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Abstract

We develop the theory of differential cohomology with local coefficients. We formulate it
within the axiomatic approach introduced by J. Simons and D. Sullivan. We prove de Rham
theorem for invariant forms valued in local systems. We construct twisted differential char-
acters, generalizing the original construction by J. Cheeger and J. Simons, and serving as a
model for the twisted cohomology. We prove essential uniqueness of the twisted character
functor. Finally, we conjecture that twisted differential characters of arbitrary degree form
a stack over the category of smooth connected based manifolds. We prove the assertion for
degree-2 twisted differential characters.
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Introduction

Differential cohomology theory |[HSO05| provides a natural differential enhancement of the
singular cohomology of manifolds. It grew out of the classical subject of differential characters,
which already appears in the seminal work of Cheeger and Simons |[CS85|. It has a well-known
axiomatic characterization due to Simons and Sullivan [SS07| as a simultaneous extension of
singular cohomology by “nonintegral” differential forms and of integral differential forms by
circle-valued cohomology which fits into a hexagonal character diagram. Together with the
four maps defined by that diagram, it forms a so-called character functor — a notion which
enhances that of contravariant functor from the category of smooth manifolds to that of
graded abelian groups. The axiomatic characterization given by Simons and Sullivan fixes
this functor up to unique natural isomorphism, thus giving an abstract description of Cheeger-
Simons characters.

Differential cohomology theory has numerous applications to manifold topology and math-
ematical physics. In the second realm, it allows for a convenient description of higher rank
gauge fields which arise in various physical models pertinent to supergravity, string theory and
topological field theory and turns out to be useful in problems pertaining to their quantization
(see, for example, |Szal2|).

In this thesis, we generalize differential cohomology theory to produce a natural differential
enhancement of the singular cohomology of manifolds with local coefficients. This generalized
theory, which we call differential cohomology with local coefficients, arises in mathematics
and physics problems which depend on systems of local coefficients — such as the study of
various versions of higher gauge theory which involve certain types of nonabelian gerbe twist.
Such situations abound in supergravity, string theory and topological field theory and have
deep connections with topological problems of “non-principal type” — i.e. those where the
fundamental group of a manifold plays a crucial role and hence forces the use of non-principal
obstruction theory |[Bau06]. One of the simplest classes of examples of this kind is provided
by weakly-abelian gauge theories — defined as those ordinary nonabelian gauge theories whose
structure group is weakly abelian in the sense that its Lie algebra is abelian (such a Lie group
is generally disconnected and it is necessarily an extension of a discrete group by a connected
abelian Lie group). As shown in [LS22|, weakly-abelian gauge theories play a crucial role
in the self-dual formulation of N=1 supergravity theory in four dimensions and hence are
of major interest for the problem of classifying configurations and solutions of such theories
(including solutions of so-called “U-fold type”). In the application to N = 1, supergravity,
the relevant structure group is an extension of an even-dimensional torus group U(1)?" by a
so-called modified Siegel modular group Sp(2n,Z), a certain arithmetic group which contains
the ordinary modular group Sp(2n,Z) as a subgroup. Irrespective of any physics applications,
this generalization of differential cohomology is mathematically natural and bound to have
numerous applications to various problems in manifold topology.

Below, we provide an axiomatic characterization of differential cohomology with local
coefficients which extends the Simons-Sullivan characterization of ordinary differential coho-



mology. We also give an explicit construction of this theory using an appropriately “twisted”
version of Cheeger-Simons characters, which depend on a choice of a local coefficient system
on the underlying manifold. After giving the proofs of functoriality, essential unicity and
existence of this theory (the last of which is by construction of the twisted Cheeger-Simons
characters), we show that twisted differential characters of degree two form an appropriate
stack over the category of manifolds; this generalizes a result proved by Lerman and Malkin
|[LMO7| for ordinary differential cohomology. We then discuss some applications, focusing on
the motivating example of Dirac quantization in weakly abelian gauge theories and briefly
point out some connections to problems in physics and number theory.

The thesis is organized as follows. briefly recalls the definition of Cheeger-
Simons characters |[CS85| and the axiomatic characterization of ordinary differential coho-
mology due to Simons and Sullivan [SS07]. discusses differential cohomology with
local coefficients. The chapter starts with a brief review of cohomology with local coefficients.
explains the precise sense in which such a cohomology theory is functorial while
discusses twisted de Rham cohomology for forms valued in a local coefficient
system and proves a corresponding version of the de Rham theorem.

introduces and studies the twisted character functor, which generalizes the
ordinary character functor of [SS07] to differential cohomology with local coefficients. After
showing that twisted differential characters provide such a functor, we prove in
the relevant essential uniqueness theorem for differential cohomology with local coefficients.
In give a cohomological description of twisted differential characters in terms of
an appropriate presheaf of cochain complexes, which generalizes a similar description given
by Hopkins and Singer for ordinary differential cohomology [HS05]. Using the presheaf of
cochain complexes, in we constuct an appropriate double complex on the Cech
nerve of an open cover, and we prove that its total cohomology classifies twisted differential
characters of degree-2 on the covered manifold. This amounts to the effective descent of the
respective cocycle category, or in other words — “stackiness” of twisted differential characters
of degree-2. The generalization to arbitrary natural degree is conjectured. Some of our results
require restrictions on the coefficient group of the local coefficients, which we state explicitly.
Finally, discusses briefly a few applications that illustrate the general theory. In
particular, in we show how the theory of twisted differential characters applies to
weakly-abelian gauge theories.



Chapter 1

Ordinary Differential Characters

We assume every manifold and every map between manifolds to be smooth. We will denote by
C, the graded abelian group of smooth singular chains, and by Z,, B, its respective subgroups
of smooth singular cycles and smooth singular boundaries respectively. We make use of the
fact, that there is a chain homotopy equivalence between the complex of smooth singular
chains and the complex of continuous singular chains |Lee00, Ch. 18]. We will denote by
Ab” the category of graded abelian groups.

Definition 1.0.1. Let M be a manifold. The graded subalgebra 5, (M) C Q°*(M) of differen-
tial forms with integer periods is composed of those closed differential forms, whose integrals
over every cycle lie in Z. That is,

QM) = {we (M) |dv=0AVce Zk(M):/weZ}. (1.1)

C

Remark 1.0.2. By de Rham’s Theorem, the classes [w] € Q& (M)/dQF"1(M) are in isomor-
phism with the image of i, : H*(M,Z) — H¥(M,R) in singular cohomology, induced by the
coefficient morphism ¢ : Z < R.

Lemma 1.0.3. The map ¢ : Q*(M) — C*(M,R/Z) given by

t(w)(c) = /w mod Z (1.2)

C
18 an injection.

Proof. Suppose 0 # w € kerv. Then w(p) # 0 for p in some coordinate chart (U, ¢). In local
coordinates ¢ = (z!,...,2") on U, the form w is expressed as

w(z) = f(z)da™ AL .dat 4 ... (1.3)

Without loss of generality, we may assume that f(p) # 0. By the continuity of f, there exist
0 > 0 and ¢ > 0 such that we can fit an n-cube

K={z:]|2) —p|<e, 1<j<dimM} CUN{z:|f(z)] =3} (1.4)
Consider a smooth k-simplex o : A¥ — M defined in local coordinates as

o(tl,.. ) =7 (ph, .. p L pit et ph L T i o eth ). (1.5)



Clearly, o(A¥) C K. The pullback of w calculates as

ofw = (focr(t))z-:’g dtt AL AdER. (1.6)
We obtain
/w:/(foo(t))ekdtl/\.../\dtk. (1.7)
o Ak
Since | f o o(t)| > & on A, we get an estimate
k
€
g
Combining this with another estimate
ok
\/ < s @), (19)
reK
which is finite by the compactness of K, we conclude that for sufficiently small € > 0:
0< ‘/w' <1, (1.10)
g
which contradicts the assumption that the value of any such integral lies in Z. O

Corollary 1.0.4. In|Definition 1.0.1| one does not have to assume the closedness of w.

Proof. Let w € QF(M) be such that

Ve e Zp(M) : /w €Z. (1.11)

C

Then, by Stokes Theorem, for any ¢ € Cyy1(M) we have

/w = /dw €Z, (1.12)
oc! c

and thus, dw = 0, by an argument similar to the one leading to|1.10 O

Definition 1.0.5 (JCS85|). Let M be a manifold. The abelian group differential characters
of degree k € Z~q is defined as

H¥(M,R/Z) = {f € Homy(Z_1(M),R/Z) | Jwy € Q*(M) : fod = (wy)}.  (1.13)
That is, for any ¢ € C(M) we have

f(0c) = /wf mod Z. (1.14)

[

It is clear from the construction that wy € Q%(M ). [Lemma 1.0.3|implies that wy is uniquely
determined by f. Moreover, the assignment M +— H¥(M,R/Z) is functorial. Indeed, for a
map h : M — N we have

Vi€ HY(N,R/Z): foh,od=fodoh,=1t(wy)oh.=t(h*wy). (1.15)



Definition 1.0.6 ([SS07]). A character functor is a 5-tuple (G*, iy, i2,81,82), where
G* : Man®® — AbZ, (1.16)

and 141,19, 01,02 are natural transformations rendering the following character diagram com-
mutative, and its diagonal sequences exact for each k € Zq:

O\Hkl
/

(-, R/Z) y HY(- L

\/
/\

Qk 1/Qk 1

HF— 1 ,R)

The maps «, B,r are obtained from the long exact sequence

Lo HR,Z) D HE(R) S HE(- R/Z) S B2y > (1.18)

associated to the coefficient short exact sequence of abelian groups 0 -7 — R — R/Z — 0,
and (,d, s are defined as follows. The map (5-by

N R) = HEZN() — QFdok—2 - ot /as ! (1.19)

using de Rham Theorem, and the fact that dQ*—2 C QZ‘I. Since dQ%_1 = 0, the de Rham
differential is well-defined on classes in Q¥~1/ Qg_l. Finally,

5: Q8 < kerd® — kerd*/d0F ! = HEL (1) S HE(-R). (1.20)

Proposition 1.0.7 (|SS07|). The differential characters H® substituted for G* fit into the
character diagram, and, as such, form a character functor together with appropriate natural
transformations iy, 19, 01, 62.

Proof. Fix a manifold M and let f € flk(M, R/Z). We begin by defining 01(f) = wy.
Naturality of this assignment follows from For surjectivity, let w € Q% (M) be arbitrary.
Define

fle) =

{L(w)(b) ¢ =0be By (M) 1.21)

0 otherwise.

Then, §;(f) = w. Since R/Z is a divisible group, and thus an injective abelian group, Universal
Coefficient Theorem asserts

H*Y(M,R/Z) ~ Homgz,(Hy—1(M),R/Z). (1.22)

Therefore, by the left exactness of the left hom-functor, the canonical projection in the short
exact sequence

0— Bk,1<M) — Zkfl(M) —» Zkfl(M>/Bk,1(M> = kal(M) —0 (123)



induces the inclusion
HY(M,R/Z) ~ Homy (Hj,_1(M),R/Z) < Homy (Zy_1(M),R/Z). (1.24)

This gives the map i1 : H*'(M,R/Z) — H¥(M,R/Z). Indeed, by construction for any
[r] € H*=Y(M,R/Z) and any 0b € By_1(M) we have
i1([r])(0b) = dr(b) = 0. (1.25)

Therefore, by Universal Coefficient Theorem and the left exactness of the hom-functor, the
image of i; corresponds to differential characters with zero curvature. In other words, im(i;) =
ker(d7).

The restriction

res : C*~1(M,R/Z) = Homgz,(Cy_1(M),R/Z) — Homg (Zx_1(M),R/Z) (1.26)
composed with ¢ gives a map
reso: QM) — Homy,(Zx—1(M),R/Z), (1.27)

whose kernel is composed of those (k — 1)-forms, which integrate to integers on cycles. This is
precisely Q%ﬁl(M) dCorollary 1.0.4[). Note that, by Stokes Theorem, for any db € By_1(M),
we have

(res o ¢)(w)(0b) = t(dw)(b). (1.28)
Thus, res o ¢ defines a map to H¥(M,R/Z). We define iy as its factorization through
QF=1(M)/ Q]%_l(M ), which is manifestly injective. Moreover, m proves commutativity of

the bottom triangle in
In order to define d2 consider the following diagram:

R s R/Z
RN
Cr_1(M) (1.29)
F I f
Zy—1(M).

