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1 Introduction

In [14] Simons and Sullivan constructed a simple geometric model for differential
K -theory. The model uses the notion of a structured vector bundle: a pair (V, {V})
consisting of a complex vector bundle V over a smooth manifold X and the equivalence
class of a connection V. Two connections V and V! are said to be equivalent if the
corresponding Chern—Simons differential form is exact. The main technical innovation
in [14] was Proposition 2.6 which states that all odd forms on X, modulo some natural
relations, arise as the Chern—Simons forms between the trivial connection and an
arbitrary connection on trivial bundles over X. It allows one to prove that differential
K -theory has a natural analogue of the celebrated character diagram for the ring of
Cheeger—Simons differential characters (see [4, 13]).

For Hermitian holomorphic vector bundles—holomorphic vector bundles over the
complex manifold X with Hermitian metrics—analogues of the Chern—Simons forms
are the Bott—Chern forms, which were introduced in [3] earlier than the Chern—Simons
forms in [5]. The corresponding differential K -theory was defined by Gillet and Soulé
in [6].

In this paper we use Chern—Weil theory for Hermitian holomorphic vector bundles
with canonical connections for explicit computation of the Chern forms for trivial
bundles with special non-diagonal Hermitian metrics. Our first result is the exact
analogue of Proposition 2.6 in [14] for complex manifolds. Namely, we prove that all
real forms of type (k, k) on an n-dimensional complex manifold X, k < n, modulo
Im 9 + Im 3, arise as Bott-Chern forms for Hermitian metrics on trivial vector bundles
over X. As in the smooth manifold case, we deduce this statement from Theorem 1,
which says that every d9-exact real form of type (k, k) on a complex manifold X arises
as a difference of the Chern character forms on trivial Hermitian vector bundles. The
proof uses an explicit computation of Chern forms for trivial vector bundles, given
in Lemma 6. The actual computation is based on Lemma 5, which gives an explicit
formula for determinants of special matrices over a ring with nilpotents. These results
have interesting applications of their own. Thus using Lemma 5, in Proposition 3
we obtain an explicit formula for the Bott—Chern form of a short exact sequence of
holomorphic vector bundles considered by Bott and Chern in [3], for the case when
the first term is a line bundle.

Here is a more detailed content of the paper. In Sect. 2, for the convenience of the
reader, we give a brief review of [14]. Namely, we use the definition of the Chern—
Simons forms inspired by the approach of Gillet and Soulé for the complex mani-
fold case [6], and deduce a somewhat stronger analogue of Proposition 2.6 in [14]—
Corollary 2—from Proposition 1. The latter states that for every exact even form w
on a smooth manifold X there is a trivial vector bundle V over X with a connection
V such that

ch(V,V) —ch(V,d) = v,
where d stands for the trivial connection on V. We use Corollary 2 to give a differ-

ent proof of Theorem 1.15 in [14], that does not rely on the existence of universal
connections and works for the non-compact case as well.
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On Bott—Chern forms and their applications

In Sect. 3 we prove Theorem 1, which states that for every 99-exact real form w of
type (k, k) on a general complex manifold X there is a trivial vector bundle E over X
with two Hermitian metrics /; and /4, such that

ch(E, hy) — ch(E, hy) = .

The proof in the general case is based on Lemma 6, where we explicitly compute
the Chern form of a trivial vector bundle over X of arbitrary rank equipped with a
special non-diagonal Hermitian metric, and on Lemma 7 where we express real forms
of type (k, k) as finite linear combinations of wedge products of real (1, 1)-forms of
special type. In turn, Lemma 6 is based on the linear algebra Lemma 5, which gives an
explicit formula for the determinants of certain matrices over a ring with nilpotents.
When X is compact or is a submanifold of C", we give another proof of Theorem 1
based on Lemma 8. We deduce the complex manifold analogue of Proposition 2.6 in
[14]—Corollary 5—by using the Gillet—Soulé definition of the Bott—Chern forms [6].

In Sect. 4 we present some applications of our results. In Sect. 4.1, we use Corollary 5
in order to get rid of the differential form in the complex manifold version of differential
K -theory [6]. However, developing differential K -theory for the complex manifolds
in the spirit of [14] is an open and difficult problem since, in general, ‘inverses’ for
the holomorphic bundles do not exist. In Sect. 4.2 we explicitly compute the Bott—
Chern form for the short exact sequence of Hermitian holomorphic vector bundles
considered by Bott and Chern in [3] for the case when the first term is a line bundle.
This formula can be used to simplify the computation in [10] of the Bott—Chern form
for the metrized Euler sequence of a projectivized vector bundle.

2 Complex vector bundles over a smooth manifold
2.1 Chern—Simons secondary forms
Let X be a smooth n-dimensional manifold, let
n
AX) = P A (X.C) = A" (X) @ AN (X)
k=0
be the graded commutative algebra of smooth complex differential forms on X, and

let V be a C*°-complex vector bundle over X with a connection V. Recall that the
Chern character form ch(V, V) for the pair (V, V) is defined by

ch(V,V) =t [exp(g Vz)} € Aven(x).

Here V2 is the curvature of the connection V—an End V -valued 2-form on X—and tr
is the trace in the endomorphism bundle End V. The Chern character form is closed,
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dch(V, V) = 0, and its cohomology class in H*(X, C) does not depend on the choice
of V.

Let VO and V! be two connections on V. In [5], Chern and Simons introduced sec-
ondary characteristic forms—the Chern—Simons forms. Namely, the Chern—Simons
form cs(V!, V9) € 4°44(X) defined modulo d. A" (X), satisfies the equation

des(VE, V9 = ch(V, V1) — ch(V, V0), 2.1

and enjoys a functoriality property under the pullbacks with smooth maps.

Here we present a construction of the Chern—Simons form cs(V', V°) which is
similar to the construction of Bott—Chern forms for holomorphic vector bundles given
by Gillet and Soulé in [6]. Namely, for a given V put V = n*(V), where 7 : X x
S' > X is a projection, and S' = {¢?, 0 < 6 < 27}. For every 6 define the map
ig: X > X xSt by ig(x) = (x, ¢'?), and let V be a connection on V such that

(V) =v0 ix(V)=v

Denote by g a function defined by

0 if 0<6<m
0) = - ’
8©) {1 if 7 <0 <2m,

and extended 27 -periodically to R. It defines a function g : S' + R, which is
discontinuous at 0 and 7.
In this construction the Chern—Simons form is

cs(VE, V9 = 7, (g(0)ch(V, V)) = /g(@)ch(V, V) e A%x) (2.2
Sl
— integration over the fibres of .

