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Elliptic genera, transgression and loop space
Chern—Simons forms
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We compute the Chern—Simons transgressed forms of some charac-
teristic forms with modular properties, which are related to ellip-
tic genera. We study the modularity properties of these secondary
characteristic forms and the relations among them. We also com-
pute the Chern—Simons forms of some vector bundles over free loop

space.
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Connections in vector bundles play a very important role in differential
geometry. The famous Chern—Weil theory relates connections to the the-
ory of characteristic classes, which provides a geometric way to understand
characteristic classes and therefore play a fundamental role in global differ-
ential geometry. Let V be a connection on an n-dimensional real or complex
vector bundle £ — M, where M is a compact smooth manifold. The basic
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local invariant of V is its curvature, which is a closed 2-form with values
in the gl(n)-bundle associated to F. Invariant polynomials of the curvature
give us Chern—Weil characteristic forms, which are closed and thus represent
cohomology classes in the de Rham cohomology of M [8]. These classes do
not depend on the choice of the connections and are actually topological
invariants of E. Particular invariant polynomials give us the famous Chern
classes and Pontryagin classes.

The Chern-Simons theory studies the dependence of characteristic forms
on V, which, by transgression method, leads to secondary geometric invari-
ants, called the Chern—Simons forms. Chern and Simons [10] are led to
this theory by concrete geometric questions in combinatorial and conformal
geometry. Cheeger and Simons go further along this clue to define some
refined secondary invariants called the Cheeger-Simons differential charac-
ters [9]. It turns out that these secondary invariants are very useful in many
areas of mathematics and physics. For example, Witten [32] uses the sec-
ondary invariant associated to a particular characteristic form to construct
a topological quantum field theory in three dimension and obtains some
quantum invariants including the Jones polynomial of knots as well as new
invariants of 3-manifolds. The Chern—Simons forms or more generally the
geometric invariants of connections have special advantages to study flat
vector bundles. A flat bundle is the vector bundle equipped with a connec-
tion whose curvature vanishes identically. Hence, by the Chern—Weil theory,
all characteristic forms vanish. Thus we cannot read off any information
from this theory. However, based on the idea of Chern—Simons and the
method of transgression, one is able to construct certain cohomology classes
by using flat connections, which turn out to be useful tools to study flat
vector bundles. In Section 2 of this paper, we briefly review the method of
the Chern—Simons transgression and give Theorem 2.2, which serves as a
convenient tool to do transgressions on the characteristic forms that we are
going to use.

A lesson we have learned from the above stories is that one may apply the
Chern—Simons transgression to particularly chosen characteristic forms and
obtain interesting secondary characteristic forms, which might have poten-
tial applications. In this paper, we apply the Chern—Simons transgression to
some characteristic forms related to elliptic genera to derive secondary char-
acteristic characteristic forms with modular properties. The characteristic
forms that we use here are related to the theory of elliptic genera. Ocha-
nine [28] first introduced the notion of elliptic genera from the topological
point of view. He was motivated by a study of S'-action on Spin mani-
folds by Landweber and Stong [19], who attempted to answer a question
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raised by Witten [31] on rigidity of certain twisted Dirac operators on Spin
manifold. In [33] Witten reinterpreted the Landweber—Stong elliptic genus
as the index of the formal signature operator on loop space as well as intro-
duced the formal index of the Dirac operator on loop space (called the
Witten operator), which is the Witten genus. In Section 3 of this paper,
we apply the Chern—Weil theory to express the local indices of some formal
elliptic operators on loop spaces by connections (or curvatures), which are
characteristic forms with modular properties. Then in Section 4, we apply
the Chern—Simons transgression to these characteristic forms to obtain some
interesting secondary characteristic forms. Most of these secondary charac-
teristic forms have modular properties except for the one associated to the
Witten operator. However, it turns out that this specific secondary charac-
teristic form is a modular form over SLo(Z) when it is associated to two flat
connections on a flat manifold. Moreover, this secondary characteristic form
cannot be of weight 2 over SLy(Z), which agrees with the standard fact in the
theory of modular forms. As the original characteristic forms, the secondary
characteristic forms we obtain are also modularly related. We would like to
point out that the modularities of these secondary characteristic forms are
not a direct consequence of the modularities of the original characteristic
forms. See details in Section 4. We hope that these new geometric invariants
of connections with modularity properties obtained here could be applied
somewhere.

Motivated by string theory, people have been attempting to generalize
many things like vector bundles, Dirac operators, the Atiyah—Singer index
theory and so on to loop spaces. The relevant vector bundles over loop
space are constructed from ordinary finite-rank vector bundles V' — M. For
example, in Section 5, we will consider vector bundles V and V' over loop
space:

o0

V= ®A,qg‘71/2(V(C), VI = ®qufl/2(v(j)‘
j=1

J=1

As Witten remarked in his lecture notes [34] that physically, this analogue
is very important because it arises in heterotic string theory. Following [21],
in our discussion section (Section 5), we describe the Atiyah—Singer index
theory on loop spaces. Then for flat bundles on loop space, we compute
their Chern—Simons forms, which turn out to have modular properties.
This could be understood as certain generalization of the Chern—Simons
forms for flat bundles on finite-dimensional smooth manifolds to free loop
spaces.
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2. Construction of the Chern—Simons transgressed forms

Let us briefly review the construction of the Chern—Simons transgressed
forms in this section.

Let M be a compact smooth manifold and T*M denote the cotangent
bundle of M. We denote by A*(T*M) the (complex) exterior algebra bundle
of T*M, and

Q*(M,C) £ T(A*(T*M))

the space of smooth sections of A*(T*M). In particular, for any integer p
such that 0 < p < dim M, we denote by

OP(M,C) & T(AP(T*M))

the space of smooth p-forms over M. Let E be a smooth complex vector
bundle over M. We denote by Q*(M; E) the space of smooth sections of the
tensor product vector bundle A*(T*M) ® E obtained from A*(T*M) and E,

O(M;E) 2 T(A*(T*M) ® E).

Let End(E) be the bundle of endomorphisms of E. On Q*(M;End(FE)),
one can define a super Lie bracket (cf. [36]) by extending the Lie bracket
operation on End(E) as follows: if w,n € Q*(M) and A, B € I'(End(FE)),
then we use the convention that

[wA, 1B = (wA)(nB) — (~1)E) e (B) (wA).