Given f € H*(M,R/Z), we use the fact that Zj_,(M) is a free abelian group to lift f to f
Then, we use the injectivity of R as an abelian group to factor f through Cy_1(M), and we
call this factorization T'. Observe that for any ¢ € Ci(M) we get

6T (c) mod Z = T(d¢) mod Z = f(dc) mod Z = f(dc) = t(wf)(c) = ws(c) mod Z, (1.30)
where after the last equality we treat w; as a cochain given by integration, i.e.,
W > (c — /wf). (1.31)

Therefore, under this identification, wy — 071" € C*(M,Z) and it is closed, since wy is closed.
Indeed, by de Rham Theorem, the cochain associated to w; is closed if and only if wy is
d-closed. Moreover, if T” is another map making commutative, we compute

(T =T, an=Ff-f=0 = T-T=dd de C*2(M,R). (1.32)

10



Here, we used Universal Coefficient Theorem to infer from T'— 7" = 0 in Homy, (H k—1 (M), ]R)
the equality [T —T"] = 0 in H*=1(M,R). If we pick a different lift f’, we get f' — f mod Z =
f—f=0,s0f—f = C‘Zk—l(M) for some ¢ € C*~1(M,7Z). We conclude that in general

T-T=6+c = 6T-T)=/dc (1.33)

This means that the cohomology class [wy — 0T € H*(M,Z) depends only on f. We define
d2(f) = [wy — 6T].
To see that it is surjective, let [u] €  HF(M,Z) be arbitrary. By

Remark 1.0.2] there exists w € QF (M) with [w] = i, [u] under indentification by de Rham’s iso-

morphism. Then, since [w—i,u] = 0, for any representative u, the cochain w—i,u € C*(M,R)
is exact, so we can find T € C*~1(M,R) with 6T = w — i,u. By postcomposing the restricted

cochain T‘Zk,l(M) with the natural projection R — R/Z, we obtain

f € Homg (Zp—1(M),R/Z), fod=(w), (1.34)

a differential character, which satisfies d2(f) = [u]. Indeed, we have w — 6T = i, u by con-
struction.
Now, suppose d2(f) = 0, that is [wy — 7] = 0. Since dT is exact, using de Rham Theorem,
we infer that

30 € QFY(M) 2 db = wy, (1.35)

and
Je € C* Y (M, Z) : wy — 6T = be. (1.36)

We calculate 6(f — T — €) = 0, so there exists ¢ € Z¥~1(M,R) such that
0—-T—-e=C(. (1.37)
By de Rham Theorem we can find

pe Y M): (6-T—¢ (1.38)

)|Zk,1(M) - ¢}Zk71(M)'

We have T‘Zk,l(M) =(0—-¢— 6)‘Zk,1(M)' By postcomposing both sides with the natural
projection R — R/Z, we obtain f = 1(0 — qb)}zk,l(M) =1(0 — ¢)‘Zk,1(M) =iy(0 — @), as e
is Z-valued. Hence, f € im(iz). We conclude that both diagonal sequences are exact. We
proceed by checking commutativity of the left side of the character diagram.

Since 75 was defined as a factorization of res o ¢ through the quotient by its kernel, let
[r] € H*=1(M,R) and let us pick a representative w € QF~ (M) of B([r]) within the class
in QF1(M)/QE1(M). Then, (iz o B)([r]) = (res o t)(w). Using Universal Coefficient Theo-
rem, we identify o with

HY(M,R) ——* H*Y(M,R/Z)

l: l: (1.39)

Homy (Hy—1(M),R) ——— Homg (Hy_1(M),R/Z)
Now, it follows from de Rham Theorem that
(resot)(w) = pr* o mi([r]) = (i1 0 @) ([r]), (1.40)

11



where pr: Z_1(M) — Hy_1(M) of [1.23] was used to define ;.

We already showed under [I.28|that the bottom triangle commutes. The top triangle commutes
by the construction of d above, where taking f € im(i;) implies wy = 0 by exactness of
the diagonal sequence in [1.17, and we recover the usual connecting homomorphism —B.
Finally, the right side of the diagram commutes by since, by construction,
r(62(f)) = r(wy — 6T)) = [wy] € H¥(M,R). The naturality of §; follows from The
map 49 is a natural transformation by the change of variables formula for integrals. Pullbacks
and pushforwards induce natural transformation for groups of cochains, hence ; is a natural
transformation. Finally, do was built using universal constructions, so it is also natural. [

A~

Theorem 1.0.8 (|SS07|). For any character functor (G®,i1,i2,01,02) there exists a unique
natural isomorphism ® : G* — H*( - ,R/Z), which commutes with identity transformations
on all other functors in the diagram. In other words, the diagram formed by two charac-
ter diagrams—corresponding to G* and H*—connected with identity transformations and ® is
commutative.

We do not provide the proof, which we are about to generalize in

12



Chapter 2

Differential Cohomology with Local
Coefficients

There are numerous equivalent approaches to cohomology with local coefficients. In this
thesis, we adopt the so called “modular approach”. For a broader overview of cohomology
with local coefficients and the proofs of equivalence see [Hat02} 3.H.].

Definition 2.0.1 (|[DKO01, Ch. 5.|). Let m1(M) = 71(M,q) be the fundamental group of a
connected based smooth manifold (M, g). Denote by Zmi (M) the induced group ring and let
A be a left Zmi(M)-module. Consider the universal covering

p: M—M (2.1)

and a smooth singular chain complex Cy(M). Note that Cy(M) carries a natural structure of a
left, Zm; (M)-module: for o € Cy(M) and g € 71 (M), we define g-o as ©(g)oo € C®°(A¥, M),
where © : 71(M) = Deck(p) is the canonical isomorphism [Hat02, 1.3.]. This can be extended
to a Z-linear map. Importantly, the action of Zm; (M) commutes with the boundary operation
d on Cy(M). This makes it possible to define the cochain complex

C*(M; A) := Homg, (ar) (Co (M), A). (2.2)

The cohomology of this complex is called the cohomology of M with local coefficients in A
and is denoted by H®*(M;A). We will also denote by Z*®(M; A) the subcomplex of closed
cochains, and by B®*(M; A) the subcomplex of exact cochains.

Remark 2.0.2. If we wish to emphasize the homomorphism p : 71 (M) — Autz(A) making
the abelian group A into a Zm;(M)-module, we write H*(M; A,), and call it the cohomology
of M twisted by p. If p is the trivial homomorphism, the map py : Co(M) — Co(M) induces
a chain isomorphism Homg (C,(M), A) = Homgz, (v (C’.(M ), A), since Deck(p) acts freely
and transitively on the fibers of p. Therefore, in this case, H*(M;A,) becomes the usual
cohomology of M with coefficients the abelian group A.

Lemma 2.0.3. Let '
0—-AS AL A/A =0 (2.3)

be a short exact sequence in Zmi(M)-Mod. It induces a long exact sequence in cohomology of
M with local coefficients

= HEY(MAJN) = HE (M A) — H¥(M; A)— H¥(M; AJ/A) — HEY (MG A) — o (2.4)

13



Proof. Since the maps i, p are Zmi(M)-maps, they induce chain maps between the respective
cochain complexes. Moreover, the chain maps form a short exact sequence, because each
Cr(M) is a free Zmi(M)-module. We have

0 — C*(M;A) — C*(M; A) — C*(M; A/A) — 0. (2.5)

Hence, we obtain the long exact sequence in cohomology associated to the sequence of com-
plexes [Wei94, 1.3]. O

2.1. Functoriality

From now on, we assume all manifolds to be connected. In particular we will denote by Man,
the category of based connected manifolds. One can extend the action deck transformations
trivially to other connected components of M, but if the homomorphism p : (M) — Autz(A)
is nontrivial, there is an isomorphism

I‘IOIHZ7Tl (M) (C.(M), A) ~ I‘IOHIZﬂ.1 (M) (C. (M*), A) N (26)

where M, is the universal covering of the connected component of the chosen ¢ € M. This
makes the extension to disconnected manifolds uninteresting. In order to describe the functo-
riality of H®, note that for a fixed based manifold (M, ¢q), any morphism of Zm (M )-modules
¢ : A — B, induces a chain map

Homy,, a1y (Ca(M), A) £ Homy,, vy (Ce(M), B), (2.7)

and thus, a morphism in cohomology. Therefore, each based manifold (M, q) corresponds to
a functor
Fyr: Zmy (M)-Mod — AbZ. (2.8)

Let (M, qn) — (N,gn) be a map of based manifolds. By the lifting property of universal
coverings [Hat02| 1.3.], there exist functors

(-): Man, — Man, : (M, qur) — (M, Gur), (2.9)
parametrized by the choice of Gy € p~!(qar). However, under the composition Cy o (T), any
two such functors are naturally isomorphic via an appropriate deck transformation. Moreover,
we can make use of the functor Zmi-Mod : Manl®? — Cat, which sends a map of based
manifolds f : (M, qn) — (N, qn) to the functor

Zmi-Mod(f) : Zm1(N)-Mod — Zm(M)-Mod (2.10)

defined as the restriction of scalars for the morphism Zm (f) : Zm (M) — Zm(N). We argue
that the map f gives rise to a natural transformation

Fy 228D B 7 Mod(f). (2.11)

Pick A € Zmi(N)-Mod. We define

Homz, v (Co(N), 4) 224 Homg, (1) (Co(M), Zmi-Mod(f)(A)) (2.12)

by setting B
§(N)a)(o) = ¥(fs0) € Zm-Mod(f)(A) (2.13)

14



for ¢ € Ci(M). To check equivariance we take g € 7 (M) and compute

E(£)a(W)(On1(9)40) = ¥(fiOn(g)+0) = ¥((f 0 Onr(g))s0)
= P((On(m()9) o [):0) = ¥(On(m()(9)fro) = m(f)(9) - ¥(fe0),

where we used the lifting property of universal coverings again. By functoriality of Zm1-Mod,
for any ¢ € Homgz, (n)(A, B) the diagram

(2.14)

Homgzz, () (Co(N), A) 22 Homy,, 1) (Co(N1), Zm-Mod(f)(A))

lgo* l(Zm-Mod( NE))- (2.15)
Homgz, () (Co(V), B) 222 Homy,, (1 (Co (M), Zm-Mod (f)(B))

is commutative, so &(f) is indeed a natural transformation. It is also clear that each £(f)a
is a chain map. Therefore, one can apply the chain cohomology functOIE| HE to obtain the
desired transformation. With the above data, we can construct a functor. Let

/ Zmi1-Mod (2.16)
Man3P

be the category of elements of Zm-Mod. That is, a category whose objects are pairs
((M,q), A) with (M,q) € Man and A € Zm-Mod((M, q)) = Zmi(M)-Mod, and whose
morphisms are pairs

(fv QO) : ((Na QN)aB) - ((M7 qM)aA)v (217)

where f € Hompganor (N, qn), (M, qrr)) and ¢ € Homy, (ar) (Zm-Mod(f )(B), A). From
now on, we will use the bar notation to denote morphisms in the opposite category. The law
of composition in [y, ep Zw1-Mod is the following: for

(h, ) = (M, qnr), A) = ((N,qn), B) (2.18)
and
(fa 90) : ((Na QN)vB) — ((Pa QP)ac) (219)
we set
(f,) o () = (f o h,p 0 Zm-Mod(f )(¢)). (2.20)

Finally, let us define the functor
H / Zmi-Mod — AbZ. (2.21)
ManP

We already know the definition on objects. We set

H(f, ) = wx0 HY(E(f)B) :

H3,(6(f)B)

2.22
Hy(N; B) 222 e (0, 2, Mod(F)(B)) £5 HY (M A). 22

Obviously, H(id(ar,q),1da) = idH(;(M;A)- The preservation of composition can be stated as
follows:

(¢ 0 Zm-Mod(f )(v)) 0 H& (E(f 0 h)a) = s 0 HE (E(f)B) 0t 0 HE (E(R)a).  (2:23)

Not to confuse with the cohomology functor being described.

