considered trivially as a bicategory.
Let
F,.G: ¢ — SymMonCat
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be strict functors of bicategories and v : F' = G a strict transformation which
has the property that all of the functors ux : FX — GX are equivalences.
Then there exists a weak transformation v : G = F such that uv and vu are
the identity functors up to modifications.

Proof. By Leinster, 1.2.14 we may place each ux in a monoidal adjoint equiv-
alence (ux,vx,ex,nx) — meaning that we have an adjoint equivalence in
which vy is a monoidal functor and ey, nx are monoidal transformations.
It remains to check that the monoidal functors (v, p1x) depend functo-
rially on X up to coherent 2-cells vy : (F'f, ¢) o (vx,vx) = (vy,vy) o (Gf,7)
for f: X = Y in ¢. The monoidal transformation vy is defined as the 2-cell

~

vy
Y
FY

G

B ﬂ /GX f/
FX = FY

Note that the middle diagram commutes. The coherence conditions follow
from the zig-zag equations for ex,ny. O

GY
U

M

1

We may thus find a weak transformtion, unique up to modifications,
T: "= 0",

inverse to p in the sense of the preceding lemma.

Proposition 5.28. It is possible to lift the Chern character transformation
ch: [M, E,| — H"(M;V) to a braided monoidal functor

Map(M, E,) — Z"(M),

natural in M, i.e. to a strict transformation Map(—, E,,) — Z™.

Proof. This is Theorem applied to X = M and where we observe that
ch takes values in the full subcategory Z™. O]

Composing this transformation with the weak inverse 7 of the deRham
transformation, we obtain a weak transformation

ch: Map(—, E,) = O".
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What this means explicitly it that we are given monoidal functors
chy : Map(M, E,)) — O"(M), M € Man,

that is, a functor chy; together with a natural transformation, denoted chy; :
chyf 0 © — 4+ o (chy x chyy), and a map chys(const) — 0 which may be
chosen to be zero (since the fundamental cocycles are reduced). Also, for
every smooth map f: M — N we have a map

chy : BN — Q"1 (M; V),

with
d(chs(c)) = f*chy(c) — chy(co f) forallc: N — E,
(55)
[rchy(H) + chy(Hy) = chy(Hy) + chy (H o (f x idy)) for a homotopy H : Hy ~ H;
(56)

where H : N x I — E,,. The coherence conditions for M N NN RN E,
amount to

chys(c) = chy(cog) + frchy(c), (57)
Chid =0. (58)

The compatibility condition for the ¢, ensure that for a map h: M — E,,_1,
viewed as a homotopy H : M x I — FE,, from const to const, we have

ChM(h) = ChM(H) € Qn_l(M; V)d

5.5.2 Construction of Differential Refinements

Consider the equivalence relation ~ on the set &"(M) = EM x Q""Y(M;V),
given by (c1,wy) ~ (¢, ws) iff there exists a homotopy H : ¢; — ¢ with

ChM(H) = W1 — Ws.

Reflexivity, symmetry, and transitivity of ‘~’ follow from the following func-
tional properties of ch,;: that it preserves the identity, inverses of isomor-
phisms, and composition. We may now define

E"(M) =&Y(M)/ ~ .
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For a smooth map M Iy N we let
E"(f): E"(N) — E™(M), [c,w]~ [co f, f*w + chy(c)]

This is well-defined by and yields a functor £" : Man® —» Set by
and (58). The group structure is given by

[c1, wi] + [c2, wa] = [e1 © ea, w1 + wy + chyy (e, )],
0 = [const, 0].

Define natural transformations
QY (M;V)y S EM(M), a(w) = [const, w]
E"(M) L E"(M), I[e,w] = [d € [M, E,] = E"(M)
E"(M) =5 Q"(M;V)azo,  Rle,w] = ch(c) + duw

The map R is well-defined, again by functoriality of chj,.

Proposition 5.29. E" is a differential cohomology theory in the sense of
IBS10]. That is, we have a commutative diagram with an exact row:

En—l LQn—l(_; V)d a En I En 0

"

Q4= V)—=H"(—V)

Proof. The commutativity is clear. If I[c,w] = 0 there exists a homotopy
H : ¢ — const so that [c,w]| = [const,w + chy(H)] = a(w + chy(H)).
Also I oa = 0. If a(w) = [const, 0] then there exists H : const — const with
chy/(H) = w. Conversely, amap ¢ : M — E,_; may be viewed as a homotopy
H : const ~ const : M — E,. Then a(ch(h)) = [const, ch(h)] = [const, 0],
using H and the compatibility of the ¢,. O]

6 INTEGRATION MAPS

In this chapter we will develop the theory of integration maps

[ BT M x SY) — EM(M)
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in differential cohomology. These will be important because they relate dif-
ferent degrees: later, products will initially only be defined in even degrees.
It will then be our strategy to ‘transport’ this structure to odd degrees by
demanding compatibility with the integration maps. Subsection [6.2.5] on
multiple integrals will help us clarify well-definedness for extensions of this
sort.

In the case of generalized cohomology, the underlying spectrum is at
first related to ‘reduced’ integration maps (the suspension) and may then
be modified to an ‘absolute’ version (Remark [6.14)). Similarly, integration
in differential cohomology may be understood explicitly only on pairs and is
then extended to the absolute case.

6.1 Slant Products and Integration over the Fiber
6.1.1 Cochains
The Eilenberg-Zilber map may be used to construct the integration (or slant
product) of cochains. For a pair of simplicial sets A C X let

C*(X,A) = Homz(C.(X)/C.(A),R)

denote the real cochain complex obtained by dualizing the Moore complex
(note that the reals are not reflected in the notation of this cochain complex;
the Moore chain complex, however, is conventionally taken over the integers).
The differential is usually taken to be ‘pullback along the Moore differential’.
The introduction of a sign (—1)9°€™® would make this an internal hom, but
we will stick to the more traditional convention.

Definition 6.1. Let X,Y be simplicial sets and suppose e € C(Y). We
define natural homomorphisms [, : C*(X x Y) — C*7l€l(X) as follows: a
cochain u : Cy(X X Y) — R is mapped to the composition

id®e

Con(X) 225 C, (X)) @ CL(Y) 5 C(X x V) 5 R.
Here, EZ denotes the Eilenberg-Zilber map from Definition [5.2]

Lemma 6.2. The integration maps are R-linear.

(i) The integration maps are natural in the sense that

J(f xidy)'u = f*([u), ff u = Le/(idx x f)*u.

€ €
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(ii) We have Stokes’ formula [, 0u =6 [, u — (—1)lFlel [ .

Proof. Linearity is trivial, (i) follows from the naturality of the Eilenberg-
Zilber maps, while (ii) is just the fact that £Z is a chain map. ]

Naturality implies that integration descends to relative cochain com-
plexes:

J O ((X,A) x Y) = C (X, A). (59)

e

Remark 6.3. It would be more precise to call [, integration from the right.
There is an obvious version from the left (used for instance for integrating
the pullback [; H*: along homotopies — whose time interval we conventionally
take on the left):

[ CHY x X)) — ¢,

Usually, there should be no confusion if we denote this by the symbol [ as
well. If care needs to be taken, we will include the slash for integration from
the left. It is important to distinguish between these two integration maps,
especially if X =Y, because there is a sign involved: if 7: X XY —- Y x X
denotes the twist, then the symmetry properties of the Eilenberg-Zilber map
imply

[u = (—1)ul=lel el oy

Stokes’ formula on the left reads

['ou= ["u+ (=1) ["u.
e Ode e

By passing to singular sets, we may use the above constructions for spaces

AC X and Y.

Remark 6.4. We will primarily take the CW-complex ¥ = S! and the
canonical 1-chain e € C(singS'), which is the adjoint of the canonical pro-
jection |A'| — S'. Since such integrals will appear a lot we shall omit the
reference to S! when integrating over the circle. Stokes’ formula simplifies
to

[ou =16 [u, [Tou=—6["u (60)
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Remark 6.5. In the case of manifolds with corners, we remark that FZ
carries the complex of smooth chains to itself. If e is a smooth chain, we
therefore have a version of for smooth cochains (take the smooth singular
sets for X and Y in Definition [6.1)).

6.1.2 Differential Forms

We have used the ‘integral’ notation for the slant product of cochains in
the previous section because it generalizes the integral along the fiber of
differential forms w € Q"(M x I) (for the proof cf. [HS05, Lemma 3.15] or
the remark below).

Definition 6.6. Given a differential form w € Q"™ (M x I), let (Uy, Pu)aca
be an atlas of M and (x,) a subordinate partition of unity. Using the product
atlas (¢ X idr)aca at (x,t) € U, x I we may write:

Wapy = > Wi (2, 0)del - -dgirndt+ > @ (2, t)del - dgi

..........

11<...<in 11 <...<lp41

In accordance with [BT82, p.61], we define the integral of w along I (on the
right) by

</lw)z = ;xa(a:). > (/Olwg ..... in(x,t)dt) (d$™)y - - - (din ).

11 < .. <y,

The above definition is independent of the choices (U, ¢,) and x,; for
the tedious verification we refer to [BT82]. We have naturality in Definition
[6.6] in the sense that

J(f xidp)*w = f*(fw), f: M — M smooth. (61)
T T

In view of @, this leads to a relative integration map for forms. Precom-
posing with pullback along idy,n) X p for the canonical map p: I — S, we
obtain integration over S' (again omitting reference to S' in the notation)

[ QY (M,N) x S') = Q"(M, N).

In Definition [6.6] we sent forms that have no dé-component to zero. For the
projection pry : (M, N) x S* — (M, N) we therefore have

[ priw =0. (62)
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Remark 6.7. A differential form w € Q"™ (M x S') may be viewed as a
cochain u, which we usually also denote by w. This causes no confusion in
connection with the integration map since the cochain associated to [q w
and the cochain [¢ u coincide on behalf of the calculation for M = A™:

/M /SIW = /stlw = g(—l)i /Ml hiw=u(EZ(A"®S")) = (Sfl w)(A™).

The signs appear due to orientations.

6.1.3 FE-cocycles

As above, fix a spectrum E,, with structure maps ¢, : £, AS' — E, ., whose
adjoints E,, — QQF,, .1 are homeomorphisms.

Definition 6.8. For a map of pairs ¢ : (M x S, M x 1) — (E, 1, *) there
is a unique map [c¢: M — E, with

eno(fcNids1) = ¢, (63)

namely the map (£29)~! o cadl,

We again have naturality

[(f Nidgi)"e = f*(f ). (64)

Recall that in (16) we have chosen the fundamental cocycles ¢, compatible
with the structure maps. Using Lemma (i), this implies that Definitions
and [6.8 are compatible in the sense that

(f) =) [ertni1 = [([cNids1) e tni1 = [(ctn). (65)

6.2 Integration in Differential Cohomology

For integration in differential cohomology to be linear, we need to compare
the additive structure in neighboring degrees. This is the reason for having
worked above in 2BrMonCat. We again exhibit the coherence conditions
inherent in Theorem [5.19
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6.2.1 Loop Spectra
For varying degrees n the functors from
(I1;)_,, : coSpt — 2BrMonCat

are related. The notation from Subsection [£.3.1] can be confusing when deal-
ing with loop spectra QF = Hom(S', E). Recall that (II;)_,E denotes the
fundamental groupoid II; £, along with two monoidal structures

@O by writing FE, ~QF,.1,
© by writing F, ~ QQEn+2,

and a monoidal structure e on the identity functor (Il E,,, ©) — (II1 £, ©).
Define forgetful functors

¢',¢° : 2BrMonCat — MonCat, (¢,0,0,¢) (¢,0),(¥,0).

The structure maps on E determine a functor II;Q2F,, .1 — II; £, which by
Proposition inherits a unique monoidal structure turning the following
into a diagram in MonCat

(H192En+2, 9)

Here, the two equivalences are monoidal essentially by definition of the cor-
responding monoidal structures on (II;)_,. For example, for the left hand
diagonal map, recall that the symbol ¢'(II;)_, ;QF denotes the category
I1,Q2F,, 1 with the monoidal structure ‘Q’ given by the equivalence

(M (QEn41), ©) < (I1Q)(QE12).

By definition of the structure maps of a loop spectrum, the loop space in
(I1;€2) on the right refers to the coordinate obtained by writing E, ;3 =
QF, 5. The monoidal structure ‘©’ on the right corresponds therefore to
‘© in (I1;Q%)E,, 2. More precisely, Propositions [A.13[ and [A.14] provide the
structure of monoidal functor on the dotted arrow in

(HIQ) (QEH+2> - (HIQ2)En+2

|-|l: :lr

H19|QEn+2|, O ——- H192|En+2|7 97
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where the vertical functors are monoidal by definition. The lower horizontal
functor is induced by the canonical map [QX| — Q|X]|.

Proposition 6.9. Given a morphism f : E — F in coSpt, we have a
commutative diagram

ql(Hl)—n—lgE QQ(Hl)_nE
ql(nl)—n—lgfl l‘f(nl)nf
ql(Hl)fanQF QZ(Hl)an

Proof. According to the uniqueness part of Proposition it suffices to
prove equality upon precomposing with (II,Q%E, .5, ©) — ¢'(II;)_, E which
then boils down to the definition of monoidal structure on the functors
ql(Hl)fn—le and qQ(Hl),nf. L

6.2.2 Compatibility of ch with Eckmann-Hilton
Applying Proposition to exhibits the commutativity in MonCat of

the upper square in the diagram

1 c ~
¢'(T) 1 Hom (K A SY, Eyyp) D821 rqn )y 200 (A ST A AY)

| |

2 c ~
(1) Hom(K, B,,) — ==k ¢?(IL)_ Z"(K A A®)

| o

¢'(,)_,Hom(K, E,) ¢ () —nch ¢ (1)) 2" (K A A®).

The lower square commutes since (II;)_,ch is a morphism in 2BrMonCat.
Making the transition to spaces by using the above diagram for K = sing(X),
(sing(E,), sing(e,)) and by using the maps ([45)), we obtain a commuta-
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tive diagram in MonCat

¢"Map(X A SY, Eppy) — (o) (X A SY), +

Eidjt Lfsl

¢*Map(X, E,) ¢"(X),+

| e

¢'Map(X, E,,)

q* (chn)

Recall that the Eckmann-Hilton isomorphisms (homotopies in this case)
e : ¢*Map(X, E,) — ¢*Map(X, E,,) are given by writing E, ~ Q?FE,, ,» and
the formula (25)). These are the usual homotopies relating the two possible
additions ‘@’ (which yields «,, in the notation of Corollary , ‘©” on a
double loop space.

Corollary 6.10. Let p, : (E, x E,)AS* — E, 11 X E, ;1 denote the ‘product
of structure maps’ and e : EX* x I — E, the Eckmann-Hilton homotopy.
Then

éfl(gon)*AnH = ch(e) + A, mod im(d). (66)

Proof. Set X = E,, x E, in the previous commuting diagram in MonCat.
The two ways around yield two monoidal functors (whose composition is
recalled in ) that agree. In particular, their ‘extra monoidal data’ agrees
at the objects pri¥ pra¥ : X A S' — E,.; (which are adjoint to the two

projections pry,pr, : B, X E, — QFE,.; =~ E,). This yields [ Chpre;dj pradi =
ch(e) + chpr, pr,, Which in the notation of Corollary reads (66). O

6.2.3 Construction on Pairs
Definition 6.11. By combining the three integration maps above, we obtain

[ BN M x SY M x 1) = E(M),  [e,w,h]— [[c, [w,[h]

This triple represents a differential cohomology class: combining and
(65)), we have

O0fh=[0h=[w—[(ct)=[w—([c)tn.
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Moreover, the class of this triple is well-defined: if (H, C') witnesses an equiv-
alence (c,w, h) ~ (c,w, '), then ([ H, [ C') yields the necessary equivalence.

Proposition 6.12. The integration map in Adiﬁerentml cohomology is a nat-
ural transformation E"(—x S1, —x 1) — E"(=). In particular, integration

A

is linear and natural in the sense of [(f x idg)*z = f*([ Z).

Proof. Naturality follows from the naturality of the integration map for
forms, cochains, and E-cocycles. For linearity, let (c1,ws, k1), (c2,ws, ho)
represent classes @1, &5 in E" (M x S', M x 1). We compute

[(Z1 4 22) = [[ anq1(cr, e2), [(wr +wa), [(hy 4 ha + (c1, c2)" Angr)]
[+ [T = [an([cr, [ea), [wi + [wa, [(hy + ha) + ([ 1, [ e2)" An)

Using and we see that
[ anti(er,e2) = ([, [ e2)" [ anti(en, €n)

is the pullback along ([ ¢, [ ¢2) of the starting point of the Eckmann-Hilton
homotopy from Corollary [6.10] Combining Lemma [3.10] and Proposition
[3.13] we see that in order to prove equality of the differential cohomology
classes above it suffices to show that

J(er, )" Ay — chi ([ er, [ e2)"h) = ([ er, [ e2)" An
modulo coboundaries. But, using , this is just the pullback along ([ ¢1, [ ¢2)
of . O

Proposition 6.13. The integration map commutes with the maps a, R, I.
Proof. Straightforward from the definitions. O]

6.2.4 Integration Maps

We have developed differential cohomology for pairs in order to be able to
define rigorously the integration map [ : E"* (M x S, M x 1) — E™(M). In
this subsection we will use our ‘pair’ integration map to define an ‘absolute’
integration map

[ EMTY (M x SY) — E™M(M). (67)
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Remark 6.14. To motivate our definition, let us consider the case of (gen-
eralized) cohomology [BS10]. Let

i:M=Mx1cCMxS",
G (M xS0 = (M xS', M x1),
r, M xSt — M.

