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Abstract: We give a rigorous construction of the path integral in AV = 1/2 supersym-
metry as an integral map for differential forms on the loop space of a compact spin
manifold. It is defined on the space of differential forms which can be represented by ex-
tended iterated integrals in the sense of Chen and Getzler—Jones—Petrack. Via the iterated
integral map, we compare our path integral to the non-commutative loop space Chern
character of Giineysu and the second author. Our theory provides a rigorous background
to various formal proofs of the Atiyah—Singer index theorem for twisted Dirac operators
using supersymmetric path integrals, as investigated by Alvarez-Gaumé, Atiyah, Bismut
and Witten.
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1. Introduction

Recently, B. Giineysu and the second-named author constructed a non-commutative
Chern character for Fredholm modules over differential graded algebras [25]. Applying
this construction to the dg algebra €2 (X) of differential forms on a compact spin manifold,
this is a functional Chp on the cyclic chain complex of €2 (X), which is given by a formula
closely resembling that of the JLO-cocycle [30] for Connes’ non-commutative Chern
character [14,15], but with further correction terms coming from the fact that the action
of Q(X) by Clifford multiplication on the Hilbert space of L2-sections of the spinor
bundle is not multiplicative; see formula (3.13) below.

On the other hand, in supersymmetric quantum mechanics, one is interested in the
path integral of the AV = 1/2 supersymmetric o-model associated to a closed spin
manifold X. This is an integral over the supermanifold of maps S!!' — X which, when
the supergeometry is translated into the language of differential forms, can be written
as the differential form integral [3,33]

formally

70) = /e—s—ww, (1.1)
LX

over the ordinary smooth loop space LX, where S is the energy functional and w is the
canonical two-form on LX (see (2.7) below), exponentiated in the exterior algebra.

As there is no integration theory for differential forms in infinite dimensions, it is
unclear how to give a rigorous meaning to the right hand side of (1.1). However, the
task of giving a rigorous construction of this supersymmetric path integral has received
a lot of attention ever since Atiyah [3] and Bismut [8-10] used it formally as a tool
to give a “proof” of the Atiyah—Singer index theorem for twisted Dirac oprators. A
similar “proof” was given by Alvarez-Gaumé [1], based on ideas of Witten [40,41]; the
path integral (1.1) is the transfer of their supergeometric formulation to the language of
differential forms.

The purpose of this paper is to clarify the connection between the formal expression
(1.1) for the path integral and the Chern character Chp and to argue that, in fact, the
Chern character “is” precisely the desired path integral, or rather, more precisely, its
pushforward along Chen’s iterated integral map [13,23]. Using the results of [26] and
the Wiener measure, we give a stochastic interpretation of the formula (1.1) and compare
this path integral with the Chern character. Together with [25] and [26], this paper
completes the program (which was to our knowledge initially started by Getzler [20-
23]) to rigorously construct the path integral (1.1) using the iterated integral map and
the cyclic cohomology of Q2 (X).

Domain of the path integral. Our differential form integral will be defined on the sub-
space Qin(LX) C Q(LX) of iterated integrals. These were first introduced by Chen
[13] and further developed by Getzler—Jones—Petrack [23] as the image of the (extended)
iterated integral map

p: B(Qr(X)) — Qin(LX) C (LX),

the definition of which we recall in Sect. 3.2. Here B(Q7(X)) is the bar complex of
the algebra Qr(X) = Q(X x T)T, (with T = R/Z), which is an enlargement of 2 (X)
needed in order to include the Bismut-Chern character forms (first introduced by Bismut
[8] and Wilson [39] in the odd case) into the theory [12,23]. Elements ¢ € Qr(X) will
always be written as ¢ = @' +dr A 9" with ¢/, 9" € Q(X). It turns out that the Chern
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character vanishes on the kernel of the iterated integral map and hence can be pushed
forward to a functional pyChp on Qi (LX).By the properties of the Chern character, it
is equivariantly closed (this is the supersymmetry property) and satisfies a localization
formula; see (3.16) below.

Definition of the path integral. In order to make sense of the formal expression on the
right hand side of (1.1), in a first step, one has to make sense of the top degree part, or
Berezinian of the differential form e~® A 6 for any iterated integral 6. This is clearly
problematic by infinite-dimensionality of the loop space.

Our starting point here is a formula from our paper [26], which for any spin manifold
X and any iterated integral 6 € Qin (LX) provides a good interpretation of the top degree

of the composite form e=® A 6. Explicitly, if 6 = p(9, ..., 9n) with 9, ..., 0n €
QT(X), the formula is
N
/ 10, 1% TT (k2% 0r0)) = (20 () I 1, 12, (1.2)
a=1

where [y ||:]E denotes parallel transport along the loop y € LX in the spinor bundle,
¢ denotes (rescaled) Clifford multiplication, tx denotes insertion of the velocity vector
field K(y) = yand Ay = {0 < 11 < --- < 7y < 1} denotes the N-dimensional
simplex.

Using the stochastic parallel transport and (iterated) Stratonovich integrals, the ex-
pression (1.2) has a canonical interpretation as the supertrace of a Clifford-algebra-
valued function Q(6), which is measurable with respect to the Wiener measure. Since
the Wiener measure on the loop space is formally given by e ~5dy, we arrive at the path
integral formula

1
706) / E, [str 0()y, exp (—l / scal(x,)dt)
X 8 Jo

where the conditional expectation is taken over a Brownian motion X, with X9 = X; = x.
The appearance of scalar curvature term not present in (1.1) is somewhat of a curiosity,
owing to the Lichnerowicz formula; see Remark 4.4.

X :x:| dx, (1.3)

Relation to the Chern character. As mentioned above, the Chern character Chp, initially
defined on B(21(X)), can be pushed forward to a functional p;Chp on Qi (LX). Ideally,
one would like to prove that this pushforward is precisely the path integral (1.3), in other
words the equality

pChp =7 @ Qm(LX) — R. (1.4)

However, it turns out that this is only true on a certain subset of Qi (LX); see Thm. 4.10;
the failure for (1.4) to hold for all entire iterated integrals seems to be due to the bad
interaction of certain singularities of the fermionic integral with stochastic integration.
The “correct” rigorous version of the right hand side of (1.1) is certainly p;Chp, as this
satisfies “supersymmetry”, i.e., is equivariantly closed.

In any event, our results reveal a remarkable connection between cyclic homology
and stochastic analysis [28]. More specifically, the complicated combinatorial structure
of the Chern character Chp coming from the failure of ¢ : Q2(X) — CI(X) to be an
algebra homomorphism (see formula (3.13) below) has its stochastic counterpart in so-
called Hu—Meyer formulas that arise when converting iterated Stratonovich integrals
into their Itd version.
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Application to index theory. Incidentally, all “interesting” forms seem to lie in the subset
of Qint (LX) where Z coincides with the Chern character; in particular, this is true for all
Bismut-Chern character forms (reviewed in Sect. 5). Their integrals can be calculated
both on the stochastic side and on the chain complex side. Explicitly, we have the formula

Chp (Ch(E)) = i"/*ind(D),

where Ch(E) is the Bismut-Chern character of a vector bundle with connection E and
Dp is the Dirac operator twisted with this bundle. The integral of an odd Chern character
of Wilson [39] can be expressed in terms of a spectral flow; see Prop. 5.6.

The localization formula (3.16) for the Chern character Chp translates to a formula
of Duistermaat—-Heckmann type [7,16] for the path integral Z. Applying this to the
Bismut-Chern characters, one obtains the Atiyah—Singer index formula for twisted Dirac
operators, as envisioned by Atiyah, Bismut and others.

Further discussion. A formula similar to (1.3) has previously been given by Lott [33,
§V]; in fact, his paper was one of the main inspirations for our considerations. However,
his formula only works for a small subset of our i, (LX) and he does not investigate
any connections to the cyclic complex.

We would also like to remark that a construction of certain supersymmetric path
integrals has been given by Fine and Sawin [18,19], using finite-dimensional approxi-
mation. From our point of view, they construct the path integral Z for specific integrands,
essentially the Bismut-Chern forms considered in Sect. 5.

Our methods give an approach to the index theorem for twisted Dirac operators,
using the path integral for NV = 1/2 supersymmetry. In the supergeometric formulation
(as in, e.g, [1]), the path integral has rather straight forward generalizations to A/ = 1
and A = 2 supersymmetry. These correspond, on the index theory side, to the Gauss—
Bonnet—Chern theorem and the Grothendieck—Riemann—Roch theorem. However, it is
not clear in how far our theory allows any insights to these generalizations, as there, the
path integral does not have a clear interpretation in terms of differential forms.

