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INTEGRATION OF SIMPLICIAL FORMS AND
DELIGNE COHOMOLOGY

JOHAN L. DUPONT and RUNE LJUNGMANN*

Abstract

We present two approaches to constructing an integration map along the fiber for smooth Deligne
cohomology. The first is defined in the simplicial model, where a class in Deligne cohomology is
represented by a simplicial form, and the second in a related but more combinatorial model.

1. Introduction

For the construction of invariants for families of bundles, integration along
the fiber is usually applied in order to obtain forms defined on the parameter
space. In the case of families of bundles with connection the classical Chern-
Weil theory gives rise to invariants living in smooth Deligne cohomology,
and hence a notion of integration along the fiber is needed in this setting
(see e.g. Freed [6] or Dupont-Kamber [5]). In this paper, we introduce two
different constructions of this map. The first one is defined in the simplicial
model for smooth Deligne cohomology introduced in [5], where a class in the
smooth Deligne cohomology Hé;l (Z, Z) is represented by a simplicial form
w € QUNU)), for U a covering of Z. This version of the integration map is
needed in [5] for the construction of invariants for families of foliated bundles
but it was defined there only in the case of a product bundle. In general we
prove that:

THEOREM 1.1. Given a fiber bundle m : Y — Z with compact, oriented
n-dimensional fibers and suitable coverings V" and U of Y and Z respectively.
Then there is a map

/ CQ(NY) — QE(NUY).
Y/Z]
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It satisfies a Stokes’ formula

/ do = / w + (—1)”d/ w,
Y/z] [0Y/Z] [Y/z]

and thus if 0Y = (@ induces a map
m o HY™(Y,Z) — H(Z,Z)

in smooth Deligne cohomology independent of all choices and compatible with
usual integration along the fibers.

In the course of the proof of this theorem we make a second construc-
tion of the integration map defined in a more combinatorial model where the
cohomology classes are represented by simplicial forms living in the ‘triangu-
lated nerve’ |NK| associated to a triangulation |K| — |L| of the bundle. This
allows us to state the following useful theorem in the case where the fiber has
boundary:

THEOREM 1.2. Assume that 3Y # (. Then for a form w € Q*"(|IN7))
representing an element in smooth Deligne cohomology, the form

/ o € Q*(NL)/d2 (NL))
K/L

depends only on the triangulation of Y — Z.

There are other approaches to the subject in the literature. In Hopkins-Singer
[8], a cochain model for the Cheeger-Simons differential characters is given
and an integration map is constructed by embedding the bundle in a larger trivial
one. However for the applications in [S] one needs a construction involving
local data as in theorem 1.1. In the Cech-de Rham model, Gomi-Terashima
[7] have introduced a combinatorial formula that uses a triangulation of the
fiber. Unfortunately their formula is given for product bundles only, and it is
not immediately clear how to generalise it to the case of a general fiber bundle.

Apart from giving the applications in [5] our integration map is well adap-
ted to the product structure in Deligne cohomology. This answers a question
asked us by Ulrich Bunke. Thus we hope to demonstrate that the approach
with simplicial forms is a convenient and natural generalisation of the usual
integration map.

We will start by giving a short description of smooth Deligne cohomology
both in the usual Cech-de Rham model and in the simplicial model introduced
in [5] in §2. In §3, we introduce the concept of prism complexes which is a
generalisation of simplicial sets well suited for fiber bundles. It will provide
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a convenient framework for the constructions in §§4-5. In §4, we construct
an integration map in the simplicial model by choosing suitable coverings
of the fiber bundle and a set of partitions of unity. In §5, we introduce a
more combinatorial model closely related to the simplicial approach. By using
an Alexander-Whitney type map, we then give a combinatorial integration
formula. We show that the two approaches induce the same map in smooth
Deligne cohomology and at the same time we end the proof of theorems 1.1
and 1.2. Finally in §6 we define the product in Deligne cohomology using
simplicial forms and show that the integration map is well behaved with respect
to this product.

ACKNOWLEDGEMENTS. The authors would like to thank Ulrich Bunke,
Marcel Bokstedt and Franz Kamber for useful discussions during the prepar-
ation of this paper.

2. Smooth Deligne cohomology

Here follows a short introduction to smooth Deligne cohomology. The De-
ligne cohomology groups are usually constructed as the hypercohomology
of a certain sequence of sheaves. We will however restrict ourselves to the
corresponding concrete Cech description along the lines of [5]. For a more
comprehensive exposition see Brylinski [1].

Let Z be a smooth manifold of dimension m and let % = {U;};c; be a
‘good’ open cover of Z. (That is every non-empty intersection of sets from the
covering is contractible).

Let SVZP"I(%) = CP (U, 29) be the ordinary Cech-de Rham complex and
let 2*(%) denote the corresponding total complex with total differential D =
8§+ (—1)’d on Q”’q(%). It is well-known that the chain map

e Q1(Z) — QY U),
induced by the natural map ¢ : LIU; — Z gives an isomorphism

Hix(Z) — H*(S2°(U))
in cohomology. We also have an inclusion of the ordinary Cech-complex with
integer coefficients v <0
CP(U,Z) — Q7 (U)
which gives us the quotient complex

Q2 (U) = (U /C* (U, 2).

_ DEerFNITION 2.1. 1. An (Hermitian line) [-gerbe on Z is an [-cocycle in
C!(, R/2Z) or equivalently a 0 € Qg), (%) with 86 = 0.
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2. A connection @ in an [-gerbe 6 is a w = (wy, ..., w;) € SVZZ(%), where
w; € QU7I(U), so that @ = —0 mod Z and the image of @ is a cocycle in
Q2 (W) [6*Q(2).

3. Two [-gerbes 6 and 6’ with connections w and ' are equivalent if @
and ' are cohomologous in % p (). The set of equivalence classes [0, w]
is denoted Hé;l (Z,Z) and is called the [ + 1’st smooth Deligne cohomology
group.

REMARKS 2.2. 1. Note that Hé“ (Z, Z) is the cohomology of the sequence
< d x d x
Qi (U) — Q7 (U) — (U [e* QAT (Z).