It is not hard to see that: for any A, B € Q*(M;End(E)), the trace of [A, B|
vanishes (cf. [32, Lemma 1.7]).

Let V¥ be a connection on E and A € Q*(M;End(E)). One has the
following result.

Lemma 2.1 (cf. [36, Lemma 1.8]). The following identity holds,
(2.1) dtr[A] = tr[[VE, A]].

Let
flz)=ap+arz+ - +apz" +---

be a power series in one variable. Let R = (V)2 be the curvature of V¥ on

E. The trace of f(RF) is an element in Q*(M, C). A form of the Chern—Weil
theorem (cf. [32, Theorem 1.9]) can be stated as follows.
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Theorem 2.1. (1) The form tr[f(RY)] is closed. That is,
dur[f(R")] = 0;

(2) If VE is another connection on E and RP is its curvature. For
any t € [0,1], let V{ be the deformed connection on E given by V' = (1 —
t)VE + V. Let RE t € [0,1], denote the curvature of VE. Let f'(z) be the
power series obtained from the derivative of f(x) with respect to x. Then the
following identity holds,

22) (D) - ulf(RP) = d / |5 (Rl ) at
Proof. (1) From Lemma 2.1, one verifies directly that

dtr[f(RP)] = tr[[V", f(RP)]
= tr[as [VE, RE] + - + an[VE (RE) + -] =0,

as for any integer k£ > 0 one has the obvious Bianchi identity
(2.3) [VE (R = [VZ, (V)] = 0.

_ (2) Note that V¥ is a connection on E such that V§ = V¥ and V¥ =
VE. Moreover,

AvE
dt

=VF - V¥ € Q(M,End(E)).

We deduce that

E
itr [f(RE)] =tr [dit f’(Rf)] =t

: ) [dwzf)?

)
= [[v8 5] piwp)] = [[v8. S pp)] ).

where the last equality follows from the Bianchi identity (2.3).
Combining with Lemma 2.1, we have

d AvE

(2.0 Gl =au | T s
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from which one obtains

SEV Byl _ olavE e
alf(R)] - alf(r5)] =d [ o | TR0 o

The transgressed term
1 E
dv
(2.5) / tr[ dtt f’(RtE)} dt
0

is usually called a Chern—Simons term.

In particular, let M be a 3-dimensional oriented compact smooth mani-
fold. It is known that 7'M is trivial. If we take VE to be the trivial connec-
tion dT™ associated to some global basis of T'(TM) and VI™ = ™™ 4 A,

(2.5) gives us the well-known Chern—Simons form (cf. [10,36])

(2.6) CS(A) = tr[ANd™A+2ANANA],

which plays a very important role in quantum field theory and low-
dimensional topology [32].

In this paper, we are going to use the following theorem, which we obtain
by modifying Theorem 2.1.

Theorem 2.2. Assume ag # 0. The following identity holds,

det'/2(f(RP)) — det/2(f(RE))

1 E ¢l pE
27) —a [ Gaen by | TEECE

Proof. Observe that det'/?(f(RE)) = e(1/2)lnf(EX)] Hence by (2.4),

2 et/ 2(f(RF)) = 4 /2 uli f(rE)

dt dt
1 ey d
=3 o(1/2) trlln f(R; )]%tr[lnf(Rf)]
1 e dVFE f'(RF)
_ L (/2 F(RP)] g ¢ ¢
(238) 2° ' { dt f(RF)]
o(1/2) trlln f(RE)] ¢, [dvfj f( tE)]}
dt - f(Rp)
vy f’(R?)] }
dt f(RF) ]S
Therefore (2.7) follows. O

I
=y

I

IS
—N— —
N = DN =

et 2 (RE) |
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Remark 2.1. In the above Theorem 2.1(2) and Theorem 2.2, one can
actually choose different paths connecting the two connections Vg and Vj.
The corresponding Chern—Simons terms then differ by an exact form. A good
reference is Theorem B.5.4 in [26]. The path (1 —)VE +tVF 0 <t <1 s
the canonical path.

3. The Chern—Weil forms for elliptic genera

In this section, we identify the Chern—Weil forms of some important elliptic
genera.

Let M be a Riemannian manifold. Let V7™ be the associated Levi-
Civita connection on T'M and RT™ —= (VTM)2 be the curvature of VM,
Let A(TM,VT™) and L(TM,VTM) be the Hirzebruch characteristic forms
defined, respectively, by (cf. [36])

~ — detl/ (vV/—1/4m)RTM
ATM, V) = det'V? (sinh (V=1/4m)RTM) |’

B (v—1/27)R™
L(TM, V) = et/ (tanh ((\/jl/2W)RTM)> '

(3.1)

Let E, F be two Hermitian vector bundles over M carrying Hermitian
connections V¥, V¥, respectively. Let R = (V)2 (resp. RF = (VF)?) be
the curvature of V¥ (resp. VI'). If we set the formal difference G = E — F,
then G carries an induced Hermitian connection V& in an obvious sense.
We define the associated Chern character form as (cf. [36])

(3.2) ch(G,VY) = tr [exp <\/T1RE>] —tr [exp <\/_71RF>} .

2T 2T

Sometimes we also need to use the following modified Chern character (cf.

[11])

(3.3) ch(G,VY) = tr [exp <*/?RE>] — tr [exp <MRF>} .

7
For any complex number ¢, let

M(E) =Clpy +tE+*A*(E)+---, SyE)=Cly +tE+t*S*(E) + -
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denote, respectively, the total exterior and symmetric powers of E, which
live in K (M)I[[t]]. The following relations between these two operations
[3, Chapter 3] hold,

(3.4) Si(E) =

M(E - F) =

A(E)’

The connections VZ, V¥ naturally induce connections on S,F,AE, etc.
Moreover, if {w;}, {w;’} are formal Chern roots for Hermitian vector bundles
E, F, respectively, then [15, Chapter 1]

(3.5) ch(At(E), VME)) =[] + e,

)

Therefore, we have the following formulas for Chern character forms:

1 1
(3.6) HSE). V) = S v ) T LD
(e _ A (E), V) [T (14 e
(B.7) ch(A(B = F). V) = R ) o) ~ T+ )

If W is a real Euclidean vector bundle over M carrying a Euclidean
connection VW, then its complexification W = W ® C is a complex vector
bundle over M carrying a canonically induced Hermitian metric from that
of W, as well as a Hermitian connection V"¢ induced from VW IfEis a
vector bundle (complex or real) over M, set £ = E —dim E in K(M) or
KO(M).