Structure of the paper. After recalling some basic facts regarding loop space differential
forms and spin geometry, we define the bar complex, which is the home for both the
iterated integral map and the Chern character Chp, which are introduced next. Then in
Sect. 4, we introduce the path integral map Z and compare it to the Chern character Chp.
Finally, in Sect. 5, we recall the definition of the Bismut-Chern characters and calculate
their path integrals.

2. Preliminaries

In this preliminary section, we collect some basic facts regarding differential forms on
the loop space of a manifold and spin geometry.

2.1. Loop space differential forms. Inthis section, we give a brief overview of the theory
of differential forms on the loop space LX = C°°(T, X) of a Riemannian manifold
X, where throughout, we denote T = R/Z. This is an infinite-dimensional manifold,
modelled on the Fréchet space C*°(T, R"), where n = dim(X). Its tangent space 7),LX
at y € LX is canonically identified with C*°(T, y*T X), the space of sections of the
pullback bundle y*T X over T.
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Before we discuss the general definition of differential forms on LX, let us start with
some examples. Given a differential form ¥ € Q" (X) and ¢ € T, setting

F@)y Vi, ..., VN] &f Sy [Vi@), ..., V()] .1

for Vi,...,Vn € T, LX produces a differential form on QN (LX) that we denote by
¥ (t). Many more examples of differential forms LX building on this are given below in
Sect. 3.2, see in particular (3.6).

Differential forms on infinite-dimensional manifolds. Let Y be smooth manifold, mod-
elled on a (possibly infinite-dimensional) locally convex space. It turns out that the
“correct” definition of differential £-forms on Y is to set

Q' (v) & c®(v, LY (TY, R)), 2.2)

the space of smooth sections of the vector bundle Lﬁh (TY,R)overY,the fiber of which at
y € Y is the space of bounded, alternating multilinear functionals on 7\, Y [32, §33]. Here
one uses the notion of convenient smoothness, meaning that smooth curves are mapped
to smooth curves, a notion extensively discussed in [32]. With this definition, one has
a well-defined wedge product, exterior differential, pullback maps and Lie derivatives,
just as in finite dimensions (in contrast to several other possible definitions, e.g. sections
of the exterior power AET*Y of the cotangent bundle, see [32, 33.21]). Setting ¥ = LX,
we let

QLx) ¥ Patwx). 2.3)
=0

be the dg algebra of differential forms on LX.

Diffeological differential forms. To better understand the notion of smoothness present
in (2.2), we now introduce a second notion of differential forms, which happens to
coincide with the previous one for the loop space. This notion of differential forms comes
from viewing an infinite-dimensional manifold Y as a diffeological space. Diffeological
spaces are given in terms of plots (for details on diffeological spaces, see e.g. [29]).
If Y already has a manifold structure, a collection of plots is given by taking smooth
maps f : S — Y for S C R™ or, more generally, S any finite-dimensional manifold. A
differential form 6 on Y then consists by definition of a collection of differential forms
0y € Q(S) foreach plot f : § — Y, subject to the compatibility condition 65, = g*6,
whenever f; : S; — Y are two plots such that fj = f, o g for some smooth map
g : 81 — S. We will call these diffeological differential forms. We remark that for
Y = LX and S finite-dimensional, a map f : § — LX is smooth (in the sense that it
maps smooth curves in S to smooth curves in LX) if and only if the corresponding map
fV:8xT— X issmooth.

Clearly, any differential form 6 € Q¢(Y) gives rise to a diffeological form by setting
0y = f*6 for a smooth map f : S — Y; the compatibility follows from naturality of
the pullback and one easily checks that the assignment 6 > {6} repiots i injective.

Lemma 2.1. For the loop space LX, any diffeological form {6} repiots is of the form
Or = f*0 for some 0 € Q(LX).
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Proof. Let {07} repiots be a diffeological differential £-form on LX. For y € LX and
non-zero Vi,...,Vy, € T,Y, choose a plot f : RY — Y such that dfo(e;) = Vi,
i=1,...,¢and set

def
0,[V1,..., Vel = byler, ..., eql.

Using the compatibility of the family {6 s}, one shows that this definition is independent
of the choice of plot.

So far, for each y € LX, we have constructed an element 6, € Lf;h(Ty LX, R). This
gives the desired section of Lﬁh(TLX ,R), but we have to verify its smoothness. In a
local parametrization x : U — LX, where U C E = C*(T, R") is an open set of the
model space, k*0 is a map U — Lﬁlt(E , R); smoothness can now be verified for each
such parametrization «. To this end, we have to verify that for each curve ¢ : R — U,
k*0 o ¢ is a smooth curve in Lﬁlt(E, R). Let ¢ be such a curve. Then for any a € R
and Vi, ..., Vy € E, there exists ¢ > 0 such that c(r) +s; Vi +--- +s,Vy € U for all
s; € [—¢, el and r € [—a, a]. We then define a plot f : (—¢, s)e X (—a,a) — LX by

f(s1,...,8,71)= K(s1V1 +~-~+seVg+c(r)).
Then

(k*0 0 )IV1, ..., Vel =0rlo.or[er, ..., er],

which is a smooth function of r, since 8¢ is a smooth differential form on (—e, s)l X
(—a, a). The smoothness of (k*6 o ¢)(r) as a function of » € (—a, a) now follows from
Thm. 5.18 in [32], which states that smoothness can be tested pointwise in our case. O

The space (LX) of differential forms on the loop space has a natural topology
coming from considering LX as a diffeological space. It is the initial topology induced
by the pullback maps f* : Q(LX) — (S) for smooth maps f : § — LX (such a
map is smooth if and only if the corresponding map f~ : S x T — X is smooth). This
is a (degreewise) complete locally convex topology on € (LX); a family of continuous
seminorms inducing this topology is the family v (0) = v(f*6), where f ranges over
all smooth maps from smooth manifolds S into LX and v is a continuous seminorm on
Q(S). To see completeness, let 6; € Q(LX), i € .# be a Cauchy net. Equivalently, this
means that all the nets f*6; are Cauchy, for all f : § — LX, hence by completeness
of Q(S), we obtain limits 6y € Q(S). Whenever f; : S — LX (k = 1,2) and
g : 81 — Sy aresuchthat f; o g = fi, we have g* f'0; = f{*6; and hence in the limit,
we obtain g*6r, = 0y,. We conclude that the collection {6 ¢} repiots defines a diffeological
differential form 6 on LX, which is the same as an ordinary form by Lemma 2.1.

The circle action. So far, we ignored an important feature of the free loop space, which
is its circle action given by rotation of loops,

-y =yt+r1), t,t e T=R/Z.

The generating vector field for the circle action is the vector field

K ¥y erLx, (2.4)
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where the notation references to the fact that it is a Killing vector field with respect to
the canonical L2-metric on LX, generating a one-parameter family of isometries. These
data induce the equivariant differential

dg < a— ik, (2.5)

where (g denotes insertion of the vector field K. By Cartan’s formula, dx squares to the
Lie derivative .Zx with respect to K, hence d is a differential on the complex Q(LX)T
of T-invariant differential forms, which is Z,-graded by reducing the usual grading mod
2 (notice that dx is inhomogeneous, but does preserve the Z;-grading).

Throughout, (LX) denotes the algebra of differential forms that are a direct sum of
its homogeneous components; see (2.3). It is well known, however, that in equivariant
cohomology of the loop space, it is important to allow differential forms that are an
infinite sum of its homogeneous components, in other words, elements of the direct
product of the homogeneous components [31]. Denote the direct product of the even
respectively odd forms by

[o/0] [o)0]
Lo E]e¥ex), Q€[] wx). (2.6)
=0 =0

The T-invariant subspace Q(LX )T c §(LX ) is a Zy-graded complex with respect to
the equivariant differential dx (2.5). This complex will be of importance in Sect. 5.

The action functional and the canonical two-form on LX appearing in the path integral
formula (1.1) are explicitly given by

1 e
S(y) = z/T|;>(z)|2dt, o[V, W]dzf/T<V(t),V);W(t))dt, 2.7)

where V, W € T,LX = C*°(T, y*T X) are smooth vector fields along y. The inhomo-
geneous differential form S+ appearing in (1.1) is closed with respect to the equivariant
differential (see [33, §V] or [3,8]).

2.2. Spin geometry. In this section, we give a quick account of some notions of spin
geometry needed in this paper. Let X be a Riemannian manifold.