We have a long exact sequence
Co EM(MxSY) S Br M) S B (M xS, Mx1) L ErY (M xSY) —

Since ¢ is a section of the projection pry, the map ¢* is surjective, so § = 0
and j* is injective. For any x € E"™(M x S') we therefore have a unique
element y € E""Y (M x S, M x 1) with j*y = x — prii*z. Define

[z:=[ye E"(M),

where the integral on the right is given by suspension Er (M xSt M x1) =
E"Y (M, A SY) = E"(M,). These definitions piece together linear maps

[ E™Y(M x SY) — E™(M)

which fit into commutative diagrams

E"Y (M x SY M x 1) —— E"TY(M x S1).

\/

Clearly, [priz =0 for all z € E"1(M).
Using a similar procedure, we now define maps .

Theorem 6.15. Suppose [ : E”*l(— x St —x1) — E™ is an integration
on pairs as in Proposition [6.12] satisfying also Proposition [6.13| Then there
exist a unique natural transformation (linear)

[ EMTYM x SY) — EM(M) (68)

with the following properties:
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(i) The composition of with j* is integration on pairs (Definition
6.11)):

EH(M x S, M x 1) —2— Ent1(M x SV,

(it) [pr; = 0.

Proof. To prove uniquer}ess, suppose [, [, are two transformations satisfying
(i) and (i) and let € E"*(M x S*). According to Theorem 3.15 & —prii*
may be written as j*§ for some § € E"™1(M x S*, M x 1). Then

Conversely, we define a map as follows: for each & € EmH (M x SY)
write & — prii*z = j*g for some § € " (M x S', M x 1). Set

[&:=1g. (69)

This definition clearly satisfies (i) and (ii), so it remains to check that
is well-defined. Using the linearity, it suffices to show the implication j*y =
0 = [y = 0. Consider the following commutative diagram with exact rows:

ch I

E™(M x SY) Q" (M x SY;V)y Emt(M x SY) EM(M x SY)

/] ! ] A

En(M x 81, M x 1) =2~ Qn(M x S, M x 1;V)q —%= EML(M x S1, M x 1) —= EmL(M x S1, M x 1)

Since 0 = Ij*§ = j*Iy and j* : E""' (M x S, M x 1) — E""(M x S%)
is injective we may write § = a(f). The class j*0 lies in the kernel of a and
therefore j*0 = ch(t) for some t € E"(M x S'). Next, t — prii*t lies in the
kernel of 7%, so we may write t —prii*t = j*s for some s € E"(M x S', M x 1).
Remark implies

[s=[Js=[t—[pryit= [t
st & st & st
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Because the Chern character is a transformation of cohomology theories, we

have [, ch(s) = ch(f4 s) = ch( [ t) = [q ch(t). Thus

J9=a(f0)=a([j0)=a([ ch(t)) = a(ch([ s)) = 0.
St St St St

Sl

This proves well-definedness. From this one concludes linearity, using that
t*,pri are linear maps in differential cohomology. Similarly, naturality in

Proposition implies the naturality of (68)). ]

Proposition 6.16. The integration maps commute with a, R, I.

Proof. This follows easily from Proposition [6.13] and the previous theorem:
If # € E"(M x S*) write j*§ = & — pryi*2. Then we have

. PN i I () R e - N ) .
I(J2)=I([9)="[1§=[j1g=[I1(9) = [I(&—pryi"2) = []&
and similarly for R. If € Q"(M x S*; V') write j*n = 6 — prii*0. Then
(47) N s
Ja(6) = [ a(5n) = [ a(n) "= a([n) = a(f 1) = a(J 0). 0

6.2.5 Multiple Integrals

Definition 6.17. Let 7: M x S x St — M x S* x St (m, z,w) — (m,w, 2)
denote the flip. We define integration ‘over the first variable’ by

[ ErY(M x St x S1) Is EnTY(M x St x S1) L En(M < SY.
Proposition 6.18. We have [ [/ = — [ [ : E"*2(M x S* x §1) — E"(M).

The proof of this proposition is rather cumbersome due to the indirect
definition of and will occupy the remainder of this section.

The first step is the reduction to the integral for pairs using the following
lemma. We will use the maps

i1: M x S'x1— MxS"xS":pr,
iy : M x 1 x S"«— M x S*x S': pry,
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and their relative versions
i (M x ST X T, M x1x1)+— (MxS"xS" Mx1xS8":pr],
iyt (M x1 xS Mx1x1)«— (MxS"x S MxS"x1): pr.

Lemma 6.19. Let & € E"2(M x S x S*, M x 1 x S). Then
g=&—priid (70)
may be represented by a triple (c,w,h) with

c|M x (S'v S') = const, ijw=1i5w =0, h|M x (S'VvS") =0.

Proof. Replacing & = [c,w, h] by & — pri*i}*z leaves unchanged. We may
therefore assume that ¢}*z = 0. This means that ijw = 0 and that we have a
homotopy

Cp:coiy ~const (rel M x1x1).

By extending this homotopy with ¢ and the constant map, we get a map
0,1]x M xS"x1U[0,1]xMx1x8 U0xMxS8"xgh Lemstoe, p

Because M x (S'V S') € M x S' x S! is a closed cofibration, this map may

be extended to a homotopy C' (rel M x 1 x S1) from ¢ to some map ¢ with

d|M x (S'Vv S') = const. From Proposition it follows that
z=1[,w,h] for ' =h— [C*,.

Now compute, using that N, is reduced and Remark [5.24}

/% /% 2,

—pr}ifd = [y, o od) opr), 0, —priih + (i} pr))* N,
= [const, 0, —pryi*h']
& — pryi1® = [an(d, const), w, h — prifii"h’ + (¢, const)*A,].

This is the required triple representative (v, is pointed and A,, reduced). [J

Remark 6.20. The statement [ [ = — [ [ is true for cochains (by the
symmetry properties of the Eilenberg-Zilber map), differential forms (since
dt N ds = —ds A dt), and for E-cocycles in the sense that

[[Tc=to[[ec, for c¢:MxS'xS' = E, .,

for the twist t : E,, — Q?E, 15 ﬂi—p> O%E, ., + E,.
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In addition to the maps introduced above, let
G M xSt x St — (M x S* x S*, M x S' x 1),
Jo i M x St x St — (M x S*x S', M x1x 8",
and
i Mx1+—MxS':pr, j:MxS'"— (MxS"Mx1).
Proof of Proposition [6.18. Let z € E2(M x S' x S') and choose @ e
E™2(M x S' x S', M x 1 x S") with j3& = 2 — priisz (possible by [3.15)).

Then g := & — pr}*i{"z may be represented by a triple (c,w, h) as in Lemma

6.19. Using the formal rules of Theorem [6.15| one calculates
II=2=[]-9, [[T2=[]iTy

It suffices therefore to prove the analog of Proposition [6.18 for an element
§ = [¢,w, h] which may be written as in Lemma

In this case, the triple (co 7, 7*w, 7*h) may be viewed as a representative
in E"2(M x S* x S, M x S' x 1) as in the definition of the absolute
integral of j;7*7, so by Definition [6.11}

[ 5= cor [rw, [Th] € E"(M x ).

The triple on the right represents an element of E"*(M x S', M x 1) as in
the definition of the absolute integral of [ j;7*y, so

[Timg=1[cor,[[T'w, [ [T"h].
Similarly, we deduce the first equality in
[T=9==[[c[[w [[h =[] [c,;—[[w,=[[h+([[c)N,].
Using Remark [6.20] and (54) we now compute
JT=9+ T g=low(va [ [ e, [ [eT),0,([ [ )" No+ (va [ [ ¢, [ [ cT)"Aul.

We wish to show that this element is zero. Choose the homotopy A : idOv,, —
const defined from Example[5.22] According to Lemma [3.10]and Proposition

it suffices to show that ([ [¢)*N,+ (v [ [ ¢, [ [er)* A, —ch(([ [¢)*h) is
a coboundary. But this assertion is just the pullback along [ [ ¢ of . m
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7 AcCyYcCcLIC MODELS THEOREM

The product of differential characters is defined in [CS85|] by using an explicit
chain homotopy which relates the exterior product of differential forms and
the cup product of the corresponding cochains. Such homotopies may also
be obtained abstractly from the theory of acyclic models. This approach is
particularly useful because it makes the relationship between higher combi-
nations of these homotopies clear.

The goal of the first two sections is to establish a rather general Acyclic
Models Theorem for functors that are corepresentable on the models which,
in this form, seems not to be in the literature. Our treatment is an adaption
of standard ideas [Bar02], [Dol95].

7.1 Cohomological Version
7.1.1 Corepresentability on Models

Definition 7.1. The pair (¢, M) of a category and a full subcategory M
is called a category with models. In this case we have a functor <~ on the
presheaf categories

Fun(%°?, Modg) — Fun(%¢°°, Modg)
defined on objects F': €°P — Modg by

F\X: H FMX{U}:{(J:U)UZM—)X,MGM|xg—€FM},

o M—X
MeM
F(X3Y):FY - FX, {y:}rmoy = (Yoo torrox-
To a morphism O : FF — G the functor 7’ assigns
@X : F\X — éX, {.’EU}U;M*)X — {@M(:CO')}O'ZM*)X'

Observe that this last formula makes sense for any family (©/)aren of
morphisms F'M — GM on the models.

There is a canonical natural transformation ® : idpun(@or Mod,) = from
the identity functor to ‘~’ defined as

O(F):F—F, ®F)x:FX - FX, 2 {F(0)2}ppox
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Definition 7.2. A functor F': €°° — Modgp, is corepresentable with respect
to the models M if there exists a natural transformation

U:F > F

with the property that W o ®(F) = idp.

Remark 7.3. There is a similarity between the definition of ‘~ and the
(dual of the) way one establishes a class of generating cofibrations for the
projective model structure on diagram categories [Lur(9, p.824]. It seems
plausible that there exists a model structure on Fun(%’, CoChﬂ%O) in which
the weak equivalences are the quasi-isomorphisms on the models and the
corepresentable functors are (retracts of generating) fibrations. This would
make the Acyclic Models Theorem below a simple lifting argument (the chain
contractible functors below would admit a trivial cofibration from the initial
object) and therefore yield a well-defined filler up to contractible choice. The
only difficulty with this approach is that the notion of ‘class of generating
fibrations’ is not a very useful one (as opposed to cofibrations) — only few
‘naturally’ appearing model categories admit them.

Example 7.4. Let ¥ = Man and M = {A" | n > 0}. Then the smooth
k-cochain functor C*(—; A) is corepresentable with respect to M:

Uy CF (X A) = CHX:A), {Zotoansx = (CHX) = A, 0 zo(idar))

Example 7.5. Let ¥ = Man x Man and M = {(A",A™) | n,m > 0}.
Then C*(M x N; A) is corepresentable with respect to M by choosing

\IJX,Y{:EO',T}U:A" X - C;(X X Y7A) — A)
T:A™ =Y

(AP T X % Y) s Tor (AR 225 AR AR,

7.1.2 Chain Contractibility

Definition 7.6. A functor F' : €°P — CoCh}%0 is chain contractible on the
models M € M in degree n if there exist homomorphisms of R-modules

Ry, F™(M) — F"Y(M), hyft PPN (M) — F* (M) (VM € M)
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with the property that

Example 7.7. For R = R this just means H"(F(M)) = 0.

Proof. Clearly, chain contractibility in degree n implies H"(F(M)) = 0.
Conversely, let C* = F*(M), so that
n—1 8"t ~p O n+1
e — " = " —= " — -

is exact at C™. Since 6 : C™ — 6(C™) is surjective there is a section h"*! :
6(C™) — C™ with § o K"t = idscn). We extend h™™ to C™*! by chosing a
complementary subspace of §(C™) and by defining h"*! to be zero there. Let
(€;)ier denote a basis of C™. Then

e; — W18 (e;) € ker(6™) = im (6" 1)

so that we may write e; — h"™16"(e;) = 6" 71(f;) for some f; € C"71. Now
define h™ by letting h™(e;) = f;, i € I. O

7.1.3 Acyclic Models Theorem

Lemma 7.8. Given a commutative diagram of functors €°® — Modpg and
natural transformations

0
/\
n—1 n n+1
F - F — F:

fn—l fn fn+1
't

Gt L Gn 2= G,
\0/
there exists the indicated natural extension ™' in case
1. F™ 1s chain contractible on the models,

2. G" is corepresentable with respect to M.
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Proof. Choose contracting homotopies h?(/[,h;\ljl for the models. We first

define a map E7™ for each model M € M by the composition

n+1
h]\/[

B Fr ) 2 prv) Do gr(vn) S gt ().

Then

EmHS = 5 fhmls = 6 (id — OhT,) = 0 f™ — 2R, = 6

The required map f™*! is then given by the composition

ot 2ETD mar EML Angn B o

The formula f**1§ = 6 " follows from the naturality of ¥:

ol (X)‘I’(Fn+ )ﬁm—l(X) Entl @n+1(X> v G”'H(X)

ET JAT /:—\ ]‘V"
Sfi=En+1s

e T

id

]

Let us concentrate now on the case R = R of real vector spaces. The

following is a cohomological version of the Acyclic Models Theorem:

Theorem 7.9. Let G : €°° — CoChH%O be functors such that G* 1is
corepresentable with respect to M and H*™'(F(M)) = 0 (VM € M) for
all x > 0. Then any natural transformation H°(F) — H°(G) is induced by

a natural chain map F* — G*, unique up to natural chain homotopy.

Proof. The first part is an inductive application of Lemma to

0—— HO(F) FO F!

0—= H(G) —= G —= Gt




Note here that the first line is exact, so that by Example [7.7] the required
chain contractions are available. For the uniqueness statement we have to
exhibit a chain homotopy s" : F* — G"~! with

fn _gn — 58n+5n+15

Set s° = 0. By Lemma [7.8] we may define s' as a filler in

HYF)S>F'—2 !

L lfo_go_(gso 81
v
0 0
0 G = G
Here the left rectangle commutes since f° and ¢° are equal on 0-cocycles, by
assumption. For n = 1,2, 3, ... inductively define s"*! as a filler in
Fn—l d Fn 9 Fn—H
v
0 G = G™.

Here, the commutativity of the left rectangle follows by induction:

(fn _gn - (58”)(5: 6fn—1 _6gn—1 _5(fn—1 _gn—l o 5Sn—1) = 0. N

Theorem 7.10. Let F,G : €% — CoChz’ be functors such that G* is
corepresentable with respect to M and H**'(F(M)) = 0 (YM € M) for all
x > 0. Suppose given two natural chain maps f*,g* : F* — G*. Then
any two natural chain homotopies s*,r* : F* — G*~1 are naturally chain
homotopic: there exist t* : F* — G*~2 with

st — " = gt — ¢l (71)

Proof. Set t° = 0,t! = 0. Since from G~ = 0 necessarily s°,7° = 0, equation
is valid for n = 0. Consider inductively for n = 1,2, 3, ... the diagram

Fn—l 4 F'n 9 Fn+1

lét"s"+r” gt"“'l
v
0 Gn—l - Gn—l
i
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to obtain the required filler t**1. Here, the left rectangle commutes by the
inductive assumption:

(0t" —s" 4+1r")d =5t"0 — s"5+ "o
— 5t — (fn—l . gn—l 5871—1) (fn—l . gn—l . 57,,71—1)
= 6(t"0 + 5" — ") = g6t = 0 O

7.2 Applications
7.2.1 Coefficients in a Vector Space

We will use differential forms with coefficients in a real vector space W,
as defined in [BSI0, p.3]. Recall that the cross-product of cochains u €
C™"(X;V),v e C™(Y; W) is defined using the Alexander-Whitney map (Def-
inition for A = Zsing(X), B = Zsing(Y):

uxv: Coym(XxY) 25 @ CUX)RCH(Y) 2 CulX)RCm(Y) “25 VR,

i+j=n+m

From properties of the Alexander-Whitney map, it is associative and uni-
tal already on the level of cochains. Working instead with smooth singular
complexes, we obtain a corresponding definition for smooth cochains.

Example 7.11. Write w; A wy = prijw; A priws for the associated external
product of differential forms. The functor

Man® x Man® — CoChz’, (M,N)+— Q(M;V) @ Q(N; W)
is acyclic on the models (A™, A™). Consider the natural chain maps

Wy ® wy — wy X wy.

Both these chain maps coincide in degree 0. By Example [7.5] the functor
CH(M x N;V ®@W) is corepresentable on the models. Using Theorem [7.9 we
obtain a natural chain homotopy

B:(QUM; V)@ QUN;W))" — C: 1 (M x N; VW)
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satisfying

dB(wp ® wy) + Bd(wy @ wy) = wo Awy — wp X w.

(72)

Setting M = N and post-composing with ‘pullback along the diagonal,” we
obtain a corresponding chain homotopy between the internal products A, U.

Example 7.12. Next consider the two natural chain maps

QUL U) @ QM; V) @ QN W) — CH(L x M x N;U @V @ W),

Wy ® Wy ® wy —> wo A wy A wo,

W ® w1  wo —— Wy X Wi X Wa.
Using we see that

Wo ® w1 X wo HB((W()le) ®W2) + B(Wo &® wl) X Wy,
B(wo ® (w1 Aws)) + (—1)*lwy x B(w; @ wy),

define two natural chain homotopies between these two chain maps.

Theorem these are themselves chain homotopic.