Let ¢ = 2™V=17 with 7 € H, the upper half complex plane. Set (cf. [20,
33])

(3.8) 01(TcM) = R) Sgr (TcM) © R) Agn (TcM),
n=1 m=1

(3.9) Ox(TcM) = X) Sgn(TcM) @ R) A_gn-1/2(Te M),
n=1 m=1

(3.10) 03(TeM) = Q) Sgr (TcM) @ R) Agn-1/2(Tc M),
n=1 m=1

Sy (TeM).

Xz

(3.11) O(Te M) =

n=1
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01(TcM), ©2(1cM), ©3(1cM) and O(TcM) admit formal Fourier

expansion in ¢'/? as

(3.12) O1(TcM) = Ag(TeM) 4+ Ay (TeM)g'/? :
(3.13) Oy(Tc M) = By(TeM) + By (TeM)g'/? :
(3.14) O3(TeM) = Co(TeM) + C (Te Mg /% + -,
(3.15) O(Tc M) = Do(Tc M) + Dy(Te M)q'/? :

where the A;’s, B;’s, C;’s and D;’s are elements in the semi-group formally
generated by complex vector bundles over M. Moreover, they carry canoni-
cally induced connections denoted by V4i, VB v and VP, respectively,
and let VOi(IeM) yO(TeM) 16 the induced connections with ¢/2-coefficients
on ©;, © from the V4, VB V% and VD5,

If w is a differential form on M, we denote by w(® its degree i component.

Definition 3.1.
(3.16) oL (VM 1) & L(TM, VM) ch(©1 (T M), VO TEAD)

is called the Landweber—Stong form of M with respect to VI,

(817)  Ow(VIM, 1) & ATM, VM )ch(O,(Te M), VOIM),
(3.18) Py (VM. 7) £ A(TM, V™) ch(O5(TcM), VO TEM),
(3.19) Ty (VM 7)) & A(TM, V™) ch(6(Tc M), vOTM))

are called the Witten forms of M with respect to VIM.

The four Jacobi theta functions are defined as follows (cf. [7]):

(3.20)
[(1—¢)(1 — 2™V lgh) (1 — e~ 2™V 1o,

—;

Il
—

0(v,7) = 2¢"/® sin(mv)
J
(3.21)

01(v,7) = 2¢'/% cos(mo) [ T[(1 = /) (1 4+ ™ 1g) (14 eV,

—

<
Il
-
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(3.22)
ba(v,7) = [JI(1 = @) (1 — 2 10gi71/2) (1 — o727V vgi =1/2)],
j=1
(3.23)
O3(v,7) = JJ1(1 — ¢7)(1 + ™Y1 ~1/2) (1 4 72V Togi =172,
j=1

They are all holomorphic functions for (v, 7) € C x H, where C is the com-
plex plane and H is the upper half plane.
Let 6'(0,7) = a%@(v,rﬂv:o. The Jacobi identity [7],

9'(0,7) = 701(0,7)02(0,7)05(0, 7)

holds.

Applying the Chern—Weil theory, we can express the Landweber—Stong
forms and the Witten forms in terms of theta functions and curvatures,
which look new in the literature (cf. [16,20, 23, 36]).

Proposition 3.1. The following identities hold:

RTM 6'(0,7) 01 (R™ /272, 1)
272 O(RTM /272 1) 61(0,7) > ’
RT™M 0'(0,7) O2(R™ /472 1)
472 O(RTM [472 1) 02(0,7) > ’
RTM  ¢'(0,7) 03(R™ /4r? 1)
472 O(RTM [4m2 1) 05(0,7) > ’
R™ 6'(0,7)

472 H(RTM/4772,T)> '

o {(: )

as usual be the modular group. Let

=(00) 6

be the two generators of SLio(Z). Their actions on H are given by

(3.24) &L (V™M 1) = det!/? (

(3.25)  ®w(VIM 1) = det!/? (

(3.26) DY (VM 1) = det!/? (

(3.27)  Uw(VIM 1) = det!/? (

Let

a,b,c,d € Z, ad—bc:l}

1
S:t—>——, T:7T—>71+1.
T
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To(2) = { (a Z) € SLo(Z)| ¢ = 0 (mod 2)},
r0(2) — { <Z Z) € SLa(Z)| b= 0 (mod 2)},

o {(: emel = alt 3 )

be the three modular subgroups of SLy(Z). It is known that the generators
of To(2) are T, ST2ST, the generators of I'°(2) are ST'S,T?STS and the
generators of Iy are S, T2, (cf. [7]).

If we act theta-functions by S and T, the theta functions obey the fol-
lowing transformation laws (cf. [7]):

~—

O(v,7+1) = e”ﬁ/46(v,7'),

(3.28) 1 ”

0w, =1/7) = = ( \/T_T) VTG (70, 7);

O (v, 7+ 1) =™V 49, (v, 7),
(3.29) b

01 (v, —1/7) = ( \&) ™V 0, (10, 7);
(3.30) ”

Or(v, 7+ 1) = O5(v,7), o (v, —1/7) = <\/%> VI, (10, 7))
(3.31) ”

O3(v, 7+ 1) = Oa(v,7), 03(v,—1/7) = </_71> ™V g (70, 7).

Definition 3.2. Let I' be a subgroup of SLs(Z). A modular form over T is
a holomorphic function f(7) on HU {oo} such that for any

a b
g_<c d)er’

the following property holds

ar +b
ct+d

o) = 1 (257 = x(@)er + @50
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where x : I' = C* is a character of I' and k is called the weight of f.

If T is a modular subgroup, let Mg(I") denote the ring of modular forms
over I' with real Fourier coefficients. Writing simply 6; = 6;(0,7), 1 < j < 3,
we introduce six explicit modular forms (cf. [18,20]),

51(1) = 3(03+603), ei(r) = 0503,
o(7) = —3(01 + 03), eo(r) = 150103,
53(1) = (01 — 03), e3(7) = —50105.

They have the following Fourier expansions in ¢*/2:

oi(r)=246q+6>+ -, ea(r)=%—q+7+ -,
ba(r) = —§ =3¢"* =3¢+, er)=¢P+8q+---,
03(1) = —§ +3¢"2 =3q+- . es(r) = ¢+ 8g 4,
where the “---” terms are the higher degree terms, all of which have integral
coefficients. They also satisfy the transformation laws (cf. [18,20,21]),
1 2 1 4
(3.32) bo | —= | =7°01(7), e2|—=)=r1"e1(r)
T T
(3.33) 62 (T+1) =63(7), ea(r+1)=ces(7).