The real spinor bundle. A spin structure is a lift of the structure group form O (n) to
Spin,,. In particular, this is a Spin, -principal bundle P. The associated (real) spinor
bundle is

= S P xspin, Cly, (2.8)

Here (as usual) we identify [p - g,a] = [p, g - al, g € Spin,,, inside P x Cl,, where
the action of Spin,, on Cl, is by left multiplication, after realizing Spin,, inside the even
part of the Clifford algebra. X is naturally a bundle of graded CI(T X)-Cl,,-bimodules
on Y (where the grading comes from the even/odd grading of the Clifford algebra). Here
CI(T X) is the bundle of Clifford algebras over X. X has a canonical connection induced
by the Levi-Civita connection on X; the right Cl,;-action is parallel with respect to this
connection.
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Clifford (left-)multiplication by vector fields and its extension to differential forms
is denoted by c. It commutes with the right action of Cl,,. Explicitly, on £-forms, it is
determined by the formula

1
clej N+ Nejy) = 7 Z sgn(o)e(e;,, ) - - - c(eiy,).

ogEeSy

We also define a rescaled version of Clifford multiplication by
¢() = 271%172¢(9). (2.9)

Here |9 | denotes the degree of . Throughout, in formulas such as the above, we assume
that ¥ is homogeneous and extend by linearity. The Dirac operator D and its rescaled
version [D, acting on sections of X, are given by

Dy = Zc(e,-)veﬂ/f and Dy = Z¢(e,-)vej1/f =2"12Dy  (2.10)

j=1 j=1

with respect to a local orthonormal basis e, .. ., e, of T X. Since the right Cl,;-action is
parallel and commutes with Clifford multiplication, the Dirac operator also commutes
with the right Cl,;-action.

Supertraces. We denote by Endcy, (¥) the space of endomorphisms of the real spinor
bundle ¥ that commute with the right action of Cl,,. Such an endomorphism is always
given by left multiplication by an element a of the Clifford algebra CI(T X), and we
define its supertrace by the formula

str(a) = 22 (a, c(er) - c(en)) = (¢ (@), e1 A+ A ey) (2.11)

for an oriented orthonormal basis ey, ..., e, of T X. This is indeed a supertrace, in the
sense that it satisfies the graded cyclic permutation property

str(ab) = (=)l str(ba) (2.12)

on homogeneous elements a, b € CI(T X). The supertrace is even, respectively odd
(meaning that it vanishes on odd respectively even elements), depending on whether the
dimension n of X is even or odd.

Let A be a bounded operator on L?(X, ¥) with smooth integral kernel a(x, y) that
commutes with the right action of Cl,, for example the heat kernel A = ¢~* D® of the
Dirac operator. Such an operator has a supertrace, defined by integrating the pointwise
supertrace (2.11) over the diagonal,

Str(A):/ stra(x, x)dx. (2.13)
X

This supertrace satisfies a cyclic permutation property analogous to (2.12).
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Comparison to the complex spinor bundle. We can also form the complex spinor bundle

def
Yc =P X Spin,, S,

where S is the complex spinor space. If n is even, this is a bundle of irreducible graded
modules for CI1(T X)), and hence this bundle satisfies End(X¢) = CI(T X) ® C. We can
therefore also take the operator supertrace strc of elements of C1(7' X), which is related
to (2.11) by the formula

stre(a) = (—i)"? str(a) (2.14)

for a € End(Z¢). In contrast, if n is odd, then S is not graded, and we have the formula

tre(a) = i "7 2" 12 str(a) + 2" (a, 1) (2.15)

for the endomorphism trace of a € C1(}V) C End(Z¢).

3. Iterated Integrals and the Chern Character

In this section, we review the iterated integral map and the definition of the Chern
character of [25]. Both of these naturally live on the bar complex, which we introduce
first.

3.1. The bar complex. The bar complex associated to a differential graded algebra 2 is
the graded vector space

B(Q) = P ar®". (3.1)
N=0

Here Q[1] equals 2 as a vector space, but with degrees shifted by one; explicitly,
9 e QFLiff 9 e Q[11*. Q[11®N then carries the tensor product grading. The elements
of B(L2) are called bar chains. It is customary to denote such elements by (¢4, ..., ?y),
suppressing the tensor product sign in notation for convenience. B(2) has two differen-
tials, a differential coming from the differential of Q2 and the bar differential; they are
given by

N
bo@1, ..., ON) = = D (=)™ @1, Dot O, W)
k=1

N—-1

bi(W1,...,0n) =— Z(—l)"k(ﬁl, e D1, Kk Pka 1, Dra2,s - -1, O,
k=1

where ny = |01| + -+ + |9x| — k. The above differentials satisfy bob| + b1bg = O,
hence turn B(£2) into a bicomplex with total differential b := by + by. The differentials
moreover descend to the subspace
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N

B%(Q) = span {Z(—1)"k<"N—"k)(z9k+l, e ONS D e ﬁk)} (3.2)
k=0

of cyclic chains, turning it into a subcomplex.
Of course, we can take €2 = €2 (X) in the above, the dg algebra of differential forms
on a manifold X. For our purposes, we more generally consider

QrX) ¥ o xm7,

the space of differential forms on X x T which are constant in the T-direction. Elements
¥ € Qr(X) will always be written as

O = +dt A9,  with ¢, € QX). (3.3)

The differential of Q(X) is dr = d — t5,, where ¢y, denotes insertion of the canonical
vector field 9; on the T factor and d denotes the de-Rham differential on X x T. In terms
of (3.3), we have

drd = dr(® +dt V") =d¥ —dt Ad¥" — 0",

where on the right hand side, d denotes the de-Rham differential on X. Observe that this
differential is not homogeneous, so that Q(X) is only a Z,-graded complex; however,
this does not cause any complications for the theory (in [25], the approach was taken to
set o = dt and to declare it to be of degree —1).

Entire chains. In order to deal with the Bismut-Chern characters in Sect. 5, we need
the larger complex of entire chains B (Q21(M)), which allows certain infinite sums. It
is defined as the completion of B(Q21(M)) with respect to the seminorms

>, 7N (Oy)
&@r(©) =Y —L"N A

o
for © = Z Oy, (3.4)
N=0 N=0

where n,ﬁv denotes the (N-fold) projective tensor product norm on QT (X Y118V, in-

duced by the C*-norm on Qp(X ). The differential b extends to entire chains, making
B:(27(X)) a chain complex. In total, we have the following hierarchy of chain com-
plexes:

(entire cyclic chains) BE (Qr(X)) C Be(Qr(X)) (entire chains)
U U
(cyclic chains) BYQr(X)) < B(QrX)) (bar chains)

The Bismut-Chern characters Ch(g) defined in Sect. 5 live in BE (27(X)) but not in
B(Q21(X)). Dually, the Chern character Chp defined in Sect. 3.3 is a linear functional a
priori defined on B(Q21 (X)), which then turns out to satisfy the necessary estimates to
extend to the space of entire chains. In particular, Chp can be evaluated on Ch(g).
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3.2. Iterated integrals. Given amanifold X, Chen’s iterated integral map is a map which
constructs differential forms on the loop space LX from a collection of differential forms
on X [13]. For our purposes, we need an extension of this, introduced by Getzler, Jones
and Petrack [22,23]. The extended iterated integral map is the map

o BQr(X)) — QLX) (3.5)

given by the formula

p(W,...,0N) = A (LKI% (t1) — 19{/(‘[1)) VANEIEIVAN (LKI%V(‘EN) — 191/\//(‘[]\/))(1‘[
(3.6)

for ¥, ...,9n € Qr(X), where we recall that K(y) = y is the canonical velocity
vector field, and the forms ¥/ (z,), ¥, (t,) are given by (2.1). Owing to the grading shift
in the definition of B(Q1 (X)), p is degree-preserving. A tedious calculation shows that
p is a chain map when restricted on entire cylic chains; explicitly,

p(b(®)) = dk p(®) (3.7)
for all ® € BE (27(X)), where d is the equivariant differential (2.5).

Lemma 3.1. The iterated integral map is degree-wise continuous when B(Q (X)) car-
ries the locally convex topology induced by the seminorms (3.4) and 2 (LX) the diffeo-
logical topology introduced in Sect. 2.1.

Here Q (LX) carries the diffeological topology introduced in (2.1).

Proof. Let f : § — LX beasmoothmap, andlet f¥ : SxT — X be the corresponding
map defined by fV (s, ) = f(s)(7). Let ¥ € QY X). Thenfors € Sand vy, ..., v €
TS, we have

OO, . vl = v n[df Y (s, Dvr, ... df Y (s, D],
SRR @l vl = v [fV (s 0. dfY (s v, . dfY (s, v ]

where dfV denotes the differential in the S entry and f the t-derivative. For a compact
set K C S and m € N, we then have

LF*O @k < Ndf Mo g 10 m ks Ik @l ke < 1 & NS Wy k1l &5

where || - ||», k denote the C"-norms on K. In view of (3.6), we therefore get

9 9
| £ @1 9 g = ﬁlldfll' NS ke 1O
9 9
|| dfllgs (@0, 9w)),s

where we denoted v = || - || x,,. Notice that [9]| +--- + [Jy]| = deg(P, ..., In) + N,
when the degree is taken in B(Q7(X)). Therefore, if ¢ = Z;’VO:O ¢ is a chain of total
degree £ with cy € Qr(X)®V, then

> ldf IR+ IN /2]
Il f* o)k m < % Idf I, vien) < S {fN—,/} ve (c),

where one observes that the supremum is finite. Since the topology on €2 (X) is generated
by norms of this type, this proves the claim. O
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By the above lemma, any fixed degree £ € Ny, we may continuously extend the iter-
ated integral map from B¢(Qr(X)) to Bﬁ (27(X)). We can therefore make the following
definition.