Example 7.13. We have two natural chain maps

Cs(M; V) @ C(N; W) — C(M x N; Vo W),
URQ UV u X,
u®@v— (—1)"PHip* (v x ),

which induce the same map in degree zero (flip* includes the flip of coeffi-

cients). Theorem yields a natural chain homotopy
D: (Cs(M; V)@ Cy(N; W) — C:H M x N; Ve W)
between these maps:

6D(u®@v) + Dé(u®@v) =u x v— (—DMPIHip* (v x w).

(73)

Example 7.14. The exterior product of differential forms is graded commu-
tative: wo A w; = (—1)olletlflip*(w; A wp). Tt follows that between the two
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natural chain maps

(QM; V)@ QN; W) — CHN x M; Ve W)
Wy @ wy —— (—1)‘WOHW1‘UJ1 KUJO,

wo ® wy — (=1)lollerlyyy s w,
the following associations define two natural chain homotopies

wo ® wy — (=1) 1 Bwy @ wp),
wWo ® Wy —— ﬂlp*B(WQ ® (.L)l) — (—1)“"’0H“-’1‘D(w1 ® wo).

By Theorem [7.10] these are themselves chain-homotopic. In particular, for
closed forms wy,w; we have, up to coboundaries,

(= 1)kl Bwy @ wy) = Alip*B(wr @ wy) — (—1) < D(wy @ wi).  (74)
Example 7.15. As another application, consider the functor
(QUM; V)@ Q(N x S' x SLW)™  (n>0)

Y

F M) = {0 (n < 0),

and the two natural chain maps given in positive degrees * > 0 by

F*(M) — C;(M x N; VW), w0®w1r—>w0><(/ / wl),
St Jst

w0®w1»—>/ /(Woxwl)a
st.Jst

and otherwise by zero. It follows from Theorem that the two natural

chain homotopies
/ / B((,UO ® wl),
st Jst

pos ([ L))

between these two natural chain maps are themselves chain homotopic.
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7.2.2 (Generalization to Graded Coefficients

We begin by discussing the cross-product on C™(X; V) in case V* is a graded
commutative real algebra. Let u € C™"(X;V),v € C™(Y; V), corresponding
to left bounded sequences

uw e COUX; VM, ut e CHXG VY, L u e OHXG VY, L

W € COY; V™)t e CH YV, L0 e CU(Y VT, L

To define w = u x v € C"*™(X x Y;V) we need to specify elements w* €
CH(X x Y;Vntm=k) for each k > 0:

wh =) (=)l x o (75)
i+j=k

Every such sum is finite since i, j > 0 (we have started with positive cochain
complexes). In ([75)) we have used the multiplication on V:

CHX VPRI (Y V) = O (X XY VITiQU™ ) — O (X xY; Vtm=icd),

The cross-product restricts to smooth cochains, a fact that descends to the
graded case. Replacing ‘x’ by ‘A’ in , the exterior product of differential
forms may also be extended to graded coefficients (the sign has been chosen
so as to make this extension graded commutative). Similarly for internal
products. The differentials are given by (dw)*® = dw*~!. With these sign
conventions, the usual formulas for forms and cochains are retained, e.g.,

dwAn) =doAn+ (—1)wAdy, 6(uxv)=0duxv+(=1)"ux dv,
wAn= (=DM Aip*(n A w).

In particular, we have two chain maps

(QALGV)@QUN; V) — CHM x N3 V), wo®wr — wo Awr,

Wy @ Wy — Wy X Wq.
From Example we get maps
B: QU (M; V™) @Y (N; V™) — CH Y M x N; V'™ @ V)
N Ci—i—j—l(M % N; Vn—l—m—i—j)
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which piece together a natural chain homotopy
B: (QM;V)®QN; V)" — C: (M x N; V). (76)

between these two chain maps. In detail, for w € Q"(M;V),n € Q™(N; V),
B(w,n) is given by the sequence of ordinary cochains

> (ED)OVBW, ) € CFHM x N; v
i+j=k

It is important to observe that this sum is finite since ¢, 7 > 0. Similarly, the
chain homotopies from the other examples generalize to graded coefficients.

8 PRroDUCTS (RATIONALLY EVEN CASE)

In this chapter, we will work out the product structure on the differential
cohomology groups, starting from a ring spectrum E up to homotopif’] This
lack of structure will be compensated by assuming E to be rationally even,
which means that

Tont1(F) @ R =0, Vn € Z. (77)

For the construction of products in differential cohomology we will need to
choose the fundamental cocycles ¢,, coherently compatible with the cup prod-
uct. This means that ¢,, X ¢,,, and o bntm should differ in a controlled way,
where i, @ By AN B, — By represents multiplication.

Assumption will imply all the coherence conditions we are after, at
least in even degrees. It will then be our strategy to ‘transport’ this structure
to odd degrees by demanding compatibility with the integration map.

8.1 Construction in Even Degrees

The goal of this section is the construction of a canonical refinement of E
to a functor into unital (graded) commutative rings in a such a way that

a(@)Uz=a(@ ARZ), YOcQNM,;V),ic E™(M).

In the next section, we will extend the product to odd degrees by using the
integration map. For this reason, it is slightly more convenient to work with
external products.

"In fact, we will just need a multiplicative cohomology theory.
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8.1.1 Internal and External Products

For clarity, we record the following standard observation:

Proposition 8.1. Given functors E* : Man®® — Ab, x € Z (or any sub-
monoid of (Z,+,0)). Then the following structures correspond bijectively to
each other:

1. Natural External Products, i.e., natural transformations

x : E"(N)® E™(M) — E""™(N x M),  n,mé€ Z.

2. Natural Internal Products, i.e., natural transformations

U: EY(M)® E™(M) — E™™(M),  n,meZ.

This correspondence is given by (A denotes the diagonal)
rUy=A"z xvy), x Xy = prizUpryy.
The notions of associativity and commutativity correspond to each other:

(uUv)Uw =uU (vUw) (uXxv)Xxw=ux(vxw)

wUv = (=1)Ply Uy ux v =(=1)"Pfip* (v x u).
Moreover, in this situation, the following structures are equivalent:

1. An element 1, € E°(pt) which acts as a unit: w X 1 =u,1 X u = u
(using the identifications M x pt = M, pt x M = M).

2. Elements 1y € E°(M) for each M € Man which are units in E*(M)
and which are preserved by each induced homomorphism E°(f).

8.1.2 Setup

Let E' be a multiplicative cohomology. By the Brown Representability The-
orem [2.3], we may choose pointed maps

tnm : En A Ep = By, u:SY — E, (78)
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representing multiplication and the unit. They are unique up to homotopy.
Therefore, the usual diagrams expressing the axioms of associativity, com-
mutativity, etc., commute in the homotopy category of spaces. We will view
u as a map

u: pt — Ej.

According to Corollary 2.9 there is a canonical natural transformation of
multiplicative cohomology theories

ch: E"(X)=[X,E,] - H(X;V), V=E"(S")®R. (79)
Recall also from the fundamental cocycles
Ly € Z”(En; V) with ¢, = [ € tni1.

These represent the fundamental cohomology classes ch(idg, ) = [t,] € H*(E;V)
that implement the Chern character by way of Yoneda’s Lemma.

Since ch(idg, x idg,,) = ch(idg,) x ch(idg, ) we may choose reduced
cochains

My € C™ Y E, ANEm; V) with 0Mym = by X Ly — s ptntm- (80)

We make this choice only for n,m even. Similarly, w,, € Q°(pt; V') represents
the unit 1 € H°(pt; V'), and unitality of implies the existence of a cochain

UeCpt; V) with  0U = wyy, — u*vp. (81)

Lemma 8.2. Suppose E is rationally even (77). Then, if V = E*(S)) ®R,

H*(E,;V)=0 (n even)
H*(E, x Ep; V) =0 (n,m even)

for all odd degrees x € Z.. Similarly for higher products.

Proof. This follows from [BS10, Lemma 3.8|, Universal Coefficients, and the
Kiinneth Theorem. O

The following consequence of this lemma plays a central role in this section:

(O) If 2,y € C¥(E, x E,, x ---; V) are cochains in odd degree k
with dz = dy, then x and y differ by a coboundary.
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For example, any two choices of and differ by a coboundary. Recall
that for integration on the left (for example, in ) Stokes’ formula reads

S[+[0=i—1i] (82)

8.1.3 Explicit Construction

For the construction of representatives (¢, w, h) for the product of differential
cohomology classes it is important to use the chain homotopy B from ({76
which relates the cross-product with the exterior product of differential forms.
This is because Definition [3.3| requires that

oh =w — c"tp,.

Definition 8.3. For n,m even let zy = (CQ,wO, ho) and x1 = (c1, w1, hy) be
representatives of elements of E™(M) and E™(N). Set

ToXT1 = (Mnm(COXCl), woﬂwl, B(w0®w1)+h0 XW1+WOXhl—hoX5h1—|—(CQX01)*Mn7m>.

Recall that a differential cohomology class is an equivalence class of dif-
ferential cocycles (c,w, h). Definition |8.3| descends to a well-defined multipli-
cation of equivalence classes:

Lemma 8.4. The differential cohomology class of xq X x1 in E"*m(M x N)
1s well-defined and depends only upon the equivalence classes of xo and xy.

It is also independent of the choices , .

Proof. By choice of and we have

(5(B(W0 & wl) + ho X w1 + wy X hl — ho X 5h1 + (Co X Cl)*Mn,m)
= wo A w1 — (o, €1)" iy lntm.-
Therefore, xy X x1 represents an element in E’”m(M x N). Suppose (Cy, Hyp),
(Cy, Hy) witness equivalences xy ~ (¢, wo, hy) = xy, 1 ~ (¢}, wr, h}) = 2.

Then the pair of C' = p,,,(Co x C4) and of the cochain

H = B(prfwy®@pr*w;)+ Hy X priwy +priwy x Hy —Hy x 0 Hy 4 (Co x C1)* M,y 1
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witnesses a corresponding equivalence xy X x1 ~ xf X 2.

Any other choice 4, ,,, in leads to homotopic maps h : finm == fy,
for some homotopy h : I x (E, A Ey,) — Ey . Choose M), for p;, . as in
(80). Using and , we see that in order to prove the last statement
of the lemma it suffices to show that the pullback along ¢y x ¢; of

M’r,z,m + fh*bn-f—m - Mn,m
I

is a coboundary, which follows from , , and (). O

Definition 8.5. Define the unit by

1 = [u, wy, U] € E°(pt).

Lemma 8.6. The differential cohomology class of 1 is well-defined and in-
dependent of the choices , .

Proof. The triple represents a differential cocycle by . Any other choice
of map u' in is homotopic to u; write h : u ~ u’' for the homotopy,
and choose U’ as in for u'. It suffices to show that U+ [h*ip — U is a
coboundary, which follows from , , and (). O

8.1.4 Verification of Ring Structure in Even Degrees

Theorem 8.7. Definitions [8.3] and determine a bilinear, unital, com-
mutative, and associative external product on even degrees E**(M).

The proof is rather tedious. We shall omit irrelevant degree indices on A,
t, and M. In our calculations with differential cocycles we will often combine

Leibniz’ rule (du) X v = u x (dv) with (18). We will write &; = [¢;, w;, hi).
The reader should keep in mind that dh; = w; — cf¢.

Proof. Bilinear: In view of commutativity below, it is enough to show the
equality Zg X (21 4+ Z2) = o X &1 + o X &3. Unwinding Definitions and
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[5.25] we see that we need to compare the class of the triple

c =p(co x afcr, o)),

w =wy A (w1 + wa),

h =B(wp, w1 + wa) + ho X (w1 +w2) +wp X (hy + he + (c1,2)"A)
— ho X 0(h1 + ha + (c1,¢2)*A) + (co X alcr, c2))* M,

with the class of

! =a(u(eo x c1), plco X c2)),
W =wy A wi + wo A wa,
h' =B(wg,w1) + B(wg, ws) + ho X w1 + hg X we + wo X (hy + hs)
— ho X 6(hy + ha) + (co X ¢1)"M + (co X ¢2)* M + (p(co X ¢1), p(co X ¢2))* A.

Using bilinearity of B and of ‘x’ we see that, up to coboundaries, h — h' is
corx(c1, e2) A+ (coxa(cr, o))" M—(coxer) M—(coxca)* M —(p(coxcr), u(coxce))* A.
Let pryy, pr;5 denote the projections onto the factors 12, 13 and let

7 Ey X Ey X Ey — Ey, X Ep X Ey X By, (2,9, 2) = (2,9, 2, 2).

Select a homotopy H : u(id X a) >~ a(p x p)w. To show that the above two
triples are equivalent it suffices by and to show that the pullback
along ¢y X (c1, ¢2) of

lp X Am+(1d X Oém>*Mn,m_pr>{2Mn,m_prigMn,m_ﬂ-* (Nn,m X Mn,m)*An+m_f H* ln+m
1

is a coboundary, which follows from (7)), (80), (82), and ().

Commutative: Select a homotopy H : [ty , 0T = [ty m Where 7 = flip. In view
of the graded commutativity for differential forms, to prove 7*(&; X Zy) =
Zo X 1 it remains by and to show that

T*(B<WI,W0) + hl X Wy + wy X h(] — hl X (5]7/0 + (Cl X Co)*M) (A)
—[B(wo,aﬂ) -+ h(] X Wy + wpy X hl — ho X (5]11 -+ (Co X Cl)*M] — (Co X Cl)*fH*L
I

bounds. To be able to apply ({») we need to reduce the problem to the
space F, x E,,. Recall that the cross-product of cochains is not graded
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commutative, but is so up to natural homotopy D from . Using and
one computes that, up to coboundaries, (A) is

D(che, cie) +177(er X ¢o)*M — (co X ¢1)*M — (¢o X ¢1)* [ H"w. (B)
In full detail,
T* [B(wl,wo) +hy X wy +wy X hg — hy X 6h0] — B(wp,w1) — wo X hy — hg X cjL
=D(wo,wr) + 7" (w1 X hg — dhy X hg) — D(wg, 0hq) — ho X ¢t
D(wg,wq) + 7°(cit X ho) — D(wo, 0hy) — 7*(cit X hg) — D(Sho, cit)
=D(wg,wy — 0hy) — D(dh, cjt) = D(cje, cii).

Now (B) is the pullback along ¢y X ¢; of the cochain
D(Lna Lm) + 7jkj\/[m,n - Mn,m - IH*Ln+m
on E, x E,,, which bounds by virtue of ({) and , , .

Units: Observe that B(wpt, —) is a natural chain homotopy from w — wyy A
W =wtowr wy Xw = w, as is the zero map. By the Acyclic Models
Theorem [7.10] these maps are themselves chain homotopic. In particular
B(wpt, wo) is a coboundary for every closed wy. Now 1% & is

(1w X o), wpt A wo, Bwpt,wo) + U X wp + wpt X hg — U X dhg + (u X ¢o)* M].

Combining the above observation with Lemma and using that wy is the
unit for both forms and smooth cochains, this class equals

(1w X co),wo, U X ¢ + ho + (u X co)*M].

Select a homotopy H : po(uxid) ~ id. By and ([19)), to prove 1x g = o
it suffices to show that the pullback along ¢y of

U Xty + (uxid) My, — [ H"t,
bounds, which follows from , , ().
Associativity: We wish to prove &g X (Z1 X Z9) = (Zg X &1) X &9. Select a

homotopy H : pu(id x p) ~ pu(p x id). Using the associativity of the exterior
product and cross product and combining , , and Example we

see that we are reduced to showing that

My my1 + M:L,m+l<l’n X M) — My ymg — /ﬁ;+m,z(Mn,m X 1) = [ H tpimyi
bounds, which follows from () and (80). O
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Proposition 8.8. For smooth maps f, g we have
(f x g)(& x g) = f(Z) x g(7).

Proof. Straightforward, using naturality of B, A, §, and x. O

Combining the previous proposition with Proposition gives:

Corollary 8.9. Our functors E** have been canonically lifted to the category
of (graded) commutative unital rings.

8.1.5 Further Properties

The map a from Definition[3.11]cannot be multiplicative by reasons of degree.
Instead, one demands [BS10] the following compatibility:

~

Proposition 8.10. For n,m even, § € Q""Y(N;V), & = [c,w,h] € E™(M):
a(f) x & = a(0 N\ Rz). (83)

Proof. Select a homotopy H : p(const x id) ~ const. Using B(df,w) =
O Aw—60 x w from (72)), (L8), and df x h = 6 x §h we compute:

a(f) x & = [p(const x ¢),dd Nw, B(df,w) + 0 x w+df x h — 6 x §h + (const x ¢)*M]
= [p(const x ¢),df0 A w, 8 Aw + (const x ¢)* M|

We wish to compare this class with (recall that w is automatically closed)
a(0'A Rz) = [const, df A w, 0 A w].
By Lemma and Proposition |3.13|it suffices to show that

(const x id)* M, — [ H Ly
T

is a coboundary, which is follows from (<) and (80)). ]

We record also the following proposition, which is straightforward from
Definitions , (the maps I, R were defined in Definition [3.11)):
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Proposition 8.11. The maps R, I preserve the external product and 1.

Corollary 8.12. The maps R, I are unital natural homomorphisms of graded
rings R : E** — Q*(—; V), I : E* — E*. We have

a(@)Uz=a(@ ARZ), 0eQ Y M;V), ieE™(M).