Lemma 3.1 (cf. [20]). One has that 01(7) (resp. €1(7)) is a modular form
of weight 2 (resp. 4) over T'g(2), 02(7) (resp. e2(7)) is a modular form of
weight 2 (resp. 4) over T°(2), while d3(7) (resp. e3(1)) is a modular form of
weight 2 (resp. 4) over T'g(2) and, moreover, Mg(T'°(2)) = R[da(7), e2(7)].

Acting the transformations S, T on the Landweber—Stong forms and the
Witten forms, we have (cf. [14,20,21])

Proposition 3.2. For any integer © > 0, one has that
(1) {(IDL(VTM,T)}(M) is a modular form of weight 2i over I'g(2);
{@W(VTM, T)}(4i) is a modular form of weight 2i over T'°(2);
{(IJ{N(VTM, T)}(4i) is a modular form of weight 2i over I'y;
moreover, if the first Pontryagin form py(M,VT™M) =0, then
{\I/W(VTM,T)}(M) is a modular form of weight 2i over SLy(Z).
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(2) The following equalities hold:
B39 o™, -1/} = @ {ow (v, 0},
(3:35) Dy (VM 74 1) = By (VI 7).

The modularities in Proposition 3.2 have some interesting applications.

For example, let M be 12-dimensional and i = 3. {@L(VTM,T)}(H) is a

modular form of weight 6 over I'(2), {®w(VT™, 7')}(12) is a modular form
of weight 6 over I'’(2) and

(@ (v, —1/1) " = (21)8 {ow (V"M 1)} 7.

Then by Lemma 3.1, we have

(3.36) (D (VTM )11 = 1y (86,)% + ha(862)es,
and by (3.32) and (3.34),

(3.37) (DL (VM V) = 98n0(861)3 + By (861 e,

where by comparing the ¢'/?-expansion coefficients in (3.36), hg = —{A\(TM,
VIMN2) and hy = {60A(TM,VTM) + A(TM,VTM)ch(Te M, VM (12),
Then comparing the constant coefficients of the g-expansions of both sides of
(3.37), one obtains that {L(TM, VTM)}(12) = 23(26h) 4 h), consequently

{L(TM,VTM)}(02) — (8A(TM, V™) ch(Tec M, VTEM)

3.38 ~
(3:38) — 32A(TM, VM) (2)

which is just the gravitational anomaly cancellation formula derived by
Alvarez-Gaumé and Witten [1] from very nontrivial computations. Liu [20]
generalizes the miraculous cancellation formula (3.38) to arbitrary 8k + 4-
dimensional smooth manifolds by developing modular invariance properties
of characteristic forms. Formulas of this type have interesting applications in
the study of divisibility and congruence phenomena for characteristic num-
bers. We refer interested readers to [4,12,13,20,27,35].

Let M be a 4k-dimensional closed oriented smooth manifold and [M]
is the fundamental class. ¢r,(M,7) = (Or,(VTM 1), [M]) is a modular form
of weight 2k over I'g(2) with integral g-expansion coefficients and called
the Landweber—Stong genus of M. ¢w (M, 1) £ (@w(VIM 1), [M]) and ¢4y,
(M, 1) £ (94 (VTM 1), [M]) are modular forms of weight 2k over I'°(2) and



86 Qingtao Chen and Fei Han

Iy, respectively. If the first Pontryagin class of M vanishes, then ¢y (M, 7) £
(Uw (VTM 7). [M]) is a modular form over SLy(Z). They are modular forms
with rational g-expansion coefficients and called the Witten genera of M.
These are all examples of the elliptic genera, which were first defined by
Ochanine [28].

Let ds be the signature operator of M. According to the Atiyah—Singer
index theorem, we can express the Landweber—Stong genus analytically by
the index of the twisted signature operator as

QSL(M, 7') = Ind(ds & @1(T@M)).

Moreover, let M be spin and D be the Atiyah—Singer Dirac operator over
M. The Witten genera can also be analytically expressed by the indices of
the twisted Dirac operators as follows:

ow (M, 1) =Ind(D @ O2(TcM)),
Pw (M, 7) = Ind(D ® O3(TcM)),
Yw(M,7) =Ind(D @ ©(TcM)).

Heuristically, these twisted operators are viewed as elliptic operators on the
smooth loop space LM from the view point of string theory. See details
in Section 5. The elliptic operators ds ® ©1(TcM), D @ O3(TcM) and D ®
O3(Tc M) are all rigid according to the Witten rigidity theorem, which is
proved by Taubes [30], Bott and Taubes [6] and Liu [22].

4. Modular transgressions

Consider the following functions defined on C x H:

. 0(0,7) 61(22,7)

foule7) = 2250 S 5
_0'(0,7) Oa(z2,7)
fo(27) = 9(2,7’) 02(0,7)’
0'(0,7) 05(z, 1)

f«p{)v(z,’r) 229
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For the 4k-dimensional manifold M, by Proposition 3.1, we have

T M
(I’L(VTM 7’ det1/2 f@.L <R >

( (85)
o s 1 (5.1}
(. (55))

RTM
(I)/VV(VTM T) = = det'/? f@(N < >

Uy (VI 1) = det!/? (f\I/W <RTM,T>>.

From now on, let M be a 4k — 1-dimensional smooth manifold. Let
V;TFM,Z' = 0,1 be two connections on T'M and R;TFM,Z' = 0,1 be their cur-
vatures, respectively. Let VI ™ = (1 — t)VIM +tVIM and RI'M be the cor-
responding curvature. Let A = V| — Vo € QY (M, End(TM)).