Definition 3.2. (Iterated integrals) The space of degree ¢ iterated integrals le(LX ) C
QLX) is the i image of Bﬁ (27(X)) under the iterated integral map.

Remark 3.3. Observe that since the degree £ component of B(Q21(X)) is given by

H(Qrx)) = EB P d'we -ehtX),

N=0ky+---+ky=L+N

for each N € N and any £ < N, there are elements of degree £ in QT(X)[11®V: e.g.,
for any ¥ € Q%T(X), the chain (9, ...,9) € Qr(X)®N has degree zero. Hence if we
call elements of the latter space N-ary chains, the completion B, (Q (X)) will contain
infinite sums of unbounded arity even in each fixed degree £. In fact, this happens for
the Bismut-Chern characters; see Remark 5.5.

3.3. The Chern character. In this section, we recall the definition of the loop space
Chern character

Chp : B(Qr(X)) — R,

associated to a compact spin manifold X, introduced in [25]. The terminology stems
from the fact that Chp is the Chern character of a certain Fredholm module (in the
sense of non-commutative geometry) on the dg algebra Q(X) (respectively QT(X)),
essentially given by the Dirac operator D; for details, we refer to [25]. In Sect. 4.3, we
relate this to the path integral defined above.

Remark 3.4. The construction presented here differs slightly from that in [25]. For sim-
plicity, we use the bar complex instead of the cyclic complex; however, these are related
by a map (called « in [25, (5.2)]) such that the Chern character on the cyclic complex is
just the pullback of that on the bar complex. Also, we use the real spinor bundle instead
of the complex one, resulting in our Chern character being real. Finally, our Hilbert
space comes with the structure of a right Cl,,-module, and all operators in consideration
commute with this action. Thus, we can use the operator supertrace (2.13) induced by
(2.11), which allows to also handle the case that dim(X) is odd.

Cochains. Let Q be a Z,-graded algebra. Given a Z,-graded algebra! £, an L-valued
bar cochain over 2 is a linear map ¢ : B(2) — L. Such a cochain can be viewed as a
sequence of multilinear maps

L:Q2x---xQ— L,
——————
N

again denoted by the same letter. In particular, for N = 0, this is just an element of L,
which we denote by £(/), by abuse of notation. We say that £ is even if it preserves parity

! In the case that £ = C, we endow C with the trivial grading rendering it purely even and just speak of
bar cochains.
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and odd if it reverses parity. The standard coalgebra structure on the tensor algebra B(2)
induces a product on £-valued bar cochains, given by

N
(1L2) (01, ..., 0n) = Y _(=D)™Cley @1, ..., 00020k, ....0n),  (3.8)
k=0

where ny = 01| + - - - + |6x| — k. This product is compatible with the codifferential 8
defined by

BO®O,....08) = —(=DIem@, . ... o0n),

in the sense that B(£1£2) = B(£1)lr + (—D)!E1g; B(£,) for all homogeneous cochains
£1, €. In other words, B is a derivation on the cochain algebra.

The Chern character. If X is a compact spin manifold with spinor bundle X, there is
an associated cochain w over Qr(X) with values in operators on L>(X, ¥), given by

o@ =0, o@®) =¢®), and o@,...,%) =0, k>2,

with [) and ¢ being the (rescaled) Dirac operator and Clifford multiplication, see (2.9),
(2.10). Here as usual, we write % € Qp(X) as ¢ = ¢ +dt A 9" with ¥/, 9" € Q(X).
The “curvature” of w is the cochain F = Bw + w?, which is explicitly given by F(f) =

H = D* =D?/2,and

F(®) = [D, ¢(¥")] — ¢@dd') +¢@"),
F(91,92) = (=D (¢@] A 9)) — ¢@)E®5)), (3.9)
F@,...,9%) =0 for k>3.

In the first formula, the commutator is the graded commutator, keeping in mind that
the Dirac operator is odd. The corresponding Chern character is then defined by the
Chern—Weyl-type expression

Chp = Str(e™ ), (3.10)

where Str is the supertrace induced by (2.11) on operators in L?(X, ¥) commuting with
the right Cl,, action; see (2.13).

As the components of F are unbounded, one needs to take some care making sense

of the exponential ®;, = ¢~*¥'; an extensive discussion can be found in §4 of [25]. For

the purposes of this paper, it is convenient to define ®; by the recursive relation

t
(B, ...,0N) = _/ eI F @)D, (@, ..., 9n)ds
: G.11)
_ _/ e I @1, 92) Dy (93, ..., Dy)ds.
0
for N > 2 and

t
o =e", o) = _/ e I F @) e ds.
0
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Since e~ 7# is a smoothing operator for every t > 0 and the F (1), F (91, 2) are differ-

ential operators, an induction argument shows that also the operators ®; (1, ..., On)
are smoothing operators whenever ¢ > 0. We can therefore take its supertrace compo-
nentwise, giving the components of the Chern character as

Chp(¥1, ..., 0n) =Str &1 (Jq, ..., 0nN). (3.12)

It is not hard to work out that explicitly, @, is given by the combinatorial formula

N k
O NE DY (—”k/ T F@ay ot - D)™ 1~ dr,
k=1 Ak

= i=1
1<ai<---<ar <N

(3.13)

which is formula (4.8) of [25]. Using this formula, one checks using the cyclic permu-
tation property of the supertrace that Chp is a cyclic cocycle, meaning that

Chp(®1, ..., 9n) = (=) N Chp (9441, ..., ON, D1, ..., 0k),  (3.14)
where ny = |01]| +--- + |9 — k.

Remark 3.5. In [25], the Chern character is generally defined for Fredholm modules
M = (H,c, Q) over locally convex dg algebras 2, where H is a Z,-graded Hilbert
space, Q is an odd operator on H and ¢ : 2 — H is a parity-preserving map (subject to
several conditions). In the case that n = dim(X) is even, the above is the construction
of of [25], applied to the Fredholm module given by H = L*(X, %), Q = I and
c(¥) = ¢(9) (see in particular Example 2.3 of [25]). The factors of 27172 are present in
order to adhere to the convention (standard in both stochastic analysis and physics) that
the infinitesimal generator of Brownian motion is A /2, and not A.

In the odd-dimensional case, the trace considered above is not the standard supertrace
on B(H), but still a tracial functional on the subalgebra Bcy, (H) C B(H), and the
constructions carry over essentially without changes.

Properties of the Chern character. The Chern character is coclosed, meaning that
ChD(b(®)) =0 forall O eB'(Qr(X)). (3.15)

This follows from [25, Thm. A]; see also the short formal proof [35, Prop. 1.6]. Moreover,
one can also show that Chp extends by continuity to a linear functional on the entire
complex B¢ (Q(X)) [25, Thm. B], a fact that will be important when trying to plug in
Bismut-Chern characters in Sect. 5.

The most remarkable property of Chp, however, is that it satisfies the localization
formula

Chp(c) = 2n)™"/? / AX) A i(©) (3.16)
X
for any chain ® € BE (Q7(X)) with b® = 0. Here X(X) is the A-hat-genus form of X
(see e.g. [6, formula (1.39)]) and i : B(Qr(X)) — Q(X) is the map defined by

(=Y :
Ol A A B

i(elv". 79N)=
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Observe that we have i = j* o p, where p is the iterated integral map and j : X — LX
is the inclusion as constant loops. A proof of (3.16) can be found in [35]; see also
[25, Thm. E]. There it is proved in the case that dim(X) is even, using the complex
spinor bundle. This results in additional factors of the imaginary unit i, coming from the
comparison formula (2.14). When using the real spinor bundle, the proofs in the literature
generalize in a straightforward way, also to the odd-dimensional case. Observe that then
the supertrace (2.11) is odd, resulting in Chp being an odd functional. This matches the
fact that also the right hand side of (3.16) is an odd functional if dim(X) is odd.

4. The Path Integral

In this section, we will define a path integral map, which is a rigorous version of the
formal definition

I(0) =Y / eSO A Q. @.1)
LX

This functional 7 is then compared to the Chern character Chp introduced above.

4.1. Definition of the path integral. We now aim to define the path integral for all
differential forms on LX that are (extended) iterated integrals, in other words, all forms
in the image of the iterated integral map p as defined in (3.6).

A formal manipulation. A possible way to define the integral of a differential form 6
on a finite-dimensional, oriented Riemannian manifold Y is the following: Take it to be
the integral of its fop degree component, that is, the function obtained by pairing 6 with
the volume form.