Remark 1 Connection V is trivial to construct. If in local coordinates V! = dy+Al (%),
where d, is deRham differential on X and i = 0, 1, then

V=d+dy+Ax,6),
where A(x, 0) is 2m-periodic and A(x, 0) = Ao(x), Alx, ) = AL(x).

The following lemma is proved using exactly the same technique as in [6].

Lemma 1 The Chern—Simons form cs(V', V°) satisfies the Eq. (2.1), and modulo
dA®(X) it does not depend on the choice of connection V.

Definition 1 Put

cS(v!, v = cs(v!, v9) mod d. A" (X),
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which, according to Lemma 1, is a well-defined element in .ZOdd(X ) = Aodd

(X)/d A%V (X).
Remark 2 Formula (2.2) can be written as

2

es(VH, v0) = /ch(ﬁ),

e

and the choice of points 7 and 27 on the unit circle is immaterial. Using the change
of variables, for every o < 8 on §' we get

i
cs(VH, v = /ch(%), (2.3)

where now i (V) = V9, i%(V) = V1.
Using (2.3) and Lemma 1, we immediately get

Corollary 1

CS(v2, v% = cs(v2, vh + cs(v!, v9).

2.2 K-theory

Let Ko(X) be the Grothendieck group of X—the quotient of the free abelian group
generated by the isomorphism classes [ V] of complex vector bundles V over X by the
relations [V ] + [W] = [V @& W]. In [14], the authors defined a version of differential
K -theory using the notion of a structured bundle. Namely, connections V? and V!
on a complex vector bundle V over X are called equivalent, if CS(VI, VO) =0.1It
follows from Corollary 1 that it is an equivalence relation.

Definition 2 A pair V = (V, {V}), where {V} is an equivalence class of connections
on V, is called a structured bundle.

Denote by Struct(X) the set of all equivalence classes of structured bundles over X. It
is shown in [14] that Struct(X) is a commutative semi-ring with respect to the direct
sum @ and tensor product ® operations, and we denote by Ko(X) the corresponding
Grothendieck ring.
We have two natural ring homomorphisms: the ‘forgetful map’
8 : Ko(X) — Ko(X),
given by [V] = [V] for V = (V, {V}), and the Chern character map

ch: Ko(X) = A% (X),
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given by [V] +— ch(V, V). For a trivial bundle V with trivial connection V = d,
ch(V, d) = rk(V)—the rank of V. The mapping § is surjective and for compact X its
kernel consists of all differences [V] — [F] such that V = (V, {V}), where V is stably
trivial, V @& M = N for some trivial bundles M and N, and F = (F, {VF 1), where
F is trivial and tk(F) = rk(V). It is an outstanding problem to describe the image of
the Chern character map.

The following result is crucial for our approach to the differential K-theory of
Simons—Sullivan [14].

Proposition 1 The image of the Chern character map contains all exact forms. Specif-
ically, for every exact even form w there is a trivial vector bundle V. = X x C" with
a connection V.= d + A such that

ch(V,V) —ch(V,d) = w.

The proof is based on the following simple fact (see, e.g., [12, p. 16]), which is proved
by partition of unity, or by using the Whitney embedding theorem.

Lemma 2 Every n € AX(X) can be represented as a finite sum of the basic forms
fidfa A - Ndfiy1, where f1, ..., fi+1 are smooth functions on X. If the form n is
real, one can choose the basic forms such that all functions f; are real-valued, and if
n is zero on an open U € X, there is a representation such that all functions f; vanish
onU.

Proof of Proposition 1 Induction by the degree in d.A°% (X) c A®*"(X). According
to Lemma 2, it is sufficient to consider only basic forms in A"dd(X ).
For a basic 1-form « = fidf> we have w = do = df) A df>, so that

ch(L, V) —ch(L,d) =ch(L,V) — 1 = o,

where L is a trivial line bundle over X with connection V = d — 2w+/—1 fi1df> and
curvature V2 = —2n\/—_ldf1 Adfs.

Now suppose that all exact forms of degree <2k are in the image of ch. For a basic
Qk+1D)-forma = fidfaA---ANdfrrso wehave w = da =dfi Adfa N - Adforsa,
which can be also written as

w= :
(k+ 1!

dfi Adfs+ - +dfur Adfasa) T

Let V be a trivial line bundle over X with
V=d-2xV=1(fidfr+ -+ furrdfus2),
so that
V2 = 27V/=1(dfi Adfa+ -+ dfarsr Adfauga).

Then ch(V, V) — 1 — w is an exact form of degree <2k, and by induction is in the
image of ch. O
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Remark 3 If the form w is real then the connection V in Proposition 1 is compatible
with the metric on V given by the standard Hermitian metric on C".

Remark 4 It immediately follows from the second statement of Lemma 2 and the
proof of Proposition 1 that if form w vanishes on open U C X, then the connection
V =d + A can be chosen such that A =0 on U.

Corollary 2 Foreveryo € AVOdd(X ) there is a trivial vector bundle V with connection
V such that CS(V, d) = a.

Proof For the given o € A°Y(X) let ©® e A°4(X x S!) be such that under the
inclusion map iy : X — X X S! one has i7(®) =« and i;‘(@)) = 0 for all 6 in some
neighborhood of 0. Applying Proposition 1 to the manifold X x S! and the exact even
form —d®, we have

ch(V, V) —1k(V) = —(dy + dp)O.
Integrating over 6 from m to 2 we get

2
oz:cs(Vl,VO)—i-dx/@,

e

for connections V° = i(’)k(@) and V! = i;(ﬁ) on a trivial bundle V—a pullback of

the trivial bllndle f/ to X. Finall}ﬁ it follows from Remark 4 that one can choose the
connection V on V such that i§(V)=d. Thus putting V= V! we obtain CS(V, d) =
o mod d A" (X). O

Remark 5 Corollary 2 gives a somewhat stronger form of Proposition 2.6 in [14], the
so-called “Venice lemma” of Simons. '

Corollary 2 can be used to give a different proof of Theorem 1.15 in [14], that does
not rely on the existence of universal connections and works for the non-compact case
as well.