By Theorem 2.2, one has

TM ™
det!/? <f<I>L (i;Q ,T>> — det!/? <f<I>L (ZSTQ ,T>)

(4.1)
1 TM I (RTM /4 2’
:d/ — det!/? fo, (Rt ,T>>tr qu)L( ;M/ ™T) dt.
o 8m? 472 fo, (R M /472, 7)
We define
CSOp,(VIM vTM 1)
A 1 ! T M
x A( 1 YRM/2r ) QQ(R?M/%Q’T))}dt
RIV/ax® ORI jan ) oy (BRI a7 )|

which is in Q°44(M, C)[[q]]. Since M is 4k — 1-dimensional, {CS ®p,(VIM,
VIM 7)1 (#6=1) pepresents an element in H*~1(M, C)[[q]].
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Similarly, we can compute the transgressed forms for ®w, ®{, and Uy,
respectively, and define

(4.3)
CS ow (Vg M, Vi, 7)
1 1
L 871'2/0 @W(VfM,T)
“ tr [A( 1 ORI/ 7) 9'2(R1¢TM/4W2,T)>] gt
RIM/4x2  Q(RIM /4n2 1) Oo(RIM Jax2,7) ’
(4.4)

CS Dy (Vo M, Vi, 7)
1 1
= &Tg/o ‘p@v(V?Mﬁ)

NS OYE S T T
RIM/4x2  O(RIM /An2 1) O5(RIM Jax2, 1) ’

and
CS \IIW(Vng V{Mv T)
1 1
(4.5) =g J, TV )

1 0'(RT™M /42, T))]
tr |A — dt
8 r[ (RtTM/47r2 O(RIM [4x2, 1) )| ©°

which lie in Q°99 (M, (C)[[ql/ 2]] and their top degree components represent
clements in H*~1(M,C)[[¢"/?]].

Remark 4.1. In (4.2) to (4.5) and in the following, to make sense,  —
99/((:’:)) should be understood as the z-expansion of [O(Z’T)QZZ/)(/Z;W =, where
both the numerator and the denominator have nonzero constant terms in

their z-expansions.

Equality (4.1) and the modular invariance properties of det!/?
T M T M

(fq>L (%,T) , det!/? (chL (%,7)) are not enough to guarantee that

CS @, (VEM VIM 1) is a modular form. Actually (CS ®p,(VEM, VIM 7)1

any closed form) will also satisfy (4.1). This is also true for other transgressed

forms (4.3)—(4.5). However, we do have the following results.
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Theorem 4.1. Let M be a 4k — 1-dimensional smooth manifold and VgM,
V{M be two connections on T M, then for integer i,1 < i < k, we have

(1) {CS @L(VgM,V{M,T)}(4i_1) is a modular form of weight 2i over
Lo(2);
{Cs @W(VgM,V{M,T)}(4i_1) is a modular form of weight 2i over
(2);

{CS @4 (VEM, vIM, T)}(4i_1) is a modular form of weight 2i over T'y.
e following equalities hold:
2) The foll l hold

{CS Oy, (VIM yTM _1/7)}(41'71) = (27)% {CS Dy (VIM, vlTM’T)}(ZM—l) ’
08w (VM VI 1) = Cs @y (VEY, Vi, 7).

Proof. Differentiating the transformation formulas (3.28) to (3.31), we
obtain that

(4.6)
0 (v,7+1) = e”mﬂl@'(vﬁ),

0 (v,—1/1) = b ( T >1/2 eﬂmTUQ(QW\/leUG (tv,7) + 70" (10, 7T));

O (v, 7+1) = eﬂ\/jl/49/1('l),7'),
T

0 (v,—1/7) = <\/j1

O5(v, 7 + 1) = b5(v, 7),
T

0, (v, —1/7) = <\/j1
O5(v, 7+ 1) = 05(v, 7),

1/2
) o™V 1T (2mV/—11v05 (Tv,7) 4+ 705 (TV,T));

1/2
) e”mTUQ(QﬂleTvﬁl (tv,7) + 701 (10, 7));

T 1/2 2
05 (v,—1/7) = <_1> eVl 27y 17003 (Tv,T) + T04(TV, T)).

Therefore

(4.7) 0 (0,~1/7) = < T >1/270’(0,T).
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By (3.28), (3.29) and (4.7), we have

0'(0,—1/71) 61(22,—1/7)

0(2z,—1/7) 61(0,—1/7)

VDN )
(1/v/=1)(7//=1)}/2emV=17(22)*¢ (272, 7)
(T/ﬁ)l/ze”ﬁf(%)% (272,7)
(1/v/=1)1/205(0,7)

0'(0,7) 02(272,7)

0(27z,7) 62(0,7) °

2z

=272

By (3.28), (3.29) and (4.6), one has

(4.9)
1 0'(2z,-1/7)  07(2z,—1/7)

2z 0(2z,-1/7)  01(22,—1/7)

(1/v/=1) (1 /v/=1) 2"V 1722 (270, /=1(272)0 (272, T)
1 +70' (272, 7))

2 (1/V/=1)(7/v/=D) eV 17229 (272, 7)
n (r/v-1) V2 grv/=Tr(22) f(2mV/=1(272)0 (272, 7) 4 T04(272,T))
(7‘/\/7)1/2 em™=1T(22)* 0, (272, T)
= i _ 2%\/—71(27‘2) . 0" (272, ) + 27_“/_71(27%) n 7_9/2 (272,7)

2z 0 (272, 71) 02 (272,7)
_ (1 0(2rzT)  65(272,7)
“T\2r 0 (272,7) 02 (272,7)
Therefore
(4.10)

CS ®L(ng7 V?M7 _1/7-)

Y RIM
= 471_2/0 det <fq>L < = ,1/7’))

Xtr[A< 1 0'(RT™ /272, —1/7) 0’1(RtTM/27r2,—1/T)>]dt

RIM 272 9(RIM /272 —1/7)  01(RTM /272, —1/7)

R R 2T R M
- 8? /0 det f<I>w A2 y T
“tr [A ( 1 3 0'(2rRIM J4x? 1) 9’2(27R,5TM/4W2,T))] it
2rRIM JAr?2 (2T RI'M JAr2 1) 0927 RIM JAm2 T) '
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Note that the (4i — 1) component of the right-hand side of (4.10) consists
of terms like

1 2rRI'M b 27 RI'M ps 27 RI'M 1
o) || () e la (P )

where 2p1 + -+ 2ps+2q+1=4i—1,ie, p1+---+ps+q=2i—1 due
to the fact that A € Q'(M,End(TM)) and R/ € Q?(M,End(TM)). Hence

we have

(CS @ (VIM yTM /7))

={ora [, o (s (F7) e 2RI Jam?
B 0'(2rRI'M /472 1) 95(2TR15TM/47T2,T)>:| dt}(4i_1)
02T RI'M JAx2 1) 0927 RI'M J4n2 T)