When trying to apply this to the loop space, we observe that while a Riemannian
volume measure dy does not exist, it is well known that the composite measure e~Sdy
does have a sensible interpretation as the Wiener measure (rigorously, this can be made
sense of for example by using finite-dimensional approximation [2,4,34]). Formally
rewriting (4.1), we therefore get

/ ¢S50 5 g oY / q@)e Sy =Y / Eia@®) [xi =x]. @2
LX Lx X

where q(6) is the (yet to be defined) “top degree component” of the composite form
e~ A6, and on the right hand side, the conditional expectation is taken along a Brownian
motion X, in X satisfying Xo = X; = x. This leaves the task of finding an interpretation
of this “top degree component” as an integrable function with respect to the Wiener
measure.

The top degree component of iterated integrals. An interpretation of the “top degree
component” on right hand side (4.2) has been found in our paper [26], using formulas
for such top degrees in finite dimensions and arguing by analogy. Our main result was
then a reformulation of the resulting formula in terms of spin geometry. This requires
the manifold to be spin, which is a natural condition as it is well known to imply the
“orientability” of the loop space [37,38]. Explicitly, we showed that for wedge products
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01 A --- A Oy of one-forms 0, € L*(T, y*T'X) C T; LX, a sensible definition for their
top degree component is>

N
GO A A0 E Y sen(o) /A str ([yn?l]E TT #(60, )y 1%, 2) dr,
N a=1

(4.3)
where Sy is the N-th symmetric group and str is the supertrace (2.11).

Lemma 4.1. Interpreting the right hand side of (4.3) in the distributional sense, the
functional q can be applied pathwise to iterated integrals, giving the identity

A(p@1 A ADN)) =strg(d1, ..., 0n), (4.4)
with ¥, € Qm(X) and

N
g1, ..., 00 € /A [)/II%]E]_[(¢(t1<19;(yf,,))—¢(l‘/‘;’(yra)))[yllig+l]Edr-
N a=1

(4.5)

Proof. Let6 € Q¢(LX). Then for each loop y, ) is an element of Lﬁh(TX, R), which
can be identified with the space 2’ (T¢, y*T’'X Xty of distributions on T¢ with values in
the ¢-fold exterior product bundle y*T’'X X over T¢ [26, Lemma 1.2]. In particular, if
¥ € QY(X), then the form ¥ (r) € Q¢(LX) defined in (2.1) is pathwise a 8-distribution
supported on the point (z, ..., 7) € T

More generally, if ¥, € Q%’“ (X), then for each 71 < --- < ty, the integrand ap-
pearing in the formula (3.6) for the iterated integral p (91, ..., ¥x) is a delta distribution
supported at the point

(t1, ..., T1, T2, e« -, T2y ooy TN, oo o, TN) e T+ -+t
—— e ————
4 1% 19y

Explicitly, inserting these integrands into q (interpreted in the distributional sense), we
obtain

N
q ( INCTAOE ﬁ;;(ra)))

a=1
N
= str <[y||‘31]E TT(ex(@ ) = €000 72) )Y 1, E) ,
a=1

where the factor of (—1)" has been pulled into the product, the integral disappears as we
are “integrating” against a delta distribution and the sum over all permutations vanishes
as the integrand is supported in Ay and hence all summands corresponding to a non-
trivial o € Sy are zero. As p(¥q, ..., Uy) is the integral of these integrands over Ay,
the result follows. m|

2 We remark that in the formula below, the factor of 2—N/2 present in the formula of Thm. 1.1 has been
absorbed into the definition of the rescaled Clifford multiplication, see (2.9).
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The discussion above is our motivation for taking the supertrace of the expression
(4.5) as an Ansatz for the top degree functional of iterated integrals on a spin manifold
X.

We would now like to integrate this function with respect to the Wiener measure.
The obstacle to overcome here is that the Wiener measure is not defined on the smooth
loop space LX but on the larger space L. X, to which (4.5) does not have a continuous
extension. The problem here is two-fold:

(1) The parallel transport appearing in (4.5) is only defined for sufficiently regular paths,
which form a zero set with respect to the Wiener measure.

(2) The terms including ¢k ¥/, do not make sense along Brownian paths, since again, the
vector field K (y) = y is only defined for sufficiently regular paths.

However, (4.5) does have a stochastic interpretation, where the parallel transport is
interpreted in the stochastic sense, and the terms involving insertion of the velocity
vector field are interpreted as Stratonovich stochastic integrals. In this sense, (4.5) does
have a measurable extension, as we explain now.

Stochastic interpretation. In the following, let X be a compact spin manifold with
spinor bundle X. Let moreover X, be a Brownian motion in X, and denote by [X||:]E
the stochastic parallel transport in the spinor bundle along X, (see e.g. [27, §2.3], [17,
§VII] or [5, §2.3]). In complete formal analogy to (4.5), given ¥, ..., ¥y € Q(X),
we consider the iterated Stratonovich integral

X N
G0 & [ ol P T (#(0000) <,
N a=1

(9 (x:,))dra ) xa 1%, 1% 4.6)

Ta+1

adapted to the process X,. Here and throughout, we write xdX for Stratonovich integration
and dx for Itd integration.

In fact, this integral is the canonical stochastic extension of (4.5), as we explain now.
Observe first that (4.5) is well defined also if the loop y is only piecewise smooth. Now
for a subdivision T = {0 = 19 < 7] < --- < T = 1} of the interval [0, 1], let X
be a stochastic process such that Xﬁj = Xr; almost surely for each j = 1,...,m and
such that almost surely, the sample paths of X{ are minimizing geodesics on each of
the subintervals [t;_1, 7;]. It then follows from the finite approximation property of the
stochastic parallel transport and the Stratonovich integral (see [17, 7.14 & 8.15]) that
we have

lim g(¥1, ..., 08)xc =401, ..., 9N) 4.7)

|[T]—0

in probability, where the left hand side denotes the pathwise evaluation of the g-functional
on the piecewise smooth sample paths of X, and the limit is taken over any sequence of
partitions t the mesh of which tends to zero.

Lemma 4.2. The random variable g(19, ..., 9y) depends only on the differential form
o0, ..., 0n) € QLX) and not on the particular representation as iterated integral.
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Proof. Ttfollowsdirectly from (4.4) thatstr g (¢, . .., ¥y) onlydependson p (91, ..., On)
and not on the particular choice of ¥, ..., ¥y. One can now define a generalization of
the functional q defined at general (non-looping) paths y, by dropping the supertrace
in (4.3); it is then straightforward to check that the result and the proof of Lemma 4.1
extend to this more general context. We obtain that g does only depend on the iterated
integral in Q (LX), not the particular representation. By (4.7), the same must be true for

g. m

By the above lemma, for every 8 = p(®), ©® € B*(QT(X)), we obtain a well-defined
random variable §(0) adapted to the Brownian bridge X, with Xo = X;. Explicitly, it is
defined by

q(0) = strg(®);

by Lemma 4.2, the definition is independent of the choice of ®. By the estimate from
Lemma4.5 below (applied to the special case (4.26)), q(0) is indeed integrable whenever
0 = p(q,...,0yN) for some ¥, ..., ¥y. By definition (3.4) of the entire seminorm,
this estimate shows moreover that q(9) extends to a well-defined integrable process for
all 6 € Qi (LX).

Definition 4.3. (The path integral) The path integral map
7: Qim(LX) — Rv

is defined by the formula

1
Z(9) &f /XEX |:a(9) - exp (—%/0 scal(Xt)dt) ‘ X| = xi| dx, (4.8)

where we take the conditional expectation of a Brownian motion X, starting at x, con-
strained to end at the same point.

Remark 4.4. —

(1) Our definition (4.8) differs from the heuristic version in the right hand side of (4.2)
by a scalar curvature term. This scalar curvature term is a necessary addition to the
formula in order to ensure supersymmetry. In effect, it comes from the Lichnerowicz
formula

1 1
D’ = 5V + gscal, 4.9)

(2) Formula (4.8) provides (up to factors) an extension of the path integral defined by Lott
[33, §V] to a significantly larger domain. There, the scalar curvature term is stated
to arise due to “quantum effects”, coming from factor ordering in the Hamiltonian
form of the path integral and the Lichnerowicz formula (see [33, p. 624]).
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4.2. A Feynman—Kac formula. In this section, we will prove a Feynman—Kac type for-
mula that we need in order to compare the path integral map 7 defined in Sect. 4.1 with
the Chern character Chp. This formula allows us to express the kernels of certain opera-
tors on L?(X, ) as expectation values of corresponding stochastic processes, where X
is a compact spin manifold with spinor bundle . We remark that the formulas we obtain
here have generalizations for operators acting on sections of general vector bundles over
complete but not necessarily compact Riemannian manifolds; see [11].