Namely, following [14], let

StructsT(X) = {[V] = [(V, {V]}] € Struct(X) | Vis stably trivial}
be the stably trivial sub-semigroup of Struct(X), and for [V] € Structgt(X) define
CS(IVD) = CS(VN, V@ V) € A% (X)/d A" (X),

where V @ F = N with trivial bundles F and N, and V¥, V¥ are flat connections
on these bundles. According to Proposition 2.4 in [14], for another choice of trivial

I'p, Sullivan, private communication.
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bundles F and N with flat connections vF , vV we have
csS(vV, ve vh) —cs(v¥ ve vF) e T(X),

where 7 (X) is a subgroup in .Z"dd(X ) consisting of CS(V, V) for all trivial bundles
F and flat connections V, V" on F. Therefore, the mapping CS : Structgt(X) —
A°dd(x) /7 (X) is a well-defined homomorphism of semigroups.

According to Corollary 2 the map CS is surjective, and according to Proposition
2.5in[14], ker CS = Structsg (X)—the subgroup of stably flat structured bundles. By
definition, [V] € Structgt(X) is stably flat if

Ve F=N,

where F = (F,{VF D and N = (N, (VN }) are trivial bundles with equiva-
lence classes of flat connections. Since map CS is onto and AOdd(X)/T(X) is
a group, for every [V] € Structgt(X) there is [W] € StructgT(X) such that
[V] 4+ [W] € Structsp(X). This introduces a group structure on the coset space
StructgT (X)/Structsp(X), and we arrive at the following statement.

Proposition 2 The map CS induces a group isomorphism
CS : Structst(X)/Structsp (X) — A°Y(X) /T (X).

We obtain Theorem 1.15 in [14] as an immediate corollary of this result.

Corollary 3 Every structured bundle over X has a structured inverse, i.e., for every
(V] = [(V, {V})] € Struct(X) there is [W] = [(W, {VV]] € Struct(X) such that

V1+ V] =[N,

where N' = (N, {VN}) is a trivial bundle with flat connection.

Proof For [V] = [(V, {V})] € Struct(X) let U be such that V & U = F—a trivial
bundle over X. Then [F] = [(F, {V & VU})] € StructgT(X) for any choice of con-
nection VY on U. By Proposition 2, there exists [H] = [(H, {V})] € Structs(X)

such that [F] + [H] e Structsp(X), i.e., there are trivial bundles M and N with flat
connections VM and V" such that 7 @ H & M = N. Putting

=UeHoM,{VYad VI @v¥y),

we obtain [V] + [W] = [V]. O

Using Corollary 3 we conclude that all results in [14] hold for the non-compact case
as well.
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3 Holomorphic vector bundles over a complex manifold
3.1 Chern—Weil theory

Let (E, h) be a holomorphic Hermitian vector bundle—a holomorphic vector bundle
of rank r over a complex manifold X, dim¢ X = n, with a Hermitian metric A.
In what follows we always use a local trivialization of E—an open cover {Uy }yeca
of X and holomorphic transition functions gug : Uy N Ug — GL(r, C), satisfying
the cocycle condition. In these terms, a Hermitian metric 4 on E is the collection
h = {hy}aea, where h, are positive-definite Hermitian r x r matrix-valued functions
on Uy, satisfying

hﬂ=g;ﬂhaga/3 on Uy N Ug,

and g* stands for the Hermitian conjugation.
Denote by V the canonical connection on the holomorphic Hermitian bundle (E, /).
In terms of a local trivialization it is given by the collection V = {V,}yca,

Va=d+Aa=a+é+Ai’0+Agl’

where Ag’l = 0 and Aé’o = h;laha are r x r matrix-valued (1, 0)-forms on U,
satisfying

Ap = 8oy Aa8ap + 843 08ap ON Uy N Up.

The curvature of the canonical connection V = d + A isacollection ® = {@q}qea,
where ©&, = 0A, are r x r matrix-valued (1, 1)-forms on Uy, satisfying

Op = 8oy Oulap on Uy NUp. (3.1)

Chern—Weil theory associates to any polynomial @ on GL(r, C), invariant under conju-
gation, a collection {@ (®)}4c4 Which, according to (3.1), defines a global differential
form @ (®) on X. Special cases of this construction are the total Chern form c(E, h),
the Chern character form ch(E, i), and the Todd form td(E, &) of a holomorphic
Hermitian vector bundle (E, &), which are respectively defined by

¢(E, h) = det (1 + £ @) ch(E h),

ch(E,h) =tr ’exp( 2;1 6))] = zchk(E, h),

k=0
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and

V=1
o/ r
td(E., h) = det 2r = 1+ > tde(E. D).

V=1
l—exp(— > @) k=1
T

These differential forms are 8 and 9 closed.

For a holomorphic Hermitian bundle (E, k) denote by (E*, hy) the dual bundle
E* with the induced metric 4, = (h~!)’, and by (A’ E*, Alh,)—corresponding [-th
exterior powers of the bundle (E*, h,) with Hermitian metrics /\lh*, induced by the
metric &,. The following formula provides a relation between Chern character forms
and Todd forms, which promotes the well-known result for the cohomology classes
(see [8, Theorem 10.1.1]) to the level of forms.

Lemma 3 Let (E, h) be a holomorphic Hermitian vector bundle of rank r with the
metric h. Then the following identity holds

.
D (=D'ch(A'E*, Alhy) =td(E, )" e, (E. h).
=0

Proof Consider the universal identity

.
det(I — A) = D (=D (A A),
=0

which holds for every r x r matrix A over a commutative ring (see, e.g., [7, p. 402]).
Rewriting it as

r ool I—A
> (=D r(A'A) = det Adet (=)

=0

V-1

and replacing A by exp(—-3—©), where O is the curvature of the canonical connec-
tion on (E, h), we get

> (=D [Al exp(— V-1 @)} = ¢ (E, h)td(E, h)~".