2. That the image of w is a cocycle in Qﬁ/z(%)/s*gz*(Z) is equivalent to

the relations ,
Swi—1 + (—=1)'dw; =0, i=1,...,1

and
dw; =0 mod Z.

3. Our definition of a gerbe is to some extent an abuse of language, since a
gerbe is actually a well-defined geometrical object, so that the set of isomorph-
ism classes of gerbes (with band R/Z) over Z is isomorphic to H*(Z, R/Z),
this corresponds to our case / = 2. Our viewpoint is analogous to identifying
a line bundle with its defining cocycle. If the reader finds this inconvenient,
he/she can simply choose to substitute ‘gerbe’ with ‘gerbe data’. See [1] for
a thorough exposition of the geometric picture and [10] and the references
therein for an alternative approach using ‘bundle gerbes’.

PrOPOSITION 2.3. 1. We have a commutative diagram

HSY(z,2) 4 Qlf'(2)

cl

| |

H*Y(z,2) —— H't'(Z,R)

where Qﬁrl (Z) is the set of closed | 4 1-forms with integral periods.
2. There is a short exact sequence

(2.4) 0 — H'(Z,R/Z) — H}'(Z,2) LN Q(z)y — o,

ProOF. 1. Note that since 8dwy = ddwy = d*w; = 0 then F,, = dwy is
actually a globally defined, closed [ + 1-form. F, is called the curvature of w.
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d, is the map sending w to F,,. §, is just the connecting homomorphism for
the short exact sequence

0—Z2—>R-—R/Z—0

and / is the de Rham map. Now, commutativity of the diagram follows from
the fact that dwy — 86 = dwy + 8wy = Dw in Q*(U).

2. The kernel of d, is the ‘gerbes with flat connection’. Since a gerbe with
flat connection is actually a cocycle in the full complex Q’F’; /Z(% ), we see that

the kernel is in fact H'(Z, R/2).

There is also a description of gerbes with connection in terms of the differen-
tial characters of Cheeger-Simons [2]. Indeed there is an explicit isomorphism
HéZ(Z, Z) = H'(Z, Z) given in e.g. Dupont-Kamber [5].

2.1. Simplicial forms
In [5], there is given a description of gerbes with connection in terms of simpli-
cial forms, which we will briefly recall. (For more details on simplicial forms
see [3] or [4, ch. 2]).

Given an open cover % = {U;} of Z we have the nerve N% = {N%U(p)}
of the covering where

P

Nu@p)= | | U,n--nU;

We denote U;, N --- N U;, by Uj,._;, in the following.
N9 is a simplicial manifold where the face maps

deUi —-U. -

0---lp 10...lj...lp

and degeneracy maps

Sj 2 Uiy, = Uiy iji; i

are just inclusions.

DEFINITION 2.5. A simplicial n-form @ = {&'”} on N9 consists of forms
0P e Q"(AP x N9(p)) which satisfy the relations

(&; x id)*0'” = (id xd;)* 0P,

where ¢; : AP~! — AP denotes the ordinary j’th face map. We denote the
set of simplicial forms on N% by Q*(||N%]||). If the forms also satisfy the

relations
(n; x id)*o?™V = (id xs5;)*0'?,
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where 7; : AP — AP~!is the ordinary j’th degeneracy map, the forms are
called normal. The set of normal forms is denoted Q*(|N%|).

REMARK 2.6. Our index sets will always be assumed to be ordered and
it is then customary to consider only ordered (p + 1)-tuples, that is for a
tuple (io, ...,i,) we have iy < --- < i,. Later when we move on to prism
complexes this will in some instances be annoying. Instead we demand that
for a permutation o € X (p) the normal forms also satisfy the relation

O w=w

where 6 : AP x Uiy..., > AP x Ui, .., on the first factor is the simplicial
map that permutes the vertices of A? according to o and on the second factor
is the identity.

We have a direct sum decomposition
LUNU) = @ QN
ptq=n

where Q79(|N9%)|) is the set of forms that are of degree p in the barycentric
coordinates on the simplex in the product A* x N% (k) for k > p.
There is a chain map

In : QPA(NU) — QPUU)

given by Ix(w) = [ A P, This map gives an isomorphism in homology. In
fact it has a right inverse given on Af x N% (k) by

E(w) = p! Z w; Ndjo
1=p

where I = (ip, ..., i,) is a sequence of integers 0 < iy < --- < i, <k,
w; = Zfzo(—l)jtijdt,-o A-- -/\d},»j A+ Adt; are the elementary forms on AX
andd; : NU(k) - NU(p)isd; =dj, ---dj where 0 < j; <--- < j1 <k
is the complementary sequence of / (see Dupont [3, §2] for details).

The natural map UU; — Z also induces a map

&% QN (Z2) > Q(NU)),
so we get the following commutative diagram of homology isomorphisms:

Q(Z) = Q"(INU))

N

Q" ()
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We need a notion of integral simplicial forms in order to imitate the con-
struction in the previous section.

DEFINITION 2.7. A form w € Q*(|N%)|) is called discrete if it is locally
constant with respect to any local coordinates on the nerve. Furthermore it is
called integral if I (w) € C *(U, Z). The chain complex of integral forms is
denoted Q5 (IN%|)

ProrosITION 2.8. We have the following isomorphisms

1.
H"(Q5(IN%)) = H'(C*(U,2)) = H"(Z, Z).

2. If we define
rZ(INUD) = QU (INU))/ Q(INU)
then also
H*(Qp,2(INU))) = H*(Q,7(%) = H*(Z,R/2).
3. I induces an isomorphism from the cohomology of the sequence
2.9)  QAINU -5 Qb (INU) 5 QRAINUN /e (2)

to HY'(Z,2).

ProOF. 1. The map I, takes integral forms to integral cochains by defini-
tion. It induces an isomorphism in cohomology since the map E takes integral
cochains to integral forms and the chain homotopies from id to E o I given
in [3, §2] are easily seen to map integral forms to integral forms.

2. Follows easily from the above.

3. Since the cohomology group of (2.9) fits into a short exact sequence
analogous to the one in (2.4) the 5-lemma gives us that /, is an isomorphism.