8.2 Extension to Odd Degrees

By demanding compatibility with the integration map , the canonical
structure in even degrees from the previous section can be uniquely pro-
moted to a product for all degrees. This extension is completely formal and
can be carried out for any differential cohomology theory with the following
properties:

1. Eis a differential cohomology theory of pairs (a variant of [BS10]) in the
sense of a family of Ab-valued functors with natural homomorphisms
a, R, I satisfying Theorem [3.12

2. E admits a long exact sequence of pairs as in Theorem m

3. An integration for pairs [ : Bt (M x S', M x 1) — E"(M), mean-
ing a natural transformation commuting with R, I, and a. Theorem
6.15| uses only formal arguments to produce a corresponding ‘absolute’
integration map, for which we assume the property of Proposition [6.18]

4. A natural, graded commutative product-structure in even degrees for
which R, I are homomorphisms and a satisfies . For the associated
external product we require Lemma [8.18|

The transition is based on the following variant of [BS10, p.21|:

Proposition 8.13. For any & € E™(M) there is X € E"'(M x S*, M x 1)
with )

[X =12.
Any two choices of X differ by a(6), where 6 € Q"(M x S*, M x 1) is such
that [ 6 represents an element in the image of the Chern character.
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Proof. FExistence. By the surjectivity of
EM(M x S*, M x 1) — E"(M x S, M x 1) = E""Y(M), (84)

we may choose X € E™(M x S',M x 1) with [I(X) = I(&). By Propo-
sition i — [ X lies in the kernel of I and therefore equals a(f) for
some 0 € Q""2(M;V), by Theorem [3.12] Pick o : S — R smooth with
Ja(t)dt =1and a(1) = 0 and let 0 = pridna(t)dt € Q1 (M xS, Mx1;V).
Then [ =0, and X + a(6) is the element we seek.

Uniqueness. IffX [ X', then Propositionimplies f](f( X’) =0
so that [ (X X’ ) lies in the kernel of the suspension (right isomorphism in
(84)), which is trivial. It follows that I(X — X’) = 0, whence X — X’ = a(f)
for some 0 € Q"1 (M x S, M x 1; V). Smceaf@—fa() J(X=X") =0,
Theorem [3.12 implies that [ 6 lies in the image of the Chern character. [

We will generally denote a choice of element X with [ X =4 asin (184)
by upper case.

Definition 8.14. For 7 € E”(M) S EA (N) pick classes X € E" (M x
=z, f

SN, Y € EmY(N x §') with [ X = ¢. Define
[X x7g (for n odd, m even),
ixg=4[ixY (for n even, m odd),

JixY =—=[Xxg (for n,m odd).
The last equality follows from Proposition [6.18}
~ def def ~ A
[ X x —ffXxY——ffX XYV < - [ixY

Lemma 8.15. The definition of & X § is independent of the choices ofX
and Y . Moreover, in all degrees we have

a(0) x & = a(0 A Ri). (85)

Proof. Suppose, for example, that fX == fX" in the case n odd, m even.
We will use the maps

jiMxS"— (MxS" Mx1), i:Mx1<+—MxS":pr,.
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Using Theorem [3.15| write
7 =X —prii*X, 7 =X —priit X'

for Z,7' € E""Y(M x S, M x 1). By Theorem and Proposition m,
Z—27" = a(f) for some form 6 € Q*(MxS', M x1) with [ 0 in the image of the
Chern character. Since R has image in can(im(ch)) and ch is multiplicative,
[0 A Ry also represents an element in the image of the Chern character. By
Proposition [6.16

fa(6) x5 a0 7 Ry) = a(f 67 Ry) =0,
which shows that z x g is well-defined:
J(X=X)xg=[Z=2)x§=[a(0) x§=0

Suppose that €~Q"*1(M; V). Still in the case n odd, m even we wish to
prove (85). Pick 6 € Q"(M x S*; V) with [0 = 6. Then [a(f) = a(f), so
that by definition

a(0) % 7% [ad) x5 [ @R RY) = a(f 0K RY) = a(0 & RY).

The proofs of the other two cases are completely parallel. O

The following is an immediate consequence of the well-definedness of Def-
inition 8.14] and of the corresponding property in even degrees:

Proposition 8.16. The product is bilinear, unital, and graded commutative
i all degrees.

Associativity follows directly from the following compatibility of multi-
plication and the integration map:

Proposition 8.17. For any & € E*(M x SY) and §j € E™(N) we have
[@xa)=gx([8), (D] xg) =) x5

Proof. The second formula follows from the first by graded commutativity.
Considering each of the cases in Definition [8.14] the first formula follows from
the next lemma, which is the corresponding result in even degrees. O
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Lemma 8.18. For & € E"(M), §j € E™(N x §* x §Y) and n,m even we
have

[I@xg)=2x([]9).

Proof. The proof is similar to that of Proposition [6.18 and we will use the
notation established there. Pick ¢ € E"(M x S* x S', M x 1 x S') with
il = i — pryizg. Then

Ik Ik A~/

gl —pbriny = [007w07 hO]

may represented as a triple as in Lemma [6.19] Since such triples may be
viewed as relative classes as required by , the double integral may be
performed ‘directly’ (without choosing a replacement to compute the second
integration): as in the proof of Proposition m, Theorem implies

[T9=119=[/[lco,wo,ho] = [ [ co, [ [wo, [ [ ho]
and similarly
[[axg =[] plcoxcr), [ [wohwr, [ [ (B(wo,wr)+woxhy+hy Xwi—hoXxhi+(coxcr)*M)].
We have to compare this class with & x ([ [ ), which is
[1(cox [ [ 1), wo([ [wr), Blwo, [ [ wi)+hox ([ [wi)+wox ([ [h1)—=hoxd([ [ hi)+(cox [ [c1)"M].

Example [7.15]implies that [ [ B(—, —) and B(—, [ [ —) differ on closed forms
only by a coboundary. Select a homotopy H from fi,, ,, 0 (id,, X £5,—1 0 X —2)
t0 €pntm—102Entm_20 E2un,m,g. Then by Lemma and Proposition m
it suffices to show that the pullback under (cy x [ [¢;) of

[ [(idnxEm10Xem2) My m—] H (Qen) ™) (Ennee) ™) bk My

is a coboundary, which follows from (). O

Theorem 8.19. Let E be a rationally even, multiplicative cohomology the-
ory and choose an §2-spectrum E, representing it. Then the Hopkins-Singer
differential extension E can canonically be viewed as a multiplicative differ-
ential cohomology theory in the sense of |BS10|. The product structure is
compatible with integration.

Proof. 1t remains only to remark that multiplicativity of f* in odd degrees
follows from Proposition [8.8] and the functoriality in Theorem [6.15 O]
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9 HIGHLY STRUCTURED DIFFERENTIAL FUNC-
TION SPECTRA

We have shown that for rationally even spectra E up to homotopy it is possi-
ble to construct a canonical product structure on the differential cohomology
groups. This is slightly unsatisfactory for two reasons:

1. Even though most naturally arising cohomology theories of interest are
rationally even (with the exception of algebraic K-theory), this is a
rather technical condition. An explanation for this condition is that
it seems to guarantee a unique multiplicative structure, at least if one
requires compatibility with the integration maps.

2. In the field theory interpretation of differential cohomology (Chapter
, the groups E”(M ) are the equivalence classes of gauge potentials
(of fields whose charges have been lifted along the generalized Chern
character). Important operations like gluing fields or integrating them
on manifolds with boundary do not descend to equivalence classes.

The second point motivates looking for a refined structure that represents
differential cohomology

E* : Man® — Z-Graded-Rings.
This refined structure will be a functor of co-categories

NMan®® — CAlg(Sp). (86)

Here, NMan denotes the ordinary nerve [GJ09, Example 1.1.4] of the cate-
gory of manifolds, that is, the simplicial set whose set of n-simplices is that
of all composable sequences

My & oo Iy

of manifolds M; and smooth maps f;. The notation from higher algebra is
explained in the next subsection.

The study of differential function spectra was initiated in [HS05l 4.6],
where essentially an ordinary functor

Man®® — hSp, S filt,(Ep;1,)° (87)
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is constructed®]

Beginning with a ‘highly structured’ commutative ring spectrum E €
CAlg(Sp), we will discuss how one may construct refinements (8€]). By de-
veloping the deRham isomormophism for Eilenberg-Mac Lane spectra and
the theory of smooth objects (oo-category valued presheaves on manifolds),
[Bunl12| exhibits a passage from multiplicative differential data to functors
(36) (discussed in Section[9.1)). While several examples of multiplicative data
are given, [Bunl2| does unfortunately not show how to obtain such multi-
plicative data for generic E. This is certainly a crucial issue because the de-
Rham homomorphism is essentially just a feature of ordinary Eilenberg-Mac
Lane spectra, while the coherence conditions (similar to the compatibility
condition (80])) are encoded in the multiplicative data.

The main point that remains is therefore the construction of canonical
multiplicative data for E € CAlg(Sp), that is, an equivalence class of a
morphism in CAlg(Sp)

EANHR = HV, V,=m(E) @R, (88)

which will then lead to our refinement . Let me point out that the
construction of such F,,-morphisms is daunting business and hardly possible
‘by hand.” We will use the Schwede-Shipley Theorem [SS03a] and the idea
that on certain Eilenberg-Mac Lane spectra there is an essentially unique
multiplicative structure. This theorem forces us to restrict to cofibrant V.
The results in this chapter are therefore not a generalization of the rationally
even case.

We will establish in and call it a refined Chern character.

9.1 Construction from Multiplicative Data
9.1.1 Notation from Higher Algebra

A short introduction to oo-categories in general is given in the appendix.
Here we will recall briefly some terminology from ‘higher algebra’ [Lurll].
We will generally use the notation introduced there and in [Lur(9).

8Up to the issue of functorial replacement in (4.41) which, strictly speaking, involves
a fibrant replacement in a diagram category — in particular, the spaces filt,, (E,;,)” are
replaced by equivalent spaces (which of course makes no matter upon the passage to
homotopy groups).
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We let T" denote Segal’s (skeletal) category of finite pointed sets. This
category has objects

0€(n)=A{0,...,n}, n >0,

base pointed by zero. Morphisms « : (m) — (n) are ordinary maps preserv-
ing the base point. For example we have ‘characteristic maps’

)= (), w{é )

A morphism is said to be inert if a=1(i) is a singleton for every i # 0.
The following is a different way to view an ordinary monoidal category:
it is a category ¥ along with a way to ‘operate’ on sequences

(Chy...,Ch)

of objects of . That is, a monoidal structure gives a way to ‘contract’ and
‘expand’ such sequences, for example,

(U.V.W,X.Y.Z) — (UV@W,1¢, X ®Y). (89)

Of course, we may apply more contractions on the right. Similar to an operad,
this should be compatible in the sense that the result remains the same if
we compute some intermediate step first. The precise way to state this is
that the category of sequences C% is the total space of a Grothendieck op-
fibration C¥ — NA®P (the classical counterpart of a coCartesian fibration).
The shape of A°P encodes the compatibilities we require. The operation (89)
is then an allowed ‘horizontal lift’ of the morphism « : [4] — [6] in A given
by 0<1<3<3<5.

In the symmetric monoidal case, A° is replaced by I' and morphisms
a: (m) — (n) in I" are thought of as contractions

(Cryo s C) > ( ® Ci,... ® c)

ica—1( ica—1(

The compatibility mentioned above is of course only required up to co-
herent homotopy:
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Definition 9.1 (1.2.12 in [Lur07b]). A symmetric monoidal oo-category is
a coCartesian fibration

p:C® — NI
with the additional property that for each n > 0 the canonical map induced
by ‘fiber transport’ along x!,..., x" (well-defined up to equivalence)

(‘3%% — G<1> X - X €<1>

is a categorical equivalence. The fiber € = €y is called the underlying
oo-category.

Example 9.2. The oco-category of spectra Sp is defined as the full subcate-
gory of Fun(Z x Z, 8*) spanned by the spectrum objects X (that is, X;; ~ A°
for all ¢ # j and the diagram X induces identifications X;; ~ QX 1,4+1).
There exists a symmetric monoidal structure on Sp. This is the main result

of [Lur07al and [LurQ7b].

Example 9.3. The derived category D(«7) |[Lurlll 1.3.5.8| of an abelian
category 7 (for example, the category of R-modules Modpg for an ordinary
ring R). The monoidal structure stems from the tensor product of chain
complexes.

In more detail, the unbounded derived category is defined as the ‘differ-
ential graded nerve’ [Lurlll 1.3.1.6] of the differential graded category of real
(unbounded) chain complexes Chg. The differential enrichment is given by
the internal hom, i.e. the chain complex with n-chains

Mapgy,(C, D), = | [ Vecta(Ci, Disy).
1€EL
Thus, Ngg(Ch) = D(Vectg). By [Lurlll Remark 1.3.1.11], the homotopy
category of a differential graded category (obtained by passing the the ho-
mology of the mapping chain complexes) is canonically isomorphic to the
homotopy category of the co-category obtained by passing to the differential
graded nerve.

Definition 9.4 (1.3.3, 1.2.1, and 1.1.27 in [LurO7D]). Let p : €% — NT be
a symmetric monoidal co-category. The oo-category of commutative alge-
bra objects CAlg(@) is the full subcategory of Fun(NT, €®) spanned by all
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sections A : NT' — C® of p which carry inert morphisms to p-coCartesian
edges.

Definition 9.5. Suppose p : €% — NT and ¢ : D® — NI are symmetric
monoidal co-categories. A symmetric monoidal functor is a simplicial map
f: C® — D with the property that fq = p and which preserves coCartesian
edges. We will often identify it with its restriction f : € — D to the fiber
over (1).

In addition, for each E € CAlg(Sp) we may form the oo-category of F-
modules Modg, which is again symmetric monoidal. The corresponding oo-
category of algebras CAlg(Modp) is called the oco-category of commutative
E-algebra objects. We will write CAlg, = CAlg(Modgg) for an ordinary
ring R.

9.1.2 Smash Product of Spectra

Recall from [Lur(7al 4.1.1] that the co-category of all co-categories Cat ., may
be viewed as the simplicial nerve of the fibrant-cofibrant objects of Set}.
Since Set} is even a monoidal model category (for the Cartesian product
of simplicial sets), we may define a monoidal structure Cat% on Cat, with
objects

[(X1,..., Xy, Xie€ Cat™, n > 0. (90)

An edge in Cat? from [X7,..., X,] to [Y1,...,Y,,] is given by f € A([m], [n])
together with functors

it X1 X - X Xpay) = Vi (91)

This is in fact a Cartesian model structure on Cat,,. The oco-category of
algebra objects Alg(Cat,) may be identified with the oo-category CatMon
of all monoidal oo-categories and whose morphisms are monoidal functors,
but the mechanism is unfortunately somewhat abstract (it is basically an
unstraightening construction).

We let Catl’ denote the subcategory of Cat., spanned by presentable
oo-categories and whose morphisms are required to be colimit-preserving.

It is an important fact that the subcategory @atif@ C Cat% spanned
by objects only those tuples consisting of presentable co-categories and
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edges that preserve colimits in each variable (are multilinear) deter-
mines a monoidal structure on Catl*. The main observation is that the ¢-
coCartesian edges f : [X1,..., X,] = Y (where ¢ : Cat?™™ — NAP) covering
[n] — [1] in A°” may be characterized by the following condition:

“f is multilinear and induces for every Z € Catt' a categorical
equivalence f* : Fun™(Y, Z) — Fun’(X; x --- x X,,, Z) onto the
full subcategory of multilinear functors.”

We even have a canonical choice of g-coCartesian morphism covering the

edge [n] On}, [1] in A°P:

X; x -+ x X, = Fun™ (X7, Fun® (X3P ... Fun®™ (X |, X,,)))

n—1’
In particular, § is the unit [Lurlll, 5.1.5.6] (the g-coCartesian edge [| — [8] is

given by A° A% 8) and we are thus not dealing with a Cartesian monoidal
structure (since § is not final). By [Lur07al 1.4.3|, the unit 8 determines an
essentially well-defined object of Alg(Catlr), which determines a monoidal
structure on §. This is just the Cartesian structure.

Now let Gatlgg"’@ C Gatlo)g@ denote the full subcategory whose objects
are tuples (90]) consisting only of stable presentable co-categories. This will
define a monoidal structure on Catt™ owing to the fact that this is a local-
ization of CatL" whose localization functor

Stab = — @ Sp : Catl! — Catl”

is compatible with the monoidal structure |[Lur07a, 1.3.9]. By the same
result, Stab extends to a monoidal functor while the inclusion extends to a
lax monoidal functor.

In particular, Sp = Stab(8) is the unit. By [Lur(7a, 1.4.3], the unit
Sp determines an essentially well-defined object of Alg(Cat’™?) — by the
mechanism of left Kan extension. As remarked to above, performing then an
unstraightening construction finally yields a monoidal structure on Sp, called
the smash product.

9.1.3 Homotopy Pullback Construction

In view of our discussion of products in the rationally even case, it is clear
that their existence depends on a coherent choice of maps i, representing
multiplication and cochains M, ,,, relating the fundamental cocycles.
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The passage from multiplicative data to differential function spectra has
been made explicit in [Bunl2|, some results of which we now briefly recall.

Definition 9.6. A canonical multiplicative differential datum for E' € CAlg(Sp)
is a morphism (V* = 7_,F ®7 R denotes the coefficients of F)

c:ENHR — HV
in the oo-category CAlg(Sp).

