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HIGHER-DIMENSIONAL PARALLEL TRANSPORTS

KI1yoNORI GOMI AND YUJI TERASHIMA*

1. Introduction

For a smooth path v in a manifold X, a connection on a line bundle over
X gives an isomorphism between the fibers called the parallel transport along
~. In this paper, viewing a path as a map from a 1-dimensional manifold with
boundary to X and a line bundle with connection as a 1-dimensional smooth
Deligne cocycle of X ([D], [Ko]), we generalize such a concept to maps from
a higher-dimensional manifold with boundary to X and a higher-dimensional
smooth Deligne cocycle. Firstly we use transgression maps on smooth Deligne
cochains to construct line bundles with connection over the spaces of maps from
closed manifolds of dimension m to X for a smooth Deligne cocycle of degree
m + 1. Secondly for a compact manifold N of dimension m + 1 with boundary
we get a global non-vanishing section of the line bundle over the space of maps
from N to X, which is the pullback by the restriction maps of the line bundles
associated with the closed m-manifolds of the boundary components. Then, for
each map f from N to X the section gives the isomorphism between the fibers,
called the higher-dimensional parallel transport along f. Finally we prove that
for f: N =M x[0,1] — X, where M is a closed manifold of dimension m,
the higher dimensional parallel transport along f agrees with the usual parallel
transport along f = {f;} for the connection given by the transgression map,
viewing f as a path {f; = f|ax sy} in the space of maps from M to X.

For 2-dimensional manifolds with boundary, the concept of the higher-
dimensional parallel transport was considered by Gawedzki in his pioneering
paper [Ga] using transgression maps, and was developed by Brylinski in his
fundamental work [B1] using differential geometry of gerbes. This paper owes
much to the ideas in their works, and extends to any dimensional manifolds
with boundary. Since the higher-dimensional parallel transports are given as
special cases of more general formulas for the transgression maps, it seems an
interesting problem to interpret our result in terms of differential geometry of
higher gerbes ([B2], [BM], [CMW]). For the geometry of gerbes see, in addition
to Brylinski [B1], the excellent paper [H] by Hitchin. Carey-Mickelsson-Murray
[CMM] give a geometric interpretation by bundle gerbes of higher holonomies
for closed 2-manifolds, extending their previous impressive work [CM] for simple
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2-manifolds such as spheres or cylinders. In the interesting paper [F] Freed com-
putes the derivative of the exponentiated n-invariant, considered as a section of
the determinant bundle, with respect to the natural connection on the determi-
nant bundle, which is important to this paper. In unpublished work, he has also
developed an integration theory of Deligne cocycles, independently from and
before us. Gajer [G] shows that the isomorphism [E| between smooth Deligne
cohomology group and Cheeger-Simons’ group of differential characters [CS] is
given by ‘holonomies’ in the differential geometry of principal B™C*-bundles,
geometrically.

2. Transgression maps

In this section, we define the transgression maps on smooth Deligne cohomol-
ogy and state their main properties (see [GT]).

The smooth Deligne cohomology of a smooth manifold X is defined to be the
hypercohomology of the complex of sheaves

dlo d d
Cy Al L LA,

where A% denotes the sheaf of smooth complex-valued k-forms on X ([B1]).

The hypercohomology of a complex of sheaves is given with a Cech definition
as follows. For any open covering i of X and any complex of sheaves F* the
cochains C*(4, F*) form a double complex, one differential § coming from the
covering and another from the complex of sheaves F*. The Cech hypercohomol-
ogy groups is defined by

HY(X, F*) = imH?(C* (4, F*)),
s
where H1(C*® (4, F*)) denotes the cohomology of the single complex with differ-
ential, denoted by D, associated in the usual way to the double complex.