COROLLARY 2.10. Every class in Hg] (Z,2) can be represented by an [-
gerbe 6 with connection w, where @ = Ix(A) for some A € Q! (|IN)) and

dA =¢*a— B, acQ(Z), BeQ(NU).

3. Prism complexes

The notion of a ‘prism complex’ and ‘prismatic’ decomposition has occurred
(implicitly or explicitly) in many different contexts (see e.g. [11]). We will
give further details and references in a forthcoming paper with B. Akyar.
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A prism complex is a generalisation of a simplicial set (or manifold) well
suited for fiber bundles. A prism complex P = {P,} is a collection of (p + 1)-
simplicial sets P,. That is, for each set of positive integers (qo, ..., g,) we

have sets P, 4. 4, With face and degeneracy maps
i
di 2 Ppgoqy = Prgogi—i..q,
and )
[
8t Ppgoay = Praoaitiog,
fori =0,...,p,j=0,...,q; satisfying the relations

diod, =dj,_jod, j<]j

A R i S
808 =808, J=<J

s},_l odj’f j<j
d os!, = id jzj/,jzj/+1

J J ] )
] 14
Sjpodj_y

j>J+1
and so that s} and dj’.' commute with sj’: and dj’, fori £’

Furthermore we want another set of simplicial (i.e. commuting with the d ]’ ’S
and s;’s) face maps d; : Ppgo..q, = Pp—1.4..4:..q, and degeneracy maps s; :
Py go..q, = Ppt1.go...qiq:...q, SO that (P, d;, s;) becomes an ordinary simplicial
set. Note that in some applications the last set of degeneracy maps does not
exist naturally so in these cases (P,, d;) is only a A-set. As with ordinary
simplicial sets we can for each p form the geometric and fat realisations | P,|
and || P, ||, that is, the quotients of

0 w ... qp
|_| AT % X AT X Py g..q,

where we divide out by the equivalence relations generated by the face and

degeneracy maps '
8} < AQ0-didp _y AG0--dit1dp

and (in case of the geometric realisation)

,7; < AD0-Gidp _y AG0--di—1p

(where A%-9 is short hand notation for the prism A% x --- x A%),
The face and degeneracy maps d; and s; now induce a structure of a sim-
plicial set on |P,| (|| P,||) by acting as the projection and the diagonal on



INTEGRATION OF SIMPLICIAL FORMS AND DELIGNE COHOMOLOGY 19

A% x ... x A% respectively. That is let 77; : A%~9 — A4~ be the pro-
jection that deletes the i’th coordinate and let A; : A9% — A90-49i9i9r be
the diagonal map that repeats the i ’th factor. Then we can form the geometric

realisation
P =] | A7 x|P,|/~
p=0

where the equivalence relation is generated by
(&it, s,x) ~ (t,m;s, d;x), re APl g e AU x € Py go..q,
and

(nlt9 S? x) ~ (tv Als9 Slx)a t € Ap+17 NS Aqomqﬂv X € Pp,qo...qp

ExampLE 3.1. Given a smooth fiber bundle 7 : ¥ — Z withdimY =
m + n, dim Z = m and compact fibers, possibly with boundary, a theorem of
Johnson [9] gives us smooth triangulations K and L of ¥ and Z respectively
and a simplicial map 7’ : K — L so that the following diagram commutes

K| —— Y

[m ]
L] —— Z

Here the horizontal maps are homeomorphisms which are smooth on each
simplex. Furthermore given such a triangulation of Y — Z we can also
extend it to a triangulation of Y — Z.

Now the geometric idea is that if z € Z lies in the interior of a p-simplex
of L then the fiber over z is in a canonical way decomposed into (p + 1)-fold
prisms of the form A%9 as above. Formally we define the prismatic complex
PS(K /L) by letting PS,(K/L)g,..q, © Sp+go+---+q, (K) X S, (L) be the subset
of pairs of simplices (z, n) so that g; 4+ 1 of the vertices in 7 lie over the i’th
vertex in 7. Then we have face and degeneracy operators defined in the obvious
way. In particular let PC,(K/L)g,. 4, be the free abelian group generated by
PS,(K/L)gy,..q, then this gives us boundary maps in the fiber direction of the
associated chain complex

8}7 : PCp(K/L)qo.‘.q,; - PCP(K/L)QO--JI:'*LH‘IP

defined by 9%, = Z(—l)jaf’f, (8} = (0 for ¢; = 0), and also a total boundary
map along the fiber

o = 3?: + (_1)q0+13}: N (_l)qo+~-+q,,71+178£.
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Also there is a horizontal boundary map
og = dp + (—1)q°+181 4+ 4+ (_1)q0+~"+q/771+p8p,

where .
{ 0 ifg; >0

di lfql =0

so that 9 = dp + dy is a boundary map in the total complex PC,(K /L) of
PC.(K /L)y, 4. This is actually the cellular chain complex for the geometric
realisation and hence calculates the homology of Y.

There is a natural ‘prismatic triangulation’ homeomorphism

¢:|PS(K/L)| —> |K]|

induced by
o, s, ..., s, (T, n) = (tos°, ..., t,s?, T)

for (r,5,7) € AP x A% x PS,(K/L)y,.q,- Note that if o is an open

p-simplex in L then £ provides a natural trivialisation of | K | over o

o x |PS,(K /o) — K|,

ExaMPLE 3.2. Another example in the category of manifolds, comes from
the nerve of compatible open coverings of the total space and the base space.
That is, given a covering % = {U;} of Z we have a covering %" = {W; =
7~ (U;)} of Y, and for each i, 7" is an open cover of W;. This gives a covering
7" = UY" of Y (with lexicographically ordered index set). Then we put

PNV Wgy.q, = Vi OV O v

490 Jap

with V,f € 7, and face and degeneracy maps are inclusions similar to the

simplicial case in section 2.1. In the following, we will denote Vji(? N---N Vji,’f
0 ap
by V;

0 P
0 "']41p :

A useful special case of this situation occurs in the context of example 3.1
above with the coverings consisting of the (open) stars of the triangulations of
K and L. More precisely % = {U; = st(a;)} where a; € L° is a O-simplex in

Land V' = {Vji = st(bj.)} where bj e 7 Ya;) N KO.
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3.1. Prismatic forms

As a straightforward generalisation of simplicial forms, we introduce the
complex of (normal) prismatic forms on the prism complex in the above ex-
ample 3.2.