The (generalized) Eilenberg-Mac Lane spaces HV above are reviewed in
subsection 9.2.1]

Roughly speaking, the differential function spectrum is the (homotopy)
pullback in Sp of the diagram

Hom(M,, E,) (92)

lch
filt, Q" (M x A% V) —2R0__ 7n(Af x A® V).
Here, Z(M x A*; V') denotes the cocycle spectrum (34)), which we have eval-

uated at M, , and ch is the map , viewed as a morphism in Sp. The n-th
level of the lower left corner is

filt, Q" (M x A*; V) = [ [ filt,Q'(M x A% V™),
1€EZL
where filt,, indicates that we take only forms whose Kiinneth component in
direction of A*® is of degree < n. The lower horizontal map is given by viewing

a differential form as a cochain (the ‘deRham homomorphism’). As shown
in [HS05|, there is an equivalence

Z(M x A% V) ~Hom(M,,HV),

so one may replace the lower right corner in by a mapping spectrum.
For each M, we wish to refine the resulting diagram to CAlg(Sp). Passing
to mapping spectra and precomposing with £ — E A HR, a multiplicative
datum (F,V,c) gives rise to a diagram

HOHI(M_H E’n)
filt, Q" (M x A% V) — Hom(M,, HV,)
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whose vertical map is a morphism in CAlg(Sp). The main result of [Bunl2,
Section 4] is a version of deRham’s Theorem for Eilenberg-Mac Lane spec-
tra. In particular, a morphism in CAlg(Sp) is constructed that replaces the
horizontal map in the previous diagram. For varying manifolds M, the result
may be viewed as a diagram in the oo-category

Fun(N (Man)*?, CAlg(Sp)),

of commutative ring spectra-valued presheaves on manifolds (in [Bun12], this
category is denoted by Sm(CommMon(N(Sp)[W~!]7), but we stick to the
notation of [Lurli]).

The limit of this diagram then gives (86). The construction therefore has
two components:

1. The horizontal deRham homomorphism must be a morphism in CAlg(Sp).

2. A morphism £ — EAHR — HV in CAlg(Sp), which yields the vertical
morphism upon passage to mapping spectra.

A treatment of a candidate for 1. is given in [Bunl2, Lemma 4.111 and the
surrounding discussion|. On the other hand, the morphism in 2. is assumed
there as additional data (the multiplicative differential data).

9.2 Canonical Multiplicative Data

In this section we will construct canonical multiplicative data , assuming
that V is a cofibrant commutative DGA.

Recall that the category cDGA of commutative differential graded alge-
bras over the reals admits a model structure whose weak equivalences are the
quasi-isomorphisms and whose fibrations are morphisms that are surjective
in every degree |[Lurlll Proposition 8.1.4.10], [SS00]. While every object is
fibrant, in order to get the Schwede-Shipley Theorem going (recalled below),
we need to assume that V' € cDGA is cofibrant.

Our construction of will be based on a generalization of a Theorem
of Dold:

Theorem 2 and Proposition 2 in [Dol62] Let E, F be cohomology the-
ortes and assume that F' takes values in real vector spaces. Then any trans-
formation ¢ : m,F — w,F of the coefficients may uniquely be extended to a
transformation ® : E — F of cohomology theories.

132



Moreover, if E,F are both multiplicative cohomology theories and ¢ is
multiplicative, then ® is a multiplicative transformation.

While the first part goes through essentially unaltered, we will only be
able to prove a restricted version of the second assertion.

9.2.1 Generalized Eilenberg-Mac Lane spectra

The following is a oo-categorical formulation of the Schwede-Shipley Com-
parison Theorem [SS03al:

Theorem 8.1.2.13 in [Lurll] We have an equivalence of symmetric monoidal
00-cateqories
0 : D(VectR) L) MOdHR. (93)

In particular, 6 induces an (ordinary) symmetric monoidal equivalence of the
associated homotopy categories.

Both D(Vectr) and Modgg are stable oo-categories [Lur07¢| which im-
plies in particular that their homotopy categories are additive. This is be-
cause suspension is an equivalence in stable oo-categories and characterized
by an equivalence of simplicial sets

Mape(XC, D) ~ QMape(C, D)

and the homotopy groups of a two-fold loop space are abelian groups. Since 6
is an equivalence, it preserves colimits and limits. In particular, it is an exact
functor in the sense of [LurQ7c, Section 5]. As such, 6§ carries suspensions to
suspensions and therefore induces and additive functor

ho : hD(VectR) L> hMOdHR

between the homotopy categories, which also inherits a symmetric monoidal
structure.

Remark 9.7. The functor 6 is a generalized Eilenberg-MacLane functor.
Indeed, for a graded vector space V' (regarded as a chain complex with zero
differential) we have (V) = 0([[,c, Vili]) = [Licz HVili]. We will also write
HV :=0(V) € Modyg. Here, ‘[]” denotes the shift.
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To explain what an Eilenberg-Mac Lane spectrum associated to a chain
complex is, note that, up to equivalence, a chain map C,(X) — V amounts
to a map X*°X — HV. In the same way, an Eilenberg-Mac Lane spectrum
for a chain complex D, should classify chain maps Cy(X) — D..

Both the homology groups of a chain complex and the homotopy groups
of a spectrum have a description in terms of a Hom-set from the unit objects:
for £ € Modyr we have

Tl = moMapg,(S[n], ') = hSp(S[n], E)

Here we have used that the forgetful functor hModyr — hSp has the left
adjoint — A HR. Similarly, for C' € D(Vectgr) we have

H,,C' = moMapyyecty) (R[], C) = hD(Vectr)(R[n], C),

where we view R as a chain complex concentrated in degree 0.

Lemma 9.8. For every chain complex C € D(Vectr), 6 induces a natural
isomorphism of graded vector spaces

ho : H,C —» 7,0(C)

If C' € cDGA, this is an isomorphism of graded commutative algebras.

Proof. The functor hf takes the unit R to the unit in Modgg, that is, an
Eilenberg-MacLane spectrum HR := #(R). Since hf is exact, it preserves
suspensions and therefore induces an isomorphism of abelian groups

1o : hD(Vectz)(R[n], C') — hMod g (HR[n], 0(C)). (94)

The vector space structure is induced by the monoidal structure on the ho-
motopy categories and the fact that R and HR = 6(R) are the units. For
example, the action of R on m,F is given by

hMOdHR(HR[TL], E) X hMOdHR(HR, HR) — hMOdHR(HR[TL] KR HR HR, E R R HR)
= hModHR(HR[n],E),
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along with the isomorphism R = hD(Vectg)(R,R) = hModyr(HR, HR),
induced by hf. This implies R-linearity of . To see the isomorphism
R = hD(Vectg)(R,R) recall that at the end of Example [9.3] we mentioned
that the homotopy category of the unbounded derived category satisfies
hD(Vectr)(C, D) = HoMapgy,, (C, D). We must therefore compute all chain
homotopy classes of chain maps R[0] — R[0]. Clearly, any chain homotopy
must be zero, so this is just Homg (R, R) = R.

Suppose now that £ € CAlg(Modyg) and C is a commutative DGA.
Then C' may be regarded as an element of CAlg(D(Vectg)). In this case,
m.(E) and H,(C) are graded commutative R-algebras, induced by the follow-
ing identifications and the symmetric monoidal structure on the homotopy
categories hD(Vectg) and hMod gg:

Rln] ® Rlm] = Rln + m],
OR[n] @ yr OR[m] = O(R[n] @ R[m]) = OR[n + m)].

It follows from this description that the maps are the components of a
map of graded algebras. O

9.2.2 Refinement for Modules

We are now ready to generalize the first part of Dold’s Theorem:

Theorem 9.9. Suppose E € Sp, H € Modggr and given a homomorphism
of graded abelian groups
p:mE — T H.

Then there exists a morphism ¢ : E — H in Sp, unique up to equivalence,
with m.¢ = .

Proof. Uniqueness: Suppose m.¢p, = w0y for ¢1,¢0 : E — H in Sp. By
the essential surjectivity of we may find chain complexes C, D with
0(C) ~ E N HR and 6(D) ~ H. In fact, since over the reals any chain

complex is quasi-isomorphic to a graded vector space with zero differential
(the homology), we may even find graded vector spaces V, W and equivalences

a:0(V) =S EANHR,  B:0(W)= H.
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The forgetful functor Modyr — Sp has left adjoint — A HR. By [Lur(9,
5.2.2.8], this means that we have a weak equivalence

Mapyjoq,, (£ A HR, H) ~ Mapsp(E, H). (95)

It follows that we may find ¢1,15 : EA HR — H in Modggr such that the
homotopy class of 1 is

EAHR 2 g A HR — H,

and similarly for ¢,. In particular, m,¢; = m,¢2 implies that
Tu(U1) = m(Y2) 1 M(E) @R - m(H) @ R — 7, (H)

coincide. Applying that is fully faithful to any choice of composition of

Y1
O(V) = ENHR—= H~"—0(W),
P2

we see that we may find @1, ¢y : V' — W in D(Vectg) such that the equiva-
lence classes of 0(¢p1), 0(p2) are [B] o [11] o [a]~! and [B] o [1)s] o [a] 7!, respec-
tively. Consider the diagram

7 (E A HR) =202 o (H)

o ~|pB
m0(1)
m.0(V) O (W)
mx0(p2)

- (1) -
H.V HW
N H(p2) N
o . o
Vv Ww.
2

From the equality m,1; = w1y above and since the vertical maps are iso-
morphisms, we conclude ¢; = ¢o. Thus in hModyr we have

[ = [B] " o [0(en)] o o] = [B] ™ o [0(2)] 0 [a] = [1ha].
The equivalence then implies ¢ >~ ¢».
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Existence: Choose V,W and «, 8 as before. As in the diagram above,
Vr(EANHR) Y 7 (E)®@R and W 2 7, (H) so that 0*¥ : m,(E) @ R —
m.(H) gives rise to a homomorphism £ : V' — W as in

7.(E A HR) 2 r (H)
v W

The required morphism ¢ is now any choice of composition in Modgg

E— EAHR < o(v) 2% 0wy 2 1.
On the level of homotopy groups, any such composition induces an adjoint
to ¢ and therefore coincides with . O]

The following subsection will be needed for our study of multiplicative
structures. It addresses the behavior of various notions under equivalences.

9.2.3 The Forgetful Functor on Algebras

If ¢ is a monoidal category, any category equivalent to ¥ may also be en-
dowed with a monoidal structure in such a way that the equivalence is a
strong monoidal functor. The main result in this subsection (Proposition
9.10) may be regarded as a generalization of this statement.

For the reader uncomfortable with the techniques of co-categories I have
formulated two immediate consequences (Corollaries and|9.11]) of Propo-
sition which are more easily accessible and play the main role in the
sequel.

Let p: C® — NT be a symmetric monoidal oco-category with underlying
oo-category € = p~!(1). Evaluation at (1) € T'y determines a simplicial map,
the forgetful functor

q: CAlg(C) — C.

The following technical proposition is proven using the language of marked
simplicial sets, which is just a simplicial set K along with a subset sqKy C
& C Kj of ‘marked’ edges [Lur(9, 3.1]. Along with morphisms that pre-
serve marked edges we obtain a category Set}. It carries a model structure
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(the Cartesian model structure) which is ‘created’” by marked anodyne maps
(a class of monomorphisms with certain markings |[Lur09, 3.1.1.1]) and the
so-called Cartesian equivalences [Lur09, 3.1.3.7|. (The opposite of) marked
simplicial sets are intimately tied to the homotopy theory (lifting arguments)
of (co)Cartesian fibrations. There are three kinds of standard ‘markings’ on
a simplicial set K: K* means all edges have been marked, K” means only
degenerate edges have been marked, and K® makes sense only if there is un-
derstood an inner fibration p : K — L and then we mark the p-coCartesian
edges. In this notation, a p-coCartesian fibration is then just a morphism
K% — L* which has the RLP for the opposite of all marked anodyne maps
[Lur09, 3.1.1.6).

Proposition 9.10. The map q is a coCartesian fibration. The q-coCartesian
edges e € CAlg(C); C Seta(NT x A, C®) are characterized by the following
condition: For every inert morphism o € NTU'y and every edge T € A} the
image e(o,T) is p-coCartesian.

Proof. Let I C NT'; be the set of inert morphisms in I, so that by definition
Funy,(NT, C®) is the simplicial set underlying the marked simplicial set of
sections

Map/NF ((NF’ 1), (@®)ﬂ) :

We will use the marking on CAlg(C) given by the internal hom of Set}.

By the dual of [Lur09, 3.1.1.6] it will be sufficient to show that the marked
simplicial map ¢ : CAlg(€) — C* has the right lifting property with respect
to every marked morphism ¢ : A — B opposite to a marked anodyne map.
Let j : A — NT denote the inclusion of the object (1). Providing the dotted
arrow in the diagram

A—— CAlg(€)

/1
i - q
7

e

is equivalent to solving (the diagrams are adjoint to each other)

Ax (NT,I) [I B x (A% —— (€

Ax (A0 e
o )
B x (NT, I) (NT)E.

pPra
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But by [Lur09, 3.1.2.3], the map i°® A j°P = (i A j)°P is marked anodyne, so
|[Lur09l 3.1.1.6] implies that in the second diagram the dotted arrow exists.
[l

Corollary 9.11. Let A € CAlg(C) be an algebra object. Suppose the un-
derlying object q(A) € € is equivalent to some other object B € C. Then
there exists an algebra object B € CAlg(C) (with underlying object B) and
an equivalence A ~ B in CAlg(C) covering the given equivalence.

Proof. Pick a g-coCartesian edge e starting at A and covering the equivalence
q(A) — B. By |[Lur09} 2.4.1.5], e is an equivalence in CAlg(C) and the target
dpe is the required algebra object. O

Corollary 9.12. Suppose f: A — B is a morphism in CAlg(C). Then any
morphism g : q(A) — q(B) in C of the underlying objects that is equivalent
to q(f) may be endowed with the structure of a morphism of algebras: there
exists g : A — B in CAlg(C), equivalent to f, with q(g) = g.

Proof. Since q(f) and g are equivalent we may pick o : A? — € with dyo =
q(f),dyo = g and so that dyo = id, as depicted in the diagram

Since (A?)* C (A?)’ (and its opposite) is marked anodyne and CAlg(C) — €
is a coCartesian fibration we may find 6 : A? — CAlg(C) covering o with
doo = f,doc = id. The edge g = dy6 then has the required properties. O

9.2.4 Refinement for Algebras

It is not surprising that we may not completely generalize the second part
of Dold’s Theorem because the homotopy /homology groups don’t reflect the
full homotopical characteristics of a product structure. For example, even
though they split as chain complexes, only the so-called formal real DGAs
are quasi-isomorphic to their homology.
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Since is symmetric monoidal, it induces a corresponding functor
between the categories of commutative algebra objects. Combining [Lur0O7bl
Example 4.3.23] and [Lur07b, Theorem 4.3.22] with (93), we obtain an equiv-
alence

0 : N(cDGA®) = CAlg(D(Vectr)) > CAlg(Modpg). (96)

This is also established in [Lurlll, Theorem 8.1.4.11]. Note the restriction to
the subcategory cDGA”® of cofibrant objects.

Proposition 9.13. Suppose V., W are cofibrant graded commutative algebras
and suppose given a morphism

¢:HV — HW in Modyg.

If m.@ preserves the graded algebra structure, then we may refine ¢ to CAlgy.
This refinement is unique up to equivalence.

Proof. Existence: By one may find a chain map f : V — W such that
0(f) is equivalent to ¢. In particular, we have a commutative diagram

m (V) — 7D e
V= HV L HW=W,

so that by assumption f is a homomorphism of graded algebras. By
we may view 0(f) as a morphism in CAlgy. Now apply Corollary to
b=~ 6(f).

Uniqueness: Since is fully faithful, any lift of ¢ is equivalent to the
image under 6 of a homomorphism f : V — W in cDGA® which, using the
last diagram, must correspond under the vertical isomorphisms to m,¢. [

Remark 9.14. Suppose V is a cofibrant graded algebra. Since the dif-
ferential on V' is zero, it is generated as a graded commutative algebra by
some set, of generators of various degrees. Therefore, for any homomorphism
V — H,C of graded algebras (with C' € cDGA°) we may find some V' — C
in cDGA® which induces V' — H,C in homology. Then the argument of the
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previous proposition shows the following:

(V) Suppose H € CAlgg. Under the above assumption, any morphism
¢ : HV — H in Mod g with 7,¢ multiplicative may be refined to a morphism
in CAlgg.

We offer the following extension of the second part of Dold’s Theorem:

Theorem 9.15. Let V' be cofibrant and let E € CAlgg. For any equivalence
¢o:E— HV in Modg.

such that m,¢ is a homomorphism of graded algebras there exists a unique up
to equivalence refinement of ¢ to a morphism in CAlgg.

Proof. Uniqueness: Given (necessarily equivalences) ¢q,¢o : £ — HV in
CAlgy refining ¢, choose a composition 1 as in

E

2N
J HV.

HvV

By we may find a morphism f : V — V in cDGA® such that 6(f) is
equivalent in CAlgp to 1. Therefore

f=H(f)=md(f) =m1) = mdzom; ' =id

so that ¢ ~ 0(f) is equivalent in CAlgy to id, that is, ¢ ~ ¢o.