(4.11) .
. 1 1
_ 14+2:—1 TM
= (27) {87T2 /0 (I)w(vt , T)tr [A <R?M/47T2

ORI /ax7) | ORI jan? )] Y
O(RIM /A2 1) Oa(RIM J4an2 T)

— (27)% {CS By (VAM, VM, )} 7Y,

Similarly, applying the transformation laws (3.28) to (3.31) and (4.6),
we can show that

(4.12)
CSOL(VEM VIM 74 1) = CS o (VEM, VIM 7y,

i— T\ i—
{CS @w(VEM, VIV, —1/m)}D = (2) 7 {Cs ou (VM VM, 1)y @),
CS Ow (VIM VTM 1 4 1) = CS Oy (VM , VIM 1),
{CS (PQN(VEM? V{M7 _1/7)}(4i_1) = T2i{CS (I)QN(V%WMa V{Ma T)}(4i_1)7

CS Oy (Vi VIM, r +1) = CSdw (VoM ViY, 7).
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Acting ST?ST to CS®L(VIM,VIM 1) we can see from (4.11) and
(4.12) that

(CS @ (VM VIM gT2577)} Y
= {CS@L(VEM, VIV, S(T25Tr)} Y
= (27%ST7)? {CS dw (VM VI (T2577)}
= (2T2STr)% {CS Bl (VEM  vTM (75Tr)) 1Y
(113) = (TSTr)* {CS ow(VEY, 9T (577} Y
oy
2
27 +1\* (T +1\* 4i—1
- (2 TH) ( ; ) {CS DL (VEM, VIV, (T7))} 7Y
— (27 + 1) {CS By (VEM, VM )},

21 .
= (2728Tr)% ( ) [CS By, (VM vTM (pry Y

Note that ST2?STT = —{::1. By the first equality in (4.12) and (4.13),

we see that {CS o (VEM] V{M,T)}(M_l) is modular invariance under the
actions of 7' and ST2?ST, which form a basis for I'g(2). Thus {CS &1, (VEM,
VIM 7)}(4=1) is a modular form of weight 2i over T'o(2). A

We can similarly show that {CS ®w (VM VIV, T)}(4Z_1) is a modular
form of weight 2i over I'°(2) and {CS @y (VE M, VM, T)}(4Z_1) is a modular
form of weight 2i over I'y. O

Remark 4.2. From the proof of the above theorem, it is not hard to
see that if we use another path connecting VI"™ and VI™ instead of the
canonical path (1 — t)VEM ++VIM ( <t < 1, we still get relevant modular
Chern—Simons terms, which differ by exact forms (also modular!) from the
above canonical Chern—Simons terms, respectively.

Let us take a look at a concrete example. Let M be a compact oriented
smooth 3-dimensional manifold. We have

CS @ (VEM vIM 1)
1 1 1 0/ RTM 2 27
:2/ O (VIM 7)tr {A( . — ( ;M/ - 7)
472 J, R; M /27 O(R; ™ /272, T)

),
01 (RI'M J272 1)
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I 1 0'(RI™M /272, 7)
aw = “’P*(R?M/zw2"9<R?M/2w%7>
Hi(RtTM/27T27T)>] gt
01 (RIM J272 )

1 0 (1 @(z71) 0i(z71)
~ 81 02 (z TG T 91(2,7))

_l’_

1
/ [ ARTM] dt,
z=0J0

where the second equality holds because the dimension of M is only 3 while

[ FY S N
0 RIM /272 O(RIM /272 1) 01(RIM /272, 7)

gives differential forms of degree greater than or equal to 3.
But

(4.15)
1 1
/tr[ARtTM]dt:/ tr[A((1 — t)VIM 4 eIV g
0 0

= /1 tr[A((1 = )2(VEM)2 4 (1 — t)e[VEM, vTM)
0
+ (V)] dt
=tr [A (;(VgM)Q + 2 [VEY, VT ;(VlTM)Qﬂ
- 5t [A <<V5M ~VTMR 4 SR, vlTM])]

1 2
= Str [A[V[{M,V{M] + 3A/\A/\A} :

Note that % <% — 09/((;’:)) + 21222) o is a modular form of weight 2 over

['o(2). Then by Lemma 3.1, it should be a scalar multiple of d1 (7). By direct

computations, we can see that % <% — 69’((;,:)) + zig:;)‘ 0 = —%7’[’2 + O(g).
So -

o (1 O(z71) 0i(z71) 8 o

= (== = —2726,(7).

0z (z 0(z,1) * 01(2,7) ) |,—o 3" 1(7)

Thus we have
(4.16)
1

2
CS @y (VIM VIM 1) = —czo(r)tr [A[V{M, viMy 4 SANAN A] .
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Similarly, we obtain that
(4.17)

1 2
CS dw (VEM, vIM 1) = — ()t [A[ng, viMy 4 SANAN A] ,
7I
and
(4.18)

1

Cs (p/VV(v,(Z)—'Ma v'{'M’ T) = _247'('2

5(7) tr [A[ng, vIM §A AAN A] .

Note that T'M is trivial. Let’s take VOTM to be the trivial connection
d™ associated to some global basis of T'(TM) and VIM =™ 4 A, We
therefore have the following proposition.

Proposition 4.1. When M is a compact oriented smooth 3-dimensional
manifold, the following identities hold,

1
(4.19) CS®p (d™ d™ 1 A 1) = —5301(7) CS(4),
(4.20) CS Oy (d™™ d™ 1 A, 1) = —24%52@) CS(A),
/(s
1
(4.21) CS Yy (dTM, d™ 1 A, 1) = ~55,293(7) CS(4).