Throughout fix a collection of 1-forms wy, .. ., wy € Q1 (X, Endcy, (£)). Moreover,

we let a)a € C®(X,TX ® Endcy, (X)), and dlv wga € C®(X,Endcy, (X)) be defined
by

0F E Y ej@ale].  divog() E Z(vzwane,]
j=1

j=1
These definitions are independent of the choice of the orthonormal basis ey, ..., e, of
T, X.Observe thatforx € X, w? (x) may be interpreted as alinearmap 7, X ® X, — Xj.
Moreover, fixing a collection of potentials, by which we mean sections Vi, ..., Vy €

C*™(X, Endcy, (X)), we define a stochastic process Q, by the iterated Stratonovich
integral

t N
o =/ / / [X|| 1* 1_[ wq(Xg,) * dXz, + Vg (Xrg)dl'a) x| S (4.10)
0 JoO

The following lemma follows from writing Q, as an It6 integral using the Stratonovich-
to-1t6 formula (see Lemma 4.7 below) and the 1t6 isometry.

Lemma 4.5. For eacht > 0, there exists C > 0 such that

N

N
C .
E.[10:*] < Wg(||vau§o + llwall% + Il div 1%,

where the constant C > 0 is independent of the choice of w, and V, and the expectation
value is taken with respect to a Brownian motion starting at x € X.

By this lemma, if X; is a Brownian motion starting at x € X, then for any ¢ €
L%(X,X) and any t > 0, the X,-valued random variable S; - Q; - ¥ (X,) has a finite
expectation value, where the scalar curvature process S, is defined by

t
S; = exp (—é/o scal(xs)ds> . “4.11)

To give an operator theoretic formula for this expectation values, define the auxiliary
operators

1 1
Ay = a)gv + 3 divw, + Vg, Agarl = zwgwwl»
avm =0, m>2. 4.12)

.....
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Using these, inductively define operators \If,(“) by setting \IJt(N) = ¢ 'H, \III(NH) =0

and

t t
v@ = / e U=IH A, wetD g 4 / eI AL oW @D ds  (4.13)
0 0

fora < N, where H = 5 1D2. Observe that since each of the operators defined in (4.12)

is a differential operator (of order at most one) and e’ H g smoothing, each of the \IJ,(a)

ends up being a smoothing operator as the composition of a smoothing operator and
a differential operator is again smoothing. It will be important that the operators \I/t(“)
solve the differential equation

0 a#N
id a=N

’

U = =B 4 A ¥ 4 AW, = {
(4.14)

which can be taken as an alternative definition for the \IJ,(a).

Proposition 4.6. (Feynman—Kac formula) For any ¥ € L*(X, £), any x € X and any
t > 0, we have

B[S+ Qi vx)] = Oy (x),

where on the left hand side, we take the expectation value of a Brownian motion X, such
that Xo = x.

We remark that in the case that N = 1, a similar result for not necessarily compact
manifolds and arbitrary bundles was recently obtained in [11].

In order to prove Prop. 4.6, it is convenient to lift the process Q; to the Spin,,-principal
bundle P— X provided by the spin structure. The advantage of this approach is that we
can pass from sections of bundles over X to functions with values in a fixed vector space.
More precisely, the elements V,, and w, correspond to elements V, € C*® (P, Cl,,)SPiM
and w € Q1 (P, Cl,)5P", defined by

Vo) =[u, Vo),  @q(x) = [u, @a(u)]

for any u € Py. Here we represented Endcy, (¥) = CI(T X) as the associated bundle
Endy, (£) = P Xspin, Cl, (where in this case, Spin,, acts on Cl,, through SO, ). Alter-
natively, we can view elements of P, as isometries u : Cl, — X, respecting the right
Cl,,-action, which leads to the relations

Vo) =u Vo) u*,  wa(x)w = u(@@)w)u*, (4.15)

with w®" the horizontal lift of w € T, X. Let U, be the horizontal lift to P of a Brownian
motion X, (this can be defined as the solution to a stochastic differential equation, as
discussed in [27, §2.3]; see also [5, §2.2]). Define the Cl,,-valued stochastic processes

(”) ,a =1,..., N,inductively as the solution to the Stratonovich differential equation

dQ” = Q"+ (@u(u) xdu, + Vo(updr), Q" =0,  (416)
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where we let Qt(o) = 1 and (for use in the lemma below) Qﬁfl) = (. Explicitly, the
solution for @ > 0 to this differential equation is

@ t Ty (%)

(@ =f / / (wl(u,l)*du,] +V1(u,1)dr1)
0 JO 0
. (wa(u,a) % dug, + Va(ufa)dra).

In terms of U,, the stochastic parallel transport is just given by [X||§]2 = u,ujl, so it
follows with a view on (4.15) that we have

QM ur = 0, 4.17)
the process defined in (4.10).

Lemma 4.7. The processes Qsa) solve the Ito differential equation
_ | .
dQ@W = Q1. (wa(u,)du, + V;(u,)dt) + nga D0l (U@ (u)dr,  (4.18)

where V), € C*®(P, Cl1,))SP" s the lift to P of the section V)=V, + %div o

Remark 4.8. This lemma can be used to transfer the multiple Stratonovich integral Q;
given by (4.10) into a multiple It6 integral. After a close look at the combinatorics
involved, one observes that the result is a sum of several integrals over various lower-
dimensional simplices, formally similar to (3.13). This is a general version of so-called
Hu—Meyer formulas [28].

Proof. Firstleta > 2. Then by the Stratonovich-to-1t6 formula X *dY = XdY + %dX dY
and the Ito formula, we have

2( =D wa(up) * du, — Q™Y - @4 (Uy)duy)
= d[Q" " - @u(up]dy,
=dQ"“ V. w,(u)du, + Q¥ . dlw, (u,)]du, +dQ“ Vd[wq (uy)]du;
=0
- Vau, @4 (Uy)du,

_ @2 (a—1)
— Nt t

“@q—1(U)dU; - @4 (U)dU; +Q

= Q. & (U@, (U)dr + Q™Y - div g, (uy)dr,

which gives (4.18). Here we use that the higher terms in the Itd formula do not contribute
as dt - dt = dt - du; = 0 and the formula

B[du;, du,] = tr"*" B(u,)ds (4.19)

which holds for any symmetric 2-tensor B on P; here the horizontal trace is defined by
n
u" Bu) =Y B(E;. E)).
j=1

where E1, ..., E, is an orthonormal basis of the horizontal tangent space TuhorP at u.
Finally, for a = 1, the same calculation works, except that Q“~1 = 1 and consequently

dQl(a_l) = 0. Since by convention, Q@2 = (, formula (4.18) holds also in that case.
O
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Fix v € L2(X, %) and¢ > 0.For0 <s <tanda = 1,..., N, let ¥\* be the
section of ¥ defined by

Y@ (x) = (B9 (x). (4.20)

Observe that w(”) is smooth for s € [0, 7).

Lemma 4.9. Let W) € C*®(P, Cl,)SP"™ be the horizontal lift of 1//5“). Then the process
wg“)(us) satisfies

Ay (uy)] = dy{® (uy)dug

1
+(§scal<us)w§“> Aoy @D gy — L“iﬁ,mv/f_&“”)(ux)) ds

where scal is the lift of the scalar curvature function to P and AR, Ahor are the
horizontal lifts of the operators A, and Ag—1 4.

Here, if A is a differential operator on X acting on sections of X, its horizontal lift
(to P) is the operator A" on C® (P, Cl,)SP™ such that A"y is the lift to P of A,
if ¥ is the lift of .

Proof. By (4.14), the functions WAE“) satisfy the system of differential equations
10(11) Hhorw(a) Ahor W(‘H]) Ah:)_r1 a+2¢(a+2)

Let W be the function on P x [0, 1] defined by W (u, s) = ¥? (u) and let Uy = (uy, 5).
Then ¥ (Uy) = ¢§a) (uy) and hence by the Stratonovich product rule,

¥, (uy)] = d[¥ (Uy)] = d¥ (Uy) * dUs = dyr(@ (uy) * dug + Ly uy)ds
= d¥ (P (Uy) * dus + " (O (uy) — AR oD (Up) — AR 0¥ ().

On the other hand, the Stratonovich-to-Itd formula yields
Ay (Uy) * dug = dyp (@ (Ug)dug — (V)P ),
where (V*V)Pr is the horizontal lift of the connection Laplacian on ¥. Combining this
with the Lichnerowicz formula (4.9) (keeping in mind that H = D?/2) results in the
claimed scalar curvature term; this finishes the proof. m]
Proof of Prop. 4.6. Define N := Q\”) - ¢ (@ (u;). By the Itd formula,
AN =dQ\ - ¢ (uy) + QW - d[¥\” (uy)] +dQY - d[¥ (¥ (uy)].