2
1=0

It remains to prove that ch(A'E*) = tr(A! exp(— % ®)). For this aim, consider the
short exact sequence

0> AE* > Q@E*—> 0 —0,
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where Q is the quotient vector bundle. The bundle ®'E* splits holomorphically
into direct sum of orthogonal subbundles because there is a canonical section Alt :
®'E* — A'E* which maps a tensor to its totally antisymmetric part. It induces a
map from End(®'E*) to End(A! E*), which we continue to denote by Alt. We have
O yiprx = Alt(Ogg«), which implies

v —1
ch(A'E*) = tr Iexp(7 @A[E*)]
/=1 < V=1
=tr’Altexp(——2n ;@k)] =tr[Alexp(— = @)]

where @y =1 Q- - QIRO IR ---Q I, with @ being the k-factor of the /-fold
tensor product. O

3.2 Bott—Chern secondary forms

Let i1 and hy be two Hermitian metrics on a holomorphic vector bundle E over a
complex manifold X. In the classic paper [3], Bott and Chern showed the existence
of certain secondary characteristic forms. Their construction of these so-called Bott—
Chern forms was generalized by Bismut, Gillet, and Soulé [2]. The Bott—Chern form
associated to an invariant polynomial @ is an even differential form @ (E;hy,hy) €
A(X,C) = A(X,C)/(Im 3 + Im d), satisfying

D(E, hy) — P(E, hy) = —Vz;l 39 ®(E; hy, ha) (3.2)
and the functorial property
D(fH(E), f*(hy). f*(h2)) = f*(P(E; hy, h2)) (3.3)

for holomorphic maps f : ¥ — X of complex manifolds. In [3] these forms were also
defined for short exact sequences of hermitian holomorphic vector bundles. Namely,
let &

0 F— L E H 0

be such an exact sequence, where holomorphic bundles F, E and H are equipped
with Hermitian metrics 4 g, hg and hgy. Similar to (3.2), the Bott—Chern form for an
invariant polynomial @ satisfies the equation

/1. -
PE,hg) —PFOH, hp®hy) = o 00 D(& hg, hp, hy),
b4

and the functorial property. It vanishes when the exact sequence & holomorphically
splitsand hg = hp @ hy.
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For polynomials @ corresponding to the Chern character form ch and total Chern
form ¢, we denote, respectively, the corresponding Bott—Chern forms by bc and c.

Remark 6 In the smooth manifold case, for linear homotopy of connections V,, it
possible to integrate over ¢ in the homotopy formula and obtain explicit formulas for
the Chern—Simons forms (see, e.g., equation (2.1) in [14]). In the complex manifold
case the situation is more complicated. It is already mentioned in the remark in [3, Sect.
3] that even for a linear homotopy /, of Hermitian metrics, the homotopy formula in
Proposition 3.15 in [3] contains the inverse metrics through ®, = 5(/1; 1811,), which
does not allow to integrate over ¢ in a closed form. As the result, it is difficult to get
explicit formulas for the Bott—Chern forms in terms of Hermitian metrics i and A»
only.

In [6], Gillet and Soulé gave a construction of the Bott—Chern secondary classes
which is also well-suited for short exact sequences of holomorphic vector bundles over
X, which are used for defining the K -theory of X. Namely, let E be a holomorphic
vector bundle over X with Hermitian metrics 4 and hy, let O(1) be the standard
holomorphic line bundle of degree 1 over the complex projective line P!, and let
E = E®O(1) be the corresponding vector bundle over X x P! Ifi, : X - Xx CP!
is the natural inclusion map i,(x) = (x, p) then i;;(E") ~ E forall p € P! Let h

be a Hermitian metric on E such that i (ﬁ) = h; and i’o“o(ﬁ) = h» (such a metric is
constructed using a partition of unity).
In this construction, the Bott—Chern secondary form for the Chern character is

be(E: o) = [ ehE o log 2P (3.4)
P!
The integral is convergent since log |z|2a)(z), where w is any smooth (1, 1)-form on
Pl is integrable.

Lemma 4 (H. Gillet and C. Soulé) The Bott—Chgrn formbc(E; hy, ho) satisfies equa-
tions (3.2) and (3.3), and modulo Imd + Im d does not depend on the choice of
Hermitian metric h.

The proof given in [2, Section f)] uses the current equation
~1- 5
—— dd1log|z|” = 800 — S0,
21

and the proof of Lemma 1 uses a simplified version of this argument. As in the previous
section, we put

BC(E; hy, hy) = be(E; hy, ho) mod(Im 9 4 Im ).

Remark 7 Note that formula (3.4) the for Bott—Chern forms uses the Green function
log |z|2 of the Laplace operator on P!, whereas formula (2.2) for the Chern-Simons

form uses the Green function g(#) of the operator 0 on S!.
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3.3 Chern forms of trivial bundles

In what follows if a is a nilpotent element of order r of a commutative ring, then by
definition — log(1l — a) :a—i—%z—}—-n—i—%andﬁ =l+4+a+a*>+---+a L
We start with the following simple linear algebra result.

Lemma 5 Let A be a matrix over C or over a commutative algebra A over C, where
in the latter case all its matrix elements are nilpotent. Suppose that A> = a A for some
a € A, and that 1 — Aa is invertible for all A in some domain D C C containing 0.
Then for such . we have

(I-2A)"'=1+ Ly
o 1—Xa ’
and
trA
det(/ —LA) =exp{—log(l —Aa) ;.
a
In particular, if a;, Bi, i = 1,...,k, are odd elements in some graded-commutative

algebra over C (e.g., the algebra of complex differential forms on X ), and A;; = o; B,
then A*> = aA wherea = —tr A = — Zle a;Bi, and

det(l — 1A) = ————.
— Ad

Proof For . € D we have

A.

I —2A) =1
( ) +1_M

To prove the formula for the determinant, we use the identity
d -1
- logdet(l — 2.4) = —r {A(I —2A) } . reD.
It is well-known for matrices over C (and easily proven using the Jordan canonical

form), and for matrices with nilpotent entries it easily follows the definition of the
determinant. Using formula for the inverse, we obtain

D ogdet(] —ad)y = A _ A WA 0=
dr B¢ T T 1 dra BUTM
and integrating from O to A using det / = 1 gives the result. O

Remark 8 For matrices over C equation A> = aA implies that all eigenvalues of A
are either O or a, so in this case

det(] — 2A) = (1 — rxa@)"™, m > 0.
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The next result is an explicit computation of the total Chern form of a trivial vector
bundle with a special non-diagonal Hermitian metric.