Very similar to the application after Proposition 3.2, the modularities
in Theorem 4.1 also imply some relations among transgressed forms, which
might be viewed as anomaly cancellation formulas for odd-dimensional man-
ifolds. For example, let M be 11-dimensional and i = 3. We also similarly
have that {CS @L(VOTM,V{M,T)}(H) is a modular form of weight 6 over
[o(2), {CS ®w(VEM, VM, 7')}(11) is a modular form of weight 6 over I'°(2)
and

(€S (VM VM —1/7)} MY = (20)8 {CS Dy (VI VT 1) OV

Then still by Lemma 3.1, we have

1)

(4.22) (CS By (VEM, 0T 1)} = 20(862)3 + 21(855)en,

and by (3.32) and Theorem 4.1,

(4.23) {CS (VM TTM YD 961(861)3 + 2(861)en],
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where, by comparing the ¢'/2-expansion coefficients in (4.22),

4.24
(4.24) 1 1 )
A I dt :
2R; 8 tan (Rf™M /4r)

1
2= — {/ A(TM,VIM)tr
0
1 ~
o= { / A, VM) e (TeM, V)
0

X tr

A ! ! dt
2RT™ 87 tan (RTM /4r)

+/01 E(TM,vtTM)tr[ <sm <RTM>

1 (11)
61 :
* <2RZ M 87 tan RTM /4m) )) }

Plugging (4.24) and (4.25) into (4.23) and comparing the constant terms of
both sides, we obtain that

(4.25)

. . . (11)

L(TM, VM)t [A — dt
{/0 (T, V) <zRg“M QWsin(RfM/w)H }
=23(2520 4 21),
consequently
(11)

/ 1L(TM, VIMytr | A LI ! dt
0 2RTM 27 sin (RT™ /)

1
_ { / A(TM,VTM)eh (TCM, vtTcM)
0

A L ! dt
SRTM 8 tan (RIV /am)
L 1 RTM
+/ A(TM, VM)t [A <—sin < : )
0 27 2

(11)
-3 L _ ! dt
2RIM 87 tan (RI™ /4r) '

We can view (4.26) as a 11-dimensional analogue of the miraculous can-
cellation formula (3.38). We would like to remark that (4.26) cannot be

(4.26) X tr
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obtained directly from (3.38) just by applying Chern—Simons transgression

to both sides as we pointed out right before Theorem 4.1. Hopefully the

odd-dimensional cancellation formula (4.26) could make sense in physics.
As for CS ¥w (VOTM ,VIM 1) we have the following results.

Theorem 4.2. Let M be a 4k — 1-dimensional smooth flat manifold, k >
2, VOTM and VlTM be two flat connections on TM, then for 2 <i <k,

{CSUw(VEM, VIM, T)}Mi_l) is a modular form of weight 2i over SLa(Z).
Proof. Since both Vi™ and VI'™ are flat, we have

(VoM =0,
(VIMY2 = (WIM 1 A)2 = (VEMY2 4 [WTM A+ AN A=0,

which implies
(4.27) [VIM Al = —A A A,
One also has

RIM = (1= )VIM +49TM)? = (VFM 4 14)2 = (VIM)2 1 4[VEM, A]
+HPAN A

Therefore
(4.28) RIM — (2 —t)A N A.

Thus we obtain (cf. [32, Lemma 1.7])
(4.29)
TMy\n 2 n 2n (t2 — t)n
tr[(B; )" = (7 = )" er[A™] =

So it is not hard to see that

dot!/2 RM _ (/) trin fuy (RTM jax?7) _ 4
et fow PRkl =e =1.

We therefore have

1 1 1 0'(RI'M /472, T)
\IJ TM TM — / t A _ t ) dt
CSPw(Vo™ Vi) = g o T \BTM jux2 T 9(RTM j4n2, 1)
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Then similar to (4.11), we have

(4.30)
(CS Uy (VEM 9TM 1/} Y

:{1/1m~ {A< 1 _e'(RtTM/47r2,—1/T)>]dt}“"‘”
872 Jo RIM Az O(R{M /Am?,—1/7)
_ {1/1tr {m( 1 B ef(rRtTM/zm?,T))
812 Jo TRIM /4x2  9(7RI'M /4n2 T)

TM (4i—-1)
A <2m/—1TRt )] dt}

472

1 /1 oA 1 O (tRI'M /472, T) i@t (4-1)
= _— T —
872 J, TRIM JAx2  G(rRIM /An2 T) ’

97

since 4¢ — 1 > 7 while fol tr {—A (27r\/—1%§2M>} is only a degree 3 form.

Thus we obtain that

(4.31)
(CS Wy (VEM 9TM _1 /7))

_{1 /1tr {A< ! _e'<TR?M/4w2,T>>] dt}“‘“)
82 TRIM /4x2 (T RI'M J4n2 T) ’

_ {1 / o [ A ( L 9'<R?M/4w2,7>>} dt}(‘“’
N 812 Jo RI'M jaz2  9(RIM J4x2, T)

= 7208 Uw (VM VM, 7).

It is also not hard to see that

(4.32) CSUw(VEM VM 7 1 1) = CS Uw(VEM, vIM 7).

S0 {CS Uy (VEM vTM 7)1 (4=1) is a modular form of weight 2i over SLg(Z

Remark 4.3. In Theorem 4.2, ¢ has to be greater than or equal to 2

).
O

to

get a modular form of weight 2i over SLy(Z). This agrees with a known fact
in number theory that there is no nontrivial modular form of weight 2 over

SLy(Z).

Remark 4.4. In Theorem 4.2, if we use other paths rather than the canon-
ical path (1 — t)VgM + tVlTM ,0 <t <1, the resulted Chern—Simons terms
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might not be modular forms because some anomaly terms come out when
we are doing the modular transformation 7 — —1/7. In other words, some
paths may break the modularity of the Chern—Simons term while the canon-
ical one does not (because it avoids the anomaly). We hope to understand
this interesting phenomena further. However, on the level of cohomology
classes, different paths give the same modular cohomology class.

In particular, by Theorem 4.2, {CS Uy (VIM vIM 7')}(7) is a weight 4
modular form over SLg(Z). Actually,

(CS oy, (VIM, vTM 3D
- {81%2/01“{ (RtTM/47r2 T TM/W 3
o =& oot A
= s 59 (- e )| / alACR] )
e () ([ vaen

By direct computations, we can see that

4 1 0'(RIM Jar? 7 )] }
A

1 1 0 <1 9’(,2,7))

D

5127831 923 \z  0(z,7)
1
= ~ 399560071 T 9

Let
o0
Ey(r) =1+240 3 o3(n)q",
n=1

be the Eisenstein series, which is a weight 4 modular form over SLy(Z),
where

n) & Z d*.
din
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It is a fact in number theory that the space of weight 4 modular forms over
SL2(Z) has dimension 1. Thus

1

P, (VIM gTM ™M _
{CSeL(Vo™, Vit 7)) 322560074

Ey(1)tr[AT].

5. Loop space index theorem and Chern—Simons forms

In this section we first formally describe the loop space version of the Atiyah—
Singer index theory (cf. [2,5]) and its relation with the theory of elliptic
genera following [21]. Then we compute the Chern-Simons forms of two
formal flat vector bundles on loop space.