Ezistence: According to Corollary [9.11], there exists an object H € CAlgy
and an equivalence ® : £ — H with lifting ¢. In particular, H has underlying
HR-module HV'. To find ¢ : HV — H in CAlgy lifting the identity idyy it
suffices by (©) to show that the identity

T HV — m.H (*)
is a homomorphism of graded algebras. Note here that m,H has the same

underlying graded vector space than m,HV, but a possibly different algebra
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structure. Now (*) is multiplicative by the commutative diagram
&7 . H

. B id

\(b
™ HV

in which 7,®,7,¢ are known to be isomorphisms of graded algebras. We
obtain an equivalence

v:HV — H in CAlgg covering idgy.
Any choice & of composition of
E2 H & HY
satisfies [q(€)] ~ [q(¥)] 7! o [¢(®)] = [¢] in hModzg. By Corollary we
obtain the required lift of ¢ to CAlgg. O

9.2.5 Refined Chern Character

Suppose E € Sp. According to Theorem from the canonical map m, F —
V =, HV we obtain a morphism

¢o:E— HV in Sp,

well-defined up to equivalence. Passing to the adjoint, this determines an
equivalence class of morphisms in Mod yg

Y. EANHR — HV.

Assume that V' is cofibrant. By definition of the algebra structure on V', the
map 7,¢*Y is a graded algebra isomorphism. Theorem determines a lift

EAHR— HV in CAlgg, (97)

well-defined up to equivalence. Precomposing with £ — E A HR now singles
out a canonical equivalence class of a morphism ch : E — HV in CAlg(Sp),
which we call the refined Chern character. This is our canonical multiplicative
datum.

Example 9.16. We list some cohomology theories E whose coefficient alge-
bra V = 7, E®R satisfies the hypothesis of V' being cofibrant: ku (connective
K-theory), MU, MO, S (sphere spectrum), HV.
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10 UNIQUENESS (GENERAL CASE)

As mentioned in Subsection [I.2.2] for rationally even cohomology theories
there is an essentially unique differential refinement of a generalized coho-
mology theory [BS10, Theorem 3.10], at least if we demand compatibility
with integration maps.

In this chapter, we shall investigate how to answer the corresponding
question without making further assumptions. We will prove that the axioms
from Definition determine the differential extension up to ‘equivalence,’
a weakening of the notion of ‘isomorphic differential extensions’ from [BS10].

Definition 10.1. Let (E, I, R,a) be a differential extension of E. For each
n € Z and M € Man the transformation a : Q"1 (M;V)y — E"(M) gives
rise to a (standard) strict symmetric monoidal groupoid

objects: x,y,2,... € E”(M)
&"(M) =  Homgn (2, y) = {n € Q"H(M;V)q | aln) =y — =}

composition & monoidal structure: +

For varying M, these may be organized into a functor

~

&" : Man — BrMonCaty,ict.

In the same way, the differentials d : Q" '(M;V); — Q*(M;V) and
§:C"Y(M;V)s — C™(M;V) give functors

0", ¢" : Man — BrMonCatg,ict

(by Example [A.3). The transformation R along with the property Ra = d
amounts to a natural transformation R : & — O".

Definition 10.2. An equivalence between differential extensions F, By of F
is a natural equivalence of the corresponding symmetric monoidal groupoids

~

EMM) = EH(M),  Vnel.

Theorem 10.3. Any two differential extensions of E are equivalent.
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Proof. Suppose EAl,A E, are differential extensions of F and form the corre-
sponding functors &7, &5. We will construct a natural equivalence of symmet-
ric monoidal groupoids

Dy EMM) — EMM),  nel.

We will use the results from [BS10, Sections 2 and 3|, whose notation we
now quickly recall: represent E* by an Q-spectrum (E,,e,). Fix a degree

n. According to [BS10, Proposition 2.3| there exists a sequence of pointed
manifolds 8,(1“, 1 € N, together with pointed embeddings of submanifolds
Ki el oy el ag well as (1 — 1)-connected pointed maps x; : el E,
such that z;,, o k; = x; and such that for any finite-dimensional pointed

CW-complex X the canonical map
colim[ X, eV — [X,E,] = E"(X)
is an isomorphism. Using [BS10, Propositions 2.5, 2.6] one may choose ; €
En(e) with
Kitliy1 = Uy, I(w;) = [xi], Rham(R(@;)) = ch[z;].

In the same way one may choose elements @; € EQ(ES}) We are now ready to
recall the definition of ®,; as a set map E7'(M) — EY(M): For v € E}(M)
write 1(0) = [M EN E,] for some f and factor f ~ x; o f; up to homotopy

for some f; : M — e, Then, by the exact sequence defining differential
extensions (Definition (1.12)),

0 — fiu; = a(a) for some a € Q”—l(M; V)a,

and we define
Dy (0) = [ (@) + a(a).

As shown in [BS10, Lemmas 3.2, 3.3, 3.4], ®,, is well-defined (independent
of the choice of a and f;), compatible with I, R, a and natural in M. We use
the identity on Q" 1(M; V)4 to view @), as a functor

By EM(M) — EHM),

which is of course fully faithful. It is also essentially surjective: For u €
E3(M) choose t € Ef(M) with I(a) = I'(¢'). Using that I o &), = I and
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again the exact sequence, we may write ® M( @)—t' = a(a) € E(M) for some
a € Q"1 (M;V)y. Thus, using ®y; 0 a = a, the object @& — a(a) € &(M)
clearly maps to '

It follows that @, is an equivalence of categories. It remains therefore to
show that ®,, is a symmetric monoidal functor. The deviation of ®,; from
being additive is a natural transformation

A

(Paro+4) — (+ o (Par x py)) : EP(M) x EN(M) — EY(M)
that composes with I to zero, so that it factors over a natural transformation
B: EM(M) x EMM) — QY (M;V)y/im(ch).

satisfying

)
).
Together with the identity arrows 0 ®,/(0) = 0 the transformation B

gives @) the structure of a symmetric monoidal functor. The naturality of
B in the objects of &7"(M) follows from the observation that

D (0 + a(B)) = Par(0) + a(PB). O
Remark 10.4. Under additional assumptions (rationally even, finiteness

conditions on the coefficients) the results of [BS10] amount to the assertion
that one may even pick a strict monoidal equivalence.

11 FIELD THEORY INTERPRETATION

On closed, differentially oriented n-manifolds M, differential cohomology
classes # € H""'(M) may be integrated to numbers

/ t€R/Z=S5"cCC. (98)
M
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An example of this construction is the Chern-Simons action
S(3) = / FUs (99)
M

of a principal Sl—bunglle P — M with connection V on a 3-manifold M
(represented by & € H?(M)). By (85), the expression agrees with the

more traditional formula
2
S(A):/A/\dA+§A/\A/\A, AeQY(M)
M

for topologically trivial bundles & = a(A) with connection A.

For bundles P that are trivial (but not trivialized) one needs to choose
a section of P to define the action S(P, V). If M is closed, an application
of Stokes” Theorem shows that S is well-defined up to integers. However,
if M has boundary, this is no longer true. The remarkable solution to this
problem is to interpret the action as an element of an abstract complex line
which belongs to the restriction of the field (P, V) to the boundary: these
are the Wess-Zumino-Witten Lines S(P,V)|gns. The action determines a
well-defined element S(P) € S(P|OM) in this line.

This may be summarized by saying that S is the action of a Lagrangian
field theory [Fre95|, which means the following:

e We have groupoids of ‘fields’ €y, Cy for every 3-manifold M (possibly
with boundary) and every 2-manifold N (we have taken the groupoids
of principal circle bundles with connection above).

e There is given an action S which assigns complex lines to fields on 2-
manifolds. Fields ¢ on 3-manifolds with boundary M have an action
S(¢) which is an element of the line S(¢|0M).

These are required to satisfy various functoriality and locality properties (see
[Ere95, Theorem 2.19)).

The integral is not well-defined unless OM = (). In this section,
we will present a generalization of the WZW-construction for the solution
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of this problem (Theorem [11.15]). This will be carried out for ordinary dif-
ferential cohomology (which can be handled using ordinary category theory).

Using the product structure developed in this thesis, the differential inter-
section pairing S(z) = [,, U & can be studied also for generalized cohomol-
ogy theories F. These generalizations of the Chern-Simons action probably
also belong to certain Lagrangian field theories, but the corresponding in-
tegral for manifolds with boundary has not yet been developed (and
probably requires the use of higher categories of fields).

In the final section of this thesis, we show that in the case of K-theory
and OM = () this intersection pairing is non-trivial. It can be identified (up
to rationals) with a certain n-invariant.

11.1 Fields
Ordinary differential cohomology H™(M) = H™(C(n)*(M)) may be defined
in terms of cochain complexes [HS05, Definition 2.5]:

Definition 11.1.

A C*(M;Z) x C*"Y(M;R) x Q*(M) (x >mn),
C*(M;Z) x C*"1(M;R) x {0} (x < n),

with differential
d(e,hyw) = (0c,w — ¢ — 0h, dw).

Definition 11.2. Let J:C”(M) be the monoidal groupoids with moH™(M) =
H"(M) obtained by from C(n)* at level n by Example .

The objects of H™(M) are the cocycles z € C’(n)"(M), der = 0. The
morphisms x; — @y are im(d)-cosets of cochains y € C(n)"'(M) with
dy = x1 — x3.

Recall the natural chain homotopy B from Example [7.11 The cup-
product in differential cohomology is a chain map (using (72))

U: C(n)*(M) ® C(m)*(M) = C(n+m)* (M), (100)
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defined by the formula
(co, ho,wo)U (€1, hy,wr) = (coUey, (—1)"coUhy + hoUwy + B(wo, wr), wo Awy).
This chain map gives rise to bilinear functors [HS05, p.13]

U: HY(M) x H™(M) — HT™(M).

For n = 0,1, 2 these are familiar geometric categories:
Example 11.3. HO(M) = C>~(M,Z) (discrete category).

Example 11.4. H*(M) is the category of (set) maps f : M — R that are
smooth when post-composed to R/Z; there is a unique morphism f; — fo
whenever f; — fs is integer-valued.

Example 11.5. 9:C2(M ) is equivalent to the category of circle bundles with
connection [HS05, Example 2.7|. This is a monoidal equivalence if we take
the monoidal structure P X g1 ) on principal bundlesﬂ Writing down the
equivalence in [HS05, Example 2.7| in the special case M = pt, one sees
that fﬁ(2(pt) ~ R/Z-Spaces sends every object to I = R/Z. The category
R/Z-Spaces is equivalent to the category HermLines of Hermitian lines
(one-dimensional complex vector spaces with Hermitian metric).

11.2 Push-Forward Maps

Let p : E — S be a smooth map between compact manifolds E,S. The
relative dimension of p is k = dim £ — dim S. Analogous to the case of gen-
eralized cohomology theories, [HS05, Section 2.4] define push-forward maps
in differential cohomology. We will recall their construction in this section.

Definition 11.6. A differential orientation (j, W, J,U) on p consists of the
following data:

1. An embedding j : E < S x S¥ with pr; o j = p and a tubular neigh-
borhood of j (that is, a vector bundle 7 : W — FE and an extension of
j to an open embedding J : W < S x SV with pr, o J =pom).

9P x 1 Q is P x Q modulo the diagonal action (p.z,q) ~ (p,2.q), z € S*.
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Figure 1: The data of 1. is called a framing of p: ' — S.

SN

— [[0,1] =5

2. A differential “Thom’ cocycle U = (¢, h,w) € Z(N — k)N=*(W) which
is compactly Supporte. It is required that w € QN =%(W) define an
ordinary orientationﬂ of W.

A quadruple (j, W, J,U) as above with U € HN=%(W) (R(U) determining
an orientation on W) will be called a differential orientation class.

The slant product of cochains and the integral of forms along the fiber
S¥ determines a cochain map (using Lemma (ii))

/  C(n+ N (S x S¥) = Cm)(S). (101)
SN

Explicitly, [sv(c,h,w) = ([sv ¢, [sv I, [sv w).

Definition 11.7. Given a differential orientation on p, we get a cochain
map, the push-forward along p, denoted either by pi, [, /g0 OF Ik v,

Clm+ k)™ (E) s Cim + k)W) =2 Cm + NN W)

Ly Clm+ Ny V(S x 8Y) S Gm)(8). (102)

19T here exists K C W compact so that the restriction of U to W \ K vanishes
UThis means that w(vy,...,vN_k) # 0 for any basis vy,...,on_r € W CT.E, e € E.
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That is,
U
/ x:/ J(mrx U U).
SN

11.3 Integration on Closed Manifolds

The construction of the push-forward map p, depends on several choices, most
notably a framing and a differential Thom cocycle U. The framing is a fea-
ture of the situation (in Chern-Simons theory certain numbers are known to
depend on the choice of framing). We will see however that, interpreted suit-
ably, the integral depends only on the differential class U = [U] € HN=*(W).

Fix a smooth map p: £ — S between compact manifolds and a framing

J:W < S x SN on p. Given U € HNF(W), let

g _ Jobiects Ue Z(N —E)N-*W) with U = [U],
~ |morph. Uy = Uy : Ve C(N — k)N-*1(W)/im(d) with dV = U, — Us.

This category is connected (meaning there is an arrow between any two
objects). We begin by constructing a functor

U H(E) — Fun(%, H'(S)), (103)

or, more precisely, its adjoint F' : HR(E) x % — H™(S). On objects
v € Z(n+k)"™M(E), U e Z(N — k)N=*(W), the functor F is given by

U ~
F(z,U) = x € Z(n)"(9S).

To a morphism y € C'(n+k)"* " 1(E) /im(d), V € CN Y (N —k).(W) /im(d)
from (z1,U;) to (z2,Us) the functor F assigns

FuV) = [ Lyt + L o).
S

Since (100), (101]) are cochain maps, this is indeed a morphisms from [ Yy
to [ Y 14. Linearity implies the functoriality of F.

Lemma 11.8. The functor (103) maps into the subcategory of ‘holonomy-
free’ functors: for each x € H"F(E) the functor F(x,—) takes automor-
phisms to the identity.
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Proof. Suppose V' € C(N — k)N=F=L(W) represents an automorphism, dV =
0. By [HS05, p.25], the (N — k — 1)-th cohomology of C'(N — k)*(W) can be
identified with HY=%=2(W;R)/HN~*=2(W;Z). By the Thom isomorphism,
this is just H 2(W;R)/H_ 2(W;Z), which is zero. We may therefore find
L€ C(N — k)N 2(W) with dL = V. Since (100), are cochain maps,

F(id,, V) = /

SN

J(mrxUV) = j:d/

SN

J(m*x U L)+ / Jo(m*dx U L).

SN
Since x is closed, F'(id,, V') bounds (so represents the identity). ]

A diagram F : I — C into a groupoid € (with I connected) has a limit
precisely when F' is holonomy-free. Composing (103 with the limit

:Funhol—free(%u \rf{n(s)) h—m> ﬂ:{:n(S)
determines a functor that depends only upon the class U € H N=k(W):
HHH(E) — HY(S) (104)

We summarize our discussion as follows:

Proposition 11.9. The exists a canonical functor , depending only
on the differential orientation class U of p, which refines the push-forward
p: HYWH(E) — H™(S) in differential cohomology (by passing to connected
components).

Remark 11.10. Restricting to the ‘flat’ subcategory J:Cg;rtk(E), one may

consider the dependence of this functor on U—U-+ a(f). More precisely,
given an ordinary Thom class U € HY=*(W) define Ob (£ (U)) = I71(U), a
morphism Uy — U, being a im(d)-coset of differential forms 6 € QN=E=L(W)

with a(f) = Uy — U,. For z flat, U+ fU 2 turns out to be holonomy-free as
well (by the Thom isomorphism), so one obtains a functor

Fth(E) — 3"(S)

that depends only on the ordinary orientation of the normal bundle W.
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Definition 11.11. A differential orientation on a closed n-manifold N is
defined to be a differential orientation class (j, W, J,U) of the projection
p: N — pt. Using the identification of Example [11.5] we define a functor

SU : $"2(N) — HermLines (105)
as the post-composition with ‘lim’ of the functor

v U:C”+2(N) Funy,g)ree (%, 2 (pt)) = Funy,) free(% , HermLines).

We will keep writing ¥ (z)(U) = [ Y 2 on objects, now viewed as an object
of HermLines. For each morphism V in %, ¥(z)(U; Y Us) is a Hermitian
isomorphism (given by multiplication with [,y Ji(7*z UV) € S'). Recall
that the equivalence H2(pt) ~ R/Z-Spaces ~ HermLines in Example
takes every object to the identity object C. Therefore,

U
/ ©=C,  VaeObdr2(N)),

for every differential cocycle U representing U. By definition of the limit
in a groupoid, we have an isomorphism ¢y : SY(z) — fU x. Also, ¢y, =
U(z)(Uy Y Us) o ¢y,. In other words:

Proposition 11.12. Let N be a closed, differentially oriented n-manifold.
To every object x € H"2(N) we may functorially associate a Hermitian line

SU(x). Any choice of cocycle U representing U determines a trivialization
du of SU(x). If dV = Uy — Us are two choices of trivialization, W (z)(V)
1s a Hermatian isomorphism C = fUl xr — fU2 x = C, making the following
diagram commute:

fUl " U(z)(V) ng v
SY(z).
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11.4 Manifolds with Boundary

Definition 11.13. Let M be a compact (n 4 1)-manifold, equipped with a
map f : M — [0,1] which defines the boundary. A differential orientation
on M is a differential orientation class (7, W, J,U) on f.

For each cocycle representative U of U we define

/U  Clm 4 n 4 1) (M) 25 E(m+ 1710, 1]) 25 E(m)* (pt).

M/pt

This is not a chain map, so there is no induced map in differential cohomology.
Instead, one has a version of Stokes” Theorem [HS05, (2.10)]

U U UloM
d/ x :/ dx — (—1)90'/ z. (106)
M /pt M /pt AM /pt

We have C'(1)'(pt) = Z x R, which we interpret as a number via Z x R —
R/Z c C.