Lemma 6 Let E, = X x C" be a trivial rank r vector bundle over X with a Hermitian
metric h given by

100...0 fi
010...0 f
001...0 f3

h=h(o. fi..... fr-1) =g"g. where g=1|. .. . [,
000...1 fr_y
000...0 ¢°/?

and fi, ..., fr—1 € C®(X,C), 0 € C®(X, R). Then

P

c(Ey, h) = c(E1, ) + ~— 33 log
2 T

where U = e™¢ er;l 3fi Adf; and E\ = det E, is a trivial line bundle over X.
Equivalently,

k
V=1 - 1 (J=1)-
c(Ey, h) = X000, ck(Er,h)=———(Z—)d0U"", k=2,...,r
27 k—1 27

Proof We compute tlle total Chern form c(E,, h) by a direct calculation which uses
Lemma 5. Let ® = 3(h~'9h) be the curvature form associated with the Hermitian
metric 2. We need to prove that for every A € C,

det(I +10) =1 + 1330 + 233 log(1 — AU)
, 03U 50U AU
— A —A ,
1—-1U (1 —=2AU)?

=1+ 1300

where

1 r—1 1 r—1
=y AUk and ——— = k + DAkU*.
e D

It is convenient to represent the matrix / 4+ A® in the following block form

_ (I +1O11 A0
I+ _( 20y 1+A@22)’
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where (r — 1) x (r — 1) matrix ®q1, (r — 1)-vectors @12, (H)él, and the scalar ®,, are
given by

_ ) S o »
O11 = {-d(fie Uafj)}:,]:l . O ={00fi —3(fiF)— a(ﬁaa)}jzl ,
05 = {é(efﬂafi)},:ll , Oy =030+ 0F,

and F =e™° erz_ll f18f1. The row operations R; — R; + f; R, transform the matrix

I + L® to the form
I—MAD
c d)’

where
—oh 7 -1 = sa 7 FF 5z -1
A={e U3f,'/\3fj}:’j:1, b={fi+r00fi —0fi N\F—0f; ndo)}/_,

and we put c = AO1,d = 1 4+ AO9.
Now it follows from the representation

I —AA D) I b\ (I -2A0
c d) \eI =2A)"'4a 0 1

that

det(I + 20) = det(I — AA) (d —c(l — ,\A)—lb) ,

which we compute explicitly using Lemma 5. Namely,

1 _ )
det(I +10) = U(l + 1330 + 3F)

1 —

1e~%d f; /\ij)

r—1
J— 9 -0 . ..
> At Bf,)/\(&]-i- o

i,j=1

A(fj +,\(5aﬂ—éﬁA(F+aa))).

Using equations
r—1
0F =—U—0d0 AF+e Y fidof;,

i=1
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and

WU =—0 ANU+W,, dU=—-d0AU+V¥_,

00U = =000 AU + 30 ANdo AU + 30 AW_ —do AW, + @,
where

r—1 o r—l_ . r—l_ o
Wi =e "D fi n00fi, Wo=e7 D 00findfi, =€ > 30f; A3 fi,

i=1 i=1 i=1

and simplifying, we obtain

A - _ B}
det(I +2.6) =1+ U(aaa—m+xaa/\w+—xaaAUAF+/w/_/\F

_ A _
—200 A 0o A UYL A Do — - U(—aa AUANF+W AF

A0 AT AU ANUFAMAY AW AU ANF -V AU A do

—AE_)GAUAEI/++k50AUAUAF))

P _ i
:1+m(880+k(—q§+80 AW —30 Ado AU+P_ A aa))

30U AU - , 03U 3 U AU
A = 141330 — A — A :
(1-2U)? 1—-AU (1 —1U)?

m}

Remark 9 Following the suggestion of the referee, here we give a more invariant proof
of Lemma 6. Namely, the bundle (E,, &) is a metric extension of the bundle (E,_1, I)
with the flat metric 7 by the line bundle (E, ¢°) with the metric ¢°. Dualizing, we
obtain the following short exact sequence

i

E*

0 E T r E ;k -1 0
of Hermitian vector bundles. Applying Proposition 3 in Sect. 4.2 to this sequence and
putting + = —1 we immediately get Lemma 6. Indeed, in this case ®y = 0 and an

easy computation of the second fundamental form of Ef in E gives the result.

Corollary 4 The following identities hold fork =0, ..., r,

S Deh(A'E}) =~ O (ﬁ) 3o (U1

= r—1 2

= —(r—2)18 (\/jl) 99 (e("_”"afl ABFI A ABfrg A 5]?,,1) .
2w
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Proof ITmmediately follows from Lemmas 3 and 6. O

Remark 10 For the rank 2 trivial vector bundle E, with the Hermitian metric

1 f 1L oN(1 f
hzh(gsf)z(f|f|2f_.i_€(7):(fea/2)<()e(‘f/2)'

the main identity in the Corollary 4 takes the form

cho(E2, h(o, f)) — cha(Ey, e%) = —Léa@*"af AIf),
()2

and can be verified by a straightforward computation. For the bundles of ranks 3 and
4 corresponding identities were first verified using special Mathematica package for
computing Chern character forms, written by Michael Movshev. Here we prove these
identities.

Remark 11 The Bott-Chern forms have been already used by physicists in their study
of supersymmetric quantum field theories. Thus setting & = h~'3h, it is easy to obtain

tr@Al)=e Cdf NOf+e Caf ADS.

To get rid of the second term and to write down the simplest nontrivial Bott—Chern
form bcy(h, I), where I is a trivial Hermitian metric on E;, we need to add the
“Wess-Zumino term” (rather its (1, 1)-component) to the “kinetic term” tr(6 A 0).
Such formula was first obtained by Alekseev and Shatashvili in [1], where for the case
of the Minkowski signature the decomposition

1 f (10 (1 0\ (1f
FIfr+e) “\r1)\oe)\0 1

is replaced by the Gauss decomposition for SL(2, C).

The Bott—Chern forms (or rather their exponents) also appear quite naturally in
supersymmetric quantum field theories as ratios of non-chiral partition functions for
the higher dimensional versions of the so-called bc-systems [9].

3.4 The main result

The first result is an analogue of Lemma 2 for general complex manifolds.