Each of the terms is readily calculated using Lemmas 4.7 & 4.9. In particular, the third
term is

QYUY . @, (Ug)duy - Y@ (Ug)duy; = QY - wf (uy)d Y@ (uy)ds,
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where we used the rule duy - ds = ds - ds = 0 and the identity (4.19) again. Collecting
all the terms, we obtain

lega) — an—l) . (wndllfga)(us) +V;(us)]/,§a)(us)>ds _ qu) . Agirl ¢§a+l)(us)ds
|
+ EQ(G 2. (wiflwa)(ux) : Wga)ds — Q(a) Ah+l w2 ¢(0+2)ds

1
+ §Q§“) -seal(Uy) - ¥ @ds + Q™Y - w, (ug)duy - Y9 + QW - ay @ (uy)du;.

4.21)
Now set
det S, ZN(a)
where S, is the lift to P of the scalar curvature process (4.11). We obtain
N N N
dN; =dS; - Y N@ +8; - ) dN@ + > "dS, - dNI. (4.22)

a=0 a=0 a=0

Since S, satisfies the differential equation
1
ds; = —gss - scal(uy)ds,

the third term of (4.22) vanishes (again using ds - ds = ds - dug = 0). The middle
term can be calculated using (4.21): In view of the definition (4.12) of the operators A,,
Ag a+1, the terms in the first two rows of (4.21) telescope, while the scalar curvature
terms cancel with the terms coming from the first summand of (4.22). We are left with

N

dN = >(QU™" - waudu; - ¥ ) + QL - ¥ (udu ),

a=0

so that N is a Martingale by the Martingale property of the Itd integral. Let

def

Ny = UONU =35 - ZUOQ(“)U usw(a)(xs)u =S, - ZQ(“) lﬂ(a)(X)

a=0 a=0
where we used (4.17) and (4.15). By definition, ¥{*) (X;) = (W “. /) (X,). We have

@ _ 1 a=0 (@ Y(x) a=N
d X =
Q {0 a>1 an Vi (X0) {0 a <N,

using that Xo = x. Therefore

No="y)x) and N, =S -0

Y (X)),
and we obtain
B[S 0" -y o] = W90 = B[ Ny = No| = Ex[uoN:uf — uoNoug] = 0,

as the expectation value of a Martingale is zero. O
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4.3. Comparison of path integral and Chern character.

Theorem 4.10. Let 91, ..., 9y € QT(X) and as always, write 9, = 9 +dt AV with
0., 0, € Q(X). Then if for each pair of subsequent indices a, a + 1, at least one of ¥},

or ¥}, has degree less or equal to one, then

Chp(P1, ..., 0n) =Z(p(D1, ..., On)). (4.23)

Incidentally, the Bismut-Chern characters defined in Sect. 5 below satisfy the as-
sumptions of the theorem.

Remark 4.11. From inspection of the arguments below, it is easy to see that in general, the
difference of Chp (¥, ..., ¥n) and I(p(z?l, e, ﬁN)) can be written as an expectation
value of iterated Stratonovich integrals depending on the differences

1 n
F(Wa, Dar1) = 5 D #(te; D) e; Dar),
j=1

which happen to vanish if at least one of ¥, and ¥/, has degree less or equal to one.
This suggests that the fact that the equality (4.23) breaks down in the case that these
terms are non-zero comes from bad interactions of multiple stochastic integrals with the

diagonal singularities of the top degree current (4.3).

A crucial ingredient of the proof is the following rather magical lemma, which con-
nects the operators (4.12) to the terms appearing in the definition of Chp.

Lemma 4.12. For all 9 € Q(X), we have

D, ¢(9)] — ¢d9) = — Y ¢t M)V, + %¢(d*ﬂ), (4.24)

i=1

where d* is the adjoint of d. Moreover, for ¥, 92 € Q(X), if either ¥ or U has degree
at most one, then

1 n
(D@1 A92) — ¢DNED)) = =5 D #lte; DL, D2). (425)

j=1

Proof. If || = 0, the right hand side of (4.24) vanishes, so this is just the usual
commutator relation of the Dirac operator for functions; the case 91| = 1 is Prop. 3.45
of [6]. In the general case, the identity (4.24) can be found in [11].

Equation (4.25) is a pointwise statement. Hence we may choose an orthonormal basis
et, ..., ey of T, X and (by linearity) assume that ) = ¢; and 9> = e, A- - - Aej,, Wwhere
J={1 <j; <--- < j¢ < n}is an arbitrary multi-index. Observe that if i ¢ J, then
both sides of (4.25) are zero. If i = j, € J, then ¥ A ¥ = 0 and

n

@) = (—)e(e) - elej,) - elej) = — I eligeClees, A Aej),
k=1

where we used that all summands on the right hand side vanish except that with k = a.
Swapping the roles of ¥ and v, the right hand side of (4.25) remains unhanged,
while the left hand side picks up a sign of (—1)¢ = (—1)!?2I. This finishes the proof
after dividing by the appropriate powers of 2~ !/2 to rewrite the identity in terms of the
rescaled Clifford multiplication ¢. O
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We are now in the position to prove our the comparison theorem.

Proof of Thm. 4.10. Fix 91, ...,y € Qr(X) throughout the proof. Define elements
wa € QYX, Endcy, (%)) and V, € C*°(End(y, (X)) by

walv] E ¢, Ve ¢, a=1,....N. (4.26)

Observe that for this choice of w, and V,, we have the equality
01=q,...,9n), (4.27)

where Q, is the stochastic process defined in (4.10) and the right hand side is the iterated
Stratonovich integral (4.6) apearing in the definition of the path integral.
On the other hand, we will now show that for this choice of w, and V,, the operator

O, (91, ..., 0y) from (3.13) is equal to the operator \IJ,(O) appearing in Prop. 4.6. This
will follow from comparing the recursive relation (3.11) for @, (9, ..., 9x) with the

corresponding relation (4.13) for the \If,(a) . We see that &, = \Ilt(o) follows if we can show
that A, = —F(9,) and A, 441 = —F (¥4, ¥441) for each a. To this end, we calculate

1. - 1
Ag = [V + S divey + Va =) ¢t 9)Ve, = 5#(d*00) = ¢(0)) = =F (D).
j=1

where in the last equality, we used (4.24) to compare with the definition (3.9). In case
that either 9, or ¥/, has degree less or equal to one, we have

1

n
Au,a+1 2w2wa+1 Z¢(tej- ) '¢(tej Var1) = —F (D4, Vas1).
23

Here we used (4.25) to compare with (3.9) and the observation that the factor of % is

absorbed in the notation ¢() = 2~ 171/2¢ ().
Using our Feynman—Kac-formula, Prop. 4.6 and (4.27), we therefore obtain that

Ee[S-Q(o®@1,....00) ¥ &xD)] = (101, ..., ON)Y) ().

Taking conditional expectations and pointwise supertraces, followed by integration over
X, the left hand side is just Z(p (¢, ..., ¥n)), while the right hand side becomes the

super trace of (v, ..., Uy), represented in terms of the kernel formula (2.13) for the
supertrace. This is precisely the Chern character Chp (¥, ..., ¥y) as defined in (3.12),
hence the proof is finished. O

5. Bismut Chern Characters

In this section, we give an application of our path integral formula to the calculation
of the path integral of Bismut-Chern characters and comment on the connection to the
Atiyah-Singer index theorem for twisted Dirac operators.

Recall definition (2.6) of the complex Q(LX ), respectively the T-invariant subcom-
plex Q(LX )T, for a Riemannian manifold X. The extended iterated integral map p de-

fined by (3.5) is a chain map from the entire cyclic complex Bu (QT(M )) to the complex
Q(LX )T of T-invariant forms. Denote its image by le(LX )T,
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Maybe the most prominent example of differential forms contained in the complex
Q(LX )T are the Bismut-Chern-characters, first introduced in [8] in the even case and
[39] in the odd case. In fact they can be represented by iterated integrals, hence lie in
the subcomplex th(LX )T,

Definition 5.1. (Bismut-Chern-characters) —

(1) Let E be a vector bundle with connection over X and let R be its curvature. The
Bismut-Chern-character associated to this data is the differential form Ch(E) €
Q*(LX,C) given by the formula

Ch(E) = Z(—l)N/ g ([ynwl N\ R@)IyIe ] )dr. 5.1)
N=0

a=1

(2)Letm € Nandlet g : X — U(m) (the m-th unitary group) be a smooth map.
Then the odd Bismut-Chern character Ch(g) € Q™ (LX, C) is defined using the
even Bismut-Chern character via the formula

1
Chig) =~ [ 15, ChC”, Vs,
0
where C™ is the trivial bundle on X x IR, but with non-trivial connection V8 =

d +sg~'dg, s being the coordinate of R.