Next, we recall an important operation, called the transgression map on dif-
ferential forms, in differential geometry on the space of smooth maps between
smooth manifolds. Let M be a compact oriented smooth manifold of dimension
m and X be a closed smooth manifold. Let M = C*°(M, X) denote the space
of all smooth maps M — X and ev: M x M — X denote the evaluation map
defined by ev(f,m) = f(m) for f € M and m € M. The following diagram

MxM =5 X
lw
M

gives the transgression map on differential forms
) AP(X) — APTTH(M)

defined by ¢(w) = [,, ev*w for a differential form w € AP(X), where [, is the
fiber integration along the fiber M of the product bundle 7 : M x M — M.
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Now, as a refinement of this map, we define the transgression map on smooth
Deligne cochains for each open covering of X. Let 4 = {U,}aer be an open
covering of X. An open covering U of M is associated with i as follows: for
any pair 3 = (K, ¢) of a triangulation K of M and a map ¢ : K — I, the open
set Vg of M is defined by

Vﬁz{f:MﬁX’ f(O')CU¢(U), O‘EK}.

The set U = {Va}ges of open sets is an open covering of M, where J =

HK Map(K, I)
We define the set of flags of simplices F (i) by

Fr(i)={d¢= (""" ...,0™)| o € K, dimo? =p, c™* C---Co™}.
and the set of sequences of integers P, (i) by
P,(i)={i=(n1,....,ng)|n; €EZ, m>mng >--->ng>m—1i}.
It is convenient to put || = > 7_, n,.
Definition 2.1. The transgression map associated with
Yt CFELCY S AY — o= AR) = OB, Ch T Ay - - AR

is defined by
Yu(g,wt, ..., k) = (h, 0%, ..., 05 ™),

where

hﬁO"‘,@kfm =

m—1
ex E g g —1)ll eviwm T _ .
P (—1) i ¢2m~¢2n1¢in1~¢§,n2“¢§nﬁm~¢" m

i=0 GEFk (i) REPy_m (i) omTt

(-
X * —m —m
H H </O'O ev g¢gm¢gn1 ¢(1r"1“¢(17"2”'¢i"k—m“¢§0 ) ’

GEFK(m) NEPk_ (M)

and

l _
060"‘ﬁk—m7l -

m
)ND SIS SR v
( ) om—i ¢2m¢gn1 ¢;"1“¢(17-"2”.¢0"k—m—l”¢

=0 GEFK (i) TEPK_m—1(3) "

Here, for 5y = (Ko, ¢0), - - -, Br = (K, ¢,) we use a simplex K which is a common
subdivision of Ky, ..., K, and define the index ¢’ ; € I to be ¢'; = ¢; 0 1;(c7),
where ¢;(0) for each simplex o € K is the simplex in K; of smallest dimension
such that o C ¢;(0). It is easy to see that the definition is independent of the
choice of common subdivision.

Remark . We note that an orientation of M induces that of o¢ for ¢ = m —
i,--- ,m along the flag ¢"~* C --- C ¢". In particular, the induced orientation

of 0™~" gives integration [ ..
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The following theorem is fundamental in the sequel.

Theorem 2.1. The transgression map g satisfies the following:
YyoD = (=1)"Dotpy+r" o (d)y,
where r : C*°(M,X) — C®(0M,X) is the restriction map and (01), is the

transgression map associated with 3 for the boundary OM .

Proof 1. The proof is essentially identical to that of Theorem 3.1 in [GT], except
that here we consider all triangulations of M at the same time, and the theorem
follows by Stokes’ theorem for fiber integration on differential forms. O

Corollary 2.2. If the manifold M has no boundary, then the map 1y is a chain
map.

Therefore the transgression map g gives a map on cohomology
vt BN, O S Ak -
= AR) — HF (D, Cly S AL = A,
Proposition 2.3. The homomorphisms {Q,Z)u#}u induces the direct limit
o HM(X,Cx 2 A —
— = AR) = HN (ML Gy S Ay = — AR,

Proof 2. Let /' = {Uy }orerr be a refinement of a cover U = {Uy}aer of X
with a map 7 : I’ — I such that U/, C U (4. Let U and U’ be coverings of M
associated with { and " indexed by J = [ [, Map(K,I) and J" = [ [, Map(K,T’)
respectively. Then U’ is a refinement of U with the map 7 : J' — J defined by
T(¢') = To¢ for ¢ € Map(K,I’). Proposition 2.3 follows from the commutative
diagram

#
HR, Oy 2 AL o AR g O U AL e AT

|- I
v,

HE(,Cy DAY — - — AR W EEm AL - AR,

where 77 and 77 are homomorphisms induced in cohomology from maps 7 and
7 as with usual. O