DEFINITION 3.3. A prismatic n-form is a collection o = {wy,..4,} of forms
Wgy..q, € L (AP X AP0 x P,N(V/U)y,..q,) satisfying the relations

(id x &} x id)*wy,..q, = (id x id del')*a)qo...q,-fl,.,qp

and
(& x id x 1d)*wqomqp = (id xm; x di)*wqo,_,q;.__qp.

A form is called normal if it also satisfies the relations
(id xm; x id)*wgy..q-1..q, = (id x id xs]’-)*wqo_,_qp

and
(i x id x id)*wg,..q, = (id X A; X 5:)* ©yy...q:4:...q, -

The complex of normal prismatic forms is denoted by

Q(IPNV/U)).

Asin the simplicial case we have a direct sum decomposition of this complex
QUUPNYIU) = E QPPN U))
ptq+r=n
= b  are-er(PNYU).

ptqo+-+qptr=n

where Q79047 (|PNV/U)) is the set of forms of degree p in the barycentric
coordinates of the first simplex, of degree g in the second and so on and finally
of degree r in some local coordinates on the nerve of the covering. This makes
Q*(IPN7/%)) into a triple-complex. There is also a corresponding Cech-de
Rham triple-complex

QL iUy = P LPNTUy,...q,)
qo+...+q,=q
with differentials
O QP (VY U) — QPN (VU
3" QPN (VI U) — QP (V U
3" QPO (VYUY — QPN YU
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Here 9’ = Y (—1)'8] where

’
0:, .0 prl =
! Uo---Jq,;Jrl

{0 ifg; >0

@y o o ifqi=0
|j0...j(3...qu;}+l q

8” and 9" are usual Cech and de Rham differentials.
As in the simplicial case we have

PrOPOSITION 3.4. The map
In : QPIT(IPNYVJUY) — QPIT (V) U)

given by
IA(w) = / WOg...qp for w e QP (IPNV/U|)
AP X A90-p

induces an isomorphism in cohomology. The right inverse is given on AFo-*» x
PpN(%‘/%)ko.“kP by

E(w) = plgo!---gp! Z Z Z wj/\wjo/\---/\wjp/\d}"o,_Jpw.
|J|=I7 |Jo|=(10 |J/7|=ql7

The w,,’s are the elementary forms on A% and dy,...;, are face maps as in the
simplicial case.

ProoF. The proof is the same as in the simplicial case (see e.g. [3]).

PROPOSITION 3.5. The inclusion ¢ : |_|Vji — W, induces the maps €} and &5
in the following commutative diagram

QP (INW|) ——s QP (IPNY/9L))
8 |
QY —E s Qrr v
They both induce isomorphisms in cohomology.

_ Proor. We ﬁ{st notice that both Q7% (|PN¥/|) = QP (IN?'|) and
QPO (V/U) = QP (7") as double complexes, so in the following diagram

QP (INW]) — s QPO (PN L))

b i

Qrrwy —E s QrOr )
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the ¢;’s are just refinement maps and thus induce isomorphisms in cohomology.
Now let us see that for fixed p and r the complex Q797" (¥/U) is exact,
this will imply that

QPO UY — QP (VU

is a cohomology isomorphism.
We first construct homomorphisms

Si . szp,qo,...,qp,r(%’/%) N QP’%,...,t]i—l,...qp (%/02[)

We choose partitions of unity on W; subordinate ¥ = {Vji }jey, foreachi e I
and set

i 0 i i p = (=1)9otta E Lo i i p
s (w)]g,,,]éﬁl](’)*l...]{fp (=1 ¢]w]g...];[7|j]é+l...];1,
JEJi
Let 6 = (—1)%+*4-1§ then we have
s'8) +48/s' =0, i #j

and U
s'8 +68's' =id.

This gives , .
s'6+48s' =id

for each i. So for fixed p and r the chain complex Q4 T(V'/U) is exact.

COROLLARY 3.6. We have a quasi-isomorphism
s QY (INW)) — Q*(IPNV/U))

induced by the inclusion |_|Vji — W,

REmARK 3.7. The above result could have been obtained in a different
manner. In the next section, we will construct a right inverse ¢ to £’. We could
then have constructed a homotopy ¢ o & ~ id which would give us a chain
homotopy directly on Q*(|PN77/%)).

4. Integration

For a fiber bundle with compact, oriented n-dimensional fibers, we want to
define an integration map [ : Q¥ (IN?"|) — QF(IN%|) for coverings % and
7" coming from triangulations as in example 3.2. To do so, we define a map
INW'| — |N7'|, and then our integration is given by pulling back forms by
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this map and then integrating along the fiber in |[N%"| — |N%|. We define the
map in two steps. First we have, similar to the ‘prismatic triangulation’ map
in example 3.1, amap £ : |PNV/%| — |N7'| defined on

£: AP x AP~ x Vo p — APTOT T sy,
JO"'Jle ]0"']‘1])

by

o, s, ..., 5P, x) = (toso,...,tps”,x)

Now recall that each W; is covered by 7" = {st(bj.)} jeJ,- Choose partitions
of unity {q&j} for W; subordinate %" for each i. We are now ready to define

¢ INW| — |PNV/U|

on A x W, ;,. Take x € W;
set {j¢, ... ji} € J; so that

o..i,- Foreach i =iy, ..., i, there is a minimal

qi
D4 =1
r=0

We then map
(t,x) € AP x Wy i,

to
(tv ¢l?) (“x)v st ¢l(()l (x)7 MR ¢llly’ (“x)v X) € Ap X Aqu---q,; X VO ir
Jo Jag Jap Jo " Jap

REMARK 4.1. For later use we note that since the covering #” comes from
a triangulation it has covering dimension n + m so we have ensured that
q = Y_q; < n for non-degenerate prisms.

Now for w € Q"TK(|NV"|) define Jvjn@ € QY(IN%)) by

(v/z1 /|arxu APX Wiy iy /AP XUy,

ig-.ip ~ip
where the right hand side denotes usual integration along the fibers.

THEOREM 4.2. Given triangulations and partitions of unity as above, the
following holds.