15



This reduces to

a(E(f)B) 0 Y = Zm-Mod(f )(¢) © H&, (E(f) zry-Mod()(4)) (2.24)

which is precisely the naturality condition for HE (5( f)), which we have already proved.
Therefore, we have given the cohomology with local coefficients a functor structure. However,
the functor structure described above does not yet exhaust the topological content. Let us fix
(M,q),A) € Jntance Zm1-Mod. Tt makes sense to define H*(U; A) for U € M as cohomology

of Homy, (ar)(Ce(p™(U)), A), where the action on o € Cx(p~'(U)) is
g-o= @(g)|p_1(U) oa. (2.25)

This is well defined, because p o ©(g) = p for any g. In other words, the action by deck
transformations preserves fibers. Moreover, a map i : V < U gives rise to the inclusion

p~ (V) = p 1 (U), (2.26)
which induces a Zmi(M)-equivariant chain map
Colp 1 (V) 2 Cu(p 1 (U)). (2.27)
Using [2.27] we define the cochain map
C* (U3 A):=Homg,, (1) (Co(p™ " (U)), A) 5 Homg,, (ay (Co(p™1(V)), A) = C*(V; A). (2.28)

Also, it is obvious that for

whvSu (2.29)
we have (i o0 j)* = j* oi*. Applying H3, we obtain a functor Top(M )P — Ab?%, where
Top(M) is the category of open subsets of M and inclusions. We will refer to this structure

as the presheaf structure. The crucial observation is that the two functor structures are
compatible, in the following sense. Let

(]Ea 30) : ((NaQN)vB) - ((M’qM)’A)7 (230)

and take any open V' C N. Examining and [2.13] we see that £(f)4 restricts to

%Homzm(m (Co(/ o' (V). Zm-Mod(f)(4)) (231

= Homg, (ar) (Ce (P37 (f1(V))), Zmi-Mod(f)(4)),

Homy,, (N) (Co (pj_\fl (V). A)

where pyr, py denote the respective universal covering maps. Moreover, upon restricting the
actions of Zmi (M) and Zm(N) as in the restrictions &(f) A‘V compose a natural trans-
formation in the sense of and the restriction of to open V preserves compositions.
Thus, we have just obtained an extension of the functor Hj. That is, together with H*(U; A)
for open subsets U C M, a collection of maps

as, (ehsl,)

H3(f.)v - H*(V; B) H*(f7'(V): Zm-Mod(f )(B)) (2.32)
5 H(f7H(V); A),
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which preserve compositions in fM noP Zm1-Mod. This seemingly chaotic structure will be

fitted neatly once we establish the following. Let jy : V < U and jas : f~4(V) < f~1(U) be
inclusions of open sets in N and M respectively. Then, the following diagram is commutative:

HY(U; B) — 2 Ho(V; B)

lH‘ feu lHa(f_m)v (2.33)
i3 o i
H(f71(U); A) —= H*(f~1(V); A).
This simply follows from f ‘ 1wy © iv = jnof } ) In consequence, the collection

{H(f, ©)U YueTop(ar) forms a natural transformation between the two presheaf structures
on N and M respectively. The above is precisely the necessary data to construct a functor

H*: / Zm1-Mod x Top®® — Ab?, (2.34)
ManyP

where the domain is the category of elements of the product functor Zm-Mod x Top°P. The
functor
Top°? : Man{® — Cat (2.35)

has the object component (M,q) — Top® (M) and for any f : (M,qm) — (N,qn) the
corresponding functor Top®P( f ) is defined by
P(N

YV € Top®?(N) : Top®?(f)(V) = f~1(V) € Top®* (M), (2.36)

and
¥j € Homigopon () (U, V) : Top®®(F)(j) =/~ (j) € Hommapen(n) (/" (U), f71(V)). (2.37)

The functoriality is obvious. The objects in fM an®? Zm1-Mod x Top®? are triples ((M ,q), A, U )
where ((M, q), A) € fMani)p Zm1-Mod and U € Top°? (M, q). The morphisms between
((N, qN),B,V) and ((M, qm), A, U) are triples (f,, j) such that

(fa 90) € HomeanS;P Zm1-Mod (((N’ QN)v B)v ((Mv QM)v A))7 (238)
and B -
j € Hompaper(ary (Top™ (£ )(V), U) = Homgeper(any (f 1 (V), U), (2.39)
corresponding to an inclusion j : U < f~1(V) in M. The composition is as follows: for
(}71/,’(7&,;) : ((M7QM)’A7U> — ((N7QN)7va) (240)
and o
(fagov.j): ((N,QN),B,V>—>((P,QP),C,W), (241)
we set
Fopd) o () = (Fo oo ZmMod(1)(w). J o Tp™(1)D)
= (foh,poZm-Mod(f)(¥),jo f7'(i)). |
We define the object component of H® by
H*(U; A) = H*((M, q), A, U) = H3,(C*(U; A)). (2.43)
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On morphisms we set

H*(f,0.5) =" 0w o HY(E(F)B|) =" 0 H (f.0)v :

o(F . 2.44
H*(V; B) ZLE0 (57 (V) 4) L HA(U; A). o

Clearly, H®(id(as,q),1da,1dps) = idge(ar;4)- The preservation of composition follows from
Indeed,

H*(f o h, o0 Zm-Mod(f)(v),j o f(i

= j* o f7M(i)* o H3(f o h,p 0 Zmi-Mod(f ) (v))
=j*o f7Hi)* o Hy(f, @)1y © Hy (h, ) (2.45)

= j o H3(f,p)v o i o H(h,1)

This completes the construction of the functor structure of cohomology with local coefficients.

2.2. Differential Forms Valued in Zm; (M )-R-Bimodules

Note that the differential graded algebra of differential forms Q®(M) admits a right action of
m1(M) defined by w - g = O(g)*w, which extends to a right action of Zm;(M). Suppose A is
an Zm (M)-R-bimodule. In other words, a real vector space equipped with a linear left action
of Zmy(M). Then, the differential graded algebra of A-valued differential forms Q°*(M) @r A
can de viewed as a Zm(M)-module in two ways—with respect to the first and the second
component. Moreover, these two actions commute. Therefore, it is natural to give

Definition 2.2.1. The graded abelian group of Zm (M )-invariant A-valued differential forms
is defined as R ~
O (M; A) == Q*(M; AP M) C O (M) op A (2.46)

satisfying
Z@(g)*wi ®R a; = Zwi ®R G- a; (2.47)
i i

for every g € m(M). We define a differential d® : Qf(M;A) — QT (M;A) as a linear
extension of
d(w @R a) = d(w) R a. (2.48)

We check its well-definedness using the fact that the de Rham differential commutes with
pullbacks:

O(g9)" dw ®r a = (dO(9)*'w) ®r a = d(O(9)*'w®r a) =d(wRr g a) = dw Qg (g-a). (2.49)

Clearly, d*> = 0 which makes Qf(M; A) into a cochain complex. We will call its cohomology
the twisted de Rham cohomology with values in A, and denote it by H3p (M;A).

We make invariant module-valued differential forms into a functor fManop Zmi-Mod — Ab”

in a similar fashion. First, we observe the functoriality Zmi(M)-Mod > A s Qf (M; A) for a
fixed M. Then, we check that for each map f: M — N and every

D wi@rbi € Q}(N,B), (2.50)
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the form . )
> frwi ®g b € Q°(M) ®g Zm-Mod(f )(B) (2.51)

is invariant under Zm; (M), because

Vg € m(M): foOn(g) = On(m(f)(9)) o f (2.52)

(cf. [2.14). Therefore, by applying ¢, : Qf (M;Zm—Mod(f)(B)) — QF(M; A), we complete
the construction. Since both of the above operations commute with the differential, the
functoriality descends to the twisted de Rham cohomology, which gives a functor

HS 4 - /M ,, Zm-Mod — AbZ. (2.53)
an,

Note that again, any choice of (~) functor yields the same algebra of differential forms, up to
an isomorphism. To introduce the presheaf structure, we define H3, (U; A) as cohomology of

QU A) = Q* (p (U); AP D), (2.54)

where the action on differential forms is w - g = @(g)‘;,l(U)w. For i : V < U, the restriction
map ¢* is an equivariant cochain map. Indeed, one has

@(9)’;—1(‘,)1'*00 = i*@(g)‘;_l(U)w, (2.55)

as a consequence of po ©(g) = p. This way we gave the invariant forms a presheaf structure.
Essentially by repeating the reasoning used for cohomology with local coefficients, we obtain
the functor structure

HSg /M . Zm-Mod x Top® — AbZ, (2.56)

Note that the constructions of H® and H 3y are practically the same, with cochain maps arising
from chain maps being replaced with pullbacks. From now on, we will adopt a shorthand
notation w ®g a when denoting a general invariant form in Q°*(M) @g A.

Lemma 2.2.2. For a fized manifold M and a w1 (M )—R-bimodule A, the invariant A-valued
differential forms QY (- ; A) form a sheaf on M.

Proof. Let {O;}icr be an open cover of M. We shall show that Q} satisfies locality and gluing
axioms. Consider a collection of forms

wi ®r a; € Of (0; A), (2.57)
which agree over the intersections O;; = O; N Oj:

resgjj (wi ®r a;) = resgfj (w; ®r a;), (2.58)

where resg = j* with j : V < U. Gluing axiom states that there exists a form
wRra € Q{“ (M; A) which restricts to w; ®g a; over O;. The locality axioms states that
such a form is unique. But since w; ®g a; represent finite sums of tensor products of k-forms

and vectors from A:

m;
wi®ra =Y wOra, w€Q(p(0)) dl€ A, (2.59)
=1
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we have

m; m;

-1 0; -1(0.
ZE resﬁ,lgoij)_)(wzl-) QR ak = lg resi,lgozj)) (wé) ®R aé (2.60)
—1 =1

for all 7,5 € I. It follows that m; = m;, and up to a permutation

resg! (wf) ®p a} = resy)] (W) @r df. (2.61)

Now, using the fact that Q° forms a sheaf on M, we know that there exists a unique form
w®ra € QF(M; A) (2.62)

restricting to w; ®r a; over O;. What remains to show is that this form is invariant. By
assumption, for every g € w1 (M), upon restricting to each O;, the forms ©(g)*w ®g a and
w QR ¢ - a agree. But using locality of Q® we infer that

O(g)'wRra=w®rg-a (2.63)

over entire M. ]

2.3. Twisted de Rham Theorem

Theorem 2.3.1. If A is a Zm (M )-R-bimodule injective as a Zmi(M )-module, the twisted de
Rham Theorem holds:
H*(M;A) ~ Hig(M; A). (2.64)

Proof. Injectivity of A implies the isomorphism H*(U; A) ~ Homg,, () (He(p~(U)), A) in

the Universal Coefficient Theorem for any open U C M. Now we are able to define a map

HE(U; A) 5 [w®a] v <Hk(p1(U)) > [c] — /w ®Qra € A) e H*(U; A). (2.65)

We check its well-definedness. The integral is defined as

/w@Ra::(/w>®RaeR®RA2A. (2.66)

c c

Its value does not depend on the choice of a representative of [¢] by Stokes Theorem. For
the same reason, it only depends on the class [w ® a] € HA; (U; A). It remains to see that
F([w ® a]) is Zm1(M)-equivariant. This is demonstrated in the following calculation:

/w@Ra: / w®Ra:/9(g)*w®Ra:/w®Rg'a. (2.67)
g-c O(g)oc c c

In order to prove that .# is an isomorphism, we refer to the proof of the ordinary de Rham’s
Theorem in [Parl7]. We start by proving that both cohomologies considered here fit into
Mayer-Vietoris sequences. Consider the sequence