Let M be a smooth compact spin manifold of dimension 2k. Let P be a
principle G bundle on M and E an irreducible positive energy representation
of LG, which is the central extension of the loop group of G [29]. We decom-
pose E according to the rotation action of the loop to get E' = >, E;, where
each E, is finite-dimensional representation of G. Constructing associated
bundles to P from each FE,, which is still denoted by E,, we can define an
element

¢(P’E) = qu ZEnqnv
n

where ¢ = 2™ =17 with r € H and my (called the modular anomaly of the
representation E) is a rational number depending on the level and weight
of E such that ch(y(P, E)) = x(z,7), the normalized Kac-Weyl character
of E (cf. [17,24,25]).

Let us specialize to the case G = Spin(2l). For any positive integer [, the
loop group ESpin(Zl) has four irreducible level 1 positive representations.
Denote them by S*,S™ and S;,S_. Let {£«;} be the roots of Spin(21).
Then we have the following normalized Kac—Weyl character formulas:

l l
O(cj, T O (o,
N 7/ N T YR )

j=1 n(7) =1 n(7)
l l
o G oy les ™)
XS+*S, - ]Hl 77(7') Y XS++S, jHl 77(7_) Y

where 7(7) = ¢"/?*[[7°,(1 — ¢') is the Dedekind eta-function [7].
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Let @ be the spin principle bundle associated to the tangent bundle of
M. We have the following;:

W@, 5T = 5T) =g AT - AT) 0 QA (TM),

j=1
B(Q.ST+57) =g AT + A7) @ QA (TM),
j=1
V(Q, 84 = S-) = q @ Q) Ay (TM),
j=1
(@, S+ +5-) =g © Q) Agir2(TM).
j=1

Thus we can view ST 4.5~ as the loop group analogues of the finite-
dimensional spinor representations A™ + A~, where A*, A™ are the two
irreducible spinor representations of Spin(2{). Similar to the A-class, the
loop space A-class is defined as

~ B e(M) =n(r)k- :
OM) = ch(¥(Q,5+) —¥(Q,57)) n(7) ]1;11

Ly
H(wjv T) ‘

Therefore formally one defines the loop space Dirac operator as

o0
;k
D' =quD® ) Su(TM)
j=1

and the corresponding index formula
Ind(D%) = / O(M).
M
The twisted version of this index theorem in this loop group setting is
nd(D" & (P, E)) = [ &) ch(w(P. E)).
M

In this sense we thus formally view (P, E) as a vector bundle over the loop
space LM.
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To get modular forms instead of Jacobi forms, let us use virtual versions
of the above story. Denote by

(5.1) DI = D® Q) Sy (TcM).
j=1

Let V be a 2Il-dimensional spin vector bundle over M. Physically,

V= @A_qj w2 (Ve), ®Aq] 2 (Ve)

7j=1

are virtual vector bundles over LM. Let VI™ V¥V be two connections over
TM,V and RTM RV be their curvatures, respectively. By the Atiyah-Singer
index theorem (also cf. [20]), it is not hard to see that

RTM 9/(0 7') 0 (RV/4772 7-)
L _ 1/2 - = :
Ind(D* ® V) /M det < 472 O(RTM /472 1)  602(0,7) >

and

RTM 6'(0,7) 03(RY /4n?, T)
md(P* @ V') = [ det!/? : & :
vt ov) = [ i (0 gamr o

When py (TM, VM) = p1(V, V"), Ind(D* ® V) and Ind(D* ® V') are mod-
ular forms over I'°(2) and I'y, respectively (cf. [21]). Especially, taking V =
TM and VY = VT one has that Ind(D" @ TLM) = ¢w(M,7) and Ind(D* @
TLM) = ¢ly(M, 7).

Now let us assume that V is flat and V}/,V} are two flat connections
over V. Let VV 1 = 0,1 be two connections on V and RZV,'L' = 0,1 be their
curvatures, respectively. Let V) = (1 — )V} + ¢V} and R} be the corre-
sponding curvature. Let A = V1 — Vo € QY(M, End(V)). One can lift these
two connections to V,)’ and denote them by V¥, VY and V¥ VY. We
heuristically view V and V' as flat vector bundles on the loop space LM.

Applying Theorem 2.2 similarly as in (4.1) to (4.4), one gets that

ch(V,VY) — ch(V, V}))

etz (RBY AT e (02(RE /47, 7)
(5.2) _dt12< 921(07) ) dt12< 02(07) >
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However, by similar calculations as in the proof of Theorem 4.2, one has

detl/2 O2(RY /4m>, 7) -1
02(077—) '

Therefore we have
(5.3) ch(V, VY) = ch(V, V§) = dCS(V, Vy, VY, 7),

where

(5.4) 1 o
CS(V, vy, VY, 1) £ 817r2/0 tr [A <W)] dt € Q° () [[g"2)).

Since V§ and VY are flat connections, ch(V, VY) and ch(V, V}) are both
vanishing. Thus CS(V,VY,VY,T) represents an element in H°(M,C)
[[¢*/?]]. One can similarly define

Y I 05 (RY /4m?
cs(v’,v%f,v‘fm)éw/o tr [A (3(Rt/ i ’T)>]dt

(5.5) O3(Ry /42, 7)

€ Q°(M)[[g"]),

which also represents an element in H°(M, C)[[¢"/?]].
Similarly as Theorem 4.1, we obtain that

Theorem 5.1. Let V be a 2l-dimensional flat vector bundle over M and
V(‘{, VY be two flat connections on V, then for any positive integer i > 2, we
have

(1) {CS(V, vy, VV,T)}(M_I) is @ modular form of weight 2i over T°(2);
{CS(V’, vy, VYI,T)}(M_I) is a modular form of weight 2i over I'y;
(2) The following equality holds,

CS(V,Vy, VY, 7+ 1) = CS(V', Vi, VY, 7).
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Heuristically, (5.4) and (5.5) can be viewed as the Chern-Simons trans-
gressed forms of flat vector bundles over loop spaces. We hope they could
play some roles in the study of loop space vector bundles.

Remark 5.1. In Theorem 5.1, if we use other paths rather than the canoni-
cal path (1-— t)V(‘]/ + tVY, 0<t<1, the modularity of the resulted
Chern-Simons terms might be broken (similar to what we pointed out in
Remark 4.4). This indicates that the modularity of secondary characteristic
forms involves some subtleties. On the level of cohomology classes, different
paths give the same modular cohomology class.
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