1. Let w € Q" (IN?"|) be a normal simplicial form, then f[Y/Z] wis a
well-defined normal simplicial form.
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2. For w € Q™" Y(INV'|) we have

/ da):/ a)—l—(—l)”d/ .
[Y/Z] [0Y/Z] [Y/Z]

ProoF. 1. It is clear that f[y 171 @ is a well-defined simplicial form i.e. is
compatible with respect to the degeneracy operators. Let us see that it is normal,

that is
(p) (p+1)
(nj x id)* (/ a)) = (id xsj)*</ w) .
[Y/Z] [Y/z)

We first notice that

(m; x id)* (/ w) = (n; x id)* P w
[Y/Z] |AP X Uiy iy AP X Wig..ip | AP x Uiy
= / (nj x id)*¢*€*w
AP Wi iy [ AP XUy i,
= / ¢*(n; x id)**w
AP Wi iy /AP XUy i,

= / ¢* (Lo (n; x id)*w
AP+! XWzo

io.ip / APTIX Uy

ip

and at the same time

(id xs;)* (/ a))
lY/z] AP+ XU,

i} ip

: * * gk
= (id xs;) / ¢ w
AP Wig i g | AP XUl i i
(id xs;)* 9" w
i i ip

/ ¢*(id xs5;)"C*w
AP Wiy iy [ APT XUy iy

/ ¢* (£ o (id x5))) .
APl ><W,-0___,»I,/AI’Jrl x U,

ig...ip

Hence we only need to show that (£ o (id xs;))*w = (£ o (n; x id))*w. This
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can be seen from the following commutative diagram

_t o APTY % V,g 7

AP x AP x Vo »
-/0'“-/411 ~Jap

n; xidT f;xidT

APTL s« A9 % V.o .p _t APTaTgG+L Vo
]0"']41p ]0"']4/7

lid X5 l&o(id X5)

APFL S ND-0iity X Vg o —s APTIFGH Sy,
Jo -0 -++Jg; Jo -+ Jap Jo-+Jo ++Jq; Jo -+ Jap

where ¢ = Y ¢;, £ is given by

- 0 ; ; ; :

£, s”, ..., 8", x) = (tos ,...,thé,tj+]Sé,thl],...,tj-l,-]séjy~--ytp+1sp9-x)7
1 (and similarly for 5) is given by

N = Ngo+-+gj—1+j © Ngo+-+q—1+j+2 © * = * O Ngo+-+g;_1+j+2g;

and finally & is the map that permutes the vertices in the simplex as in remark
2.6, so that by assumption 6 *w = w.
2. Follows from the analogous formula for usual fiber integration.

There is amap ¢’ : [N?'| — |[N¥’| induced by the inclusions |_|Vji - W;

' ptaot-+q o
given on A »x Vio_jr by

0 0 0
£, ot ) X) = (Ztthx> € AP x Wiy i
j j

Since ¢’ is left inverse to £ o ¢ the following lemma follows easily from the
construction of the integral

LEMMA 4.3. The following diagrams commute
QEY) s QUF(NT) QI (NW]) = QI (INT))
] lon  h o
Q(Z) —— Q(INU) QU(INU

that is the integration of simplicial forms is compatible with the usual fiber
integration.
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5. A combinatorial formula

As in the case of a product bundle (cf. Gomi-Terashima [7]) there is also a
combinatorial formula for the integration map in the case of a general fiber
bundle. However, the resulting forms are only piecewise smooth. We start by
introducing a new complex consisting of these forms.

5.1. The triangulated nerve

Given a triangulation L of a smooth m-dimensional manifold Z we have as
mentioned earlier an open cover %/ given by the stars st(a) where a is a point
in LY.

For every simplex o € L, the closed star

st(o) = U k4

telm oCt

inherits a natural triangulation L, from L. This gives a realisation |L,| =
st(o).

DEFINITION 5.1. The triangulated nerve NL is the simplicial complex with
p-simplices given by
NyL = | | ILs]

oeLr
and for o = [ay, ..., a,] the face and degeneracy operators
dj : ILao...upl - |La0...tij...a,,| and S : |Luo...a,,| - ILug...a.,aj...a,,

are given by inclusions.

Our construction will give simplicial forms on |NL|.

Recall that a form w on a simplicial complex is a collection of forms w =
{0} with 0 € Q*(AP x N,L) satisfying the relation (¢/ x id)*w? =
(id xd;)*0P~V. But the L,’s, o € L”, are simplicial sets too, so our forms

w® actually live on ) )
Uperr Ui AP x AT x LY,

where L is the discrete set of i-simplices in L, .

Now much of what has been done in the previous sections carry over. We
can define integral forms Q3 (|NL|) € Q*(|NL]|) exactly as before and given
triangulations of a fiber bundle as in example 3.1 we also get triangulated
nerves both of the base and the total space. We can also associate a prism
complex to this situation in exactly the same way as in example 3.2. There is
obviously also amap ¢ : |[PNK/L| — |NK]| as before.
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Now let us show that with regard to cohomology it does not matter whether
we use ordinary simplicial forms or simplicial forms on the triangulated nerves.
We introduce the simplicial manifold (with corners) N % with

Since the cohomology of Q*(|[N%|) does not depend on the open cover and
since forms on a closed subset are restrictions of forms on a larger open subset,
we get that the restriction *( |N@|) — Q*(|N%|) induces an isomorphism
in cohomology.

PROPOSITION 5.2. The map
L QY (NU) — QF(NL|)
induced by the homeomorphisms
|Lay...a,| = st(lao, ..., ap])
is an isomorphism in cohomology.

ProoF. The result follows readily from the following commutative diagram

QP(INU) —— QP9(NL)

b
QI(N,U) —— QP(N,L)

since both vertical maps are isomorphisms in cohomology by the simpli-
cial de Rham theorem. In fact, the de Rham theorem also implies that the
lower horizontal map induces an isomorphism in cohomology, since the map
Qi(st(o)) = Q4(|L,|) isa cohomology isomorphism for all ¢ € L.

Now let us show that we can also represent a class in Deligne cohomology
by a simplicial form on a triangulated nerve.