Celp (U NV)) S Culp  (U) @ Chlp (V) S Crlp " (T UV)), (2.68)
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where a(o) = (0,—0) and [(01,02) = 01 + 02. It is clear, that «, are equivariant, and
using the property p~ 1 (UNV) = p~{({U)Np~ (V) as well as p~ (U UV) = p~H(U)Up~1(V),
we can apply the standard argument for exactness of the above sequence. This allows us to
construct the Mayer-Vietoris sequence

.= HY(M; A) — HYU; A) @ HEY(V; A) = HYUNV; A) — HYY(M; A) — ... (2.69)
Now, we turn to the sequence

)

U UV) T g0y s o (v) LY v n v, (2.70)

where ip : T < UUV, T € {U/V}and jr : UNV —= T, T € {U,V}. Note that
2.70] is a sequence of subcomplexes of vector valued differential forms. We know that on
full complexes the sequence is exact, since vector spaces are flat modules. Therefore, the
map (i};,4j,) is an injection as a restriction of such. For surjectivity of jj; — ji, we give
the explicit form of the preimage. For a smooth distribution of unity py, py on U UV, let
pu = pu op and py = py o p form a smooth partition of unity on p~1(U U V). Then we
have w ®r a = (ji; — ji/)(Wu ®r a,wy @R a), where wys is the extension by zero of pyw ®r a,
and wy is the extension by zero of pyw ®r a. Both of these forms are manifestly invariant, as
pu, py are p-fiberwise constant. We find that is exact, so there exists a Mayer-Vietoris
sequence for twisted de Rham cohomology. Let ¢ : V < U be an inclusion of open subsets of
M. Then,

HY (U; A) —— HE (V; A)
ly ly (2.71)
H*(U; A) —— HF(V; A)

/w QR a = /z’*w ®R a. (2.72)

1xC c

commutes by

Similarly, by Stokes Theorem, the following diagram commutes:
HS WU NV;A) —2 HY (UUV; A)
Ly l P (2.73)
HYUNV;A) — s HNUUV;A),

where §, £ are connecting homomorphisms in the respective Mayer-Vietoris sequences. There-
fore, in order to complete the proof, it suffices to show that

HE (U5 A) S BHRU; A) (2.74)

is an isomorphism for small contractible sets U. Here, small means that p~!(U) is a disjoint
union of sets diffeomorphic to U. We rely on p being a covering map to infer that the manifold
M has a basis formed by such sets. Let

Lvi=p@) (2.75)
i€l

denote the decomposition into connected components. Consider a contraction

Y [0,1] xU —= U, ¥(0,m)=m, ¢(1,m)=my, (2.76)
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where mg € U is fixed. We lift it to a map ¥ : [0,1] x p~1(U) — p~1(U) as follows:
for a point m € U set W(t,m) = n, where {n} = p~'({¢(t,p(m))}) N U;. Since, as a
covering map, p maps U; onto U diffeomorphically, W is a well defined smooth map satisfying
Uo(m) = ¥(0,m) =m and ¥i(m) := ¥ (1,m) = mo with p(mg) = mo. Now, by the Poincaré
Lemma, for any w € QF(p~(U)) we have

Viw—Yiw=d / (Lo, ¥*w) dt — / (to, ¥*dw) dt. (2.77)
[0,1] [0,1]
Uiw — Wjw reduces to —w because p~1(my) is discrete, and for a closed form w € QF(p~1(U))
we get
w=—d / (to, ¥*w) dt. (2.78)
[0,1]

Note that for any g € m (M), the diffeomorphism O(g) commutes with ¥ in the following
sense:

@(g) oV =VYo (id[O,l} X @(g)) (279)

This is because ©(g) preserves p-fibers. Moreover, ©(g) maps U; = U () diffeomorphically,
were 7 : I — I is a bijection. Therefore, O(g).0; = 9; and we compute

O(9)'w = —-doe* / 1, ¥ 'wdt = —d / Lo, (idjo1) x ©(g)) ¥ w dt
[0,1] [0,1]

(2.80)
=—d / 1o, ¥*0(g) w dt.
[0,1]

The homotopy operator is linear, and we conclude that each invariant form
D wi ®r a; € Qf(U; A) (2.81)

has an invariant primitive, so Vk > 0 : HS; (M; A) = 0. Similarly, for k > 0
H*(U; A) ~ Homgz, (ar) (Hi(p~ " (U)),A) = 0. (2.82)
Let us focus on the nontrivial case & = 0. Denote by 7, the map I — I for which

O(9)(U;) = Uy, (;y for any i € I. The zeroth twisted de Rham cohomology group is
Zmi(M)
HiR(U; A) = Q7 (U; A) ~ Qg1<|_| Uis A>

icl (2.83)

~{f:I—A|Viel: for(i)=g- f(i)}.

The analogous calculation for the twisted singular cohomology yields:

HY(U;A) ~ Homz, (an) (Ho(p_l(U)),A) ~ Homgz (ar) <€BZ , A>
iel (2.84)

~{f:I—A|Viel: for(i)=g-f(i)}.
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Finally, let [0] € Ho(p~'(U)). The image of any of its representatives is a point, and in some
U;. Let
[w®R a] = [Z ¢i ®r ai] € HYR(U; A) (2.85)
il
denote a class in twisted de Rham cohomology. We can assume that each ¢; is a locally

constant function with supp ¢; = U;. The sum is locally finite, and one can even assume
ci(m) € {0,1}. This way, we identify the class with an appropriate f : I — A. We calculate

Fwena)o) = [Seaona= [Yoaoma=a=10). (280

el A, i€l

and arrive at % : H3y(U; A) = H*(U; A). Following |Parl17] and using we easily
conclude that
S Hig(M;A) — H*(M; A) (2.87)

for any M. It is clear, looking at [2.65] that this isomorphism lifts to a natural isomorphism
of functors restricted to the full subcategory

/ Zmi1-Modg inj X Top®? (2.88)
Man{P

of [yraner Zm1-Mod x Top®®  consisting only of Zm( - )-R-bimodules injective as
Zr1( - )-modules. O
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Chapter 3

Twisted Character Functor

To define the twisted character functor, we need to find candidates for every vertex in a
diagram analogous to but with local coefficients. The remaining vertices are the ones
on the bottom of the diagram.

Definition 3.0.1. Let M be a smooth manifold and let A be a Zm; (M )-R-bimodule, injective
as a Zmi(M)-module. Consider its sub-Zmi(M)-module A. For any open U C M, we will
denote by O A(U; A) the subalgebra of Q}(U; A) consisting of closed invariant forms with

periods in A. That is, whose integrals over all cycles in p~!(U) lie in A. Precisely,

QAU A) = {w ®ra € QU y(U; A) | Vo € Zy(p™ ' (U)) : /w Qra € A}. (3.1)

g

Note that
QA (U; A) /A (U A) ~ 771 (i, H*(U; A)), (3.2)

where 7 : A — A.

In order to generalize the character functor, we need to slightly modify the category
Jataner Zm1-Mod x Top®P. We define the category

/ Zm1-ModP** x Top°P (3.3)
ManP

that consists of objects ((M, q), A, A, U), where ((M, q), A, U) € fMangp Zm1-Mod x Top°P
and A is a Zm (M)-submodule of A. The morphisms in this category between ((N, qn), B, T, V)
and ((M, qam), A, A, U) are those

(fa 907}) € Homeani)p Zm1-Mod x Top®P (((Nv QN)v Bv V)’ ((Mv QM)’Av U))7 (34)

which satisfy
¢(Zm-Mod(f )(T)) = A. (3.5)

Note that we can view Zmi-Mod(f )(I') as a Zm (M )-submodule of Zmi-Mod(f )(B). Ob-
serve that respectively restricting and factorizing @ in the definition of H® we can construct
functors Hg and HJ from fManop Zm-ModP* x Top®°?, mapping

H?((M,q),A,A\,U) = H*(U; A), (3.6)
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and
Hy ((M,q), A,A,U) = H*(U; A/A). (3.7)

From now on, we will treat H® as a functor from the above category of pairs or its full
subcategories. Now, the maps from give rise to natural transformations between HJ, H®
and Hg. Note that the assignment

O per : (M, q), A,AU) = QF \(U; A) (3.8)

extends to the functor with the same morphism component as in €)7.
We will denote by

/Manop Zmi-Modl™, x Top® (3.9)
the full subcategory of [y, o Zm1-ModP** x Top® consisting of objects ((M ,q), A, N, U )

such that A is a Zm; (M )-R-bimodule injective as a Zmi (M )-module, and A/A is injective as
an induced Zmi (M )-module.

Definition 3.0.2. With these constructions in mind, we are ready to define a twisted character
functor as a 5-tuple (¥4°,11, 42,01, d2), where

g . / Zm-Mod}'. x Top® — Ab”, (3.10)
ManSP ’

and i1, 19, d1, 09 are natural transformations rendering the following twisted character diagram
commutative, and its diagonal sequences exact for each k € Z~:

\
/

-1

7
\/\ -
T / N o

k—1
Q /Q ,per Iper

- .,

Here, all the functors are restricted to the category [yr. op Zm—l\/[odpalr x Top°P. The maps

a, B,r come from [2.4] and the maps f8,d, s are defined using 1] and fit into a

long exact sequence.

Before we state the next definition, we need to yet again restrict the category

fMangp Zm—Modgﬁj x Top®P. Just as in the ordinary case, we need the map

L = C*:

QU;A) >wegar— <c»—> /w ®r a mod A> € Homgz,, (ar) (Ck(p_l(U)),A/A) (3.12)

C
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dpair,L

to be injective. Therefore, we define fManop Zm1-Mody inj X Top®? as the full subcategory

of [Mano? Zm—Modﬁaii;j x Top®P consisting of those objects, which render ¢ injective.
Note that, under the restriction, we can relax the assumption that invariant forms with periods
in respective submodules be closed. The closedness follows fom injectivity of ¢ just as in the

ordinary case (cf. [Corollary 1.0.4)).

Definition 3.0.3. The twisted differential characters form the functor

A / Zwl—Mod%a.ir’-L x Top®® — AbZ, (3.13)
Man? o

defined on objects by

HR(U;AJN) = % (M, q), A, A, U)

3.14
:{feHomZm(M) (Zk_l(p_l(U)),A/A) ’Elwf R aGQfA(U;A):f 00 = 1(ws Or a)}. ( )

Just like in the standard case, we do not need to assume that wy ®r a has periods in A.
Moreover, because of injectivity of ¢ in the domain category, the form w; ®g a is unique
for every f € #%(U; A/A). The morphism component of J#* is just the restriction of the
morphism component of C*. One only needs to show that for any

(h,,7) : (N,qn), B,T,V) = (M, qum), A, A, U) (3.15)
the condition
Vf € ANV BIT) : A (h,0,5)(f) € AF(U; A/N) (3.16)
is satisfied. But this follows from the calculation
(7 ope 0 €M) ) (f) 00 = (3" o pu 0 (N[, )(f 0 D)
= (5" o pu 0 &(h)|,) (lwy @r b)) = (2 (h, 0, ) (wy @R a)), (3.17)
I per (R, ) (wr @R b) € QF A (U5 A),

where we restrict 7% and £(h) ‘V to Homg,, () (Ze(p~(V)), B/T) and use compatibility of the
functor structure of Q7.

Proposition 3.0.4. Under the restriction of the domain category to
/ Zm-ModR*"" x Top®P, (3.18)
ManSP )

the twisted differential characters functor F° substituted for G°® fits into the twisted character
diagram and as such, together with appropriate natural transformations ii1,1i2,91,02, forms a
twisted character functor.