3. Line bundles with connection

Let Y be a smooth manifold. The group of isomorphism classes of line bundles
over Y with connection is identified with the smooth Deligne cohomology group
HY(Y,C; %% ALY as follows ([D], [K]): let (L, V) be a pair of a line bundle
L over Y with a connection V. Let {(U;, s;)}ier be a local system for the line
bundle L, i.e. 4 = {U;} is an open covering of Y and s; : U; — L is a nowhere
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vanishing smooth section on U;, and g;; : U; N U; — C* be the corresponding
transition functions satisfying s; = g;;5;. With the connection V we get a 1-form

6; = Vs;/s; on U;. Then the cochain (g;5,0;) € Cl(4,Cy dlog A%/) is a cocycle,

and the cohomology class [(g:5,0;)] € H'(4,C5 418 Ay) is independent of
the choice of local system. The map [(L, V)] — [(gi;, ;)] gives the isomorphism
between the group of isomorphism classes of line bundles over Y with connection

and the smooth Deligne cohomology group H!(Y,C3 4108 AL).
Hence the transgression map for the closed manifold M of dimension m

W X, O B AL AT L Y (M, O, P AL
gives an isomorphism class [(£, V)] of a line bundle with connection over M for
a cohomology class [c] € H™ (X, C% “3F AL — - — ARTY). More precisely,
for cohomologous (m + 1)-cocycles ¢, ¢’ and an m-cochain b satisfying ¢ — ¢/ =
Db we have line bundles with connection (£,V), (£, V') and an isomorphism
wy 2 (£, V) — (L', V') between line bundles with connection.

Next we consider (m + 1)-dimensional manifold N with boundary N = M.
Let U = {Vs}ses and U = {Vj3} 5.7 be the open coverings of N' = C>°(N, X)

and M = C*°(M, X) associated with an open covering Y = {U,}aes of X,

respectively. For an (m + 1)-cocycle ¢ € C™ (U, C% dlog Ay — o AT

we denote (hg) = (—1)™y(c) and (g5,5,,05) = (0¥)y(c). Then the line
bundle £ over M associated with c has {g3,3, } as the transition functions. Let
r : N'— M be the restriction map f +— f|p;. The pullback 7*L over N is given
by
rL=]]VsxC/~,
BeJ

where the equivalence relation ~ is given by declaring (f,\)g, ~ (f,\')g, for
(f;A)po € Vs, x C and (f,N)p, € Vg, x Cif X = gg,5,(flar)N'. We define a
section P, : N — r*L of the line bundle r*£ by the equivalence class P.(f) =
[(f,hs(f))p] for f € Vs CN.

Proposition 3.1. (i) The global section P. of the line bundle r*L is well-

defined.
(ii) For cohomologous (m + 1)-cocycles ¢, and an m-cochain b satisfying ¢ —
¢ = Db, we have P, = pj(Py).

Proof 3. (i) It suffices to show for f € Vg, N V3,

hﬁo (f) = 98061 (f‘M)h‘ﬁl (f)v
which follows from Theorem 2.1 with kK =p=m + 1.
(ii) Let (k3) = (=1)™(0¢)u(b). Then, by Theorem 2.1 we have

Wy(F) = ka(flar)ha(f)

which shows (ii ) since the isomorphism pu; associated with the cochain b gives
the change of the factor k5 on an open set Ug locally. U
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To state the formula which computes the derivative of the section P, with the
pullback connection r*V by the restriction map r of the connection V, we recall
that the morphism of complexes

* dlog 1 d d m+1
C% AL AT

[

m—+2
Ax

induces the homomorphism
d: H™PHUX, O 28 AL — o AT o AT (X),

where A™2(X) is the space of complex-valued (m + 2)-forms. Let Q = d([c]).
The following is an extension of a result for a 2-dimensional manifold by Brylinski

[B1], obtained using differential geometry of gerbes, to any-dimensional manifold
N.

Proposition 3.2. Let v = {75} be a path in N'. Then, the section P, satisfies
with the pullback connection r*V

r*V. P, = (/ Wﬂ) P.,
N

where vy, : A"T2(X) — A™L(N) is the contraction along vs € T(N,v:TX).