First, let % = {U,;};c; be a covering of Z and let L be a triangulation, so
that every closed star of L lies inside an open set of %. That is we have a map
o LY — [ sothatst(a) C Uq(a)- This gives a chain map

T : Q*(INU|) — Q*(NL))

PrOPOSITION 5.3. The map T induces an isomorphism both in ordinary
cohomology and between the cohomology of (2.9) and

_ d d .
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ProOF. Follows from the last proposition since 7 is the composition of a
refinement map and ¢.

Hence smooth Deligne cohomology is represented by the cohomology of
the sequence (5.4).

5.2. The integration map

We want to define an integration map
/ : Q*(INK|) — Q*(INL)).
K/L

First, for a simplex o = [ao, ..., a,] € L we define a map

AW : PCn(K/Ly) > @D PCi p(K /o) ® PClym(K /Lo).
ki1+k,=k

Let(z, n) € PCy ,(K /L) then since 1 is a top-dimensional simplex in L, we

haveo C nletip,...,i, € {0, ..., m} denote the indices of the corresponding
vertices of o in 7. Let us write 7 as 7 = [0, .. .b20| R/ A b;’;], where
the i’th block, |}, ..., bﬁh |, lies over the i’th vertex in . For 0 < s; < qi; we
define

T = [by, ..., b0 by, ... b

» Yo

and

Tageusy = (b0, B0 | by by | by b ]

then our map is given by
AW(7) = Z 0% @ Tspersy -

0<s; =4i;

That is an Alexander-Whitney type map with respect to each block of vertices
in 7 lying over a vertex in o.

The following lemma is a straightforward computation similar to the proof
of the usual AW-map being a chain map.

LEMMA 5.5. The map

AW : PCy (K /Lo) — @D PCi.p(K/0) ® PChym(K/Ly)
ki +ko=k

is a chain map with respect to the boundary map o from example 3.1, that is

AW 0p = 0p AW,
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We have to specify fK/L w € Q*(INL|) asaformon A? x nforn € L,.If
for the moment we let n be an m-simplex the formula is quite simple.

First pick an orientation of 1, since the fibers of 7 is oriented, this gives us
an orientation of Y, and hence a fundamental class [Y},] € PC,1, (K /o).

Now consider NK -1z, as a subset of |K ||, X |K]||z,|. We will define
Jx /1 @|arxy by restricting @ to AW ([Y},]) and integrate along the fiber over
AP x n.

Sets = ) I si, then our formula will be given by

(5.6) / Wpar sy = Z Z e(1) AN
K/L

TePS,m(K /n) 0<s;<q;, APHIX Ty [ AP XN

where a)ipoﬂ,) € Q" (AP x Kpo-sp) and €(7) is the sign of 7 in [Y},]. The
integration shall be understood as follows: We restrict w to AP x Tso...5p
and then integrate it along the fibers over A” x 1 with respect to the map
APFS — AP given by

50 so+s1+1 so+...+sp+p
(IO""tp+S)'_> (E L, E Li,oovy E Z‘l)
i=0 i=sp+1 i=so+...+sp—1+p

and the map 7,5, — 1 which is just the restriction of 7.

REMARK 5.7. In the above, we could also have chosen to pull w back to
Q*™"(|PNK /L) with £ and then integrate with respect to the map

AP x AS0-Sp % Tso...s,, — AP x n

This gives the same result, but will be more convenient when we shall see that
the two approaches to integration give the same result.

We still need to define the integral on A” x n’ for ' € S;(L,) a lower-
dimensional simplex. This will actually just be the restriction of the integral
on A? x n for n a top-simplex such that ¥ C 7, we shall see that this is
independent of which top-simplex we choose (this also shows that the resulting
form is really simplicial on | L, |).

Let us first take a look at what happens to the formula (5.6) when the integral
isrestricted to A? x ' € AP x n.

Forat € PS, (K /n) we see that

(p+s)
(5.8) / A
APFSXTy s, /AP XY
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restricted to A” x ' is non-zero exactly when tg, 5, N 7~ (') and Ts...5,
have the same dimension »r = n — s in the direction of the fiber. That is
Tsp...s, Nm~'(n') € PS,;(K/n') and Ty...s, € PSy.m(K/n) (the dimension in the
direction of the fiber for a simplex in K is givenasdimy t = dim t—dim 7 (7)).

Now in this case let « be the simplex in L, ‘spanned’ by n’ and o, then
7 N~ () is n-dimensional in the fiber direction, so over each 7j € S,, (L),
with n” C 7, there is exactly one T € PS,, ,,(K /%) with T N 7 (@) € 7 and
in the expression (5.8) it would make no difference if we used 7 instead of 7.

We can also give an explicit formula in this case, but first we need some
notation. For a top-simplex u € PS, ,,(K/Ly) set it = N 7~ '(0). For a
simplex p € PS, (K /n’) let

Fp =
{LePS,w(K/Ly) | p=pnNa~' (), dimp fi+dimp p —dimp (N p) =n}.

Now write

0 0 k k ~ 0 0 P
p=lcgs-wwscpl.olegs v, ] and o =1[by, ....byl...|b ,...,bgp]

with u € Fpandletip,...,i; € {0,..., p}and jo, ..., j; € {0, ..., k} denote
the coinciding blocks in /& and p, that is

~ i i i i Jo i Ji i
Mﬂ,o:[bo‘),...,b;‘?ol...Ibo’,...,b;’il]=[co,...,cé‘;ol...lco,...,c[l_‘fl].
As before we set
o

0 j j k k
Pso..s = [€gs -+ 5 Oy ...|c§:,...,cﬁ;vl...lco,...,crk]

and ~ 0 0 i ;
A = (B0, BO LB BB, L BT ]

q])
and then finally the integration formula is given on A” x 5’ by
(p+s)
(5.9) e(p) / WOisgos
2 2 e o e
PEPS. k(K/0) {illneFp} 0=s.<qs, 051 7

THEOREM 5.10. 1. Let w € Q*Y"(|NK|) be a piecewise smooth normal sim-
plicial form; then f k)L @ is a well-defined piecewise smooth normal simplicial
form.