Proof. For clarity, we fix ((M, q), A, A, U). Functoriality will be clear at each step. We begin
by defining 1(f) := wy ®r a. Just as in the untwisted case, 1 is surjective — just pick

b =0be By_1(p~ (U
f(e) = | s @ra)l) e =0b € Bralpm (L)) (3.19)
0 otherwise.
By the left-exactness of the hom-functor we obtain the inclusion
0"+ Homg,, (an) (Hie—1(p7' (U)), A/A) — Homgz,, (ar)(Ze—1(p~ ' (U)), A/A), (3.20)

0 Zr—1(p~ " (U)) = Hp—1(p~"(U)),
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which we compose with the isomorphism
¢ : H* 1 (U; A/A) = Homg, () (He—1(p~ ' (U)), A/A) (3.21)

to define 7. Note that we used the injectivity of A/A as a Zm (M )-module. By construction,
the map s is injective, and the left-exactness of the hom-functor together with the isomor-
phism in the Universal Coefficient Theorem imply that imi; = ker d;.

The restriction

§* 1 C*HU; AJA) = Homge, () (Ze—1(p7 1 (U)), A/A) (3.22)

composed with ¢ gives a map whose kernel is precisely ij\l(U ; A). We define iy as its factor-
ization through Qf‘l(U ;A)/ Qfl_\l(U ; A), which is manifestly injective. The Stokes Theorem
guarantees that for every w ®@g a € Q¥ 1(U; A), we have is(w @g a) 0 d = t(dw @g a). Thus,

ip is a well defined map to #%(U; A/A), making the bottom triangle in commutative.
In order to define d2 consider the following diagram in Zm (M )-Mod:

A > AJA

\ Cr1(p~'(U)) (3.23)

VNS I f

Zi—1(pH(U)).

Given f € HH(U; AJN), we use the fact that Zg_y(p~(U)) is free as a Zmy (M)-module, to lift
f to f. Then, we use injectivity of A as a Zm1 (M )-module, to factor f through Cj_1(p~1(U)),
and we call this factorization T. Observe that for any ¢ € Ci(p~1(U)) we get

6T (c) mod A = T(dc¢) mod A = f(dc) mod A = f(dc) = 1(w; ®p a)(c)

(3.24)
= wf ®r a mod A,

where after the last equality we treat wy ®g a as a cochain given by integration.
Therefore, wy @r a — 6T € Ck(U; A) and it is closed. Moreover, if 7" is another map making
the above diagram commutative, we compute

(T =Ty . on = f—f=0 = T-T =6d, deC*2U;A). (3.25)

Here, we used the Universal Coefficient Theorem for A to infer from 7' — 7" = 0 in
Homg,, () (He—1(p~' (U)), A) the equality [T —T"] = 0 in HF=1(U; A). If we pick a dif-

ferent lift f', we get f' — f mod Z = f—f = 0,s0 f — f =
c € C*Y(U;A). We conclude that in general

C‘Zk,l(p—l(U)) for some

T-T =b6d+c = o6T-T)=bc (3.26)

This means that the cohomology class [wy ®g a — 6T] € H*(U; A) depends only on f. We
define 95(f) = [wr ®r a — 7.

To see that it is surjective, let [u] € H*(U;A) be arbitrary. By , there exists w Qr a €
Qf A(U; A) with [w®g a] = i,[u], identified using . Then, for any representative
u, the cochain w ®g a — i,u € CF(U;A) is exact and we can find T € C*1(U; A) with
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0T = w Rr a — i,u. By postcomposing the restricted cochain T‘Zk_l(p,l(U)) with the natural

projection A — A/A, we obtain
f € Homz, (nry (Ze-1(p~ ' (U)), A/A),  fod = 1(w®ra), (3.27)

making it a twisted differential character, which satisfies d2(f) = [u].
Now, suppose d5(f) = 0, that is [wf ®r a — 6T] = 0. Since §T is exact, this means that

W erbe U HU;A):dd @r b= w R a, (3.28)

and
Je € C*HU;A) : w@r a — 6T = de. (3.29)

We calculate 6(f @g b — T — e) = 0, so there exists ¢ € Z¥~1(U; A) such that

d@pb—T —e=C. (3.30)
By [Theorem 230 we can find
d) PR G € Qigil(U; A) : (9 ®RrR b—T - e)le,l(p_l(U)) = (¢ ®RrR g)}Zkfl(p_l(U))' (331)

We have T|Zk_1(p,1(U)) =0Rrb—¢Rrg— e)‘Zk_l(p,l(U)). By postcomposing both sides
with the natural projection A — A/A, we obtain

f=uberb—9@rg—c)l,  ipy=0®Rb-0cRryg), (3.32)

as e is A-valued. Hence, f € imio. We conclude that both diagonal sequences are exact.
We proceed by checking the commutativity of the left side of the twisted character diagram.

It follows from and the fact that the map

res o L‘kerdkfl’ res : CF"L(U; A/N) — Homgz,, (ar) (Zk_l(p_l(U)), A/N) (3.33)

factorizes as i*~! through Hggl(U; A), and *7!([w ®g a]) coincides with the image of
o([w ®g a]) under iy : H*1(U; A/A) — #*(U; A/A). The top triangle commutes by the
construction of 3 above, with w; ®r a = 0 in the image of i;. Finally, the right side of the
diagram commutes by [3.2] O

3.1. Uniqueness Theorem

Before we assert the uniqueness theorem for the twisted character functor, we prove the
following important technical lemma, which generalizes the result in [SS07].

Lemma 3.1.1. Let 0 € Cp(M). Then every neighborhood U of p(im(c)) € M contains a
smaller neighborhood U’ satisfying H* (U'; A) = 0 for all k' > k. We call such U’ a k-good
neighborhood of p(im(o)).

Proof. We start by observing that p(im(c)) is an image of a smooth map

l
poa:LIAk—>M (3.34)
i=1
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from a finite disjoint union of geometric k-simplices. Since the topological dimension of this
union is k, it follows from [SS07, Fact 2.1] that for any open U D p(im(o)) there exists an
open p(im(c)) C U’ C U for which

HY U2y =0, K >k, (3.35)

where Z is a trivial Zmi (M )-module. In other words, the ordinary integral cohomology van-
ishes above k. Since U’ has a structure of a smooth manifold, it is homotopy equivalent to
a CW-complex. Moreover, it can be realized as a k-dimensional CW-complex. The space
p~H(U’) is a covering space of U’ and as such, can be given a structure of a k-dimensional
CW-complex, up to homotopy equivalence [Hat02, 4.1.]. Thus, the cohomology of the cochain
complex

Homy (Ce(p~1(U")), A) (3.36)

vanishes above k. This means that for any ' > k and any ¢ € Homz (Cy (p~*(U’)), A) such
that cod = 0 there exists ¢ € Homg, (C—1(p~*(U")), A) satisfying ¢ = §¢’. If we assume that
¢ is equivariant with respect to the restricted action of Zmi (M), we check that

Vy € Zmy (M)Vs € Cr(p 1 (U")) : (7-0s) = ¢ (D(7-8)) = c(y-5) = y-c(s) = v-'(Ds), (3.37)

where we use the fact that 0 commutes with the action of Zm; (M) on chains. Using this fact
once again, we argue that one can construct another cochain

" € Homg (1 (0™ (U"), A) + €'(s) = {CI(S) AR
0 otherwise,
which is manifestly equivariant and satisfies ¢ = §¢”. Therefore, we conclude that
VE > k: H¥(U;A) =0. (3.39)
O

Theorem 3.1.2. For any twisted character functor (4°,i1, 12,01, 02) restricted to the category
fManip Zmy —Modfﬁg x Top®? there exists a unique natural isomorphism @ : G — A and
a unique natural automorphism ¥ : H? — H? such that ® commutes with ¥ on HS and
with identity transformations on all other functors in the diagram. In other words, the dia-
gram formed by two character diagrams—corresponding to G* and H#*—connected with identity

transformations, ¥, and ®—is commutative.

Proof. Let f € 9*(V; A/A) with V C M open, and take o € Zj,_1(p~"(V)). Let U C V be a

(k — 1)-good neighborhood of p(im(c)), which exists by [Lemma 3.1.1} and let j : U < V be
an inclusion. Since H¥(U; A) = 0, the exactness of a diagonal in the diagram guarantees

the existence of [§ ®g a] € QF 1 (U; A)/Qﬁxl(U; A) such that
]*f = 22([9 ®Rr a]) (3.40)

We set
Dyian)(F)(@) = 16 ©x a) (o). (3.41)

First we show that @y, 4/ is a well defined homomorphism
G*(V; AJA) = Homg, () (Ze—1 (01 (V)), A/A). (3.42)
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It is clear that does not depend on the choice of a representative of [ ®g a]. The
independence of the choice of U follows from [Lemma 3.1.1} Indeed, let U’ be another open
set satisfying the asserted conditions. Then we can find a third such U” C U NU’. Let

v Ly (3.43)
be the inclusion maps. Then,
God)'f =3"5"f = 5" (i2(10 ®r a]) = i2(j" [0 ®r a]) = i2([j"0 ®r a), (3.44)
where we used naturality of i5. Since
W70 95 @) (@) = 10 95 a)(0), (3.45)

we see that the definitions of ®(y.4/a) using U and U” agree. Since the same is true for U’
and U”, we have shown that the definition of ®(17,4/) is independent of the choice of U. To
show that @y, 4/4)(f) € Homgz, (an (Zk_l(p_l(V)), A/A) it is enough to check additivity, as
71 (M) equivariance follows from invariance of § @ a. To see that

Vo1,02 € Zr—1(p~ (V) : Dviayn) (F) (01 + 02) = Bovian) (£)(01) + Pviayn (f)(02), (3.46)

let o be a chain such that im(o1) Uim(oy) C im(o). Pick U, a (k — 1)-good neighborhood
of p(im(c)). Since im(o; + 02) C im(o1) U im(o2) we have each of p(im(oq)), p(im(o2)),
p(im(o1 + 02)) € U. Choosing [f ®g a] as in we find

Qv,a/0)(f)(o1+02) = 1(0 @r a)(o1) + (0 ®r a)(o2)
= P@v,a/0)(f)(01) + Pva/n)(f)(02).

Moreover, clearly, @, 4/0)(f1 + f2) = ®v,a/0)(f1) + Pia/4)(f2). Then, we want to show
) - e%z(V; A/A). Precisely, we will prove that if o = s for some

(3.47)

that im (v, 4/a)| e (1.a/a)
s € Crx(p~1(V)), then
Dvia/m)(f)(0) = (01(f))(s)- (3.48)
Since both sides vanish when & — 1 = dimp~!(V), we may assume k — 1 < dimp~ (V).
Let U be a (k — 1)-good neighborhood of p(im(c¢)). Using [SS07, Fact 2.2] we can find a
(k—1)-dimensional embedded pseudomanifold P C p~1(U) and a k-chain w with p(im(w)) C U
such that
o=0w+P, (3.49)

where we identify P with its fundamental cycle. Letting [0 ®pr a] be defined as in we
calculate
Dvia/n) (o) = (0 ©r a)(Ow) + P(via/4)(f)(P)
= 1(df ®@g a)(w) + Py, a/n)(f)(P)
= (015" ) (w) + P(via/8)())(P) (3.50)
= 1(7701(f)(w) + @(v;a/8)()(P)
= 1(01(f))(w) + Prvia/8) (S)(P),
where we invoke Stokes Theorem, the fact that d = d; o i2, and naturality of é;. Since

o is a boundary in p~'(V) and P is homologous to o, P is itself a boundary in p~(V).
We use [SS07, Fact 2.3] to find a (k — 1)-good neighborhood U’ of p(P) with the inclusion
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A : U’ — V, together with u € Ci(p~1(V)) satisfying p(im(u)) € U’ and P = du. Once again
N f = is([w ®g a]) for some w ®g a € QFH(U’; A). Using the same arguments as above, we
find

Dvia/0) (H)(P) = vw ®r a)(Iu) = 1(31(f))(w). (3.51)

Together with this yields

(v;a/0)(F)(0) = t(01(f))(w) + (01 (f)) (w)
= (1(01(N))(w) +1(01(F)) (w) = £(31(f))(5)) + e(1(f))(s).