Lemma 7 Let X be a complex manifold. Every w € A% (X, C) N A% (X, R) can be
written as a finite linear combination over R of wedge products of real (1, 1)-forms
of the type /—1e° df A f, where 0 € C®(X,R) and f € C®(X, C). Moreover, if
w is zero on open U C X, than one can choose these forms such that all functions o
and f vanish on U.
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Proof Let w be a real form of type (k, k). According to Lemma 2, it is a finite sum of
the terms

hodhy Adhy A -+ Adhog = ho(d 4+ 3)hi A (D + )ho A -+ A (D + d)ha,

where ho, . .., hoy are smooth real-valued functions on X with 4y > 0. Notice that any
smooth function A( can be written as the difference of two smooth positive functions
hy = eho)? +ho —e0)’ Sincewis of type (k, k), itis afinite sum of (k, k)-components
of the forms above. Every such component is a function times the wedge product of
the following factors (where & and g are some of the 4;’s)

OhANdg+dhAdg=~/—1f ANOf —dh Adh —dg A dg),

where f =h+ +/—1g. O
For compact complex manifolds (or rather for manifolds admitting a finite coordi-

nate open cover) and for submanifolds of C”, there is a different version of Lemma 7.

Lemma 8 Let X be a compact complex manifold or a submanifold of C". Every
w € Ak’k(X, C)n Azk(X, R) can be written as a finite linear combination of wedge
products of real (1, 1)-forms of the type /—1 hddp where h and p are smooth real
functions on X.

Proof Let {Uy}qca be a finite coordinate open cover of X and {p4}yca be a partition
of unity subordinate to it, so that w = >, . 4 po @|y, . Denoting by

Zl =xl+ /—lyl,...,z” =xn+ /_lyn
local complex coordinates in U,, we can write

wly, = Zfa,[]dxil A AdXT ANy A A dyIm,
17

where I = {i1, ..., i}, J ={j1, - s Jm}s fa17 € CCWUy,R)and 1 <ij < --- <
ii<n,1<ji<-<jm=<n,l+m = 2k. Since the form w was supposed to be of
(k, k) type, so are the forms a)IUa. On the other hand, the (k, k)-component of these
forms can be obtained by rewriting them in complex coordinates using

dz —dzh, i=1,...,n,

A . : 1
d l=_dl_|_d—l , d 1 —
=pleAdn), Ay =n 0

and collecting terms of the type (k, k). If one of such terms has a factor dz A dZ,
i,k € I, then it necessarily has a factor

d7' AdZ 4+ dZ' AdDD,
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if it comes from dx’ A dx'. Similarly, one has factors (dz/ A dZ" + dz/ A dz™),
j.m € J, coming from dy/ A dy™, and /—1(dz' A dz/ —d7' A dz/), coming from
dx' Adyl,ielandj e J.

In the first two cases the corresponding factors can be written as

2/=103(Im(z'z")) and 2+/—193(Im(z/7™)),

whereas in the third case it takes the form 2+/—133(Re(z'z/)). Let Ky be a compact
set such that supp p, ; Ky C Uy and let by be a corresponding “bump function”
— a smooth function on X which is 1 on supp p, and zero outside K,. Then we
see that all the terms will take the form 2+/—193p, where p(z) = Im(by(2)z'7/)
or p(z) = Re(by(2)z'z/). This proves the first part of the statement. The second
statement of the lemma is obvious from the construction. For submanifolds of C”, the
local part of the argument above carries over globally by extension of the quantities
involved to a tubular neighborhood. O

Remark 12 Let w be a real differential form of pure type on a complex manifold
X, w € AKX, C) N A%*(X,R). We call the form w elementary, if it is a wedge
product of (1, 1)-forms V-1 héap with real-valued & and p, and we call the form
w composite, if it is a wedge product of (1, 1)-forms /—1¢°df A 3 f. According
to Lemmas 7 and 8, on a compact complex manifold X every composite form is a
finite linear combination of elementary forms and conversely, every elementary form
is a finite linear combination of composite forms. This is reminiscent of the “nuclear
democracy” in the bootstrap model of the S-matrix theory in particle physics.

We have the following complex manifold analogue of Proposition 1.

Theorem 1 For every dd-exact form o € A(X,C) N A%*"(X,R) on a complex
manifold X there is a trivial vector bundle E over X with two Hermitian metrics h
and hy such that

ch(E, hy) — ch(E, hy) = w.

Proof 1t is convenient to introduce a virtual Hermitian bundle £ = E — E with
corresponding Hermitian metrics /41 and hj, and to rewrite the above equation as
ch & = w. The Chern character form defined this way for virtual Hermitian bundles
is obviously additive: if W; = W; — W with Hermitian metrics /11 and %12, and
W, = Wy — W, with Hermitian metrics /451 and /o3, then

ch Wi 4+ chW, =chW,
where W = W — W and W = W; @ W, with corresponding Hermitian metrics
hi = hi1 @ hy; and hy = hiy @ hyp. Slightly abusing notations, we will write
W = W; @ W,. The Chern character form for virtual Hermitian bundles is also

multiplicative:

chWichW, =ch W,
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where W =W —Wand W = (W) ® W) & (W] ® W5) with corresponding Hermitian
metrics

hy = (h11 ® h21) ® (h12 @ hz) and hy = (h11 @ hop) @ (h12 @ hay).
Slightly abusing notations, we will write W = W; @ Wh.

Let w be a real form of degree (k, k), k > 12 which is a 99 of a composite form:

k

w=—(k —2)! (g) EE] (e“‘—l)"af] AIFI A ANdfe1 A éfk_l). (3.5)
It follows from Corollary 4 that

w=chFr and ch;F, =0, i=1,...,k—1, 3.6)
where the virtual bundle Fj is

k
Fi =P A'E;
1=0

with the naturally induced Hermitian metric.
In particular, if w is a composite form of the top degree (n, n), then

w =chF,.
Now, we may use an induction argument to finish the proof. Namely, suppose that the
statement holds for all forms of degrees (I, 1), k < [ < n, and let @ be a composite
(k, k)-form given by (3.5). According to (3.6), w — ch Fj is a sum of forms of degrees
(I,1) with [ > k, so that by the induction hypothesis there exists a virtual Hermitian
bundle F such that w — ch F; = ch F. Thus
w=ch&, where £E=F,dF.
For a general d9-exact form w of degree (k, k) we have
w=w;+ - +oy—0ut1 — - — ON,

where w; are composite forms, so that

w=ch& where E=E - BEy) — Enr1 P - DEN).