2. Let w € Q¥ (|NKY|), then we have a Stokes’ theorem

/ dw:/ a)—|—(—1)”d/ 1)
K/L arK/L K/L
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3.If oY = O then the map fK/L : QM(INK|) — Q*(|NL|) takes integral
forms to integral forms and it induces a map m, : H;”’(Y, Z) — H3(Z,2)in
smooth Deligne cohomology.

Proor. 1. This follows at once from the construction.
2. First we observe that for v € Q¥"~!(|NK|) wehaveon AP xn (n € L)

dow = f (dew)™"
/;(/L Z Z APHXTy sy /AP XD

T€PS, ;m (K/f)) Ofsj Sq[j

_ (p+s)
= E E / Wsoesp +
31"‘(Ap+'S tho...xp)/Ap xXn

tePSil.m (K/'I) 053/ Sq

n (p+s)
+ (=1 / ORI
rePs,,m<K/n> 0<s,<ql APTSXTyy 5y /AP XD

TEPS, m (K /1) OSY/qu]

+ (—1)”d/ .
K/L

In this formula, we recognize the first terms as |, ok /L@ since lemma 5.5 gives
us that 9p AW ([Y),]) = AW (9r[Y),]). Hence we have verified the formula for
n a top-dimensional simplex, and since the value of the integral on the other
simplices is given by restrictions, the formula holds in general.

3. If € Q¥ (|NK]) is integral, then we observe that the only non-zero
terms in (5.6) are those for s = n, that is, the integration is only with respect
to the map AP*" — AP, and the resulting forms are then clearly integral. We
also see that there is a result similar to lemma 4.3, so it is now clear that we
have an induced map in Deligne cohomology.

+s
a)({){, s,? +

‘/3F(AF+S tho.,.xp)/Ap xXn

Now we are ready to compare the two integration maps. This comparison
will also quite easily show that the first, smooth version of the integration map
also takes integral forms to integral forms.

First, choose a triangulation of the fiberbundle Y — Z andlet 7" = {V;};c,
and % = {U;};<; be the associated coverings by the stars. Now let K and L be
subdivisions of these triangulations so that every closed star of K and L lies
inside an open set of 7" and % respectively. Then we get maps

T :Q*(|IPNV/U|)) — Q*(IPNK /L)), T Q*(|INU|) — Q*(INL|)

as above, inducing isomorphisms in cohomology.
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LEMMA 5.11. If 0Y = () then the map f[Y/Z] CQT(INT)) — QYF(NU))
takes integral forms to integral forms and hence induces a map in smooth
Deligne cohomology.

ProOOF. In the following, we will make use of remark 5.7, that is, we will
look at the integration map in terms of the prism complex.

Let B € QK" (IN?"]) be an integral form. Now remark 4.1 ensures that the
pull back ¢*8 € QKt"(|PN?7/49|) lies in the subcomplex ., Qk+=9.4.0

q=n
(IPN?/%)). Note also that everything besides the term in Q%"C(|PNV"/ %))
maps to zero under the integration map. Now the diagram

_ [
QT (NW)) _>‘— Q" (IPNV/U|) —L— Q**"(|PNK /L))

(5.12) fy/z\\ l Fam lfm

Q(Nu) —I—  Q*(NL|)

where the commutativity of the triangle and the outer square impliy that
fK/L Te™ = T’fy/z. Furthermore, if we put 8’ = ¢*¢*8 then by corollary

3.6 we have ,
B — B = hdB + dhg,

where £ is the homotopy operator inducing the chain homotopy g*p* ~ id.
Note that since ¢ o ¢’ is the identity in the variable of the first simplex and in
those on the nerve, & maps Q79" (|JPN¥7/9%)) into

@ era-r (PN U),

q9'<q

so the image of 4 maps to zero under the integration map. Now by definition

we have _
/ B = / ¢*B = B’
[Y/Z] Y/Z [Y/z]

and hence commutativity of the outer square in (5.12) gives

T’/ o B = Te*¢p*p = Tg = / Tﬁ—|—/ T (hdB+dhp).
Y/Z K/L K/L K/L K/L

Also, since fK/L Tdhp = (—1)""'d fK/L Thp the last integral is zero. We

therefore finally get
[ p=| 18
[v/Z] K/L

and since the right side is clearly integral, as noted above, we conclude that

f[y /z) Maps integral forms to integral forms.
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THEOREM 5.13. If oY = () then the maps
/ CQT(NY)) — QENU)
[Y/Z]

and
/ L QU(NK]) — Q' (INL)
K/L

induce the same map
o HY7(Y,Z) > HA(Z,2)

in smooth Deligne cohomology.

Proor. This is similar to the proof above. Taking w € Q" (IPNV/U))
with dow = e*a — B, we set ' = £*¢p*w and get ' — w = dhw + hdw. As
above we have

T’/ a)=T’/ w’:/ To
[Y/Z] [Y/Z] K/L

:/ Ta)+d/ Tha)—l-/ Thdw
K/L K/L K/L

and, as in the proof of le~mma 5.11 the last term vanishes, since hdw = he*o —
hB = —hp because &"*¢* obviously acts as the identity on ¢*«. Hence we get

T// = f Tw + dr,
[v/z) K/L

where T = fK/L Tho.

COROLLARY 5.14.
o HY7(Y,Z) > H(Z,2)

is independent of choice of coverings, partition of unity and triangulations. In
particular this proves theorem 1.1.

Recall from example 3.1 that in the case of a fiber bundle Y — Z with
compact oriented fibers, where Y #  and a given triangulation of the bundle
Y — Z, it is possible to extend this triangulation to a triangulation of the
bundle Y — Z. We shall see that the integral is independent of this extension,
thus proving theorem 1.2.

THEOREM 5.15. Given a form w € Q*™(|NV’|) representing a class in
Deligne cohomology and a triangulation of 0Y — Z compatible with the
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covering V" and two extensions |K|| — |L| and |K»| — |L| of thistoY — Z
8

then
K,/L Ky/L

where T; : Q*(IN7’|) — Q*(INK;|), i = 1, 2 are given as above.