Note that d(w + u) = o = 9s, and 61(f) € QF ,(V, A), so the first term vanishes, and we
managed to prove Now, we wish to show that & is indeed a natural transformation

between two functors fManop ZTrl—Modf{aii;}L x Top®® — Ab%. Consider any morphism

(3.52)

(h,,4) : (N, qn), B,T,V) = (M, qu), A, A, U) (3.53)

N [yraner Zm—Mod%aii;jL x Top®P. Then the following diagram should be commutative:

k(v B)T) — 2129 gk, A/A)
‘/CD(V;B/F) ‘/Q(U:A/A) (354)
ARV, B/T) LRI k(. A/N).

Take f € ¥5(V;B/T). Let o € Cy—1(py; (U)). Consider a (k — 1)-good neighborhood
V' D h(pp(im(o))) and a (k — 1)-good neighborhood pys(im(c)) € U’ € h=1(V'). Denote

12V =V, y:h Y (V)=U t:U <YV, (3.55)
Note that there are isomorphisms
AF(V', BJT) ~ Qf (Vs B)/Qf (Vs B) ~ 9"(V', B/T), (3.56)

and
AU AJN) ~ QF (U A) QU B) ~ GR(U7, AJA). (3.57)

Moreover, the map 49 is a natural transformation in both diagrams—the one around 4* and
the one around #°. By the definition of components of ®, it is clear that it suffices to show
that f maps to the same class of invariant forms under the isomorphisms above. Equivalently,
that the following diagram is commutative:

G+ (V; BT Thed) gk, A/N)
l* y*
R g hypid, 1. .
G (V'; B/T) (o), GE(h=1(V'); A/A)
" (3.58)

~ Gk(U’; AJN)

~

~ ~

D) k(U AA)
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Se L. . pair,. o
The top square commutes, as ¢°® preserves compositions in fManip Z7r1—M0dR’inj x Top°P.

The bottom square commutes by naturality of i3 and because of the isomorphisms
Since f and o were chosen arbitrarily and since, by construction,

v,/ (f) = 2.y f), (3.59)

and
O (1r.a/0) (9 (0, 5) () = P an) (Ey* G (h, 0,5)(f)), (3.60)

we conclude that is commutative, so ® is indeed a natural transformation. The next
point is to show that, with a slight abuse of notation,

@oilzil, ‘I’Oigz’iz, 610@2(51. (361)

Let p € H*=Y(U; A/A) and pick 0 € Zp_1(p~(U)). Let U’ be a (k— 1)-good neighborhood of
p(im(c)). Since H*(U’; A) = 0, by exactness of of the twisted Bockstein sequence, there exists
x € H*1(U; A) such that p = a(z). By commutativity of the twisted character diagram for
G* we have i1(11) = i1(a(z)) = i2(8(x)). Thus, by

D4/ (11 (1) (0) = (0 @R a)(0), (3.62)

for any 0 ®g a € [3(z)]. But, since S is defined using [Theorem 2.3.1} and by the definition of

11 from |[Proposition 3.0.4) we compute

U0 ®r a)(0) = p"d(a(x))(0) = i1(n)(0). (3.63)

Thus ® o iy = i;. The identity ® o iy = iy follows straight from the definition in [3:41]
and §; o ® = §; follows directly from Now, we are in position to show that ® is an
isomorphism. Indeed, consider the following commutative diagram, the rows of which are
exact:

0 —— HF'(U; A/A) —" U AJA) 2 QF, (U3 A) —— 0

J’: J{q:'(U;A/A) J{: (3.64)

0 —— HF (U AJA) s A5 (U3 AJA) —2 QF (U3 A) — 0.

The hypothesis follows from the Five Lemma. In order to prove that there exists ¥ € Aut(HY)
satisfying 6o 0 @ = W o §o, we will start by showing that for any twisted character functor
G* the map J2 is determined up to a natural automorphism by 41,45 and d;. Suppose there
exists ¢} satisfying the same conditions as d3. Namely, (fé', i1,12,01, 5’2) is a twisted character
functor. Since both d2 and §} induce natural isomorphisms 52 and 55 from gk/zz (fol/Qﬁ;elr)
onto H¥, we know that the map

Shodyt: HF — HY (3.65)

is a natural automorphism. Moreover, one can see that 5§ o 52_ Lo gy = 85. Now, note
that d2 o @ can be taken as d), since, by previous arguments, (g.,il,ig,él,ég o (I>) forms a
twisted character functor. Thus, to satisfy the commutativity condition d5 0 ® = ¥ o Js,
the natural automorphism ¥ should be given as ((go\@)) o 52_ ! Finally, we show that ® is
the unique natural isomorphism g = e satisfying and therefore, rendering ¥ the
unique automorphism satisfying ds o ® = W o §3. Suppose ¥’ is another such isomorphism.
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Then ® o =1 : #* — #* is a natural automorphism holding fixed all the other terms
in the twisted character diagram but HY, on which it acts with a natural automorphism
U o UL, Thus, for f € A5 1(U; A/A), a cycle o € Z_1(p~1(U)), and a (k — 1)-good open
neighborhood U’ of p(im(o)) with j : U’ < U, we have § ®g a € QF 1 (U’; A) such that

@ 0 ® 1) a/n)(5* f)(0)
d' o (I)_l)(U’;A/A) (22([0 QR a]))(a) (3'66)
= iy([0 ®r a))(0) = j* f(0) = f(0).

Thus, ® = ®’. O

(@ 0 @ ") ran)(f)(0) =

3.2. Cohomological Description

In [HS05] Hopkins and Singer provide a cohomological description of ordinary differential
characters. They show that differential characters correspond to cohomology classes of a
particular presheaf of cochain complexes. We aim to generalize their construction to twisted
differential characters.

Definition 3.2.1 ([HS05|). Let M be a manifold and let s € N. The cochain complex
DC2 (M) is defined by

DC™(M) = {(¢,h,w) : w =0 for n < s} € C™(M,Z) x C" (M, R) x Q"(M), (3.67)

and
d(c, h,w) = (d¢,w — ¢ — 0h,dw), (3.68)

where we identify w with its real cochain given by integration. Clearly, DC? forms a presheaf
of complexes on Man.

Proposition 3.2.2. For each n € N there is a natural isomorphism H"(DC®) ~ H"(-,R/Z).
Proof. Let M € Man. We set

Yar + H*(DC(M)) 3 [(¢,hyw)] = bl , |y mod Z € H"(M,R/Z). (3.69)

)
It is a linear map, so its well-definedness follows from
Y (d(e, h,0)) = Ypr(dc,—c — 6h,0) = (—c — 5h)‘Zn71(M) mod Z = 0, (3.70)
and
Yar([(e, h,w)])(0b) = 0h(b) mod Z = w(b) — ¢(b) mod Z = w(b) mod Z = 1(w)(b). (3.71)
To construct the inverse, given f € H"(M,R/Z), we take T'(f) € C" (M, R) as in IE For

w simply take wy = 61(f) (?7). Just as it was shown in the proof of [Proposition 1.0.7 the
cochain T'(f) satisfies

0T (f) =wyp —c, (3.72)

where ¢ € Z™"(M,Z) is a representative of d2(f). Moreover, T'(f) is determined up to

d+dd, ¢ e C" (M, Z), d e C"(M,R). (3.73)
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This makes the class [(¢, T(f),wy)] uniquely determined. Indeed, let (¢, 7(f),w;) be a different
choice. Then,

(67T(f)7wf) - (CaT(f)7wf) = (5(T(f) - T(f))af(f) - T(f),O) = (_5C/>C, + 4d, O)

—d(—¢,—d,0). (3.74)

We should check that 1/)];[1 oty = idgn(pee (m))- But this follows from the fact that the class
[(¢, h,w)] is uniquely determined by f = h‘z ) mod Z. The equality LZ)MO%ZJ]T; = idH"(M)
follows directly from the construction of 7'(f). Naturality of 1 is straightforward. O

It is clear what the generalization should be.

Definition 3.2.3. The twisted Hopkins-Singer complex of degree s € N is the functor

DC? / Zwl—Modﬁaiii}L x Top°® — Ch'(Ab), (3.75)
ManiP ’
defined by

DC(U, A, A) = DC; ((M,q), A, A, U)

3.76
={(c,h,w @R a):w®g a =0 forn <s}CC"(U;A) x C"HU; A) x Q}(U; A). (3.76)

Clearly, DC; = (Cfg,C®, 7>487), where C% is a functor whose cohomology is, by definition,
the functor H? (cf. , and 7>4(27 denotes the appropriate truncation. The morphism
component of DC; is therefore apparent. The differential of DC? is defined by

d(c,h,w ®r a) = (6c,w @r a — ¢ — 6h, d(w ®r a)), (3.77)

where we identify w ®g a with the A-valued cochain given by integration. The fact that d is a
well-defined differential follows from the fact that C3,C®, 7>4()] are cochain complexes with
their respective differentials. The cohomology of DC? provides a functor

/ Zm-Modﬁﬁg x Top® — Ab”: ((M,q),A,A,U) — H*(DCS(U, A,A)). (3.78)
ManjP ’

Proposition 3.2.4. For each n € N there is a natural isomorphism of functors:
H™(DC?) ~ H#". (3.79)
Proof. In analogy to the ordinary case, we set (using a shorthand notation)
Yw,an) (e, h,wg a)] — h’Zn_l(p_l(U)) mod A. (3.80)
We check
Y an)(d(c, h,w®ra)) = P, an)(0c, —c—5h,0) = (—c—éh)|zn_1(p_1(U)) mod A =0, (3.81)

and

’L/J(U7A7A)([(C, h,w ®gr a)])(0b) = dh(b) mod A = (w ®g a)(b) — ¢(b) mod A

w0, (3.82)
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For the inverse, let f € #(U; A/A). We construct T(f) € C"*(U; A) as in|3.23] For w®ga
we simply take wf ®gr a = 61(f). By the proof of [Proposition 3.0.4) the cochain T'(f) satisfies

IT(f) =w®ra—c, (3.83)
where ¢ € Z™(U; A) is a representative of da(f). Moreover, T'(f) is determined up to
d+dd, d € C"HU;AN), de CVHU; A). (3.84)

Consequently, the class [(¢,T'(f),61(f))] is uniquely determined. Indeed, let (&, T(f),ws®ra).
Then,

(E7T(f)vwf R CL) - (C7T(f)vwf R CL) = (5(T(f> - T(f))7T(f) - T(f),O)

3.85
= (—50’, d +4d,0) = d(—c, —d,0). (3.85)

The fact that the above constructions are mutually inverse follows from the uniqueness of the
class [(¢,T(f),ws ®r a)] for a given T'(f). The naturality of v is straightforward. O

3.3. Twisted Differential Characters of Degree-2 as Stacks

In [LMO7] E. Lerman and A. Malkin proved that ordinary differential characters of degree 2
form a stack. To be more precise, they showed that the cocycle category (JHS05|) associated
to the presheaf DCJ forms a stack over the category Man. This should not be surprising, as
the cocycle category for this presheaf is equivalent to the category of U(1)-principal bundles
with unitary connections. In this thesis, we give a constructive proof of effective descent of
degree-2 twisted differential characters. We do not find it necessary to introduce the full
language of stacks. Thanks to [Proposition 3.2.4] we can make a shortcut, representing the
descent data in a double complex on a Cech nerve of a cover of M. We believe that the result
should hold for an arbitrary degree n € N. The proof is likely to be analogous, although more
technically involved. The author will attempt to find the proof in his subsequent works.