Remark 5.2. Explicitly, formula (5.1) says that the degree 2/N-component Ch y of Ch(E)
at y € LX is given by

Chy[Van, ..., Vil

2NN. Z/ tre ([yul ]EH (Vory (7a) Vs 1 (z)) [y I3 l]E)

ogeSHN a=1

A similar formula can be given for the odd Chern character, see [39, (6.1)].

Proposition 5.3. The Bismut-Chern characters are equivariantly closed. Moreover, if
j : X — LX is the inclusion, then j*Ch(E) = ch(E) and j*Ch(g) = ch(g), where
ch(E) € Q" (X, C), respectively ch(g) € Q™ (X, C) are the usual even and odd Chern
character forms on X, defined by

L(-1 )N s N! 1, 2N+
ch(E):Z tr(RY),  ch(g) = Zm r((g7'dg)*™). (5.2)

N=0

This resultis provenin [8, Thm. 3.5], respectively [39, Thm. 6.2]. For us, the following
proposition is particularly important, which states that Ch(E) and Ch(g) are contained
in the domain of the path integral map.

Proposition 5.4. Both the even and the odd Chern characters can be represented by
entire, extended, iterated integrals and hence are contained in th(LX )T
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Proof. In the even case, this has been shown by Getzler, Jones and Petrack [23, §6],
whose construction we recall here. To write Ch(E) as an iterated integral, choose a
complementary bundle £+, meaning that E @ E+ = C™, a trivial bundle, and let ¢ be
the projection onto E. It is poss1ble to arrange this in such a way that the connection on
E is given by the formula V = ¢(d + A), where A = (2¢ — 1)dq € Q' (X, Mat,,(C)) is
a matrix-valued one-form [36]. The curvature is then the two-form R = dA + A2, and
we set R := A +dt A R, an element of Qr(X, Mat,, (C)). The Chern character is then
given by Ch(E) = p(Ch(qg)), with 3

co N
Ch(g) = > Y u(R.....RdtAg.R.....R), (5.3)

N=0k=0 k N—k

where the trace is taken as in [25, Def. 7.2]; see Thm. 6.5 in [23] for a proof of this
claim. It is easy to see that Ch(q) satisfies the necessary estimates in order to have finite
entire norms (3.4); compare also [25, §7].

A similar formula can be given for the odd Bismut-Chern characters. Explicitly, given
asmoothmap g : X — Ui and s € R, set

As = sgfldg

2 1 1 G4
Ry =dAg+ A = —s(1 —s)g" 'dgng 'dg.

and Ry = Ag +dt A Ry € Q7(X). Then the formula for the “combinatorial” odd Chern
character is

Ch(g) = ZZ/ tr(?}{q,.. im,dMg ldg, R, ... 9‘{)ds (5.5)

N=0 k=0

this has been shown in [12, §5]. o

Remark 5.5. The Chern character Ch(g) can be written elegantly using the shuffle prod-
uct. In fact, since in the grading-shifted space QT(X)[1], A has degree zero and R has
degree 2, the degree 2/ part of Ch(g) is the infinite sum of shuffle products

o
Z(dt/\p)m(dt/\R,...,dt/\R)Lu(A,...,A).
N=0 ¢ N

Hence even in each fixed degree, Ch(g) is an infinite sum and the entire topology (3.4)
is needed to make sense of it. In particular, the Continuity Lemma 3.1 is needed to apply
the iterated integral map to Ch(q) a fact that is omitted in the discussion of [23, §6].

Application to index theory. To close this section, we calculate the path integrals of the
Bismut-Chern characters, which are given in terms of an index, respectively a spectral
flow.

Proposition 5.6. Let X be a compact spin manifold. Then the path integrals of the
Bismut-Chern characters are given as follows.

3 The formula here differs slightly from those in [23,25] owing to the use of the bar complex instead of the
cyclic complex of Connes used there.
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(a) If Dg is the Dirac operator twisted by E, then
Z(Ch(E)) = i"*ind(Dp). (5.6)

(b) Let D be the Dirac operator acting on £ ® CK and denote by sf(D, g~'Dg) the
spectral flow between the Dirac operators D and g~'Dg, where g : C — U (m).
Then

Z(Ch(g)) = —(—i)'F V27 - sf(D, ¢~ 'Dg). (5.7)

It follows directly from the definition of the supertrace that str is and even respectively
odd, in even and respectively odd dimensions. This implies that 7 has the same property.
As the spectral flows of Dirac operators vanish in even dimensions (by symmetry of the
spectrum), (5.7) is trivial in even dimensions, while (5.6) is trivial in odd dimensions
(there, all indices vanish).

Proof. Let E be a Hermitian vector bundle with compatible connection V over X. As in
the proof of Proposition 5.4, realize E = im(q) for some projectiong € C*° (X, Mat,, (C)).
Let A be the corresponding connection 1-form and R = dA + A? its curvature.

As in Sect. 4.3, let u, be the horizontal lift of the Brownian motion X, to the spin
principal bundle P, and let A € Q' (P, Mat,,(C))SP™ and R € Q?(P, Mat,, (C))SPim
be the horizontal lifts of A, respectively R. Let Q; be the solution to the C,, ® Mat,, (C)-
valued Stratonovich differential equation

dQ; = Q; - (A(uy) *du, — ¢(R(u))dr), Qo =id.
Here, ¢(R) = 33, _;c(ei)e(e;) ® Rlej, e;] € C(P,Cl, ® Mat,, (C))SP™ is the

term appearing in the general Lichnerowicz formula for the twisted Dirac operator ( [6,
Thm. 3.52]). Then Q; can be written as the iterated Stratonovich integral

00 t ™ 17) N
Q=Y / / / [T(A@:,) * du,, — ¢(R(us,))dr,).
N=0"0 YO 0 =1

In view of (4.6) and the iterated integral expression (5.3) of Ch(E), we therefore obtain

1
q~(Ch(E))=/0 urtr(Qr g Qi—)updr.

By the vector-valued Feynman—Kac formula (see [24]) and the Lichnerowicz formula
%DZ\ = %V*V + %scal + ¢(R) for the Dirac operator D4 twisted with the connection

VZ ® (d + A) on £ ® C™, we have by cyclicity of the supertrace
1
I(Ch(E)) — / Str ®TI'(CW (e—tDA/qu—(l—f)DA/Z)dt — Str ®Tr([jm (qe—DA/Z)
0 C C

= i"?Strycer(e”PF),

where we observed qe_DA /2 = ¢=PE/2 and used (2.14) to convert the real supertrace to
the complex one. Now for the complex supertrace, the McKean-Singer formula applies

(see e.g. [6, Thm. 3.50]), giving statement (a).
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To see (5.7), we may assume that n = dim(X) is odd. Here, similar to the above, one
obtains that Z(Ch(g)) equals

1 1
- -D? .|l _ n2
_/ StrE@Q’” (¢(g 1dg)€ DY/2>ds = _(_l) 2 [ TrEC@Q’" (C(g ldg)e Dy/z)ds
0 0

In the above equality, we used that since n is odd, for an odd element a € Cl,,, we have

271 24tr(a) = (—i)%tr(c (a), by (2.15) and (2.11). This swallows the additional factor
of 27172 coming from the use of the rescaled Clifford multiplication there. From Getzler
[21, Corollary 2.7], we have

1
sf(D, g~ 'Dg) = (2;1)—1/2/0 Try ot (Dse—Df/Z)ds. (5.8)

The result now follows after noticing that D, = c(g~dyg). O

Remark 5.7. Observe that since both Ch(E) and Ch(g) are such that Thm. 4.10 applies.
Hence we have

Z(Ch(E)) = Chp(Ch(g)),

i.e., we can also compute the path integral of the Bismut-Chern characters using the
algebraic Chern character. In fact, this gives another proof of Prop. 5.6(a), using the
results of [25, §8].

Using Thm. 4.10, the localization formula (3.16) for Chp can be carried over to a
localization formula for Z, which reads as follows and is the loop space analog of the
finite-dimensional localization principle of Duistermaat—Heckmann [7,16].

Theorem 5.8. For any iterated integral 0 € Qunt (LX) that is equivariantly closed and
satisfies the assumptions of Thm. 4.10, we have

706) = (271)_"/2[ AX) A j*O, (5.9)
X

where j : X — LX is the inclusion map.

Observe that Ch(E) satisfies the assumptions of Thm. 5.8. Since Ch(E) is equivari-
antly closed, we can alternatively use (5.9) in order to calculate the iterated integral of
the Bismut-Chern characters. In view of (5.2), in the even case, the result is

Z(Ch(E)) = (27r)"/? [ A(X) A ch(E).
X

Together with Prop. 5.6, this is the Atiyah—Singer index formula for twisted Dirac op-
erators. A similar result can be obtained in the odd case.
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