2 Fork = 1, we may use a trivial line bundle with metric ¢ .
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Remark 13 When X is compact or is a submanifold of C", we can give another proof
using Lemma 8. Firstly, the statement holds for (1, 1)-forms. Namely, since every real

99-exact (1, 1)-form is given by o = 2£ﬂ1 990, where o € C*>(X, R), consider the
trivial holomorphic line bundle E| with the Hermitian metric 7 = ¢, so that

1 1
ch(E(,h) =expo=1+w+ §w2+---—|——'a)".
n!

To get rid of all terms in this expression except w, consider Hermitian metrics e%“,

i =1,...,n 4 1, and choose pairwise distinct «; such that the following system of
equations

11 1...1 ry 0

o] o) o3 ... Op41 r 1

a%a%a%...oﬂ r3 | —10

n+1 =

n n n n
of ay ey ..oy, Fntl
has an integer solution ry, . . ., 1. Namely, for any choice of n + 1 different rational

numbers «; numbers r; are also rational. If their least common denominatoris N > 1,
then for 8; = «; /N the corresponding solution is integral. Now putting

(E,h1) = @ri(El, ePi%y and (E, ho) = @(—ri)(El, ePio)y,

ri>0 ri<0

where n(L, h) stands for the direct sum of n copies of a line bundle L with the
Hermitian metric i, we get

ch(E, h1) —ch(E, hy) = w.

Now let w be a real form of degree (k, k) which is a 39 of an elementary form:

k —\k
w= (—) 99 (p158p2 A A E_)apk) = (2—) 58,01 A 58,02 Ao A 58pk.
4

w=ch&, where £E=&Q®---Q¢&.

For general non-elementary forms, the result follows by means of a linear combination.

Remark 14 It immediately follows from the second statement of Lemma 7 and the
proof of Theorem 1, that if form w vanishes on open U C X, then Hermitian metrics
hy and h; can be chosen such that i = hp = [—identity matrix—on U.
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Corollary 5 Foreveryw € A(X, C)NA®"(X, R) of degree not greater than 2n —2,
there is a trivial vector bundle E over X with two Hermitian metrics h1 and hy such
that in A(X, C)

BC(E; hy, h) = w.
Proof Tt is analogous to the proof of Corollary 2. Namely, let 2 € A(X x P!, C) N

A2 (X x P! R) be such that under the inclusion map i pi X = Xx P! one has
i5.(£2) = —w and ij(£2) = 0 in some neighborhood of 0 in PL. It follows from

Theorem 1 that there is a trivial vector bundle E over X x P! with two Hermitian
metrics i1 and &, such that

/1 _ o o
o 0082 = ch(E, hy) — ch(E, hy),
b4

where the metrics /] and /5 can be chosen such that iy (hy) = iy (hy) = 1. Denoting
by E a trivial vector bundle over X—a pullback of E—and putting | = i X (h1), hy =
1;0(};2), we obtain, modulo Im 9 + Im 9,

be(E; 1, hy) — be(E; 1, hy) = /—aamog|z|
Ipll

/—1 -
=/2—8vaz.f21og|z|2

/—Qaa log |z|?

= OO(9)—13(9)

= —w.
Therefore in A(X, C),

w = —BC(E; I, h1) + BC(E; I, hy) = BC(E; hy, h2).

4 Applications

In this section we describe some applications of Lemma 5 and Corollary 5.

4.1 Differential K -theory

Recall that according to the definition of differential K-theory in [6], the K-group
Ko(X) for a complex manifold X is defined as the free abelian group generated by
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the triples (E, h, n), where E is a holomorphic vector bundle over X with Hermitian
metric & and n € A(X, C), with the following relations. For every exact sequence &

0—>F — s g_7"

H 0

of holomorphic vector bundles over X, endowed with arbitrary Hermitian metrics
hrp,hg and hy, impose

(F,hp,n)+ (H, hu,n'") = (E,hg,n' +1" + BC(&, hg, hr, hn)), 4.1

where BC(g,AhE, hp,hg) =be(&, hg, hr, hy)mod (Im 3 + Im ). It follows from
(4.1) that in Ko(X)

(E,h1,m) = (E, ha, m +BC(E, hy, h)). (4.2)

Now following [14], we define two Hermitian metrics /1 and /7 on the holomorphic
vector bundle E to be equivalent, if BC(E, h1, hp) = 0, and define a structured
holomorphic Hermitian vector bundle £ as a pair (E, {h}), where {h} is the equivalence
class of a Hermitian metric /. Our goal is to impose relations on the free abelian group
generated by £ such that the resulting group H Ko(X) is isomorphic to the “reduced”
differential K-theory group Iégd(x ) - a subgroup of Ko(X) with forms n of degrees
not greater than 2n — 2.
First we observe that it follows from (4.2) that the mapping

£=(E.(h}) > &(€) = (E.h,0) € K§(X) 4.3)
is well-defined. Next we show that when extended to to the free abelian group generated
by the structured holomorphic Hermitian bundles, this mapping is onto. Indeed, for
every n € A(X, C)N A%V (X, R) of degree not greater than 2n — 2, let F be the trivial

vector bundle over X with two Hermitian metrics 2; and A, such that, according to
Corollary 5,

(F,hi1,n) = (F, h,0).
in Ko(X). Since

(E®F, h@®hi,n) =(E,h,0)+ (F hi,n)
= (E’hv 77)+(F7h1’0)9

we obtain
(Es hv ’7) = (Es hs O) + (Fs h250) - (F! hlvo)'
Finally, we define the group H Ko(X) asthe quotient of the free abelian group generated

by £ modulo the relations—pullbacks of the defining relations for Ieéd(X ) by the
mapping €. Explicitly, for every exact sequence & of holomorphic vector bundles over
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X with Hermitian metrics hp, hg and hy satistying BC(&; hg, hp, hyg) = 0, we
impose

(F.{hr}) + (H,{hu}) = (E, {he)).

Remark 15 The construction of the group H Ko(X) is the first step in defining a
‘Simons—Sullivan model’ of the differential K -theory of Gillet and Soulé. The main
open problem is to describe the group operation directly in terms of the structured
bundles £. The group structure of the Simons—Sullivan model Struct(X) is given by
direct sums [14], which is no longer true for the group H Ieo(X ). This is because in
general short exact sequences & do not split holomorphically. Even in the case when
they do, the issue of finding “structured inverses” remains a challenging problem sim-
ply because the proof that works in the smooth context breaks down for fundamental
reasons. One of the issues has to do with finding metrics whose Chern forms are of a
certain type. (See [11] for the discussion of a related question).