For an open cover O = | |,; O; of a connected based manifold M we construct the Cech
nerve (JGMO2, Ch. I]), which is a simplicial manifold O, : A — Man whose object component

1S
OHIOXMOXM...XMO, (3.86)
n+1

and the morphism component is fixed by the choice of face and degeneracy maps. The face
maps are the canonical projections

dgn) :O0n = On—q i (20, @1y ey ) = (T0y - ooy Tie1, Tigly - -5 ) 0 < i < (3.87)
The degeneracy maps are
sz(-") :0p = Ongt (o, @1y ) = (T0y - oy Tiy Ty o oo, Tyy) 0 <3 < (3.88)
Note that there are diffeomorphisms

On~ | | Oigirin i= (0, in), (3.89)

%EI'nA»l

where O;yi;,..4, = 0i;; N0, N...NO;,. Denote by j the covering map O — M, which restricts
to inclusions j; on O;. Fixing an object

((M,q),AA) € / Zm-Modi* (3.90)

R,inj
ManyP A
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and using the Cech nerve we construct the double complex:

(3.91)

where

DCh(O,, A, A) =[] DC5(Oipiy...in, A, M), (3.92)

Eln+1

and the map j* is defined as
= (DC3(idar,ida, i) o - DCS(M, A, A) — DC3(Og, A, A). (3.93)

In order to define 6%, note that via the diffeomorphisms one can express the face maps
of O, as

= || dl(g)i || Oiirin = | ] Otgin.iinss (3.94)
ieln+1 e+l ieln
where
A 05 || Oigiy iy - (3.95)
ieln

Using these inclusions, we define

k+1
ot =3 (-1 TT Des(idar,ida,ds™). (3.96)

=0 ien+2

We call 6¥ the (k-th) Dupont operator. The horizontal differentials of are (besides the
first row) the respective products of differentials of DCS. Note that j* and all §* are chain
maps for cochain complexes DC and their products. As a general fact (|GMO02, Ch. IJ), all the
columns of [3.91| are exact. For any representative (¢, h,w®ga) of a class in H?(DC$(M, A, A)),
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the chain map j* induces a cocycle in the total complex of the truncation

0 0 0
0 0 0

DCo(Os, A, A) —L s DCy(Os, A, A) —Ls DCHO A N) —— ...
5] 5] 5] (3.97)

DCy(O1, A, A) —L5 DCY(O1, A, A) —% DCHO1, A, A) — ...

50 50 50

DCy(Op, A, A) —Ls DCY(Op, A, A) —L DCH(Op, A, A) —— ...

Simply take j* (¢, h,w®ga) € DNC;(OO, A, A), and (0,0,0) in D~C;(Ol, A, A) and 15C(1)((’)2, A N).
This defines a map

w : HX(DCS(M, A, \)) — H2, (DC3 (O, A, A7), (3.98)

where DC5 (O, A, A)T is the truncated double complex

Theorem 3.3.1. For every

((M,q),AA) € / Zm -Mod}'}r (3.99)
ManP ’
and every open cover O of M, the map w : H*(DCS(M, A, A)) — HZ, (DNC;((’).,A,A)T) is

an isomorphism.

Proof. Let
(Cijka 05 O) 0

(Cij, hl‘j, 0) 0 (3100)

(¢iy hi,w; R a) 0

be a general cocycle in the total complex of 750;((’)., A, N)r. Weinterpret x;, . i,, € {¢,h,w}
as elements of a product We can give the inverse to w as a map from the class of [3.100

to a homomorphism

f EHOIIlZm(M)(Zl(M),A/A), foﬁzb(wf KR a). (3.101)

We will rely on the Subdivision Theorem [Hat02, Proposition 2.21.], and write every 1-cycle z
on M as a sum z,-1p +9b, where 2,10 is a cycle subordinate to p~1O. This means that each

simplex of z,-1¢ is supported in p~!(0;) for some i € I. We will denote by CJ 710(]\2 ) the

group of p~*O-subordinate chains on M, and by ZfilO(M)fthe group of p~!O-subordinate
~ 1 ~
cycles on M. We can define f by introducing f’ € Homz, ap (Zf O(M), A/A), and setting

f(2) = f(zp-10) + lws @R a)(b). (3.102)
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As long as

flod= 1wy ®ra) (3.103)

a-120 O (1)’

the expression [3.102] does not depend on the choice of a decomposition of z. Indeed, let
z = z; —1¢ + 0 be another decomposition. We have

Zp-10 — z;_lo = oV —b). (3.104)

Since both sides are subordinate to p~1O, we can use [Lemma 3.3.2| (see below) to find
by-10 € C’g_ION(M) satisfying 0b,-1p = O(V' — b), and get z,-10p — 21/3*1(’) = 0b,-1p, and
thus 3d € Za(M) : V) — b —by,-10 = d. Applying|3.102 yields

F'(zp10) + tlwy @r a) (D) = f'(2,-10 + Oby-10) + t(wy @k a)(b)
= f’(Z;_1O) + 1wy ®r a)(by-10 +b) = f’(z;_lo) + (wy @r a) (V) — d) (3.105)
= f'(zp-10) + Uws @r a) (V).

We read off the equations affirming cocyclicity of [3.100}

((5cz-,wi Qr a — ¢; — Oh;, d(wi KR CL)) =0, (3.106)

(Cj —c — 561']', hj — h; + Cij + 5hij, wj QR @ — w; QR a) =0, (3.107)

(Cjk — Cik T Cij + 5Cijk, hjk — i + h,;j — Cijk; 0) =0. (3.108)

It follows that local forms w; ®g a agree on double intersections. Since, by Qr

forms a sheaf, this is enough to define wy ®r a as the unique gluing of w; @g a. In order to
construct f, let z,-10 € ZP (M) decompose into individual simplices as

210 = sz im(z;) € p~'(0;)). (3.109)
j=1

This comes with a choice of a function
{1,...,m;} 3 j—1i; €l (3.110)

We will have to prove that f’ (zpqo) does not depend on this choice. Let dg,d; denote the
face maps defining the boundary 9:

aZj = don - dlzj. (3111)
Because z,-1¢ is a cycle, for any z; there exists a z; such that
don = dlzj/. (3.112)

This also involves a choice j + j’, which—as we will show—will not change f’ (2p-10). We
set

F'(z-10) = > _ hi;(2) + hiyi; (dozj) mod A. (3.113)
j=1
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Note that it is well defined, since im(dgz;) C p‘l(Oi],,ij). Moreover, [3.113| is linear in the
cocycle [3.100} Therefore, in order to prove that f’ only depends on the class in cohomology,
it is enough to show that [3:113] vanishes on any coboundary

(djk —dii + dij, 0, 0)
(dij,0,0) (aj — a; — 6dj,b; — b; + dij, 0) (3.114)
(@i, b, 0) (0a;, —a; — db;,0).

The expression for f’ becomes

Z aZJ Z] (Zj) + bij (dozj) — bij/ (don) + dij/ij (dozj) mod A
= Z _bij (don) + bij (dlzj) + bz‘j (dgzj) — bij/ (dozj) mod A (3,115)
j=1

= Zbij (dlzj) — bij/(dlzj’) mod A = O,

where we use the fact that a; and d;; take values in A, and the fact that Zp-10 18 a cycle (a
sum over j' is just a shifted sum over j). Now, let us consider a different choice function

{1,....m.}3j—i; el (3.116)

Using [3.107] and [3.108] we compute

Z hzj ZJ ZJ) + hz‘j/z’j (d(]Zj) — hl;/l; (don) mod A
=> Ohiyi (2) + cijir (25) + Pi iy (dozj) = hir i (dozj) mod A
j=1

mz
Z hiji; (dozj) — hiji; (dlzj) + hij/ij (d(]zj) — hi;,i; (dgzj) mod A
= Zhiji;(dozj') = hiyir, (dozg) + hiyi;(dozj) = har ir (dozg) mod A (3.117)
= Z i, ~ it i )(doz;) + (hayi; — hij,i;/)(dozj) mod A

Z z]z z )(dOZ]) + (hz;,zj — G '7'3 /45 )(dOZ]) mod A

J
= Z(h”’;/ + hi;,ij) (dgzj) mod A = Z(Ciji;/ij + cijiji;,)(dozj) mod A = 0.
7=1 J=1

That [3.113]is invariant under the change of assignment j — 5’ to j — j” follows by replacing
J + 1t so that i;,, = i;, the invariance under which we just showed. Now, to see that f’
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satisfies [3.103} suppose z,-1p = d(b,-10) for a subordinate 2-chain b,-1». Note that
mp mp
O(by10) =0 bj=> b, (3.118)
j=1 j=1

so one can decompose d(b,-1¢) into simplices as follows:

mp maop
O(by-10) =Y doby — daby + doby = Y _ 2. (3.119)
=1 j=1

Importantly, as im(db;) C p_l(Ol-j) and it is a boundary, we can choose i; = i; in the latter
decomposition of [3.119] By the linearity of h; and h;; one can write

mp

F1(Oby10)) =D hi;(9b;) + hiyi; (dodb;) mod A
j=1
i Ui (3.120)
= Z (5hi]. (bj) + Cijizij (doabj) mod A = Z(wij Rr a — Cij)(bj) mod A
j=1 j=1

= t(wy ®r a)(by-10),

where we use c¢;; = hy; — hi; + hi; = hy;. This completes the proof of the well-definedness of
It remains to show that the assignment of f is an isomorphism. First, let
far € A2(M; A/A) be a character represented by a cocycle (¢, h, w ®g a) € DC3(M, A, A). In
particular, fy; = h‘zl(M) mod A. On the other hand, the character assigned to w(fys) can
be written as

f(zp10 + 0b) = zz: hi;(z;) mod A + 1(w ®r a)(b)
j=1

= Z h‘pfl(oi.)(zj) mod A + ¢(w ®g a)(b)
J

= (3.121)

= i h(z;) mod A + t(w ®r a)(b)
j=1

= fM(Zp—IO + 8[))

It follows that our map HZ, (ZjC;(O.,A, A)r) — H*(DC3(M, A, N)) is surjective. It is now
enough to show injectivity. Suppose that for a cocycle [3.100] the corresponding character f is
zero. That is, in particular

F'(zp-10) = > hi; (%) + hiyi;(dozj) mod A =0 (3.122)
j=1

for each z,-1p € Zf_lo(M). Note that for z = z,-1, we may take b = 0. By considering a
cycle supported in p~1(0;), picking i; = i;, and using the fact that h; € C(Oy; A) we find
that hi(2,-1(0,)) for any such z,-1o,). Therefore, by the Universal Coefficient Theorem, and

by the injectivity of A as a Zmi(M)-module, there exist b; € C1(O;; A) and ¢, € C1(O;; A)
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such that h; = —db; + ¢,. The expression for f’ becomes
_10 Z bz] dlz] (dozj) + hij/ij (dgzj) mod A
= Z bij/ (dlzj/) — bij (don) + hij/ij (dgzj) mod A
. (3.123)
= Z bij/ (don) — bij (d()Zj) + hij/ij (d()Zj) mod A

Z 50 Z /Z] + h’L /ZJ)(dOZ]) mod A

Since z; are arbitrary, it follows that h;; = (601))1-]- + d;; for d;; € CO(OU;A). Moreover, by
the cocyclicity of (¢;, hi,w; ®r a), we obtain

d(e;, —6b; + ¢, w; g a) = (d¢;,w; — ¢; — 0cs, d(w; g a)) = 0, (3.124)
so, by the injectivity of ¢, we infer w; = 0. Combining all the above, we find that ¢; = —5c§,
and then (¢;, —6b; + ¢}, w; ®r a) = d(—c}, b;,0), so the cocycle [3.100] is a coboundary [3.114
Hence, the proof is complete. O

Lemma 3.3.2. Let M be a manifold and let b € Cy,(M) be such that b € CO [ (M). Then,
there exists b € CP (M) satisfying Ob' = Ob.