PROOF. As in the proof of theorem 5.13 we have a ' € Q*™(|PNV/U)|)
so that o' = w + dhw + hdw, and we get, fori =1, 2,

T’/ a):T’/ a)’:/ T,o
[Y/Z] [Y/Z] Ki/L
=/ T,.w+/ T.(dhw + hdw)
Ki/L Ki/L

Ki/L Ki/L

where T’ : Q*(|IN%|) — Q*(|NL|). Now the theorem follows from the fact

that
/ T.dhow = d/ T:ho + / T:how,
Ki/L Ki/L orK;/L

where the last term is easily seen to be independent of i.

6. Products

The smooth Deligne cohomology groups comes with a product structure which
has a quite simple description in the Cech-de Rham complex (see [1, ch. 1] for
a detailed description).

In this section we define a product in Q*(|N%|) compatible with this. This
product is well behaved on the chain level with respect to the integration map
in Deligne cohomology. Note that this product is different from (although
chain homotopic to) the usual wedge product in Q*(|N%|) which does not
preserve the set of integral forms and hence does not induce a map in Deligne
cohomology.

First consider the maps

w |PINU| — INU|, i=1,2

where

m AT x U — AT x U;

0---lgp+qy +1 0---Lgq

is given by o 1 0
(r',r,x) = (r', x)
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and similarly

T+ AP x U; — AT x U;

0-+-Igp+q1 +1 q0+1+1g0+q1 +1

is given by 0 1 .
(rr,x) = (r, x).

For t € A! we have the map
C,: |PINU| — |NU|
given by
Gt x) =@’ (1 =nr' ).

ol
It is clearly a homeomorphism for t € A .
The inverse is given as follows. Take an (ry, ..., r,, x) € A" x Uj,;, and

choose p so that 7 r; <t < 37 r;. Then

p—1
T rp_ o T
—1 0 p—1 i=0 "i
> (ro,...,r,,,x)=<<—,..., , 1 — ),

t t t

1 Z?:erl Fii 1py I'n
— , AU L Spx |-
-t 11—t 1 —1

Choose a smooth bump-function ¢ : R — R so that the following holds

1 [y p()de = 1.

2. lim;0¢(2)/t? = 0 and lim,—,; ¢(¢)/(1 —t)? = O for all p € N. We
now have

DEFINITION 6.1. The product
AL QY(NU|) x QUUNU|) — QL(NU)).

is given by

o Aywy = | d@)dt ALY (T A TS w))
Al

The choice of bump-function ensures that there are no convergence problem.
So this is well-defined and seen to give a normal simplicial form.
Most of the following proposition is trivial.

ProposITION 6.2. 1. Two different choices of bump-function give chain-
homotopic products.
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2. For w; € QP(INU)) and wr € QI(|NU|) we have d(w; A wr) =
dwi Ny + (—1D)Pw; A dws.

3. 1a : Q(INU|) — Q*(U) is multiplicative.

4. If w1, wy € QF(INU|) then wi Ay wy € Q(INU)).

ProOF. 1. This is trivial since two choices of bump-functions that satisfy
the required conditions are certainly homotopic by a linear homotopy through
such bump-functions.

2. Follows from the corresponding formula for the wedge product.

3. Suppose w; Ay wp € QU (INU]) then we have

(w1 At @2)ig...i,
- / () di A (€ (rin A o)),
PN
= / ¢ (1) dt A (6 (w1 A T5))iy i,
AIXAH

= Z /A] rn ¢(t)dt/\€:‘n;‘;(£;1*(nf‘w1Aﬂfwz))io...i,,
p+q:n X AP x A1

=y / o) dt A (@1)iy.i, A (@2, .0,
AlX AP x A1

p+g=n

= Z (a)l)io...i,,/\/ (@2)i,...i, -
A4

ptq=n" A"

So I(w; At wn) = I(w1) A I(wy) as claimed.
4. This follows directly from the proof of 3.

REMARK 6.3. Unfortunately the product is neither commutative nor associ-
ative on the chain level but 3 above ensures us that it is up to chain homotopy.

The product is well-behaved with respect to the integration map in section 4.

PROPOSITION 6.4. For w; € QP (INY|) and wy € Q4(|NU|) we have

(65) </ (,()1) Nl wy = / w1 N\ 7'[*(1)2.
[Y/Z] [Y/Z]

Proor. Note that

(M1 x )0l "olod = (Lodom xLodom)ol, : INW| — [NV |x|NV|
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So for a pair of forms w, T € Q*(|N%|) we get the relation

od) @A T)=(op)wA (Lod)r.
This implies that

/ w1 N\ JT*(,()2 = o (5)*(1)1 A1 (ﬁ o (]3)*77,'*6()2
[Y/z] Y/Z

= ‘o (;3)*0)1 A1 7'[*0)2
Y/Z

= ( (Lo (f;)*wl) A1 @)
Y/Z

()
[Y/Z]

Let us move on to Deligne cohomology where the product structure is a
little different.

as stated above.

DEFINITION 6.6. Let w; € QP(IN%|) and w, € Q4(|N%|) be two forms
representing classes in Deligne cohomology. That is dw; = ¢*o; — B;, where
a; is a global form and B; is integral. Then we define

a)]7\a)2 = w1 N\ 8*052 + (—1)p+1ﬂ1 ANRO))

Some calculations show that this induces a well-defined product in Deligne
cohomology. E.g. take another representative w; + S for the class [w;] then
we have

(@1 + B)Awr = (w1 + B) A1 e*aa + (=) (B +dB) Ay w2
= wiAwy + B AL s + (=) dB A
=wAwy +d(B AL @) + B AL B

~ w1/~\w2.

Notably d(a)lf\a)z) =&*(a; A1 @2) — B1 A Ba.

With this product on Q*(|N%|), the map I of section 2.1 between the
simplicial and the Cech-de Rham model for Deligne cohomology becomes an
isomorphism of graded rings.

The next proposition follows directly from proposition 6.4.
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PROPOSITION 6.7. For w; € QPY"(INY'|) and w, € Q4(|NU)|) representing
classes in Deligne cohomology, we have

(68) (/ a)1>7\w2 = / w1 7\7‘[*0)2.
[Y/z) lY/z]

REMARK 6.9. The product described above simplifies proposition 5.17 in
[5]. Since we can choose y; A| y» as representative for u; U u,.
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