Definition 11.14. Suppose U € HN-""1(W) is a differential Thom class
on M. For x € H"2(M) we define SU(z) as the following clement of
SUIoM (x|anr): for every cocycle U representing U, let SU(Z‘) denote the preim-
age of fJ\Z/pt x € C under the isomorphism ¢yax : SU‘aM(ﬂaM) — fU|8M xr =

It remains to check that this is well-defined. Suppose Uy, U are two trivi-
alizations of U and pick V with dV = U;—U,. We claim that ¢(}11|8M (f]\ljl/pt x) =

/pt

-1 U, ..
¢U1|3M <fM/pt ﬂv), so we are claiming

U1 Uz \% Uz
/ x:/ J*(W*$|3MUV|8M)+/ m:/ x+/ x.
M /pt SN M/pt OM /pt M /pt

This follows from (|106)).

¢l_]21|BM <f1\lf x) By Proposition|11.12] the right-hand side equals W (x)(V[0M )o
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Theorem 11.15. For every differentially oriented n-manifold N, we have a
functor )
SY . H"?(N) — HermLines

that depends only upon the differential Thom class U of the orientation. Ev-

ery differentially oriented (n + 1)-manifold M determines a section fU of
this functor:

U kel A~
/ pe STzl N g e SR,

11.5 The Lagrangian field theory
Let k =n/2+ 1 for n even. We set

dmM=n+1, dimN =n dimension
Cuv=HM)>z, Cyy=HN)>y space of fields
U v .
S(x):fM/ptxe, S(y):fN/ptyUy action

Here it should be noted that 2k = n + 2, so that z Uz and y U y are
automatically flat.

Example 11.16. If n = k = 2, a field z € €,y on a 3-manifold M is a prin-
cipal S'-bundle with connection. If M is closed, S(z) is the S'-Chern-Simons
invariant of this bundle. On a 2-manifold N, a field is again a circle bundle
with connection, and the complex lines we obtain may also be constructed
from the WZW-functional.

11.6 Outlook: Differential K-theory

For ordinary cohomology, the differential intersection pairing produces the
Chern-Simons invariant, and we have just seen how in a refined viewpoint
on differential cohomology the intersection pairing also produces the WZW-
lines. The goal of this section is to show that the differential intersection
pairing for K-theory on closed manifolds is non-trivial and also produces a
sophisticated concept: it is essentially a certain n-invariant. One may specu-
late that the refined differential viewpoint for other generalized cohomology
theories leads to other sophisticated invariants which, in the case of manifolds
with boundary, take values in objects more fancy than complex lines.
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Rational ordinary differential cohomology may be defined byE

H*(M;Q) = {f € Homap(Zk-1(M), R/Q) ‘

Jw € QY (M)Vo € C,_1(M) : f(O0) = /w mod Q}

[

This is a differential cohomology theory in the usual sense for the cohomology
theory F = HQ.

Lemma 11.17. SupposeAM = OW for an oriented compact n-dimensional
manifold W and let x € Hg, (M;Q). Suppose x has an extension to a class
y € H"(W;Q). Viewing x as an element of H" '(M;R/Q), we have

(, [M]) = /W R(y) mod Q

Proof. By definition, z([M]) = y(0[W]) = [, R(y)- O

Since H™™' (W, M) = 0 such an extension of x may always be chosen, by
the long exact sequence in differential cohomology of the pair. It is unique
up to H"(W, M).

Suppose given Hermitian vector bundles F; — X with connections, i =
1,2, representing differential K-theory classes ;. Suppose X is a compact
spin manifold of dimension (4k + 3). We write (z,y) = [,z Uy for the
differential intersection pairing. Then, using the differential Riemann-Roch

Theorem, and identifying ch: K 1(pt) =S H odd(pht: Q),
(21, x2) = ch (/ T U@) = / A(X) U(:Ah(xl U z3).
X X

The element A(X) € H®(X;Q) is a refinement of the A-genus to differ-
ential cohomology. The integrand is a sequence of even-degree ordinary dif-
ferential cohomology classes, but only the component y of degree dim X + 1
contributes to the integral. Now if X is a (4k + 3)-dimensional compact

121) [CS85), this group would have been called H*~1(M,R/Q).
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spin manifold, then y is automatically flat. If we assume the existence of
extensions of Fy, Es to Y, 0Y = X, Lemma [11.17| implies

(ml,xQ):/YA(Y)/\Ch((El,Vl)®(E2,V2)) mod Q.

By (4-3) in [APST5], this equals
ind(Dg,em,) + [M(E) ® E) +1(E @ E)]/2,

where the index is taken of the twisted Dirac operator (with respect to cer-
tain boundary conditions), h denotes the dimension of the space of harmonic
spinors for the restriction of Dg,gp, to X and n = n(0) its eta-invariant. Of
course, the index is an integer and vanishes in R/Q, as does h/2.

In summary, the intersection pairing (mod Q) is essentially the eta-
invariant of the corresponding twisted Dirac operator on X. In particular,
this expression (mod Q) depends only on X (being the differential intersec-
tion pairing on X)), a fact that can also be deduced directly from the Index
Theorem.

Corollary 11.18. The differential intersection pairing in differential K-
theory is non-trivial in certain cases.

A APPENDIX

A.1 Braided Monoidal Categories
A.1.1 Adjunctions
Definition A.1. An adjunction (F,G,e,n) consists of

1. Functors F': € — D and G: D — C,
2. Natural transformations € : F'G — idp, n : ide — GF.

These are required to satisfy the zig-zag identities:

idp: F 2% poFr 5 F ide 0 2% GFG S G
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The definition of adjunction makes sense in any bicategory, for example
in MonCat. An adjunction is said to be an adjoint equivalence in case €,n
are natural isomorphisms. An equivalence in a bicategory consists of the data
(F, G, e,n) as above with £, n natural isomorphisms, but we do not require the
zig-zag identities. Then (G, F,n~',e7!) is another equivalence and similarly
for adjoint equivalences.

An important feature of Cat is that a functor F may be placed inside
an (adjoint) equivalence precisely when it is essentially surjective and fully

faithful.
A.1.2 Monoidal Categories, Functors, and Transformations

[JS93], [MLI8]|, and [Lei04] are good references for (braided) monoidal cate-
gories.

Definition A.2. A monoidal category is an ordinary category € along with
a functor
®:CxC—=C,

an object 1 € €, and natural isomorphisms

axyz: (X@Y)®Z—-X® (Y ®Z) (associator)
Ax 11X - X (unit constraints)
px X ®1—=>X

satisfying the following axioms:

Mac Lane’s Pentagon:
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(WoX)®Y)® Z

a®1

WeXeY)eZ WeX)o (Y eZ)

W(XeY)eZ) — W (X (Y ®2)

1®a
Triangle Identities:
XoY)ol-LXe (Y el) 1eX)eY L1 (X®Y)
PX@\ /@ 0% Ax ®1 Axoy
X®Y XQ®Y

If the associativity and unit constraints are all the identity, one speaks of
a strict monoidal category.

Example A.3. From a cochain complex (C,§) one may construct a strict
symmetric monoidal category € in degree n as follows. As objects we take
Ob(%) = C™. A morphism from z € C" to y € C™ consists of a im(d)-coset
of elements u € C"~! with du = x —y, and composition is given by addition.
The monoidal structure is determined by addition as well, and the symmetry
is taken as the identity.

The full subcategory Z" < € on objects Z" = {x € C" | ox = 0} will
also occasionally be used.

A functor between monoidal categories carries extra data:
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Definition A.4. Suppose C,D denote monoidal categories. A functor
F:¢—-D
along with an isomorphism F; : 1 — F(1) and natural isomorphisms
Fxy FIX)QF(Y)—=>FX®Y)

is called a monoidal functor in case the following diagrams commute:

F
FX®Fl——FX®1 Flo FX 22 1o Fx
1
Fle JPFX Fixl JAFX
F(px)
F(X®1) FX Fl®X) —— FX
F(ix)
Fxgy,z Fxy®l1

F(X®Y)® 2) FX®Y)®FZ (FX®FY)® FZ

F(@l J

FIX®(Y®2) FX®F(Y ®Z) FX® (FY®FZ)

Fxygz 1® Fy,z

In case all Fxy, I} are the identity, we speak of a strict monoidal functor.
Monoidal functors F': € — D and G : D — & are composed as follows:

Grx,FYy

(GF)xy : GF(X)2GF(Y) 225 GIFX@FY) 25 GF(X®Y), (107)

G(Fy)

(GF), : 155 G(1) y G(F(1)).

Along with the identity functor id (strict) we obtain the category MonCat.
Like Cat, this is in fact a bicategory:

Definition A.5. Suppose F,G : € — D are monoidal functors. A monoidal
transformation v : F' — G is a natural transformation uy : FX — GX (of
ordinary functors) such that the following diagrams commute:

FXoFy "™ ax o qy %Fl
E&Yl lGXX
GX®Y) k

F(X®Y)

UXRY
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Note that, unlike a monoidal functor, a monoidal transformation has no
additional data. Since we work only with strong monoidal functors we have
the following:

Theorem A.6 (Doctrinal Adjunction [Kel74]). Suppose (F,G,e,n) is an
adjoint equivalence and that F' : C — D is a monoidal functor. Then there
exists a unique monoidal structure on G turning (F,G,e,n) into an adjoint
equivalence in MonCat.

Proof. That e,7n are monoidal transformations means

nxey = G(Fxy)oGrxry o (Nx @ny),
ea®ep=capoF(Gap)oFeacn,

m = G(F) oGy,

id =¢e,0 F(Gy) o F}.
Since F' is faithful this clearly determines G4 p, G uniquely. Conversely,
the second and forth equations may be used to define these isomorphisms.
The other two equations are then consequences of the zig-zag identities and
naturality. Compatibility with the associativity and unit constraints derive

from the corresponding properties of F', the zig-zag identities, and naturality.
For more detail, see [Kel74]. O

A.1.3 Braids

Definition A.7. Suppose C is a monoidal category. A braid on € is a natural
family of isomorphisms

sxy  X®Y 5 Y ®X

making the following two hexagons commute:

a

YoX)eZ Y®(X®2)
XeY)eZ Y ®(Z®X)
X® Y ®2) YoZ)oX

SX,YQZ

160



SXQY,Z

(XeY)®Z Z®(X®Y)

a/ \tfl
X®((Y®Z2) (ZX)RY
1®sy,z %{,z@l
X®((ZRY) (X®2Z2)Y

a1

A monoidal category together with a braid is called a braided monoidal
category. The hexagon implies that we have the following compatibility with
the unit [JS93| Proposition 2.1

A®1

1®A

Definition A.8. A monoidal functor F': € — D between braided monoidal
categories is said to be braided in case the following diagram commutes:

Fxy
FX®FY —5 F(X®Y)
SFX,FY J lFSXVY

FY ® FX — F(Y @ X)

Y, X

A monoidal transformation between braided monoidal functors is called
a braided monoidal transformation (no further conditions imposed).

A.2 DMonoidal Structures under Equivalences

In this section we collect some of the more sophisticated facts on monoidal
categories for later reference. They all reflect that the notion of monoidal
category is the ‘correct’ weakening of the notion of a strict monoid in Cat and
concern the behavior of these notions under various types of equivalences.
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A.2.1 Structure on Categories under Equivalences

Proposition A.9. Suppose that F' : C — D is an equivalence of categories
and that € or D is monoidal. Then there exists a monoidal structure on the
other category, turning F' into a monoidal equivalence.

Of course, the monoidal structure is then unique up to equivalence. There
is, however, no canonical choice in this equivalence class.

Proof. Placing F' in an adjoint equivalence (F, G, e,n), doctrinal adjunction
implies that we may assume D to be monoidal. It is possible to verify directly
that €7 ® Cy = G(FC; ® FCy) defines a monoidal structure on €. The
associativity and unit constraints are constructed by applying G to those of
D and using €, 7. Let me outline a different proof: let’s call a pair (X, ¢) of

X€EC, ©:FC,®FC,— FX

‘a’ tensor product of Cy,Cy € €. For any two choices (X7, 1), (Xz,¢2) of
tensor product of C7,Cs the full faithfulness of F' implies that there is a
unique isomorphism

fZXl i>)(2 with @2:F<f)0@1

The functor F' is essentially surjective, so we may choose tensor products
C1 ® Cy for every pair of objects:

FCLCZ : F01 ®F02 i) F(Cl @CQ)

Since F' is fully faithful, ® may be viewed uniquely as a functor € x € — C.
In detail, f; ® f is the unique dotted arrow making the diagram

F
FC, ® FC, — X2 L F(C) & Cy)
- I
Ff1®Fle | F(f10f2)
~ A
FCy® FCy————F(C} © C})
C1,C%

commute. Pick also an element 1 € € with an isomorphism

Fl : 1@ = F(le)

162



The constraints A, p, « in € are obtained uniquely from those in D by requir-
ing that the diagrams of Definition commute. Their naturality follows
from the faithfulness of F' and the corresponding naturality in D.

It remains to prove the commutativity of Mac Lane’s Pentagon and the
triangle equalities in C. Using the faithfulness of F' this may be checked
after applying F', which results in diagrams which may be identified with the
corresponding diagrams in D. O

The previous proposition refines to braided monoidal categories:
Proposition A.10. Let F' : C — D be a monoidal equivalence. If D is
braided monoidal, one may define a canonical braided monoidal structure on

C that turns F' into a braided monoidal equivalence. If € is braided monoidal,
D has a braided monoidal structure making F braided, but it is not unique.

Proof. The braid

is covered by a unique isomorphism C ® Cy — Cy® (. The three coherence
conditions are verified by applying I’ and identifying the resulting diagram
with the corresponding diagram in D.

For the second part note that one may choose an inverse monoidal equiv-
alence of F' [Lei04] Proposition 1.2.14]. Now apply the first part. H

A.2.2 Structure on Functors under Equivalences

Recall that for a monoidal functor to be braided is a property, namely com-
patibility with the braid, not additional data.

Proposition A.11. Let ¢; : € = Dy, ¢ : Co = Dy be braided monoidal
equivalences. Suppose we have a diagram of monoidal functors
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which commutes up to a monoidal natural isomorphism n : Goy — ¢ F.
Suppose that G is a braided monoidal functor. Then F' is braided monoidal
as well.

Proof. We must check the commutativity of the diagram in C,

Fs, o
Fle1®d)) = F(c} ® ¢1)
l ? l
Fey ® Fe) F— Fdi® Fey

for which we apply ¢, to it. The resulting diagram may be identified (using
the definition of braid on C,, the given natural isomorphism, and the com-
patibility of G’ with the symmetry) with a diagram which is the image under
G of the compatibility of ¢; with s:

Go1(s)

/\

o 2 F(s / /
Gor1(c1 ® ) —— P2 F'(c1 ® ) Pl P2 F(ch @ 1) Gori(c) ® c1)

1%

n

3

1%

¢2(FC1®FC/1) ¢2(F0/1®F61)

1%

$2(s)

[ o

G @ Goic) LS]> PoFc) ® ¢oF'ch —— ¢ F'ch @ ¢oFcy % Goic) @ Gorcy

g\//%

S

Gbrer ® i) o)

G(¢1c) ® p1c1)

All diagrams, including the outer square, commute. It follows that the dia-
gram marked ‘7’ commutes as well. O]

A version in which F is assumed to be braided monoidal is immediately
deduced by applying Proposition to inverse equivalences of @1, ¢s.

164



Lemma A.12. Suppose F' : € — D is a monoidal functor and let u : F —
G be a natural isomorphism to an ordinary functor G. There is a unique
monoidal structure on G making u a monoidal transformation.

Proposition A.13. Given a commutative diagram in Cat, Go F'= H,

e_f.p
A, o
&

in which F, H are monotdal functors and F is an equivalence. Then there
exists a unique structure of monoidal functor on G, making the previous
diagram commute in MonCat.

Proof. 1f a monoidal structure on G exists, we must have
HCl,CQ = G(FCl,Cg) o GFcl,FCQ7 Hl = G(Fl) o Gh

so G, g, 1s determined on the image of F'. For general £}, E, € € pick iso-
morphisms ¢, : E; — FC;. By naturality we have Gpe, reo, © (Go1 ® Gpa) =
G(p1 ® ¢2) o G, g, We conclude that the monoidal structure on G is
unique. To prove that such a structure exists, place F' in an adjoint equiva-
lence (F, R, n,¢) which, by doctrinal adjunction, may uniquely be viewed as
an adjoint equivalence in MonCat. We have a natural isomorphism

G(e) : HR = GFR — G.

According to Lemma[A.T12] there is a unique monoidal structure on G making
G(e) a monoidal transformation. The composition of a monoidal transfor-
mation with a monoidal functor is again monoidal. Therefore

H(n): H— HRF, G(e)F: HRF — GF

are monoidal transformations which compose to the identity, by the zig-zag
identities. But this just means H = G'F' in MonCat. n

By a dual argument we have:
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Proposition A.14. Given a commutative diagram in Cat, Go F' = H,

e . p
A e
e

i which G, H are monoidal functors and G s an equivalence. Then there
exists a unique structure of monoidal functor on F, making the previous
diagram commute in MonCat.

A.3 Simplicial Sets

Before we begin, let us quickly establish essentially the notation of [GJ09]
from simplicial homotopy theory. Let A C Cat denote the full skeletal
subcategory on all finite ordinals [n] =0 — -+ — n, n > 0. Recall that a

simplicial set is a functor
X : A°® — Set.