Proof. We write down the homotopy
pot—idgo =0oh+hod. (3.125)
Now, define b’ := p(b) — h(9b). This lies in C (M), since 9b € CY ,(M). We compute

A = Dp(b) — A(R(AB)) = p(dB) — ((p o ¢ — idp0) () — H(D(DD))

= p(0b) — p(1(8b)) + 9b = p(Ab) — p(db) + Ob = b, (3.126)

where we used the fact that p is a chain map, and that +(9b) = 0b. O
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Chapter 4

Examples and applications to weakly
abelian gauge theory

4.1. Topologically trivial coefficient systems

The simplest situation in our theory arises when the coefficient system is topologically trivial
in the sense that it corresponds to a trivial representation p = idayg,(a) of 71 (M) in an
R-vector space A. We indicate this using an underline under the coefficient system symbol.
In this case, the Zm (M )-module structure of A coincides with the Z-module structure of the
underlying abelian group of A, which is divisible and hence injective. A Zmr (M )-submodule
A is an arbitrary subgroup of the underlying additive abelian group of A. A t-subgroup A is
then such a subgroup of A that

O (M, A) = Q*(M) ®p A > w®p a (Cb—>/w®Ra mod A) € C*(M,A/A)  (4.1)

is an injection. Moreover, we define

QK (M, A) = {w e (M, A) : d(w@r a) =0 A Ve € Zy(M) : /w@Ra €A} (42)

Note that for any t-subgroup A of A we can define a simple extension of ordinary differential
characters. Namely,

H*(M, A/A):={f € Homz(Zy_1(M), A/A) |Bwr@ra € Qf (M, A): fod = 1(ws®ra)}. (4.3)

Proposition 4.1.1. For a topologically trivial local system as above, we have

H5(U; AJN) ~ H*(U, A/A). (4.4)
Proof. Following the arguments from for any open U C M, we have
Q(p~'(U); 4) = QH(U) @ A = QH(U, 4) (4.5)
and
Qa(p~ (U); 4) = QR (U, A). (4.6)
Using the isomorphism
Homgz,q, () (Zk—1(p~ ' (U)), A/A) ~ Homgz (Zx_1(U), A/A) (4.7)
completes the proof. O
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4.2. Application to weakly abelian gauge theories

4.2.1. Weakly abelian Lie groups

Definition 4.2.1. A (generally disconnected) Lie group G is called weakly abelian if its Lie
algebra g is abelian, i.e. if the Lie bracket of g is identically zero.

Let G be a weakly abelian Lie group. Then it is easy to see that the connected com-
ponentE] A := Gy of the identity is an abelian Lie group which coincides with the image of
the exponential map expg : g = G. The Baker-Campbell-Hausdorff formula implies that the
latter is a group epimorphism from the underlying abelian group of the vector space g to A.
We will use additive notation for A and multiplicative notation for G. By a standard classifi-
cation theorem for connected abelian Lie groups, A is a direct product of a torus group with
a translation group. It is a torus group if and only if A is compact. Let I' :== G/A ~ 7y(G)
be the group of connected components of G. We have an exact sequence of Lie groups:

15ALG5T 51, (4.8)

where ¢ and q respectively are the inclusion and projection and I' is endowed with the discrete
topology and zero-dimensional manifold structure. The conjugation action of G preserves A
and hence induces a morphism of groups Adé : G — Aut(A) (called the restricted conjugation
action), where Aut(A) is the group of Lie automorphisms of A. This factors through ¢ to the
so-called characteristic morphism p : I' — Aut(A) of G:

Add =poq. (4.9)

This makes A into an abelian smooth module over I', which we denote by A, and call the
characteristic module of G. The extension [4.8]is central if and only if the characteristic module
is trivial. Since A is abelian, its group of inner automorphisms is trivial. This implies that
equivalent Lie group extensions of I" by A have the same characteristic morphism p (see Sec.
18 in |[HN12)).

Since A is abelian, the adjoint representation of adg : G — Autgr(g) factors through ¢ to
the reduced adjoint representation p : I' — Autr(g):

adg =pogq. (4.10)

Note that p determines p via the exponential map. The exponential lattice of G is the abelian
group:
A :=ker(expz) C g . (4.11)

This is a (generally non-full) lattice in g which is stabilized by the adjoint and reduced adjoint
representations. Since expg : g — A is the universal covering of A, and by g/A ~ A, we find
that A (as an additive group) 1is mnaturally isomorphic to the abelian group
m1(G) = m (A, 1g). The restriction ady : G — Autz(A) of the adjoint representation adg
is called the restricted conjugation action of G while the restriction py : I' = Autz(A) of the
reduced adjoint representation p is called the coefficient morphism of G. We have:

ado = ﬁo oq . (412)

'The R-vector space denoted by A in previous sections corresponds to the vector space denoted by g in
the present section, while the abelian group A of the present section corresponds to the quotient A/A in the
notation of previous sections.
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The coefficient morphism makes A into a discrete I-module which we denote by A, and call
the coefficient module of G. 1t is easy to see that we have:

A~ (A®zR)/A x (RUIMA—TKA 4y (4.13)

The translation group on the right is trivial if and only if A is a full lattice in g (which happens
if and only if A is compact). In this case, A is a torus group and we say that that the weakly
abelian Lie group G is full.

4.2.2. Weakly abelian principal bundles

By definition, a weakly abelian classical gauge theory defined on a manifold M is a classical
gauge theory defined on M and whose structure group is weakly abelian. Such a theory
describes principal connections on a weakly abelian principal bundle P defined over M, i.e.
a principal bundle over M whose structure group G is weakly abelian. Notice that such
principal bundles have disconnected structure group unless mo(G) =T is the trivial group.

Let G be a weakly abelian Lie group characterized by an extension sequence and P be
a principal G-bundle defined over a connected manifold M. We define the discrete remnant
of P to be the principal I'-bundle:

[(P):=Px,T (4.14)

associated to P through the group epimorphism ¢ : G — I'. The discrete remnant map is
the surjective based morphism of principal bundles ®p : P — I'(P) above the morphism of
groups ¢ : G — I" which sends a point p € P to the equivalence class [p, 1r] € I'(P), thus
giving a reduction of the structure group (in the general sense of that term) of I'(P) from I'
to G. Notice that I'(P) identifies with the principal I'-bundle P/A whose fiber at m € M is
the right I'-space P,,/A of A-orbits of the right G-space P,,.

Since I'(P) is a bundle with discrete fiber, it carries a natural flat Ehresmann connec-
tion. Accordingly, the following bundles associated to I'(P) carry natural flat Ehresmann
connections:

1. The adjoint bundle of P, which we denote by:

g(P) =P xaq,9=1(P) X509 . (4.15)

2. The Dirac system:
A(P) := P xaq0 A=T(P) x5, A (4.16)

3. The bundle of connected abelian Lie groups:

A(P) =P x g1 A=T(P) X, A . (4.17)

The flat connections induced from I'( P) are compatible with the fiber structures of the bundles
g(P), A(P) and A(P). Thus, the induced connection on g(P) is a flat linear connection, the
parallel transport of the flat connection of A(P) proceeds through morphisms of abelian groups
between the fibers (which makes A(P) into a local system of discrete abelian groups) and the
parallel transport of the flat connection of A(P) proceeds through morphisms of Lie groups
(which makes A(P) into a flat bundle of abelian Lie groups). Note that A(P) is a discrete flat
fiber sub-bundle of the vector bundle g(P), i.e. a fiber sub-bundle which is preserved by the
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parallel transport of the linear flat connection of g(P). The exponential short exact sequence

of abelian groups:
exp

0>A—g > A—=0 (4.18)
induces a short exact sequence of bundles of abelian Lie groups:

expg

0— A(P) = g(P) = AP)—0. (4.19)

4.2.3. Twisted differential characters associated with weakly abelian prin-
cipal bundles

Denote by D the flat linear connection of g(P) and let dp : Q*(M, g(P)) — Q*T1(M, g(P))
be the de Rham differential twisted by D |KN63, II. 5.]. Then d% = 0 and the the fact
that sheaves of smooth local sections of vector bundles are acyclic implies that the de Rham
cohomology of g(P) twisted by D coincides with the sheaf cohomology of the sheaf S(P) of
flat local sections of g(P):

H3 (M,g(P)) = H*(M,S(P)). (4.20)

It is natural to consider the differential cohomology . (M; g(P)/A(P)) with local coeffi-
cients given by g(P) and integrality conditions imposed along the Dirac system
A(P) C g(P). This provides natural secondary characteristic classes for g(P)-valued differen-
tial forms. A twisted differential character f € J#%(M;g(P)/A(P)) associates an element of
g/A to any (k — 1)-cycle cx_1 € Zp_1(M) in such a way that, for any k-chain ¢, € Cy(M),
we have f(Oci) = t(wy) for some dp-closed form wy € Qngcl(M,g(P)) which satisfies the
Dirac integrality condition with respect to the Dirac system A(P). The latter states that
wy has A-valued periods when the notion of period is considered in the sense explained in
The translation from the language of flat bundles on M to Zmi(M)-modules is
straightforward upon trivializing the pullbacks p*g(P) and p*A(P) over the contractible M.

From this perspective, the parallel transport amounts to the action of Zm; (M) on fibers.

4.2.4. The Dirac quantization condition for weakly abelian gauge theories

An obvious application to weakly abelian gauge theory is provided by degree-1 twisted differ-
ential characters of this type. The adjoint curvature of a principal connection A € Conn(P)
is an g(P)-valued 2-form Fy € Q?(M,g(P)). This form is dp-closed by the Bianchi identity
and hence we have:

Fa €93, -a(M,g(P)) . (4.21)

The Wilson loop of a principal connection A € Conn(P) along a 1-cycle ¢; € Z;(P) defines
an element fa(c1) of A = exp(g) ~ g/A. By the nonabelian Stokes theorem [KMR99|, this
satisfies

fa(Ocg) = / Fy (4.22)

for all ¢y € Co(M), when the integral in the right hand side is interpreted appropriately. It
follows that the Wilson loop of A is a twisted differential character if and only if the curvature
2-form F4 is integral with respect to the Dirac system A(P), i.e. if and only if A satisfies the
Dirac quantization condition relative to the Dirac system A(P). In this case, A a semiclassical
(rather than merely classical) principal connection. This implies the following:

46



Proposition 4.2.2. The elements of *(M;g(P)/A(P)) correspond to the Wilson loops of
semiclassical principal connections defined on P, i.e. those principal connections which obey
the Dirac quantization condition relative to the Dirac system A(P).

The study of principal bundles with weakly abelian structure group of associated gauge
theories is of interest for self-dual formulations of theories containing various extended versions
of electromagnetism, such as N = 1 supergravity in four dimensions (see [LS22]). In that case,
the group extension is split P and one has

A=TU(1)*" and T = Sp,(2n, Z) (4.23)

for some natural number n € Z-q, where the modular exponent t = (t1,...,t,) € Z%; is a
sequence of positive integers which satisfy the division conditions:

tlltg‘ - ‘tn, (4.24)

and
Spi(2n,Z) = {o € Sp(2n,R)|o(Ay) = A¢} (4.25)

is the modified Siegel modular group in dimension 2n. Here A¢ is the integral symplectic
lattice spanned inside R?” by the vectors ey, ..., e, ti€nt1,-- -, tn€on, Where ey, ... ea, is the
canonical basis of R?". In this case, we have g = R?” and A = Ay ~z Z?". We refer the reader
to [LS21] for a brief explanation of the physics origin and meaning of this choice. Much more
detail can be found in [LS18|.

The Dirac quantization condition for the situation relevant to N = 1 supergravity was
studied in detail in |LS22]. The results above give an interpretation of those results through
the degree two twisted differential cohomology of the pair (g(P), A(P)).

4.3. On computations of twisted differential cohomology when
A is an arithmetic group

The computation of twisted differential cohomology can be highly nontrivial when the corre-
sponding Zm1(M)-R-bimodule has a complicated structure. For example, in weakly abelian
gauge theories relevant to N=1 supergravity, the representation of (M) in the underlying
vector space factors through a representation E| of the discrete group I', which in such theories
is the arithmetic group Sp(2n,Z). This relates the problem of computing the relevant twisted
differential cohomology groups to the study of linear representations of the modified Siegel
modular groups Sp(2n,Z). This relates the twisted differential cohomology relevant for such
theories to the theory of Siegel modular forms. As explained for example in [LS18|, modi-
fied Siegel modular groups arise naturally in the theory of non-principally polarized abelian
varieties and their representations play a crucial role in the theory of Siegel modular varieties.

2The precise semidirect product structure of the split extension for this case is given in loc. cit.
3This can be described explicitly using the universal model provided by the classifying space of G or via
universal Chern-Weyl theory.
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