4.2 Bott—Chern forms for short exact sequences

Here we extend the computations in [3, Sect. 4] and present an explicit formula for
the Bott—Chern form for a short exact sequence &
i 4

0 F E H 0

of holomorphic vector bundles over X in the case when F is a line bundle. Specifically,
we consider the case when a Hermitian metric & on E defines a metric hr on F by
the restriction on i (F'), and a metric 4y on H—Dby the C* isomorphism between H
and the orthogonal complement i (F )L of i(F) in E. In other words, there is a C™®
isometric isomorphism

fExF®H, f=i"®p, 4.4

where * denotes the adjoint map with respect to given metrics. The inverse map is
givenby f~! =i+ p*. Wehave i*i = I, pp* = Iy—corresponding identity maps
in Fand H, and ii* = Pp, p*p = Py—corresponding orthogonal projections from
E onto i (F) and i (F)". The canonical connection V on (E, h) gives rise, respectively,
to the canonical connections Vg = ProV o Prand Vg = PgoV o Py on (F, hf)
and (H, hy) with the curvatures @ and Oy . Denoting by V|r = V o Pp restriction
on Vto F C E using (4.4), we get

where A = —PpV(Pr) + V(Pr) = PygV(PF) is a (1,0)-form with values in

End(F, H), called the second fundamental form of F in E (see, e.g., [7, p. 72]).
Correspondingly, A* = —PpV(Pp) is a (0, 1)-form with values in End(H, F) and
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Or=0O|p+A"NA
@H = @|H +AA A>‘<
(see,e.g.,[7, p- 78]). Under the isomorphism (4.4), @|p = i*®iand O|yg = p O p*.

To compute
(& h)y=c(& h, hp, hu),

in their paper [3] Bott and Chern introduced a linear homotopy of connections on E
Vi=V4+u—-1A, 0<uc<l,

and in [3, Lemma 4.8] explicitly computed its curvature & (u) = Vf. Using the
isomorphism (4.4) it is given by the following 2 x 2 block-matrix>

ow= [t e ] e
Since
o0 =T 50
and ® (1) = @, The Bott—Chern homotopy formula [3, Eqn. (4.13)] gives4
1
(&, h) = / Mc{u, (4.6)

0

V=1
where D (u)—is the linear in A term in det(/ + «® (u) + APFr), and k = TR This
b4
is the main result of Section 4 of [3].

It is convenient to introduce generating functions ¢;(E, h) = Z,C:O ey (E, h) and
similar for the bundle (F @ H, hg @ hg), so that

/—1 -
CZ(E3h)_C[(F®H’hF®hH)= ) aagl(g’h)3
T

where .
G h)y =D e (& h hp hp), (4.7)
k=1

since ¢o(&, h) = 0. In terms of generating functions (4.6) takes the form

1
G (& h) = / wdu, (4.8)

u
0

3 To compare with notations in [3], A =8 and u = ¢’.

4 The subtraction of D(0) is equivalent to omitting the term ag in formula (4.18) in [3].
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where
,
Di(u) = D t* Dr(w),
k=1
and Dy (u) is linear in A term in tr Ak(/c@(u) + A Pr). Explicitly,

k
Dy (u) = Ztr/c@(u) AN kOW)ANPrpAkOW) - ANkO(u), 4.9)
=1

where in each term P appears at the /-th place in the k-fold wedge product.
Formula (4.8) was re-derived by Mourougane [10]. It was observed there that when
F is a line bundle,

D (u) = tr A*"Liep O (u) p*).

which can be easily seen by evaluating (4.9) in a local unitary frame ey, ..., e, of
the bundle £ over U C X such that under the isomorphism (4.4) e; spans F, and
ez, ...,er span H. As it follows from (4.5), the corresponding generating function
takes the form

D, (u) = Z Dr(u)i* = rdet(I +7(On — uA A A*)),
k=1

where f = «t. Now we can apply Lemma 5 and express ¢;(&, h) in a closed form,
using only the data given by the isomorphism (4.4).

Proposition 3 Let & be a short exact sequence

0— >F— S E-" ,H 59

of holomorphic vector bundles over X, equipped with Hermitian metrics hr, h and
hy, where the metric hg on F is the restriction of the metric h on i (F) C E, and the
metric hy on H is defined by the C* isomorphism between H and the orthogonal
complement i(F)t of i(F) in E. Let A be the second fundamental form of i (F) C E.
In the case when F is a line bundle, the generating function for the Bott—Chern forms
¢t (& h), defined by (4.7), is given by the following explicit formula

¢i(& h) = —tc,(H,hy)log | 1+

v/ T

-1
V-1 V-1
tr(l+ t@H) tANA*

Proof We have

det(I + 7Oy — uA A A*) = det(I + iO@p) det(I — uf(I +iOp) ' A A A®).
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To apply Lemma 5, we use the local unitary frame ey, ..., e, described above. In
this frame End(F, H)-valued (1, 0)-form A is given by A(e1) = azez + - - - + arer,
and End(H, F) valued (0, 1)-form A*—by A*(¢;) = ajey, where a; € A"0(U) and
a € A%V(U),i =2,...,r. Thus A A A* is represented by the (r — 1) x (r — 1)
matrix of (1, 1)-forms on U with matrix elements a; A aj, i, j =2, ...,r. Denoting
corresponding matrix elements of (I + t~(~)H)_1 by 0;j,i,j=2,...,r, we get

.
det(I — ui(I +70p)"'A A A*) = det(I —uiB), B = ZOikak AGj.
k=2

Since B2 = bB,where b = —trB = —tr({ + f@H)_lA A A*, using Lemma 5 we
get

- - 1
det(I — uf(I +70y) 'A A A*) = . . . (410
(= ui( H) ) 1 +uttr{(Il +1Og)"1A A A*} 4.10)
Substituting (4.10) into (4.8) and integrating, we get the result. O

As an application of Proposition 3, one can easily compute the Bott—Chern forms
of the metrized relative Euler sequence, originally derived via a rather intricate com-
binatorial analysis by Mourougane (Theorem 1 in [10]). We leave the details to the
interested reader. A link between this formula and the theory of Gillet—Soulé comes
in the form of Arakelov geometry and the computation of Bott—Chern forms on flag
manifolds [15]. This shall be explored in another paper.
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