Define the category of simplicial sets as Sety = Fun(A°P, Set). Small limits
and colimits are formed level-wise and all exist. Since every morphisms in A
may by written as compositions of codegeneracy maps

s':[n—1] — [n] (skip i in the image)
and coface maps

d :[n] = [n—1] (repeat i twice)

this amounts to the classical definition of a simplicial set (as a family of sets
X, € Set along with maps s;, d; between them satisfying various relations).

The most common simplicial sets are the standard simplices which may
be organized into a functor

A — Seta, [n]— A" = A(—,[n]).

By the Yoneda Lemma, Seta(A™, X) = X,,. Another important class of
simplicial sets are the horns,
A} C A",
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which is the smallest simplicial subset of A" containing the image of d’ :
A"t — A" for every i # k.

A fibration is a simplicial map p : X — Y for which we may always
provide the dotted arrow in all diagrams of the form (n € N,0 < k < n)

AZ—;X

cl s LP
/

A" ——Y.

A level-wise monomorphism A — B is called a cofibration. Any simplicial
set X with base-point z € Xj has (functorial) homotopy groups m.(X,z)
(a set for x = 0). These may be defined as the usual homotopy groups of
a geometric realization of X, which is the following coend (more commonly
known as a certain coequalizer) in CGHaus (the category of compactly
generated Hausdorff spaces):

[n]eA
X :/ X, x |A",

where |[A"| = {(to,...,t,) € R™ | Y ¢, =1,¢ > 0}.

A simplicial map f : X — Y is called a weak equivalence if |f| : | X| — |Y|
is a weak equivalence of topological spaces:

L. mo|f| : mo|X| = mo|Y| is a bijection.
2. For every z € | X| and n > 1, m,|f| is an isomorphism.

For Kan complexes X, Y, this may be checked also by using simplicial ho-
motopy groups.

Theorem A.15 (|GJ09, Theorem 1.11.3]). The category Seta with the above
cofibration, fibrations, and weak equivalence forms a model category.

The geometric realization | - | : SetaA — CGHaus has a right adjoint
S = sing, the singular set of a topological space. Its n-simplices are given by

(singX),, = {o : |A"| = X continuous} (108)
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Since the pair (| - |,S) is a Quillen equivalence ([GJ09, Theorem 1.11.4]), to
practice homotopy theory in any of these two categories is generally regarded
as being equivalent.

Fibrant objects in this model category are called Kan compleres. Note
that every object in Seta is cofibrant. The category Seta has an internal
Hom given by

HOIIISetA (X, Y)n = SetA(X X An, Y) (109)

We may therefore view Seta as a category enriched in Seta, and it is in
fact even a simplicial model category (so Quillen’s axiom SMY is satisfied

[Qui67]).
The standard subdivision of the prism [GJ09 p.17] will appear a lot. It
is given by simplicial maps

hj:A"+1—>A”xA1, 7=0,...,n,
which are determined by the map [n 4 1] — [n] x [1] as in the diagram
0,0) —(1,0) —=---—=(5,0)
(j71)_>"'_><n71)'

This diagram determines the boundary of the embedded (n + 1)-simplex h;
in A" x Al

The homotopy groups of a pointed simplicial set K are defined in terms
of their geometric realizations:

Wk(K, k‘) = 7Tk(|K|,k)

It is an important fact that for a pointed Kan complex K, we have the fol-
lowing combinatorial description of the homotopy groups (sometimes called
simplicial homotopy groups):

(K, pt) = {f € Seta(A", K) | f(OA*) = {pt}}/ ~ (110)
Here, f ~ g if there exists h : A¥ x Al = K with
1. h|AF x {0} = f, h|AF x {1} =g,
2. h(0AF x A') = {pt}.
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A.3.1 Simplicial Loop Space

The purpose of this subsection is to exhibit an isomorphism between two def-
initions for the simplicial loop space . While the standard construction
HomSetX (S', K) has nice adjointness properties, the other definition is more
explicit and allows to view loops as certain coequalizer diagrams, which is
sometimes useful.

In the following we will identify maps 6 : [n] — [m] with their push-
forwards 0, : A® — A™.

Lemma A.16. Every 0 = (61,0,) : A"t — AR x A for which there exists
i with O5(i) = 0,09(i + 1) = 1 factors uniquely as

g AT 0 ARFL P AR AT (111)

In this case, j = 01(i).

Proof. We first prove uniqueness. By assumption, pr,6 is the push-forward
of [n+1] — [1],i+— 0,i+ 1 +— 1. By (111},

prohf(i) = 0, proh;6(i +1) =1, (112)
which implies (i) = j and j = s7(j) = s70(i) = pr,0(i) = 61(i). Applying

pr; to (111) yields

s70 = prlhjé = 0.
It follows that for all r : 6;(r) < j we have O(r ) = 61(r), for all 7 : O1(r) > j
we have é( )—1 = 91( ), and that for all r € 6;'(5) we have 6( )e{j,7+1}.
By ([112), 6(i) = 7,0(i +1) # J. In case 91(z+1) — j we have 0(i+1) = j+1
Wthh of course determines 6 on 0;'(j) as well. In case 0;(i+1) > j, i is the
largest element of 671(j) so that 6 takes 6] '(j) to elements < 0(i) = j, ie.

is constant. This implies the uniqueness of g, Conversely, this prescription
proves the existence of 0 as well. O

Lemma A.17. For every 7 : A"* — AM and i with 7(i + 1) = 7(i) + 1
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there exists a unique factorization (a unique j and o)

AnJrl T Ak+1

J

A" x Al — s AF x Al

cr><1dA1

Moreover, j = 7(i).

Proof. To prove uniqueness, observe that proh;7 = pry(o x ida1)h; implies
that 7(i) = j,7(i + 1) # j. Composing with pr; leads to s’7 = os’. Thus
o = o0s'd’ = s’7d" is unique, which also proves existence. O

Corollary A.18. Let (K, *) € Set\ be a pointed simplicial set. A sequence
of (n+ 1)-simplices fo, ..., fn € Kyi1 satisfying

dofo = * = dpt1 fn, difj=d;fi-1 (1 <j5<n) (113)

uniquely determines an n-simplex f € Q(K, %), = HomsetZ(Sl, K), C
Seta (A" x Al K). Moreover, f; = fh;. If we define a simplicial set Q*™P K
having as n-simplices all sequences fo, ..., fn € K, 11 as above and with face
and degeneracy maps

di(f0> ey fn) = (di+1f0a v 7di+1fi—1a di.fi-i—la R adifn)a
si(fo, -5 fu) = (Six1fo, - Six1 fi, Sifis - Sifn),

then we have an isomorphism ¢ : Q(K) = QS™PK of simplicial sets.

Proof. We must associate a value f(o) to every simplex o : AF — A" x AL
If pryo is constant, we set f(o) = . Else we may factor

o2 AF Ty At g An s AL
Now set f(o) = ¢*f;. The inverse ¢ of this association is given by ¢(f) =

(fho, ..., fhy). The compatibility of ¢ with the face an degeneracy maps
now follows from the compatibility of the subdivision of the prism maps h;
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with faces and degeneracies:

hjsi = (Si X 1)hj+1 (Z < ])
(57 x 1)h; = hs'™! (i < j)
(dl X 1)hj_1 = hjdl (Z < j)
hjdj+1 — hj+1dj+1
(d' x 1)h; = h;d"™ (i>j+1). O

A.4 oo-Categories

For the convenience of the reader, we shall give in this section a rapid ac-
count of those parts of the theory of oo-categories which are relevant to our
discussion. The definite reference for these matters is [Lur09).

Definition A.19. An inner fibration p : K — L between simplicial sets is a
map which has the right lifting property (RLP) for all inner horn inclusions
A C A" 0 <i<n.

An oo-category € is a simplicial set for which the map € — AY is an inner
fibration. That is, every inner horn A? — € admits some filler A" — €. An
oo-category is a generalization of an ordinary category in the sense that the
nerve N : Cat — Seta, which is a fully faithful embedding, has image those
simplicial sets that admit unique inner horn fillers.

An edge ¢ € Gy is called a morphism in € and said to have domain dy¢
and codomain dg¢. For example, id. = syc is called the identity of ¢ € C.

Of course, these kinds of morphisms may not be composed. We will,
however, for any o : A? — C regard d,o as a composition of dyo and dyo
and present o as a witness for it.

A.4.1 The Simplicial Nerve

The above approach to higher categories is essentially equivalent to that
of simplicial categories Cata and stands in close relationship to the latter.
There is a functor, due to Cordier,

¢: SetA — CatA.
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As observed in [DS11], the simplicial category €[S] may be described nat-
urally as a generalization of the free simplicial resolution of an ordinary
category: Ob(€[S]) = Sy and for X,Y € S; the n-simplices €[S](X,Y), are
the (n + 1)-fold bracketings of necklaces in S from X to Y. To explain, a
necklace from X to Y in S is a simplicial map from a pushout, for some
k > 0 and each n; > 0,

FrA™VAM Yy AT S,

where A™ is glued to A™+! by attaching the last vertex n, € A™ to the
first vertex 0 € A™+! so that each f | A™ is a non-degenerate simplex. The
joints J of the necklace are the attaching vertices. The initial joint maps to
X while the final joint maps to Y. An (n + 1)-fold bracketing is a flag of
subsets of the vertices

JC T'C---CT" C (A™VA™ V...V A™),

The face and degeneracy maps are simply given by leaving out or doubling
terms in this flag. Composition is by concatenation of necklaces. More for-
mally, one may also define € first only on simplices A™ and then extend. This
is the approach in [Lur09]

The functor € has three important applications: first, we obtain a notion
of mapping space

Mape(X,Y) = €[C](X,Y) € Seta

for oo-categories C. Secondly, by retaining only the path components, we
may define the homotopy category hC of an co-category C:

he — Objects: Co,
| Morphisms: hC(X,Y) := moMape (X, Y).

An isomorphic category may be constructed by the usual fundamental groupoid
construction [Lur09, 1.2.3.9]. Finally, the functor € admits a right adjoint,
the simplicial nerve

N CatA — SetA,

which is defined as N(%),, = Cata(C[A"], 7).
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That is, an n-simplex of N(%) is a homotopy coherent diagram in % of
shape [n], that is, a map of graphs [n] — % along with various homotopies
between compositions, homotopies between these homotopies, and so forth.
More specifically, N(%)o = Ob(%), N(%); is the set of arrows, and N(%),
is the set of all triples of morphisms (f, g, h) together with a homotopy filling
the triangle

Xz

%

Y

Example A.20 (3-simplices in the nerve). N(%)s is the set of all homotopy
coherent diagrams of shape [3] in €

As usual, we have suppressed arrows like go f, hog, and ho go f in the
figure, but these morphisms will play a role in the following. If this diagram
commutes up to homotopy, then there exist homotopies

a:go f=~i, B:hog~j, y:hogo f~k.
0:hoi~k, e:jof~k.

This just means that the corresponding diagram in Ho(%) commutes. To say
that the diagram is homotopy coherent means more, namely, that there exists
a coherent system of homotopies: In addition to the homotopies «, 3,7, 9, €
above there should exist homotopies (rel JA!)

cx(Bof)=y=dx(hoa).
These are all part of the data of a homotopy coherent diagram of shape [3].

A.4.2 Further Elementary Notions

The most important example of the simplicial nerve construction is the oco-
category & = N(Kan) of spaces, defined as the simplicial nerve of Kan-
complexes with the simplicial enrichment given by ((109)).
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Definition A.21. Morphisms ¢,¢ € €; are said to be homotopic or equiv-
alent in case 0¢p = 01 and there exists o € Cy with do = (sb, ¢, 1).

This amounts to saying that [¢] = [¢] in h€C. A morphism ¢ is called an
equivalence (and source and target are equivalent) if [¢] is an isomorphism
when viewed as an arrow in hC.

Definition A.22. A functor between oco-categories C, D is a simplicial map
f: € —=D. It is said to be a categorical equivalence if:

1. Every d € Dy is equivalent in D to some f(c), ¢ € Co.

2. For any pair of objects ¢1,co € €y, f induces a weak equivalence of
simplicial sets

C[f] - Mape(c1, ¢2) = Mapy (fer, fea).

Definition A.23. Suppose € is an oo-category. Then for any simplicial
set K, the space Homsget, (K, C) is again an co-category and is denoted by
Fun(K, C).

A.4.3 The Join of co-Categories

Let K and L be simplicial sets. Then the join K x L is obtained by putting
K and L next to each other and joining all the simplices of K with those of
L by lines (pointing in the direction of L), thus obtaining a simplex of one
dimension higher. More precisely, setting K_; = {x} = L_1,

(K* L)y =[] K x Ly—p1.
k=—1
The face maps d; : (K * L),, — (K % L),,_1 are given by

d; % id (i <k),

di K XLn__ =
| K P {idxdi_k_l (i > k).

~—

The degeneracy maps s; are given by the same formula — replacing d by s
throughout.
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K = 0A? L=A

We have an isomorphism A? x A7 = A+l The join is obviously a
functor. The non-degenerate n-simplices of K x L are given by all of the
o*7: A" = K x L for non-degenerate simplices A* % K, Ar=*1 L [,

It is not hard to check that the join of two co-categories is again an oo-
category. Moreover, for the classical join of ordinary categories (the disjoint
union of the categories together with precisely one arrow from every object
in € to every object in D) we have

N(€xD) 2 N(€) x N(D).

A.4.4 Overcategories and Undercategories

For ordinary categories, a functor € x [0] — D is just a functor F': € — D
with a co-cone on it and Dp/ = Funp(C « [0], D) is the category of co-cones
from F', an arrow of which may be identified as an object of Fung(Cx[1], D).
If we take € = [0], then this is just the category Dp(), of objects under
F(0) € D. We call D, the category of objects under the functor /', which
may be identified with the comma category {F'} | A for the diagonal functor
A : D — DC. Of course, a colimit of F' is just an initial object in Dpy.

Now suppose f: K — L is a simplicial map and L an oo-category. Then
the oco-category of objects of L under f is

(Lg/)n = (Seta) (K A", L),

where the subscript “ f” indicates that we are considering the subset of sim-
plicial maps K x A™ — L that restrict to f on K. This is indeed again an
oo-category. Moreover, N(Dp/) = N(D)nr), so we have generalized the
classical case. Dually, the co-category of objects of L over f is

(L/f)n = (Seta) (A" x K, L),

175



which is to be thought of as a generalization of the category A | {F'} of
cones to f.

A.4.5 Final and Initial Objects, Limits and Colimits

Let K be an oo-category. An object x € K is said to be final /initial if it is
final /initial when considered an object of the hS-enriched category hK. That
is, x is initial if for each object y € Ky the mapping space €[K](z,y) =~ * is
contractible. Dually, y € K, is final if for all x € K the space €[K](z,y) =~ *.

For oco-categories this is equivalent to the much more usable criterion of
being strongly initial: Every f : 0A™ — K with f(0) = z extends to
A", In other words, the canonical map K,, — K is required to be a trivial
fibration. Strongly final objects are defined similarly and are the same as
final objects.

The full sub-category Kinitiat = K X n(ak) N (MK )initia1) of initial objects
in K is contractible or empty. This is immediate since every 0A™ — K may
be filled. More concretely,

(Kinitial)n = {f : A" = K | £(0), ..., f(n) initial}.

Let f: K — L be a functor of oo-categories. Then a colimit of f is an
initial object of Ly, while a limit of f is a final object of L ;. That is, a
colimit of f consists of a simplicial map

d: K+xA = L

that restricts to f on K having the following property: every map K x 0A™ — L
there exists the indicated extension

K+ A"

N
~N
~N
~N

K+«OA"— =1,

idK*OT /

K x A°

A.4.6 coCartesian Fibrations

Roughly speaking, a coCartesian fibration is a map p : K — L which may be
thought of as a covariant functor F' on L into the fibers of p (which are oo-
categories) satisfying the axioms for a functor up to ‘coherent homotopy’ (in
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detail, F is a simplicial functor €[L] — Cat,,). For each morphism e : z — y
in L one must present a sensible ‘functor’ L, — L,. The functor F is de-
fined by ‘fiber transport’, that is, it associates to an initial point a € L,
the endpoint of a ‘lift” of e. Of course, this endpoint should be unique up
to contractible choice, so we need to choose special kinds of lifts that will
guarantee this. The allowed choices for lifts are the p-coCartesian edges:

Suppose p : K — L is an inner fibration. An edge e € K; is said to
be p-coCartesian [Lur09, 2.4.1.4] in case for each n > 2 we may always find

fillers as indicated:
A{01}

AP—~ K

7
7
l ! :
Ve
Ve

A" —— L.

Example A.24 (Joyal / Theorem 1.2.4.3 in [Lur09]). Let p: € — A® be an
inner fibration. Then a p-coCartesian edge is precisely an equivalence in the
oo-category C.

Definition A.25. An inner fibration p : K — L is said to be a coCartesian
fibration if there is a sufficient supply of p-coCartesian edges: for every f € L,
and every k € K there exists a p-coCartesian edge e € K; beginning at k.

Fiber transport along p-coCartesian edges of a coCartesian fibration p :
G — D determines a functor

hD — Ho(SetA),

which on objects is given by taking d € D to the fiber p~1(d).

Remark A.26. A characteristic of the co-category approach to higher cat-
egories is that coherence conditions are encoded by lifting properties and
not made explicit (as, for example, for simplicial categories). Structure is
presented as a (co)Cartesian fibration p : € — K and the shape of K
determines the kind of structure we are dealing with. Under an abstract
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(un)straightening construction, p corresponds to a simplicial functor indexed
on a simplicial resolution €[K] of K, and the data here is explicit.
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