Proof 4. Locally on an open set V3, we consider the function hg corresponding
to the section P.. Then by the definition of hg, (hg) = (—1)™ 14y (c), we have

-1
hg dhg
m
_ m—+1 * m—41—1
_Z Z (=1) d/ o VW i1 Gom® i1
i=0 GEF (i) omTET
+ Z (—1)m+1/ eV*(g_ldg)¢om+1¢a7vz~'-¢00
FEF(m+1) of
m
S ([ oot
i=0 e F (i) o o e
o * m—+1—1
/3[,m+1—i v w¢o7rt+1 ¢0m"'¢(;m+1i>
+ Z (_1)m+1/ eV*(9_1d9)¢Gm+1¢am~-~¢ao
FEF(m+1) a®
m—+1
= [evo-3 >
N i=1 GeF (i)

/ +1—i (ev*((swm+2_i)¢am+1---¢gm+1—i B (—l)iev*w$+2—i ) .
om+l—1

om—+1 "'¢0m+2—i
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Since for each partial flag of simplices ¢+t~ C ... C gP C --- C o™*! |
p=m+2—i,...,m,and c™1=" C ... C 0™ C o™+ which is not contained in

ON = M there are exactly two flags which are ‘completions’ of the partial flag
and induce opposite orientations of c™t1~% we have

* m-+2—1 _
E / ev (ow )¢5m+1“'¢07”+1*i =
O—TVL+1

FeF(i)
1)k, MmA2—1
/0'7n+1i( 1) v wd}oerl"‘(ﬁamﬂLZ*i
FEF (i)
+ eviwmT2
> ir s VY b
GeoF(i—1)"°

where

OF (i) ={¢=(cm"",...,0™)| o € K, dimo? =p, c™ ' C--- C o™ C IN}.
Therefore,
hytdhg +Y 0 Y vt :/ ev Q.
i=0 geaF() 7" " 7 N

Setting hs = hg(7s), by the definition of the 1-form ! which corresponds to the
connection r*V,

dhg )
+ <91(78)778>hs = (/ L'y'sQ> hs,
dS N

which completes the proof. O

More generally, let N be a compact manifolds of dimension m-+1 with bound-
ary ON = [[ M;, where M, ..., My are given the orientations opposite to that
induced from N and Mgiq,...,M; are given the induced orientations. Let
(L%, V?) be the line bundle with connection over M; = C*°(M;, X) associated

with ¢ € C™H1(U, C% dlog A}( — = A%“) and r; : N — M; be the restric-
tion map f — f|a;,. Then by Proposition 3.1 we have an isomorphism of line
bundles
Po:rif'@ - @ril® —ri LT oL
Therefore, for a map f € N’ we have an isomorphism between fibers
.l s s+1 t
Pe(f) s Ly, @ @ LYy, = Ly, ©® Ly,
called the higher-dimensional parallel transport along a generalized path f. From
the definition it is not difficult to see that the higher-dimensional parallel trans-
port is invariant under any reparametrization of generalized paths, i.e. any
diffeomorphism of N which is identity on the boundary, and is compatible with
gluing two (m+1)-manifolds with boundary along a common component of their
boundary, i.e. a gluing of manifolds corresponds to a composition of higher-
dimensional parallel transports associated with these manifolds respectively.
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In particular, for f: N = M x [0,1] — X we have an isomorphism
PC(f) : ‘Cfo - £f17

where fi = f|yxgy. On the other hand, considering f as a path {f;} in M,
we have the usual parallel transport along the path f = {f;} for the line bundle
with connection (£, V) over M

P.(f): Lgy — Ly,

Theorem 3.3. For N = M x [0, 1] the higher-dimensional parallel transport P,
agrees with the usual parallel transport P..

Proof 5. For f: M x [0,1] — X let v = {vs} be a path in N given by

Vs(m, t) = f(m, st).
Then by Proposition 3.2
vf'SPC(fs) = 1"V, Pe(s)

= (/N wﬁ) Pe(s)-

Since UsImys is not (m + 2)-dimensional but (m + 1)-dimensional,

/ [”Y'SQ = 0,
N

which completes the proof of Theorem 3.3. O

Finally we note that for general manifold with boundary the higher-dimen-
sional parallel transport can not be given by any differential equation since gen-
eral manifolds have no ‘time’ parameter globally.
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